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PREFACE 

During the past three decades, increasing demands upon the water 
resources of this country have resulted in the construction of many 
projects for the control of our river systems, thus bringing about a 
need for a better understanding of the natural processes which govern 
their flow. This knowledge is necessary for both the economical design 
and efficient operation of engineering works required for river control. 
In response to this need, the field of hydrology has also experienced a 
large growth, but most of this increased knowledge has been concerned 
with the hydrology of rainfall. Methods of computing snowmelt and snow
melt runoff have been largely based on empirical relations derived from 
very limited data. To promote a more fundamental understanding of snow 
hydrology for project design and streamflow forecasting, particularly in 
the western part of the United States, the Corps of Engineers and the 
U. S. Weather Bureau initiated the Cooperative Snow Investigations. 
Activation and sustaining support of the program resulted primarily 
from the efforts of Mr. G. A. Hathaway of the Corps of Engineers and 
Mr. Merrill Bernard of the U. S. Weather Bureau (deceased). Following 
the cooperative phase of the investigations, the Corps of Engineers 
.Continued the work. 

The snow investigation program was organized to meet specific 
technical objectives in the field of snow hydrology for both agencies. 
In order to meet these objectives, fundamental research in the physics 
of snow was needed. An extensive laboratory program was established, 
and observations were gathered over a period of several years at three 
headwater locations, having differing conditions of climate and physical 
environment. Data obtained from the laboratories have been processed 
and published. Analysis of these data forms the basis for the basic 
relationships and methods of application derived for the solution of 
snow hydrology problems. These in turn have been utilized by the Corps 
of Engineers in specific applications to project design or operation. 
These applications include: (1) the derivation of maximum probable and 
standard project floods, which partly form the basis of project design; 
(2) the development of procedures for forecasting seasonal runoff, which 
are used primarily in connection with regulation of multiple-purpose 
reservoirs and appraisal of flood potential; and (3) the formulation of 
procedures for hydrograph ~thesis of snowmelt or rain-on-snow events, 
which are used as the basis for forecasting streamflow at reservoir 
projects and river control works, and for flood fight operations. 

Some specific developments in snow hydrology which have resulted 
from the work of the snow investigations are: (1) experimental evalua
tion of the coefficients of snowmelt, in terms of appropriate meteoro
logical parameters, for each of the several processes of heat transfer 
to the snowpack; (2) methods of applying thermal-budget indexes of 
snowmelt to drainage basins; (3) derivation of general snowmelt equations 
which are applicable to drainage basins according to their physical 
characteristics; (4) determination of the reliability of snow courses 
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and precipitation gages, as related to their site characteristics; (5) 
evaluation of each component of the hydrologic balance in areas of 
snow accumulation, and application of the water-balance technique to 
procedures for forecasting seasonal runoff volumes; (6) experimental 
determination of the liquid-water-holding capacity of the snowpack and 
transmission of heat and water through the snowpack, with methods of 
application of results to basin hydrologic studies; (7) methods of 
~thesizing streamflow hydrographs for areas involving snow; (8) 
investigation of the general features of atmospheric circulation as it 
affects moisture and energy input to drainage basins, and the use of 
upper air data in estimating snowmelt; (9) derivation of an index 
procedure for forecasting spring-season snowmelt runoff by use of low
elevation winter runoff, without recourse to direct measurements of 
precipitation or snow accumulation. Under the Civil Works Investiga
tions of the Corps of Engineers, work on two projects was accomplished 
in conjunction with the snow investigations program. Under Project 
GW-170, a radioisotope-radiotelemetering snow gage was developed which 
transmits daily readings of snowpack water equivalent by high-frequency 
radio from remote gage sites to a base receiving station. Under Project 
GW-171, a training program for engineers of the Corps was organized, 
whereby methods being developed within the investigations could be put 
to use prior to the completion of formal research papers and a general 
summary of the investigations. Also under project CW-171, certain 
features of the investigations were developed, including an electronic 
storage routing analog which is applicable to general hydrologic use. 
The results of the individual investigations within the snow program 
have been reported from time to time in the various technical publica
tions of the program. 

This report, which summarizes the work of the Snow Investigations, 
is intended as a reference on snow hydrology. Although the information 
in the report was developed mainly from studies of mountainous areas in 
the western United States, the basic relationships derived are applicable 
to all regions in which snowfall is of appreciable hydrologic concern. 
The information is intentionally presented in considerable detail, in 
order that the practicing hydrologist who has need for it may thoroughly 
understand the fundamental relationships involved and the derivation of 
the methods given. Accordingly, the report not only includes technical 
background material necessary to a general understanding of the subject 
matter, together with methods and examples of application, but also 
includes some material not essential to application itself. Also, there 
is some duplication of material among chapters to provide completeness 
of presentation for individual subjects. Use of the report as a simple 
handbook or manual of procedure is not intended, and little attempt has 
been made toward the condensation and generalization that characterize 
works of that kind. Work on the report has been accomplished under the 
general supervision of personnel of the office of the North Pacific 
Division, Corps of Engineers, U.S. Army, including Mr. F. S. Brown, 
Head, Engineering Division; Mr. Mark L. Nelson, Head, Water Control 
Branch; and Mr. Oliver Johnson, Head, Hydraulics and Hydrology Section. 
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~ CHAPTER 1 - INTRODUCTION 

l~ 
.:" 

1-01. AUTHORITY 

1-01.01 This report was authorized by the 19~4 annual 
conference of the Snow Investigations of the Corps of Engineers, U. S. 
Army, held in offices of the North Pacific Division on 13-14 May 19~4. 
Pertinent sections of paragraph 4 of the notes from that conference, as 
revised, are quoted for information: "The principal feature of the 
proposed plan of future work was the completion within the next two 
years of a publication which would summarize all present knowledge of 
the Snow Investigations Unit. It was decided that an editorial committee 
should be formed to prepare an outline and specifications for the report. 
F. F. Snyder, W. L. D. Bottorf, and D. M. Rockwood (Chairman) were 
designated as members of that committee. After completion of the outline 
and specifications, it should be circulated among the participating 
offices for comment ... n 

1-01.02 In accordance with the above-quoted directive, an 
outline of material to be presented in the report was prepared during 
the summer of 195ti and submitted to the editorial committee for review. 
The outline was reviewed in detail at the periodic conference, Snow 
Investigations, held on 4 November 1954 at the North Pacific Division 
office. Suggested revisions were incorporated in a revised outline, 
which has been closely followed in this report. 

1-02. PURPOSE AND SCOPE OF REPORT 

1-02.01 This report is designed to be a reference volume 
for hydrologists. The Cooperative Snow Investigations, since the time 
of its organization, has dealt with the analysis of individual snow 
hydrology problems. Their solutions, when combined and integrated, 
form the technical background for the report as a whole. It is the 
intent, therefore, to present pertinent results of investigations 
accomplished to date and to indicate how they apply in solution of snow 
~drology problems that arise in work of the Corps of Engineers. 
Specific purposes are as follows: 

a. To make available to hydrologists a comprehensive 
report which summarizes all present knowledge of the Snow Investigations 
Unit with regard to (1) deposition and distribution of the snowpack and 
the depletion of snow cover, (2) evaluation of the hydrologic water 
balance of basins where appreciable snow occurs j (3) the physics of 
snowmelt, (4) the storage and transit of liquid water in the snowpack, 
and (5) possible methods for estimating rates of streamflow and volwnes 
of runoff in basins where snow affects those quantities. 
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b. To point out gaps in existing knowledge of snow 
hydrology and suggest ways of filling them. 

1-02.02 It is the intent that the report be suited prim
arily to an engineering approach to snow-hydrology problems, in order 
that solutions may be developed for project basins from data commonly 
available. However, a reasonably sound theoretical background for the 
hydrologist is believed essential, in order that he may formulate short 
cuts and approximations without significant departure from fundamental 
laws. Accordingly, the report deals with both theory and applications, 
but emphasis is placed on presentation of relationships which may be 
used by hydrologists in their practical work. 

1-02.03 The report embraces all pertinent analyses from 
prior publications of the unit, as well as its unpublished analyses and 
certain pertinent work done by other investigators. In general, the 
extraction of materials is fairly brief, but is in sufficient detail 
that hydrologists without previous experience in the analysis of snow 
problems can gain a working knowledge of the field. It is assumed that 
the reader has access to a set of the previously published reports; 
accordingly, most basic data and certain detailed analyses contained 
therein, though considered useful supplementary material, are referred 
to without the necessity of repetition in this volume. 

1-03. INITIATION, OBJECTIVES, AND ACTIVITIES OF THE SNOW 
INVESTIGATIONS 

1-03.01 General. - For several years prior to 1945, problems 
encountered by the Corps of Engineers in determining spillway design 
floods and by the Weather Bureau in meeting its responsibilities for 
streamflow forecasting gave rise to discussions relative to initiating 
an integrated investigational program in snow hydrology. As a result, 
in 1945 the Corps of Engineers and the Weather Bureau formulated a 
joint research program, organized as the Cooperative Snow Investigations 
and pointed initially toward solution of hydrologic problems pertinent 
to mountain regions of western United States. Over-all admlnistration 
was placed with the Division Engineer, South Pacific Division (then 
Pacific Division), Corps of Engineers, at San FranCisco, California, 
where the office of the Program Director, which included a Processing 
and Analysis Unit and a Technical Supervisor, was established. Assis
tance to the program was provided to a limited degree by three other 
Federal agencies, the Geological Surv~y, Bureau of Reclamation, and 
Forest Service. The Snow, Ice, and Permafrost Research Establishment 
of the Corps of Engineers provided assistance to the program for the 
years 1950 through 1953, particularly with regard to field observations 
made at the Central Sierra Snow Laboratory. Occasional assistance was 
provided by other organizations, such as state and local agencies and 
private research organizations. Direct participation in the program 
by the Weather Bureau ended in 1952. Thereafter, the research was 
continued under the name "Snow Investigations" by the Corps, but the 
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basic program objectives remained unchanged. In June 1953 the adminis
tration of the program was transferred from the South Pacific Division 
to the North Pacific Division office of the Corps of Engineers, and 
program personnel and records were moved to Portland, Oregon. Reference 
is made to the Progress Reports (see Appendix I) for detailed descrip
tions of year-to-year progress of the investigations. 

1-03.02 Objectives. - The direction of the work has been 
focused according to the broad objectives of the program, which were 
set forth initially as follows: 

a. Determination of a practicable and reliable method of 
evaluating the maximum streamflow which may be produced by a watershed 
~s the result of snowmelt or combined snowmelt and rain. 

b. Development of a practicable and reliable method of 
forecasting seasonal and short-term streamflow, including floods, 
resulting from snowmelt or combined snowmelt and rain. 

c. Expansion of basic knowledge of hydrodynamic and 
thermodynamic characteristics of snow through a program of fundamental 
scientific research. 

d. Advancement of knowledge of meteorological, climatolog
ical, and hydrological phenomena as they influence the above three 
objectives. 

These broad objectives have remained unchanged throughout the duration 
of the program. However, emphasis on various phases of the work has 
shifted from time to time. Initially, the emphasis was upon processing 
and compilation of the basic data from the snow laboratories. During 
the intermediate period, considerable time was spent on development of 
fundamental scientific research. More recently, work on application of 
methods to indicate hydrologic conditions on snow laboratory basins and 
project basins has received a proportionally larger share of the effort 
of the unit. 

1-03.03 Field operations. - The field operation phase of the 
program consisted primarily of the operation of three snow laboratories 
with different environments in the mountains of western United States. 
Chapter 2 describes in detail the laboratories, the observations made, 
and the pertinent data gathered and published. The laboratories were 
operated for periods ranging from S to 8 years each, and records were 
generally concurrent. The purpose of the operations was to determine 
and measure the physical factors affecting snow hydrology, and also to 
evaluate variations of certain of these quantities over the laboratory 
drainage basins, which consisted of relatively small areas, ranging from 
[I to 21 square miles. The laboratories also were used for the investiga
tion of special techniques for evaluating and reporting snow conditions from 
remote mountain areas, and were designed to serve as pilot area~ whereby 
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methods of basin application of hydrologic principles could be tested, 
with sufficient instrumentation to assure reasonable delineation of the 
variation in basin amounts from point measurements. The operation of 
each of the laboratories required the provision of living facilities for 
5 to 10 men and facilities for maintenance of equipment and ~nstruments. 
Each laboratory was located in a headwaters area where rugged terrain 
and severe climate necessitated a large expenditure of effort to meet 
minimum living requirements and perform periodic visits to the instru
ments. Over-snow vehicles were provided and were used when feasible, 
but much of the travel was done on foot. All records, either in the form 
of automatic recorder charts or spot observations of hydrometeorological 
element~, were sent directly to the Processing and Analysis Unit of the 
Cooperative Snow Investigations. 

1-03.04 Data processing. - The processing and publishing 
of records from the laboratories also constituted a major task. In all, 
there were some 1,500,000 observations published in final form in 
hydrometeorological logs. This mass of data required the preparation of 
a manual to insure standard methods of reducing original recorder charts 
to usable data. At the time of maximum output in the processing unit, 
30 individuals were working on the several phases of data reduction. 
Approximately one-third of the data was entered on individual punch cards 
for aiding in compilation of tabular data and for expediting analytical 
studies. All original records were microfilmed. The hydrometeorological 
logs for each laboratory were published by water years; each log averaged 
approximately 200 pages. In addition to data tabulations, the logs 
included brief descriptions of instrumentation, site characteristics, 
and a basin map. The hydrometeorological logs were given general distrib
ution to cooperating agencies and scientific organizations both in this 
country and abroad. 

1-03.05 Analytical work. - The analytical phase of the 
Cooperative Snow Investigations actually commenced with the inauguration 
of the program. Technical Report No.6-I, dated 10 March 1947, consists 
of a classified outline of the analytical program. The outline is in 
five major sections and includes a list of over 200 analytical projects 
which were proposed on the basis of examination of the literature, 
consultation, and logical classification of then-known requirements in 
order to meet program objectives. The analytical program outline was 
intended as a comprehensive listing of fields of research in problems 
related to snow hydrology, and served as a guide from which priorities 
of studies could be established. During the period from 1947 to 1950, 
many of the analytical projects were investigated in an exploratory 
manner, but few reports were issued on analytical work. During this 
time, much of the effort was required for orientation of personnel in 
snow-hydrology problems, because the field was, for the most part, 
unexplored. Also, due to the fact that laboratory data reduction was 
not complete but was proceeding concurrently with the analytical work, 
much of time was spent in the processing of field data. While many of 
the studies performed during this time were not fruitful in producing 
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usable relationships, the work was of value in suggesting future lines 
of approach, and expansion or modification of the laboratory program 
was made as investigations progressed, to provide bases for improvement 
of instruments and observational techniques and schedules. Beginning 
in 1950 the analytical work was directed primarily to problems related 
to development of methods and relevant criteria for determining maximum
type floods involving snowmelt. In general, these methods are also 
applicable to problems involved in project operation. The results of 
these investigations have been published in the form of Research Notes 
and Project CW-17l Technical Bulletins which have been given limited 
distribution. 

1-03.06 Organization and administration of the Cooperative 
Snow Investigations. - Formulation and general direction of the program 
was provided through policy-making conferences--usually held annually, 
but occasionally more frequently for special requirements--which were 
attended by participating-office representatives at the several levels 
of responsibility for both the Corps of Engineers and the Weather 
Bureau. At these conferences, the work was reviewed, and over-all 
planning of activities, both technical and administrative, was developed. 
Specific direction of the program as a whole rested with the Program 
Director, a Corps of Engineers employee, to~y out the plans formulated 
by the conference. The Program Director supervised the operation of 
the field laboratories as well as the Processing and Analysis Unit. 
Until 1950, a Technical Supervisor was responsible for direction of the 
technical phases of laboratory operation, conducting of special experi
ments in the field, and development of instrumentation. Plate 1-1 is 
an organization chart which shows the channels of authority that 
existed between the various Weather Bureau and Corps of Engineers offices, 
and the Cooperative Snow Investigations activities. This organization 
applied essentially from 1947 through 1950 fiscal years. In 1950 the 
program was reorganized, and field work was curtailed at the laboratories. 
Under the reorganization, the Weather Bureau and the Corps of Engineers 
established analysis units under their respective organizations to pursue 
problems in their fields of responsibility, but coordination was continued. 
Special emphasis was directed toward processing and publishing laboratory 
data in final form. Although after 1950 the large-scale operation of the 
laboratories was discontinued, an intensive program of special observa
tions was carried on directly by groups of analysts temporarily detailed 
from the unit to obtain information essential to the analytical work. 
Key administrative and technical supervisors during the entire period 
are listed below: 

Program Director 

W. F. Bingham, Corps of Engineers, 
W. C. Cassidy, Corps of Engineers, 
F. L. Rhodes, Corps of Engineers 
W. L. D. Bottorf, Corps of Engineers, 
D. M. Rockwood, Corps of Engineers, 
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Technical Supervisor 

R. W. Gerdel, Weather Bureau, 

Processing and Analysis Unit 

W. T. Wilson, Weather Bureau, (Chief) 
D. H. Miller, Corps of Engineers, (Asst.) 

1946-1950 

1946-1950 
1946-1950 

Head, Corps of Engineers Civil Works Investigation Project 171 

D. W. Hullinghorst 
C. E. Hildebrand 

Supervisor of Special Field Observations 

P. B. Boyer 

1949-1951 
1951-1956 

1951-1954 
Direction of the individual laboratories is described in chapter 2 of this 
report. Cooperative Snow Investigations personnel (exclusive of laboratory 
personnel), whose tenure was in excess of one year, are listed in table 1-1. 

1-03.07 Coordination with other agencies and research 
organizations. - Snow research is carried on by various agencies and 
research groups, and results of studies have been published in technical 
journals and reports, both in the United States and in foreign countries. 
The Cooperative Snow Investigations has maintained contact with those 
organizations with which it is familiar, either directly or through the 
literature. This coordination falls into three categories, as follows: 
(1) direct cooperation by Federal agencies or special research groups 
with the Cooperative Snow Investigations; (2) participation of members 
of the Snow Investigations in the activities of technical societies whose 
objectives are directed toward snow or hydrologic research; and (3) 
informal discussions with individuals or representatives of organizations 
for exchange of ideas on snow hydrology. 

1-03.08 Direct cooperation from Federal agencies began with 
the initiation of the program. Shortly after formulation of the coopera
tive program by the Corps of Engineers and the Weather Bureau, the 
Bureau of Reclamation and the Geological Survey each provided the 
services of one or two employees for a period of from two to four years. 
The Forest Service contributed primarily to the laboratory phase of the 
work, and cooperated on a reimbursable basis in a number of aerial 
flights for obtaining photographs of snow-covered areas. The Forest 
Service also supplied information on mountain soils and forest effects 
on the snowpack. The U. S. Air Force made aerial photographs and pro
vided access to weather data and charts. The Snow, Ice and Permafrost 
Research Establishment maintained close liaison with the unit in 
operation of the Central Sierra Snow Laboratory, exchange of data, and 
consultation on analytical work. A contract was negotiated with the 
University of California for the purchase of two Gier-Dunkle radiometers 
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for measuring heat transfer to the snowpack by radiation. Members of 
the university faculty were most helpful in providing technical advice 
on application of these instruments to snowpack work. Other phases of 
cooperative effort at the Central Sierra Snow Laboratory were with the 
U. S. Navy Electronics Laboratory for testing an automatic weather sta
tion and with the Landing Aids Experiment Station for studying the 
performance of lighting equipment to be used for aircraft landings. 
In connection with the development of the radioisotope-radiotelemetering 
snow gage, a contract for the radio reporting equipment was negotiated 
with the Motorola Corporating which gave considerable aid in the radio 
transmission phase of development of the gage. A more complete dis
cussion of cooperation in the field investigations is contained in chapter 
2. 

1-03.09 Members of the Cooperative Snow Investigations have, 
from time to time, participated in technical society functions, either 
by submitting technical papers or providing formal or informal dis
cussions of work by others. These societies include: (1) American 
Geophysical Union, (2) American Meteorological Society, (3) American 
Society of Civil Engineers, (4) International Union of Geodesy and 
Geophysics, and (5) Western Snow Conference. Many of the staff were 
members of one or more of the above organizations. In addition to the 
above, there were miscellaneous discussion groups and conferences 
through which staff members have contributed information on various 
activities of the program. These include interagency committees ~nd 
work groups, educational organizations, and special groups dealing with 
snow survey wor k . 

1-03.10 Occasionally, representatives of private engineer
ing organizations, commercial enterprises, universities, and hydrologic 
research groups contacted the unit informally or by letter and sought 
information on application of some phase of the work to specific 
problems. The Investigations Unit always attempted to provide the 
required information, within the limitations of available time. 

1-03.11 Bibliographic material. - While the Cooperative 
Snow Investigations made no special attempt to review or list all 
published work on snow hydrology, a brief bibliography (Technical 
Report 13) was prepared, listing pertinent reference material available 
at the time of pUblication (1950). Abstracts of work done in this and 
related fields were reviewed periodically, and copies of papers of 
particular interest were obtained for review. The Transactions of the 
American Geophysical Union, Proceedings of the American Society of 
Civil Engineers, the various publications of the American Meteorological 
SOCiety, and the Journal of Glaciology were the principal technical 
society publications utilized by the unit, but other scientific publica
tions, including periodicals from a few foreign societies, were scanned 
for work done by others in the field of snow hydrology. The annotated 
Bibliography of Snow, Ice and Permafrost (SIPRE Report 12), published 
by the Snow, Ice and Permafrost Research Establisr~ent has been 
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particularly helpful for reviewing the literature in the field of snow. 
The meteorological abstracts published by the American Meteorological 
Society similarly prolnded a convenient and comprehensive listing of 
meteorological literature. 

1-04. THE PROBLEM OF SNOW HYlJROLOGY 

1-04.01 General. - The field of hydrology is concerned 
entirely with the evaluation of the various components of the hydrologic 
cycle. Quantitative evaluation of factors affecting each of these 
components requires a knowledge of certain phases of the sciences of 
meteorology, hydraulics, thermodynamics, geology, soil mechanics, and 
plant physiology. 

1-04.02 Knowledge of meteorological factors is of primary 
importance in snow hydrology. In evaluating moisture inflow from the 
atmosphere, it is necessary to understand the mechanism of precipitation, 
the characteristics of airmasses and fronts, and general atmospheric 
circulation patterns. Meteorology is relied upon particularly in 
physical study of snowmelt, where energy exchange, both with the atmos
phere and with the sun, as well as effects of the atmosphere on radiation 
exchange, must be generally understood. Fundamental knowledge of meteor
ology, therefore, is essential to understanding the problem of snow 
hydrology as a whole, since the atmosphere constitutes the source of 
moisture supply and also regulates the energy exchange within a basin, 
which in turn governs snowmelt rates. 

1-04.03 Just as the atmosphere is a regulating device for 
the production of water available for runoff, so the snowpack, soil, 
underlying geologic formations, and forest cover act to retard runoff 
and affect the water balance Qf an area. Thus other basic sciences 
must be utilized to evaluate the effects of all influencing factors 
throughout the hydrologic cycle. Particular attention must be given 
to: (1) the hydraulics of flow, both in open channels and through 
various media, and the time rate of change of flow as described by 
routing procedures; (2) the effect of geological formations upon ground
water storage and ground-water flow; (3) the capacity of soils to 
transmit and store water, as well as to transfer heat to tne snowpack; 
and (4) the ability of plants and forests to affect the deposition of 
snow, to transpire water to the atmosphere, and to influence energy 
transfer between the atmosphere and the snowpack. 

1-04.04 Point relationships. - In applying the basic 
sciences in snow hydrology, it is necessary first to determine each 
component of the hydrologic cycle individually at a point, under stated 
conditions of environment. Such a determination usually requires the 
derivation of the proper mathematical relationships of the variables 
affecting each component, and the establishment of constants of propor
tionality in the form of coefficients. The relative magnitudes of the 
components must be taken into account, and emphasis must be placed on 
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the more important functions. In this regard. the relationships of 
snow hydrology may be expressed by rational mathematical procedures. 

1-ou.05 Areal relationships. - Having determined point 
values, the next step consists of utilizing these values to determine 
amounts and distribution over a basin area, with respect to environ
mental differences, as well as to time. This involves procedures which 
are much less exact and less rigorous than for point evaluations. It 
is impractical to attempt a point-by-point analysis in basin application; 
rather, it is necessary to deal with basin averages in major subdivisions 
of geography or environment, and also to deal with averages in time. 
This concept leads to the use of indexes to represent basin averages 
from individual point measurements. The application of indexes requires 
the intelligent use of knowledge gained in studies of evaluation of 
conditions at a point, and consideration of the physical character of 
the area involved. Since the use of indexes involves the theory of 
sampling and errors in measurement, statistical procedures may be 
employed to evaluate the reliability of estimates and also the weight
ings of individual factors. The random selection of indexes, without 
particular regard to representation of basin amounts by point measure
ment in attempting to improve the fit of historical data should be 
avoided. The relative reliability of indexes may be established, 
however, through proper utilization of statistical methods, if the 
factors being evaluated are selected in accordance with the theoretical 
considerations. This permits use of indirect methods of evaluation of 
basin amounts from observational data commonly available. The deficien
cies of those methods should be recognized, and when the available data 
are inadequate to represent basin conditions, steps should be taken to 
obtain more adequate data. 

1-04.06 Applications. - Insofar as the Corps of Engineers 
is concerned, the application of snow hydrology prinCiples is confined 
to project design and project operation. In each case the problems 
involved are grouped into three main categories, as follows: (1) the 
evaluation of water stored in the snowpack, and its relation to the 
hydrologic balance; (2) evaluation of rates of melt, the phYSical 
causes of snowmelt, and methods of application to basin hydrology; and 
(3) effect of the snowpack on runoff, both from snowmelt and rain on 
snow. For project design, fixed sequences of meteorologic and hydrologic 
conditions are usually chosen, the choice depending primarily on the 
over-all functional requirements of the project. Project operation, on 
the other hand, requires evaluation of conditions at a specific time 
and forecasts of streamflow for both long and short periods. The 
procedures developed must be flexible, to facilitate adjustment for 
changing weather; the effect of possible meteorological events sub
sequent to the date of the forecast must be determined and separated 
from effects of preceding conditions. Also, the limitations imposed by 
inaccuracies in weather and streamflow forecasting must be taken into 
account in the derivation of reservoir regulation schedules and long 
range volumetric streamflow forecasts. 
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1-05. PRIOR HEPORT S BY COOPERATIVE SNOW INVESTIGATIONS 

1 ·-05.01 Technical publications of the unit have been 
issued in the form of Technical Reports, Research Notes, Technical 
Bulletins for Project CH-17l <md Hiscellaneous Reports. A listing of 
all published reports is contained in Appendix I. Technical Reports 
consist of the hydrometeorological logs for the laboratories, annual 
progress reports of the Cooperative Snow Investigations, reports on 
subjects dealing with snow characteristics, brief bibliographies, and 
terrain characteristics of Central Sierra Snow Laboratory. Research 
Notes contain reports of studies performed by the analytical unit and 
deal with a variety of problems; preliminary in nature, they were designed 
to disseminate technical findings and procedures quickly to participating 
offices for comment and use. Technical Bulletins for Project C~-17l are 
informal presentations of analytical work completed under the project 
(see section 1-06). The subject matter for Tedmical Bulletins is 
principally basinwide in application, but there are, in addition, 
separate studies for the analysis of individual factors at a point. 
Included in Appendix I under the title (Miscellaneous Reports) are 
CSSL micrometeorological studies made by researchers of the SIPRE 
Analytical Unit of the Cooperative Snow Investigations during 1952-53, 
and three other reports of interest, not covered under the previous 
classifications. 

1-05.02 Information as to availability of prior reports 
issued by the Cooperative Snow Investigations will be furnished upon 
request to the Division Engineer, Nort h Paci£ic Division, U. S. Corps 
of Engineers, 210 Custom House, Portland 9, Oregon. 

1-06. WORK DONE UNDER PROJECT CW-l71 

1-06.01 The Corps of Engineers Civil Works Investigations 
Project 171, entitled, "Criteria for Estimating Runoff from Snow Melt," 
(referred to herein as CW-17l) was initiated in 1949 to aid in the 
rapid prosecution of analytical work to be used in connection with the 
design and operation of Corps of Engineers projects. The primary 
purpose of the project was to accelerate the development of criteria 
needed in est imating standard project floods, spillway design floods 
and similar engineering determinations, and to make it possible for 
engineers from Division and District offices to contribute to the over
all program while increasing their knowledge of the snowmelt problem. 
It was recognized that much of the work was within the objectives of 
the Cooperative Snow Investigations and would ultimately be accomplished 
under that program. The project was established, however, to disseminate 
quickly the results of preliminary investigations, prior to their 
subsequent publishing in more complete form. CW-l?l has, as one of 
its further objec~ives, a program for training Division and District 
office hydrology personnel in the procedures developed in the Snow 
Investigations. The project also served for training the unit personnel 
in the practical application of these procedures to hydrology problems 
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encountered by the participating offices. Project Bulletin No. I, 
dated 8 July 1949, describes in detail the objectives and administrative 
regulations of the project. The work reported on in the 18 Technical 
Bulletins of CW-I?l is summarized in later chapters of this report. 
Since the inception of CW-171, there have been over 50 visits of 
individuals from the participating offices. Pertinent information on 
each of the visits is listed in Appendix II. 

1-06.02 Methods developed under OW-17l and the over-all 
program have been used wholly or in part in the derivation of design 
floods for the several Corps of Engineers projects, including a standard 
project flood for the Cougar Project, and spillway design floods in the 
Libby, Painted Rock, Pine Canyon, Mathews Caqyon, Success, and TermJnus 
projects. Problems in connection with development of operational 
procedures for Corps of Engineers projects have received considerable 
attention under CW-l?l. These problems include derivation of fore
casting procedures for streamflow from sno~elt, both on a long-term 
volumetric basis and on a short-term, day-to-day rate basis. Some work 
has been done in developing operating-rule curves for projects where 
snow is a factor. Assistance was also rendered in the derivation of 
an interim operating procedure for Pine Flat Reservoir and the develop
ment of procedures for forecasting seasonal runoff volume for Lookout 
Point and Detroit Reservoirs by the water-balance method. 

1-07. ORGANIZATION OF REPORT 

1-07.01 In general, the material which follows in this 
report is presented in order of development of the subject of snow 
hydrology, namely: (1) review of the basic data available from snow 
laboratory operation; (2) evaluation of the water stored in the snow
pack, and its relation to the hydrologic balance; (3) theoretical 
considerations of factors affecting snowmelt; (4) methods of application 
of snowmelt indexes to estimate basin melt; (5) description of snow-
cover depletion and approximate relationships between snow cover deple
tion and ablation of the snowpackj (6) determination of factors affecting 
storage of liquid water in the snowpack and runoff therefrom; (7) applica
tion of techniques fcr evaluating snowmelt, rainfall, snow cover, and 
effect of the snowpack on runoff~ and reconstitution of streamflow 
hydrographsj (8) application of techniques to design flood determinations; 
(9) application of the relationship of snow water and the hydrologic bal
ance to seasonal runoff forecasting; and (10) application of procedures 
to reservoir regulation. 

1-07.02 Reference material. - Since there is frequent 
reference to the past reports of the Cooperative Snow Investigations, 
they are treated separately from other source material in this report 
and are referenced directly in the text by title or number and listed 
in Appendix I. All reference material other than that published under 
the Cooperative Snow Investigations or Corps of Engineers Snow Investi
gations is listed at the end of each chapter under the appropriate 
chap~er heading. 
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TABLE 1-1 

COOPERA.':l'IVE SNOW INVESTIGATIONS EMPWYEES EXCLUSIVE OF LABORATORY PERSONNEL Y ?J 
Entered Separated Entered Sepa.rated 

Employee Duty Dn"Oloyee Duty 

Allison, 1. D. 1953 1956 Mark, E. 1949 1951 
Arnold, B. A. 1951 1953 McClain, M. H. 1951 1956 
E2.yuk, M. 1948 1951 

Merrill, p. + 1954 1956 
Miller, D. H. 1946 1953 Berger, P. 1951 1953 Miller, S. 1953 1956 BertIe, F. (USBR) 1946 1949 Uixsell, J. W. 1949 1953 Bingham, W. F. 1944 1945 Mondril10, G. 1948 1956 Bottorf, W. L. D. 1950 1953 

Boyer, p. B. 1949 1956 O'Keefe, M. 1951 1953 
Brecheen, K. G. 1948 1952 Pag-enhart, T. H. 1952 1956 
Cassidy, Ii:. C. 1945 1946 Patton, C. P. (SIPRE) 1951 1952 
Czuba, W. 1949 1951 Feasley, P. (USBR) 1949 1951 
Daniels, G. B. 1946 1952 Rantz, S. E. (USGS) 1947 1949 
Gerdel, R. VI. (USWB) 1946 1950 Rhodes, F. L. + 1947 19~0 + Rockwood, D. M. 1953 1956 
Hami1ton~ h. 1949 1950 Roelle, D. 1949 1950 
Hinune1, J. IlL 1947 1952 Sargis, F. 1948 1949 Hildebrand, C. E. 1949 1956 
Hullinghorst, D. W. 1949 1951 Stark, F. C. 1951 1953 
Humphrey, H. N. 1946 '* 1953 Summers, B. L. 1947 1951 
Humpru.'ey, M. N. 1946 * 1949 Tarble, R. (USVlB) + 1950 1952 
Jencks, C. :c. 1947 * 1956 Threlkeld, A. F. (US\VE) 1951 1952 

Kaemmer1ing, W. H. 1950 1952 Walsh, K. J. (SIFRE) 1951 1953 
Weimar, M. B. 1947 1956 

Lewis, M. 1950 1953 Wt11iams, C., Jr. 1950 1953 
Lopez, E. 1941\ 1949 Wilson, W. T. (USVIB) 1945 1952 

-

1I r.iini:num of one YGar 1 s continuous service. All employees are Corps of Engineers (CSI) personnel, except 
as indicated. 

~ See table 2-2 for listin~ of l aboratory Qirectors. 
* Some discontinuous sel~ice. 
+ Additional time spent in laboratory opera tion not indicated here. 
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CHAPTER 2 - SNOW LABORATORY DATA 

2-01. INTRODUCTION 

2-01.01 At the inception of the Cooperative Snow Investi
gations in 1944, the selection of snow laboratory areas was given careful 
consideration by a group of men from both the Weather Bureau and Corps of 
Engineers, who were at that time working on the problem of snow hydrology 
research. This committee worked under the general guidance of the 
instituting conference and was instructed to recommend locations for three 
laboratories, one in the upper Columbia River Basin, one in the middle 
Willamette River Basin, and one in the central Sierra Nevada. General 
specifications were established as to physical, climatological and hydro
logical features of each of the laboratories. They were intended to be 
out-of-doors laboratories of about 5 to 20 square miles in extent, located 
in areas of heavy precipitation and snow accumulation, with freedom from 
hydrologic uncertainties regarding their physical character. Three types 
of climatic regions with regard to winter season precipitation were to be 
sampled: (1) snow, (2) rain and snow with snow predominating, and (3) 
rain and snow with rain predominating. Accordingly, the locations for the 
three laboratories were selected, and types of instrumentation were chosen. 
Each laboratory contained a headquarters area, where studies of physics of 
snow,were made and continuous observations of hydrometeorological events 
were assured. There were also field stations located at various points 
throughout the laboratory area at which instruments were checked period
ically by field crews and observations were made of precipitation, snow 
accumulations and related meteorological elements. 

2-01.02 In addition to the meteorological variability among 
laboratories, significant differences in exposure, topography, and forest 
cover prevail. Inasmuch as the forest influence has particular signifi
cance in establishing methods for evaluating snowmelt rates and also in 
consideration of forest influence on deposition and interception of snow, 
the amount and type of forest were carefully considered in the selection 
of laboratory areas. One of the principal aims of the laboratory program 
was to test methods of basin application in areas which were highly instru
mented relative to that generally found in project basins. Differences 
in environment among laboratories were essential in order to sample 
e:::'fectively the range of conditions that are experienced in project basins. 

2-01.03 Observations at the headquarters area of each labora
tory were designed to provide continuous record of the hydrometeorological 
elements, with the equipment serviced at least once a day, according to 
the requirements of individual instruments. In addition, some special 
experiments were performed which would provide information on the physics 
of snow and hydrologic application of the principles as determined by 
point measurements. These include observations of soil and snow tempera
tures, soil moisture, radiation exchange, vertical gradients of wind, 
temperature, and humidity, snow characteristics at surface and within the 
snowpack, and thermal quality and liquid water content of snow; special 
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tests conducted on impervious snow lysimeters, water holding capacity of 
snow, temperature and moisture gradients of the air close to the snow, 
atmospheric moisture transfer experiments, water transmission through the 
snow, and radiation penetration into the snowpack; and testing of equip
ment such as precipitation gages, soil moisture blocks, and automatic 
radio-reporting snow gages. Determination of snow-covered areas during 
the melt season was considered to be essential and was made at two of the 
laboratories for various seasons, primarily by aerial photographs. 

2-01.04 The laboratory program was designed, therefore, to 
meet the objectives of the Investigations, both in determining physical 
relationships at a point and in applying these methods to basin areas, 
whereby the hydrologist could analyze with assurance, problems of snow
melt runoff for project design and operation, or for river forecasting. 

2-02. GENERAL COMPARISON OF LABORATORY CHARACTERISTICS 

2-02.01 All laboratories were located in rugged mountainous 
headwater areas of the western United States on the windward side of 
principal mountain ranges. All are characterized by rough topography in 
primarily virgin areas and thereby may be used to sample hydrologic 
variables in remote regions which ordinarily comprise a large part of the 
drainages effective in producing runoff for major rivers and tributaries 
in the West. 

2-02.02 The geographical locations of each of the three 
laboratories (hereinafter designated CSSL, UCSL, and WBSL for Central 
Sierra Snow Laboratory, Upper Columbia Snow Laboratory and Willamette 
Basin Snow Laboratory, respectively) are shown on plate 2-1. Topographic 
maps showing locations of observation stations and general topographic 
features for each of the laboratories are shown on plates 2-2 through 2-4. 
Table 2-1 lists comparative data for each of the three laboratories, by 
which the general features of topography, climate, and hydrology may be 
evaluated. Detailed descriptions of laboratory characteristics are 
contained in section 2-04. 

2-02.03 Upper Columbia Snow Laboratory. - UCSL was located 
on Federal lands in the Montana Rockies at the extreme headwaters of the 
Columbia-Clark Fork-Flathead river system. It lies just west of Marias 
Pass on the Continental Divide, which forms its eastern boundary, and is 
partly within the Waterton-Glacier International Peace Park. The basin 
comprises an area of 20.7 square miles with elevations ranging between 
4500 and 8600 feet msl, with an average elevation of 5700 feet. It forms 
the headwaters of Bear Creek and its tributaries, Skyland Creek and 
Autumn Creek. It is traversed by the Great Northern Railroad and U. S. 
Highway No.2, which cross the Continental Divide at Marias Pass (elevation 
5215 msl), and is generally accessible at all times during the year. The 
laboratory area comprises three sub-basins: those of Skyland Creek, Upper 
Bear Creek, and Lower Bear and Autumn Creeks. Streamflow is measured so 
as to separate Skyland Creek basin from the rest of the area. Skyland 
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Creek basin~ comprising 8.1 square miles, has a fairly deep soil mantle 
and is densely forested with lodgepole pine, while the other sub-basins 
have less soil cover and timber. The land surface of Skyland basin has 
an average slope of thirty percent and an average orientation toward the 
west. The climate in the laboratory region is characterized by a cold 
snowy winter with mean temperatures during December to March of 150 and 
short mild summers from July through August with temperatures averaging 
550 F. During the year extremes of temperatures range from about 450 below 
zero to more than 900 above zero. Airmasses affecting the area generally 
move across the mountains from the Pacific Ocean or from the Arctic plains 
of Canada during the winter months. Summer airmasses produce appreciable 
amounts of rainfall. The annual basin precipitation before interception 
totals approximately 50 inches, or about 40 inches after interception, and 
it is fairly evenly distributed during the year. Virtually all winter 
precipitation is snow, which accumulates to an average basin water equiv
alent (after interception) of about 20 inches toward the end of March, 
just prior to the melting period. Estimated annual runoff averages 26 
inches, of which about 85 percent occurs during the six-month period, 
April through September. 

2-02.04 Central Sierra Snow Laboratory. - CSSL is a 
!~-square-mile area comprising the basin of Castle Creek, a tributary to 
the South Fork of the Yuba River, just west of the crest of the Sierra 
Nevada in California. It was located partly on leased and partly on 
Federal lands. The area ranges in elevation from 6900 to 9100 feet with 
a mean elevation of 7500 feet msl. It has a moderately rough surface of 
granite and lava inclined toward the south-southwest. This surface bears 
patches of soil and moraine and is sparsely covered with stands of lodge
pole pine. The laboratory basin is served by the Southern Pacific Railroad 
and U. S. Highway No. 40, which cross the Sierra Divide a few miles to the 
east at Donner Pass. The climate is distinguished by summers that are 
warm and rainless and winters that are cool and snowy. Winter temperatures 
average a few degrees below freezing. Most winter precipitation falls as 
snow, occasionally interspersed with fairly heavy rainfall. The annual 
precipitation before interception averages 70 inches, 83 percent of which 
occurs during the six months, October through March. The snow pack begins 
to accumulate in November and increases by the end of March to an average 
basin water equivalent (after interception) of approximately 40 inches. 

2-02.05 Willamette Basin Snow Laboratory. - WBSL is an 
ll-square-mile area on Federal land in the dense wet forest of the middle 
Cascade Range, about 30 miles east of Willamette Valley and 10 miles west 
of the high lava plateau of central Oregon. It includes the headwaters 
of the Blue River, a tributary of the McKenzie River, which flows west to 
join the Willamette River near Eugene, Oregon. Almost all the area is 
covered with heavy virgin forest of Douglas fir, hemlock, and other 
conifers. The ground surface has an average slope of 35 to 40 percent 
and is oriented generally toward the south and southwest. The basin lies 
between 2000 and 5500 feet msl, with a mean elevation of 3400 feet. 
Access to the area is by Forest Service roads and trails. The climate 
is maritime, vnth a seasonal shift in airflow from southwest in winter 
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to northwest in s~~er. Precipitation is heavy, totaling over 100 inches 
per year, about one-half of which falls as snow. Mean air temperatures 
vary from slightly below freezing during the tnnter to the high fifties 
in late summer. Maximum precipitation occurs in early winter and dimin
ishes during lat e wint er and spring to a minimum in lat e summer, which is 
nearly dry. The snowpack begins to accumulate during November and 
continues to increase in depth to an average of about 120 inches (as 
estimated for headquarters station) near the end of March, with a water 
equivalent of about 60 inches. Runoff from the basin averages about 75 
inches annually, and is concentrated in the winter, the greatest portion 
occurring in the six months from November through April. Rainfall on the 
snow is prevalent during the winter and this situation was of importance 
in original selection of the laboratory site. Ordinarily, flood peak 
runoff, which may be expected in December and January, is primarily due 
to rainfall on the snow-covered watershed. 

2-02.06 General comparison of topographic and environmental 
features. - Inspection of data contained in Part I of table 2-1, reveals 
that the mean elevations of the laboratory basins range from about 3400 
feet for WBSL to 7500 feet for CSSL. Considering the effect of latitude 
differences on climatic elements for western United States, it is estimated 
that the mean basin elevation of each of the laboratories corresponding to 
a reference latitude of 45~ would be equivalent to about 6000 feet for 
CSSL, 3500 feet for WBSL, and 6500 feet for UCSL. The range in elevation 
within individual laboratories is 2200 feet at CSSL, 3400 feet at WBSL, 
and 4100 feet at UCSL. Skyland Creek in the UCSL has a range of 2800 
feet. All basins are relatively steep, and considering average slopes of 
each basin area, WBSL, with an average slope of 40 percent, is steepest. 
Skyland Creek in UCSL is next steepest, with 32 percent average slope, 
while CSSL has an average slope of 25 percent. The slopes are predomin
antly south-facing in WBSL and CSSL, while in Skyland Creek, slightly over 
half of the area faces north. There is a wide range of forest types among 
laboratories. CSSL is sparsely forested, predominantly with lodgepole 
pine; only 40 percent of the basin area is forested, and the canopy 
density on the forested portion is estimated to be 50 percent. WBSL on 
the other hand, lies in an area of heavy forests of Douglas fir and 
hemlock-fir types which cover 93 percent of the area. Skyland Creek at 
UCSL is heavily forested, mainly with immature lodgepole pine, over about 
90 percent of the area, and average canopy density is estimated to be 80 
percent. In contrast, the remaining area on UCSL is estimated to have 
only 30 percent of its area forested. Considering the geology of the 
laboratories, the predominant rock formations range from granite and other 
non-porous volcanic rocks at CSSL, and relatively non-porous formations of 
volcanic origin at WBSL, to old sedimentary rocks which have been exten
sively glaciated in recent times at UCSL. None of the laboratories is 
known to have significant uncertainties from unknown conditions of ground 
.;at er outflow from . its basin. Soils are thin at CSSL and UCSL, but there 
are deep mountain soils at WBSL. There are large parts of the Bear Creek 
drainage in UCSL and at CSSL that are devoid of soils. 
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2-02.07 General comparison of climatic features. - Part II 
of table 2-1 lists general comparative climatic data for each laboratory, 
adjusted to basin means and based on a period representing approximately 
a 20-year normal ending in 1954. The average annual basin temperature 
ranges from 34~ at UCSL to 45~ at WBSL. CSSL is intermediate at 38~. 
There is little spread in mid-summer temperatures among laboratories and 
they range between 56 of and 62 0 F for July averages. Winters, however, 
are much colder at UCSL than at the other laboratories. The mean January 
temperature for Skyland Creek is 14~, while at the WBSL it is 32~. At 
CSSL, the January temperature is 23 0 F. 

2-02.08 There is wide variation in amount of total preclpl
tation at each laboratory. Each year, the UCSL normally receives 50 
inches, CSSL 70 inches and WBSL 105 inches~~ The winter months of October 
through March are wettest on each of the basins; about 63 percent of the 
annual amount falls in winter at UCSL, about 80 percent at WBSL, and about 
83 percent at CSSL. During April through September, UCSL receives nearly 
60 percent more precipitation than CSSL. The average amount of winter 
precipitation falling as snow is about 90 percent at UCSL and CSSL, and 
only about 50 percent at WBSL. Interception of snowfall accounts for 10 
to 20 percent loss from basin snowfall. Melt during the winter period, 
including ground melt and melt caused by atmospheric processes, varies in 
average seasonal amount from 4 to 30 inches, the UCSL being least and WBSL 
greatest. Solar radiation was measured at UCSL and CSSL, and incident 
radiation averaged about 30 to 40 percent greater at CSSL than at UCSL 
during the spring melt months of April, May and June. It is difficult to 
compare mean windiness on the basis of surface data, but average air flow 
at the 700 mb level (equivalent to about 10,000 feet) offers some guide 
to predominant wind directions. Wind dat~ given in Part II of table 2-1, 
were obtained/from the Normal Weather Charts for the Northern 
Hemisphere ~ and actually represent the vectorial sum of wind at a 
given point. All three laboratories lie in the zone of prevailing west
erly wind, but there are seasonal shifts from southwest to northwest. In 
general, the circulation is somewhat stronger at the more northerly 
laboratories than at CSSL. 

2-02.09 General co~arison of hydrologic features. - Part III 
of table 2-1 lists comparative streamflow data, for a general comparison 
of hydrologic features of the laboratory areas. The variation in average 
annual runoff among laboratories corresponds to the variability of annual 
precipitation. Considering average basin runoff in inches, adjusted to 
a 30-year normal period ending in 1950, the WBSL, whose average is 77.0 
inches per year, is wettest of the three laboratories. The upper portion 
of WBSL, as shown by the Mann Creek and Wolf Creek gages, has from 10 to 
20 percent more runoff than the basin average. CSSL is intermediate 
among laboratories, in terms of average annual runoff, and normally has 
about 43 inches. Annual runoff from UCSL averages 26.5 inches, and the 
Skyland Creek portion has about 8 percent more runoff than the basin as 
a whole. Seasonal distribution of runoff for UCSL and CSSL is character
izeQ by low winter flows, which average 15 to 22 percent, respectively, 

* Beneath the forest crown. 
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of the annual. amount during the six-month period, October through March. 
At WBSL, ~n the other hand, from 50 to 60 percent of the runoff occurs 
during the winter season. 

2-02.10 Because of the relatively short periods of record at 
the laboratory basins, extremes of discharge are not necessarily signifi
cant for comparative purposes. The maxinrum flow at CSSL corresponds to 
a discharge of 300 cfs per square mile, and occurred in November 1950, as 
the result of an intense rain on a light snowpack. This flow is con
sidered to represent a near-record maximum for this type of area. At 
WBSL; the maximum observed discharge of 122 cfs per square mile is one 
which would be expected once in every few years for its area, on the basis 
of m~~imum flow in surrounding streams. At UGSL, the maximum recorded 
discharge was only 35 cfs per square mile. Minimum discharges range 
from 0 to 0.26 cfs per square mile. At CSSL, the flow in Castle Creek 
entirely ceases every SUl1Uner. In the other two laboratories, there is 
sufficient flow from ground-water storage to cause a carryover of runoff 
during periods of no basin moisture input. 

2-02.11 In order to define the relative basin time lags 
resulting from all factors serving to delay runoff other than the snow
pack itself, average recession curves were derived for each laboratory 
basin. These curves define the time rate of change of flow during normal 
flow recession and thereby provide a measure of the natural time lag 
characteristics of the basin. From curves derived empirically by methods 
set forth in chapter 4, it can be stated in general that in Castle Creek 
at CSSL, the delay of runoff that is due to surface and subsurface stor
age is about one-half of the corresponding delay for either WBSL or UCSL, 
throughout the various ranges of unit flows in cfs per square mile. When 
comparing recession coefficients on the basis of actual magnitude of 
discharges, CSSL has, at relatively high flows, about one-third to one
fourth the delay that either USCL or WBSL has. This effect is evident 
from the much greater magnitude of diurnal fluctuation of flows at CSSL, 
compared with WBSL and UCSL. The recession characteristic integrates 
a multitude of basin effects, including average slopes over the basin, 
types of soil, channel lengths and conditions, ground-water geology, 
forest cover, and many lesser influences, into a single average relation
ship, and thus becomes a very useful tool in applied hydrology and hydro
graph analysis. More detailed comparisons of laboratory recession curves 
are presented in paragraph 2-04.35. 

2-03. LABORATORY ADMINISTRATION 

2-03.01 The Cooperative Snow Investigations had, as its 
first major operation, the establishment of each of the three snow 
laboratories, including the necessary provisions for laboratory operation 
and instrumentation. In addition, operational and administrative 
channels were formulated, in order to provide adequate control of the 
operation as a whole. Reference is made to plate 1-1, showing channels 
of command for laboratory operation during the cooperative phase of the 
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work between the Weather Bureau and the Corps of Engineers". The' re
sponsibility for selection of instrumentation, type and frequency of 
observations, and methods of handling the data was held by the program 
director. Coordination and standardization of observational techniques 
for the laboratories, as well ~s supervision of special tests and devel
opment of new instrumentation, were effected by the Technical Supervisor. 
The administration of the physical operation of laboratories, including 
arrangements for procurement of supplies and equipment, living faCilities, 
transportation and land acquisition, was accomplished by the Corps of 
Engineers District Offices having supervision of the area in which the 
laboratory was located. The direct responsibility or laboratory operation, 
to implement the requirements set forth from both technical and adminis
trative supervision, rested in the laboratory director, who was a Weather 
Bureau employee at CSSL (up to 1950) and a Corps of Engineers employee at 
UCSL and WBSL. Both Weather Bureau and Corps of Engineers employees 
were on permanent duty at CSSL and UCSL, and personnel administration was 
accomplished by their respective offices. At WBSL, all employees on 
permanent duty were under the supervision of the Corps of Engineers. 
Table 2-2 lists the laboratory director and average number of employees, 
both Corps of Engineers and Weather Bureau, for each year of laboratory 
operation. 

2-03.02 Staffing presented a major problem in laboratory 
operation. Since the laboratories were located in remote, headwater 
regions in the mountainous areas, there was considerable difficulty in 
obtaining properly trained personnel who could adapt themselves to the 
rigors and isolation required, and at the same time pursue with diligence 
their normal and sometimes unique duties. Trips to field stations were 
made weekly or bi-weekly throughout the winter, and instruments were, as 
a rule, serviced under adverse weather conditions. The WESL was partic
ularly isolated and a large percentage of the effort of the staff was 
required for maintenance of minimum living standards. 

2-03.03 Agency cooperation. - Besides the Weather Bureau 
and Corps of Engineers, other Federal Agencies participated in some of 
the functions of the field observational program, on a cooperative basis. 
The U. S. Geological Survey installed and operated the stream gaging 
stations at both WESL and UCSL, on a reimbursable basis. Aerial photo
graphs of snow cover through the melt season were made in cooperation 
with the U. S. Air Force at CSSL and U. S. Forest Service at UCSL. 
Aerial photographs were also obtained by the Forest Service for the 
purpose of constructing aerial mosaics of each laboratory, from which 
basin topographic maps could be prepared. The Forest Service also 
installed soil moisture meters at UCSL and obtained observational data 
from them. Forest Service cooperation included construction and mainten
ance of roads and trails, notably at UCSL, and in some cases, use of 
buildings or shelters. 

2-03.04 Cooperation with Snow, Ice, and Permafrost Research 
Establishment. - Responsibility for snow, ice and permafrost research 
for the Joint benefit of the U. S. Armed Services was assigned to the 
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Department of the Army and to the Chief of Engineers for operations in 
1949. The Snow, Ice and Permafrost Research Establishment (hereinafter 
referred to as SIPRE) was organized the same year. Its purpose is to 
perform basic research on properties of snow, ice and permafrost, and the 
application of basic snow research to military problems.'y In ,1950, the 
Weather Bureau terminated its participation in the Cooperative Snow 
Investigations laboratory program, and at approximately the same time, 
SIPRE was embarking on an observational program in snow research. Since 
the facilities of CSSL were available, arrangements were made whereby 
SIPRE could establish its facilities for observations at CSSL, and the 
observations were then cooperative between SIPRE and the Snow Investi
gations. While the Snow Investigations Unit was interested primarily in 
hydrologic application of snow resea.Tch, and SIPRE was concerned with basic 
research leading to application for military use, many of the observations 
could satisfy both requirements. The establishment of a micrometeorolog
ical program at the Lower Meadow was one of the major accomplishments 
done under the direction of SIPRE, and special observations were performed 
at the request of each of the agencies. The laboratory director was 
employed by SIPRE, but administrative operation of the laboratory was 
under the direction of Sacramento District. This phase of the observational 
work at CSSL closed in June, 1953, when SIPRE moved to its new laboratory 
in the midwest, and the snow investigations terminated year-round observa
tions. 

2-03.05 CSSL was operated during the 1954 melt season under 
the direction of the Snow Investigations Unit. ObservAtions were confined 
to special studies in connection with previously constructed snow lysi
meters. Runoff for the laboratory basin was measured, and meteorological 
instrumentation was maintained at the headquarters area and at the Lower 
Meadow. No basinwide snow surveys or precipitation measurements were 
made. At the close of the 1954 melt season, CSSL was closed and no 
further observations were performed by the Snow Investigations Unit. 
UCSL was closed at the end of the 1951 melt period, and observations at 
WBSL were terminated in 1952. 

2-04. DETAILED DESCRIPTION OF THE LABORATORY AREAS 

2-04.01 General. - It was originally the intent of the 
program to prepare detailed technical reports on the physical and 
climatological features of each laboratory. Lack of time precluded the 
completion of those reports, except for Technical Report 4-A, entitled, 
"Terrain Characteristics, Central Sierra Snow Laboratory." This report 
presents in detail the features of that basin with regard to topography, 
geology, vegetation, and drainage, whereby analysis could be made for 
transferring the hydrologic variables to conditions of known environment 
on project basins. The work included the delineation of the 4 square 
mile basin into 20 topographic units of individual characteristics. Such 
detailed analyses have not been accomplished for the other laboratories, 
and later studies have indicated that more general classifications of 
terrain factors affecting snow accunrulation and snowmelt are adequate, 
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when considering the relative degree of accuracy of measured amounts in 
basin application. Therefore, this section presents comparative data 
generally in less detail than was originally considered necessary in 
developing hydrologic relationships, but the comparisons are believed to 
be adequate for the purpose of obtaining qualitative evaluation of 
m~thods used in relating measured to basin amounts. Each laboratory is 
discussed as to its physical landscape and general characteristics of 
climate and hydrology. Insofar as possible, direct comparisons of labora
tory features are presented, with regard to both verbal descriptions and 
presentation of data by diagrams. 

2-04.02 Laboratory access. - The ease of operation of each 
laboratory and the maximum utilization of personnel on the observational 
program was dependent to a large extent on the ease of access to the basin 
area from major communication routes and on the extent and quality of 
roads and trails within the basin areas. The headquarters area at UCSL 
was located adjacent to U. S. Highw~ 2 and the Great Northern Railroad, 
both of which are all-weather arteries through the Continental Divide at 
Marias Pass and connect the Pacific Northwest with the midwest of the 
United states. Although the highway is occasionally blocked by snow 
during the winter, railroad traffic is interrupted only under very unusual 
conditions. Travel within the laboratory was accomplished by roads and 
trails, which could be negotiated by four-wheel drive vehicles during the 
summer to service outlying gages. In winter, snow tractors were utilized 
for transportation within the laboratory area whenever conditions would 
permit, but approximately half of the distance traveled was accomplished 
on foot, either with skis or snowshoes. Commercial power facilities were 
not available at the time the laboratory was established, so portable 
power sup~lies were used to furnish electrical power at the headquarters 
area. 

2-0u.03 CSSL is similar to UCSL with respect to major highway 
access; U. S. Highway ho borders the laboratory area on the south, and 
the Southern Pacific Railroad connecting San Francisco with the East 
parallels the highway at Donner Pass through the Sierra Nevada. With the 
exception of short periods following major storms they were kept open 
throughout the winter season. Within the laboratory area, roads and 
trails served as access to field stations during the summer, and snow 
tractors could be utilized over much of the area during winter. About 50 
percent of the travel to service outlying stations was accomplished by 
snow vehicle, and the remainder on foot, either with skis or snowshoes. 
Commercial power supplied electrical energy to the headquarters area and 
later to the Lower Meadow micrometeorological observation station. 

2-oh.oh Access to WESL was difficult. The closest highway 
to the headquarters area was 5 miles by forest road, which required that 
"hen snow was in the area (usually from October through Mayor June), 
transport of all supplies, equipment and personnel be by snow vehicle 
or on skis. The South Santiam highway, which the forest road joins at 
Rabbit Camp, was kept open throughout the winter but was occasionally 
closed following a major storm. Travel within the laboratory area was 
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tedious. The use of snow vehicles was limited to about 10 percent of the 
total travel to outlying stations, because of many fallen trees over the 
roads and trails, and because of the steep slopes in the area. There was 
no commercial electric power, and portable power equipment was utilized 
at the headquarters area. 

2-04.05 Surface configuration. - For the purpose of this 
description, comparative data for each laboratory are given below for 
stream systems and profiles, area-elevation relationships, steepness of 
slopes, and orientation. It is believed that these general classifica
tions of topography are sufficient for defining the features of each 
laboratory, in order to arrive at a qualitative appraisal of the charac
teristics of each area. Reference is made to the topographic maps of 
each laboratory contained on plates 2-2 to 2-4. 

2-04.06 UCSL, with 20.7 square miles total area, may con
veniently be divided into two subdivisions: (1) Skyland Creek basin and 
(2) the Intermediate area of Upper Bear, Lower Bear and Autumn Creeks. 
Skyland Creek drains 8.09 square miles of steeply rolling forested area 
bounded by the Continental Divide on the east, Challenge Divide on the 
south, and Mule Ridge on the southwest. The Intermediate area of 12.61 
square miles is bordered by the rugged Algonkian Ridge on the northwest, 
which is a very steep glaciated escarpment about 4 miles long whose 
summit averages about 2500 feet higher than the gentle slopes of the 
valley floor. The Blacktail Hills separate Upper Bear Creek drainage 
from Autumn Creek drainage and are low-lying hills whose summit averages 
about 6000 feet. Stream profiles for Bear Creek and Skyland Creek are 
shown on figure 1, plate 2-5. The average slope of Bear Creek is about 
140 feet per mile after it emerges from the rugged slopes of Bear Peak. 
The slope of Skyland Creek averages about 200 feet per mile in its lower 
reaches and the channel slopes gradually steepen when approaching the 
headwaters of Elkcalf Mountain. In general, all major tributaries are 
typical mountain streams consisting of alternate cascades and pools. 
There are no lakes on the stream courses, but a portion of Upper Bear 
Creek passes through an area of marshy ground which is slightly less than 
a mile long. Almost all of the analytical work on UCSL was performed on 
the Skyland Creek drainage because of its freedom from excessively 
irregular topography and its greater homogeneity, in comparison with the 
Intermediate area. 

2-04.07 CSSL contains 3.96 square miles of rugged land 
located just west of the summit of the Sierra Nevada, the eastern boundary 
of the laboratory forming a segment of the divide. The northern end of 
the basin is bounded by Castle Peak (elevation 9105 ft.) which forms a 
sharp escarpment with steep slopes, in places almost vertical, and rises 
about 1500 feet above the valley floor. On the west, the divide is formed 
in part by Andesite Peak, whose maximum elevation is 8215 feet. Andesite 
Ridge projects southeastward into the basin from Andesite Peak, and 
effectively divides the western half of the basin into two parts. Castle 
Creek is the only major drainage channel within the basin. It heads on 
the slopes of Castle Peak, flows southeastward through Willow Valley and 
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Upper Meadow and swings in around Andesite Ridge, from where it flows 
southwestward to the basin outlet. Channel slopes average about 200 feet 
per mile except for the Lower Meadow, where the slope is about 70 feet per 
mile. The headwaters of Castle Creek on the face of Castle Peak are much 
steeper. There are no lakes on the main stem of Castle Creek. Grass Lake, 
located in Euer's Saddle on the eastern edge of the basin has little 
effect upon runoff because of the very small area contributing to it. 
Reference is made to Technical Report 4~A for more detailed description 
of the terrain features of CSSL. 

2-0L..08 The 11.5 square mile area of WBSL may be divided 
into three segments. Mann Creek, which drains nearly the entire northern 
half of the basin, contains 5.12 square miles. Wolf Creek drains a 
segment of 2.06 square miles on the east side of the basin. Mann Creek 
and Wolf Creek join to form Blue River. The area draining into Blue River 
below the confluence and above the laboratory basin outlet is the third 
segment and is identified as Intermediate Blue River Drainage (D.A. a 4.33 
sq. miles). The northern edge of TNBSL is formed by the divide separating 
McKenzie River and Santiam River drainages. Squaw Mountain (elevation 
5235 ft.) is the principal peak on this portion of the divide. The 
eastern boundary is formed by a divide culminating in Carpenter Mountain 
(elevation 5364 ft.), located in the southeast corner of the basin. Mann 
Ridge, which varies from about 3000 to 4000 feet mal, serves as the 
western boundary of the basin. A small butte known as Wolf Rock is a 
volcanic neck rising some 1000 feet above the surrounding valley and lies 
in the east central portion of the basin. Mann Creek heads in the vicin
ity of Squaw Mountain and flows generally southward to confluence with 
Wolf Creek near the center of the basin. Wolf Creek originates in Wolf 
Meadow and flows westward to the south of Wolf Rock. Blue River flows 
generally southwestward to the laboratory basin outlet, which in turn is 
some 14 miles above its junction with the McKenzie River. Channel slopes 
on Blue River, within the laboratory basin, average about 200 feet per 
mile, but slopes of Mann and Wolf Creeks are about 500 feet per mile. The 
streams are all swift mountain cascades, and there are no lakes of signi
ficance within the basin. 

2-04.09 Area-elevation relationshiEs, - Area-elevation data 
were computed for each laboratory, and graphical plots of these relation
ships are shown on figure 1, plate 2-6. The data were obtained by plani
metering zones of elevation from the topographic maps for each laboratory. 
The curves represent the percentage of area above a given elevation for 
each laboratory basin and major subdivision. All are plotted on a common 
scale of elevation and percentage of area, so that direct comparison of 
elevation characteristics of each laboratory may be rr~de. The following 
table sUl1ll'llaI'izes the data from this diagram: 
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Elevation above which 
Laboratory Drainage Elevation lies given percent of 

Drainage Area Feet MSL area 
Sq. Mi. 

Mean Max Min 25% 75% 

UCSL (Total) 5700 8605 4480 5950 5350 20.7 
Skyland Creek 8.09 5900 7610 4800 6175 5600 
Intermediate Area 12.61 5500 8605 4480 5700 5225 

CSSL (Total) 3.96 7500 9105 6880 7725 7275 

w'BSL (Total) 11.51 3433 5364 1959 3925 2950 
Mann Creek 5.12 3760 5235 2491 4175 3350 
Wolf Creek 2.06 3600 5364 2491 3850 3275 
Intermediate Area 4.33 2980 5364 1959 3325 2550 

2-04.10 Area-slope relationships. - Area-slope relationships 
were derived for each laboratory, on the basis of sampling on a topographic 
map the slope characteristic at the grid-intersection points uniformly 
spaced over the basin. There were approximately 250 such intersection 
points on each laboratory sub-basin. The percentage of area for a given 
slope was accumulated from the steepest slope, downward, and curves were 
plotted representing the percentage of area whose slope is equal to or 
greater than a given slope, as shown on figure 2, plate 2-6. A summary 
of these data is listed in the following tabulation: 

Laboratory 

UCSL (Skyland Creek) 
CSSL (Total) 
WBSL (Total) 

Drainage 
Area 

Sq. Miles 

8.09 
3.96 

u.5 

Basin 
Mean 

32 
21 
40 

Slope in Percent* 

Values of slopes equalled or 
exceeded, for given percentage 
of area 
10 20 50 80 % of area 

52 44 30 21 
51 26 16 9 
63 53 38 25 

It is seen that the mean slope of CSSL is about one half of that for WBSL, 
and that Skyland Creek in UCSL is about midway between the two. There 

"~Slope is measured as the vertical rise in feet per 100 feet of 
horizontal distance, averaged for a distance of 500 feet from each 
intersection point. 
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are some very steep slopes in all the laboratory areas, as shown by the 
values given for the steepest 10 percent of the area, ranging from 51 to 
63 percent. 

2-04.11 Orientation. - The basin orientation is important 
for two general considerations: (1) its effect on the accumulation of 
precipitation, both in the form of rain and snow; and (2) its effect on 
snowmelt rates. The effects may be independent of one another, when 
considering the prevailing meteorologic conditions during the snow 
accumulation period and their relationships with terrain, and also, when 
considering the meteorologic and terrain factors affecting melt. General 
evaluation of orientation was determined on the basis of basin averages 
for each of the laboratories, and graphical plottings of the percentage 
of the basin area facing in a given octant of the compass are shown in 
figure 3, plate 2-6, for (1) Skyland Creek, UCSL; (2) Mann Creek, WESL; 
(3) the entire WESL; and (4) CSSL. These graphs are presented in such 
a manner that the area in a given octant on the graph is directly pro
portional to the percentage of basin area whose orientation is within the 
octant. 

2-04.12 Comparing orientation among laboratories, it is 
shown that the CSSL and Mann Creek (WESL) areas have similar average 
orientation, with nearly 50% of the two areas facing in the quadrant from 
SE to SW. Skyland Creek, on the other hand, is nearly uniformly distri
buted between north and south orientation. The following table lists 
percentages of basin area for given sectors of orientation: 

Laboratory Percentage of area facing guadrant centered on: 
Drainage Area N E S W 

Skyland Creek, UCSL 31 15 31 23 
WESL (entire area) 17 21 34 28 
Mann Creek, WESL 6 22 48 24 
CSSL (entire area) 11 17 49 23 

2-04.13 Geology. - The evaluation of the effect of surface 
and subsurface rock formations on transmitting and storing water requires 
adequate geologic investigation. To accomplish this, detailed geologic 
field surveys were performed for UCSL and CSSL. No such survey was made 
for WESL, but geologists from the Portland District made cursory field 
examinations of that area; in addition, published geologic descriptions 
for the Cascade Mountains were reviewed in detail. It is sufficient for 
the purpose of this report to describe the geology only in general terms, 
but emphasis is placed on the conclusions from investigations regarding 
the water permeability of the basins, considering the likelihood of water 
passing into the basin from surrounding areas or out of the basins through 
underground channels and thereby not measured as basin outflow. The 
storage time of delay to runoff by the combined effect of storage and 
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flow through subsurface channels (both through the soil and underlying 
rocks) is taken into account by streamflow recession analysis, and direct 
evaluation of water stored in basin aquifers is not necessary. Therefore, 
the principal consideration of the geologic character of each basin is 
the determination of how v1811 the basin boundary determined by surface 
dr ainage patterns represents t he true area contributing to runoff, con
sidering also the possibility of water loss by deep percolation. 

2-04.14 The physical condition of UCSL is characterized by 
a mature stage of streaJll erosion,with sharp ridges and steep slopes, as 
s hown on the topographic map (plate 2-2). It has been modified somewhat 
by glaciation, and glacial debris remains on a large part of the area and 
varies i n thickness from a few feet up to 150 feet in the valley bottoms. 
Rock is exposed practkaJly everywhere around the border except at Marias 
Pass, and there are rock outcrops scattered throughout the basin. The 
rocks are sedimentary and consist predominantly of sandstones, limestones, 
shales, and conglomerates belonging to the Jurassic and Cretaceous periods 
of the Mesozoic era. On the north end of the basin, the rocks f orming the 
higher portions of Algonkian Ridge belong to a Pre-Cambrian belt consist
ing of limestone and argillite, and lie above the Lewis Overthrust Fault, 
which is exposed on the south slopes of Bear Peak. Nearly everywhere the 
rock strikes about north 60 degrees west and dips about 40 degrees to the 
southwest. The entire area is intricately faulted but with ~nor folding, 
and it is believed the flow of water through fault zones is negligible. 
Because the entire drainage area of Skyland Creek is bounded by rock 
ridges, it is believed that the basin neither gains nor loses water 
underground around the periphery. A careful study of conditions at the 
junction of Skyland with Bear Creek, where ground water is observed seep
ing into the creek from the overburden, revealed that there is no loss of 
water from Skyland Creek near its mouth. The boundaries of the drainage 
area of Bear Creek in the vicinity of Marias Pass are poorly defined, but 
since nearly all studies of runoff are confined to Skyland Creek, it is 
of little consequence. 

2-04.15 CSSL is founded on granite which forms part of the 
Jurassic batholith of the Sierra Nevada. Subsequent to the erosion of 
the granitic surface, flows of vclcanics including rhyolite, andesite, 
volcanic mud, and basalt covered the area, part of which was later removed 
by glaciers, which in turn left small patches of moraine. Along Castle 
Creek are small areas of recent alluvium. The following tabulation lists 
the proportional aJIlounts of the basin area presently exposed to the above 
listed formations: 

Formation 

Granite, mostly unweathered and tightly jointed 
Overlying volcanic rocks, some rather porous 
Glacial moraines, permeable but discontinuous 
Alluvial deposits 
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5 
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Detailed descriptions of the rocks and delineation of the surface geo
logic pattern are contained in Technical Report 4-A. In general, the 
lower (SW) quadrant of the basin is predominartly granitic, while the 
entire upper portion contains volcanic rocks. Alluvial materials have 
been deposited along the sections of the stream channel with flatter 
gradients characteristic of the Lower and Upper Meadows. Little is known 
of the fault structure within the basin proper. Surface drainage bounda
ries are well defined except in Euer's Saddle, lying on the eastern edge 
of the basin. ,Conditions of subsurface flow near the basin boundaries 
are not kno~ but it is assumed they conform closely to the surface pat
tern. Deep percolation, whereby water could leave the basin unmeasured 
by the stream gage for Castle Creek, is assumed to be negligible, but 
no definite geologiC information is available to substantiate this, When 
determining the water balance for CSSL as a whole for 5 years of record, 
(see chapter 4), the measured outflow appears to be too low. This is not 
sufficient evidence to conclude that there is unmeasured ground-water 
outflow from the basin, but it does point to that possibility. 

2-04.16 No detailed geologic investigation of the WBSL was 
made, primarily because of the difficulty in identification of rocks and 
their structure. The heavy soil and forest cover over nearly all of the 
area effectively obscures the underlying formations, and rock outcrops 
appear onlymWolf Rock and on some of the peaks bordering the basin. 
Generalizations of the geologic structure of the basin were determined 
from published surveys of areas in the mid-Cascades, and by field 
reconnaissance of the area. The geology is considered to be typical of 
the middle Cascades area, which was formed from volcanic material ranging 
from lavas to agglomerates and tuffs. It has gone through a period of 
faulting and folding, and in recent times may have been subjected to 
glaciation, but there is no direct evidence of morainal deposits. The 
basin has been eroded to an early stage of maturity, and stream patterns 
are well defined except for small meadow areas. Heavy vegetative cover 
and high precipitation have resulted in deep weathering, and in most 
places the rock is covered with a thick mantle of relatively impervious 
soil. The bedrock underneath the soil mantle consists of weathered 
andesite (a fine grained volcanic rock) together with tuffs and breccias, 
which help to serve as a storage reservoir to supply summer flows for the 
numerous perennial streams in the area. The small butte known as Wolf 
Rock has been identified as a volcanic neck, but so far as is known, it 
has no particular significance in relation to the basin's ground-water 
geology. The basin boundary is formed by sharp divides between adjacent 
drainages, and considering the relatively impervious character of the soil 
mantle and underlying rocks, there is little reason to suspect underground 
water loss or gain from adjacent areas. No information exists on the 
strike and dip of the rocks within the laboratory area. Inspection of 
streamflow records for adjacent areas and on the entire Blue River 
(D.A. = 75 sq. miles) during periods of summer ground water recession flow 
show that unit rates of runoff per square mile are nearly identical for 
areas in the vicinity. This points to the probability that there is no 
sizeable water loss by underground flow past the stream gaging station, 
in view of the homogeneity of the area as a whole. 
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2-04.17 Soils. - The soil mantle on laboratory basins is 
important in the analysis of basin 'Hater-balance computations as a storage 
reservoir for the infiltrating water l1pon which plant growth normally 
draws in the transpiration process. It also represents a part of the 
ground-wat er zone which induces a time delay of runoff from water excess es. 
The soils at the laboratories are described qualitatively from field 
observations; however, no comprehensive soil surveys were performed 
whereby the soil characteristics for the basin as a whole could be eval
uated. There are two differing concepts used in defining soils. In 
agricultural usage the zone of soil consists of that part of the earth's 
crust penetrated by plant roots; and in engineering usage soil is the 
total layer of unconsolidated material, thus differentiating between 
rock and earth materials. Both definitions are important to the hydro
logist when considering separately the processes of transpiration and 
ground-water flow. 

2-04.18 Skyland Creek in UCSL is almost completely covered 
with a thin soil mantle formed primarily by weathering of the sedimentary 
rocks underlying the basin, and, also, of the relatively small areas of 
old glacial debris. The remaining Bear and Autumn Creek areas were 
scoured heavily by glaciation during recent times, and there has been 
little opportunity for the formation of soils. The soils are thinner 
and there is a much larger percentage of area bare of soil than on 
Skyland Creek. 

2-04.19 In general, soils at CSSL are thin, and the area is 
characterized by wide variation in soil conditions over the basin. Post
glacial weathering has not appreciably affected the granite rocks that 
were scoured by ice during recent glaciation, but the glacial deposits 
have been weathered to form immature soils. Soil is lacking on many of 
the steeper lava slopes, but the flatter areas of agglomerate have 
weathered fairly deeply. The meadows containing principally alluvial 
material have an overlying soil mantle. For the basin as a whole, it is 
estimated that about half of the area is soil-covered. The texture of 
the soil is generally light, and it is classified as sandy loam. There 
are, however, a few areas where the soil is underlain with clay. 

2-04.20 Soils at WBSL are thick and cover nearly the entire 
basin, with the exception of portions of Wolf Rock and Squaw Mountain. 
They have resulted from weathering of the underlying volcanic rocks and 
consist primarily of clayey material. There was no soil probing or sampl
ing program in the area, but generalizations on probable soil conditions 
can be made from known conditions in adjacent basins of similar topo
graphic conditions. The total depth of earth materials probably ranges 
from a foot or two to as much as perhaps 50 feet. In general, it is 
believed that the thickness over the major portion of the area would be 
in excess of 10 feet. Observations of the soil conditions at the 5 
ground-water wells showed uniformity of conditions, with approximately 
I } feet of loam at the surface, and a shallow transitional zone into the 
underlying clayey material. The wells were not necessarily dug to bedrock 
and the depths range from 7 to 12 feet. The active zone penetrated by 
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the plant roots is believed to be no more than four feet throughout the 
basin, and soils below this depth are aquifers for ground-water flow. 

2-04.21 Vegetation. - The vegetation cover at each laboratory 
is an important factor to be considered in the hydrologic comparison of 
la.boratory areas and in the extension of methods of analysis from the 
laboratory to project basin areas. The effect of grasses and low-growing 
shrubs on the accumulation and melting of the snow pack is minor, but 
they would have some influence on transpiration and infiltration rates. 
Forests, on the other hand, have a major influence on the accumulation of 
snow, because of differences in snow accumulation between sites in clear
ings and those beneath the forest crowns, and interception of precipitation 
in the form of both rain and snow. Forests also playa major role in the 
process of heat transfer to the snowpack and to the lower layers of the 
atmosphere. Water loss by evapotranspiration from a snow-covered area is 
accomplished largely by forest transpiration. In the following descrip
tions, therefore, the amount and type of forest is given primary consid
eration. 

2-04.22 UCSL is characterized by wide variation in amount of 
forest from one side of the basin to the other. Skyland Creek, comprising 
the southeast third of the basin, is heavily forested with conifers, pre
dominantly lodgepole pine (Pinus contorta), over about 90 percent of that 
area, and the average canopy density is estimated to be 80 percent. In 
contrast, large sections of AutU1lU1 and Upper Bear Creeks are unforested, 
and those areas which are forested are patchy. The net crown cover for 
this area as a whole is estimated to be 30 percent. An aerial mosaic of I 
UCSL is shown on plate 2-7, and illustrates the forest cover over the 
basin. While lodgepole pine is the dominant type, it is intermixed with 
Engelmann spruce. (Picea engelmanni), white fir (Abies concolor), and 
tamarack (Larix laricina). This forest is not the climax type for this 
area, and there is evidence of old burns. The climax types would be 
Douglas fir (Pseudotsuga taxifolia) and western yellow pine (Pinus pond-
erosa) in the lower portions of the basin, and fir-hemlock species in the 
higher levels. The trees in the forest at present average between 30 and 
50 feet in height; the Skyland Creek stands are dense, and the average 
distance between tree trunks is about 10 feet. In general, there is 
little underbrush beneath the dense forest canopy, but in the openings, 
there is a heavy growth of a wide variety of shrubs. Bear grass grows 
in the openings at the higher elevations. The bare areas, particularly 
on the north side of the basin, are rock outcrops or talus slides which 
cannot support plant growth. 

2-04.23 The forest at CSSL is primarily second-growth 
lodgepole pine and the basin is characterized by a relatively light, open 
forest. There is considerable range in forest density in different 
portions of the basin, varying principally with elevation, soil, and 
exposure. The average timberline in this area is at about 8000 feet, but 
occasional growths of hemlock and fir occur above this elevation. Plate 
2-8 is an aerial mosaic of CSSL taken when the area was bare of snow, 
and shows the forest density over the basin. For the basin as a whole, 
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about 40 percent of the area is forested, and it is estimated that only 
20 percent of the basin is directly beneath the tree crowns. The average 
height of the pines is from 30 to 50 feet. There are interspersed a few 
stands of red fir (Abies magnifica), white fir (A. concolor) and western 
yellow pine, whose heights range up to 125 feet. Various brushes cover 
about 15 percent of the basin. Grass covers about 6 percent of the area 
with no other cover, and 40 percent of the basin is bare of any vegetation. 

2-04.24 TrJBSL is heavily forested and is typical of the 
climax type of the western Cascades in Oregon. Non-timbered areas are 
few and consist of small mountain meadows which are usually less than 
one-quarter acre in size. A notable exception, however, is Wolf Rock, 
whose area is about one-eighth of a square mile. Douglas fir is the 
dominant species and comprises about 60 percent of the timbered area. The 
remaining 40 percent of the forest belongs to the hemlock-fir types and 
consists of Pacific silver fir (Abies amabilis), noble fir (A. procera), 
white fir, western hemlock (Tsuga heterophylla), Engelmann spruce, and 
mountain hemlock (T. mertensiana). Ol~-growth and second-growth trees 
of all sizes are found in both timber types. The average height of trees 
is estimated to be about 150 feet. The total forested area is 93 percent 
of the basin as a whole, and the average canopy density is estimated to 
be about 90 percent. Plate 2-9 is a panoramic photograph taken looking 
south from Squaw Mountain over the basin area, showing the character of 
the dense forest. Beneath the forest crown is an understory of various 
types of shrubs which in turn cover low-lying ferns and other weeds. The 
understory is denser in the lower part of the basin and includes small 
deciduous trees. 

2-04.25 Climate. - The climatic regimes of the three labor
atories are similar, in that all of the areas are predominantly exposed 
to Pacific maritime airmasses as the result of the western atmospheric 
circulation of the middle latitudes. Occasional reversals in circulation, 
however, cause invasion of continental airmasses, and in some periods the 
circulation is weak, so that there is established a local climate which 
is mostly independent of the atmospheric circulation. The average climate 
of the regions, then, is a function of (1) the relative frequencies of 
the above listed meteorological patterns, (2) the opportunity for modifi
cation of the airmasses, which is primarily a function of distance from 
the sea coast and extent of int ervening topographic barriers, and (J) the 
latitude and elevation of the basins. Reference is made to plate 2-1, 
which shows the geographical location of the laboratories with respect 
to the major topographic features of western United States. 

2-04.26 In order to determine climatic averages of basic 
hydrometeorologic variables for each laboratory, the relatively long-term 
records of temperature, precipitation, snowpack water equivalent, and 
runoff for key stations in or adjacent to the laboratory areas were 
analyzed on the basis of mean monthly amounts. Means were computed for 
the entire period of record of the individual stations and also for the 
shorter period of laboratory record, in order to establish the relation 
between the meteorologic characteristics during the period of laboratory 
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record and long-term climatic means. The following tabulation lists the 
key hydrometeorologic stations and the total years of record used for each 
element to represent the long-term hydroclimatic mean at each laboratory. 

Snow Snowpack 
Lab. Temperature Precipitation Water Equivalent Runoff 

UCSL Summit, Summit, Marias Pass, Middle Fork 
Montana Montana Montana Flathead River 

1938-1954 1937-1954 1936-1955 at Essex, Mont. 
1940-1952 

CSSL Soda Springs, Soda Springs, Soda Springs, South Fork, 
California California California Yuba R., near 
1930-1954 1930-1954 1930-1955 Cisco, Calif. 

1943-1952 

WBSL Leaburg, Leaburg, Santiam J ct., Blue River near 
Oregon Oregon Oregon Blue River, Ore. 

1934-1954 1934-1954 1941-1955 1936-1952 

Tables 2-3 through 2-5 list mean monthly values of temperatures in OF, 
precipitation in inches, and runoff in inches over the contributing area 
for January through December, for the above listed stations. Average 
snowpack water equivalents are given for the first of each month, from 
January through May, but for some of those months at certain stations 
values are omitted because records are incomplete or lacking entirely. 

2-04.27 Reference is made to the descriptions of general 
climatic and hydrologic features of the laboratories contained in para
graphs 2-02.07 through 2-02.11 for summaries of the hydroclimatic 
characteristics of the basins. The climatic comparisons set forth in 
tables 2-3 to 2-5 are presented for the purpose of interpreting values of 
prime hydrometeorologic variables presented on the basis of averages for 
the laboratory basins and for the period of laboratory record. 

2-04.28 During the period of laboratory operations, the mean 
annual temperature at each laboratory was within one degree F of its long
term mean, but there were some anomalies for individual months. At UCSL, 
winters averaged somewhat colder than normal, and in extreme, January was 
nearly 70F below normal. During the spring months the temperatures 
averaged slightly above normal. Precipita~ion at UCSL for the water years 
1947 through 1950 was about 10 percent above normal; most of the excess 
occurred during the period October through March. Spring and summer pre
cipitation was very nearly normal. Water equivalent of the snowpack as 
measured at Marias Pass averaged a little over 20 percent above normal, 
reflecting the above normal precipitation and below normal temperatures 
during the winter. Annual runoff was about 15 percent above the long
period average. WBSL similarly experienced somewhat below normal winter 
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temperatures, and above normal precipitation, water equivalents, and 
runoff during the period of laboratory operation. Values of temperature, 
precipitation, and runoff averaged near normal at CSSL during the period 
of laboratory record. The ·water equivalent measured on the snow courses 
at Soda Springs indicated that the snowpack contained only 60 to 80 per
cent of the normal amount for the early spring months, but it is believed 
that the apparent departure may be due to above normal percentages of 
winter precipitation falling as rain during the period of laboratory 
operation. 

2-04.29 Hydrologic comparison. - One of the principal 
objectives of the laboratory program l-ras to establish with relative assur
BD.ce the components of the hydrologic cycle in areas of snow accumulation, 
under varying conditions of climate and environment. This has been 
accomplished on the basis of basin mean values for each element for each 
of the laboratories, by monthly increments over the period of laboratory 
record. The methods used in deriving those values are set forth in chapter 
4, and tabulations of amounts by individual months are presented in that 
chapter. The average amounts for the period of recora for each laboratory 
were summarized for the purpose of presenting in this chapter a hydrologic 
comparison of the areas. Graphical representation of these summaries is 
shown on plate 2-10 and include mean monthly values of (1) basin tempera
ture, (2) incident radiation (where available), (3) basin precipitation 
and basin snowfall, (4) accumulated net basin snowfall (after interception) 
and basin water equivalent, and (5) generated runoff. 

2-04.30 Basin temperatures were computed on the basis of 
means for the period of record adjusted to the mean elevation, except 
for CSSL, where elevation effect is small and station l-B was used to 
represent basin means directly. Records of insolation were obtained at 
CSSL and UCSL, but are not available for WBSL. Total basin precipitation 
represents, as a basin mean value, the gross amount for tree-top level. 
Basin snowfall similarly represents the average monthly amount above the 
tree canopy. Separation of rain and snow was made on the basis of 
detailed studies of the form of precipitation and independent checks by 
the total water balance computation. The accumulated net basin snowfall 
represents average basin amounts of the water equivalent of newly fallen 
snow that arrives at the ground level and, accordingly, interception 
losses are accounted for in these amounts. The basin water equivalents 
are given as of the end of the month and represent mean basin amounts of 
water remaining in storage in the snowpack. Differences between accumu
lated net basin snowfall and basin water equivalent are the summation of 
melt to that particular time. The values for generated runoff are the 
equivalent basin inches of monthly runoff, adjusted for changes in 
ground-water storage by means of recession curve analysis as described 
in paragraph 2-02.11. 

2-04.31 Plate 2-10 presents a graphical comparison of the 
characteristics of each laboratory basin with regard to the hydroclimatic 
features discussed above. These comparisons serve as orientation for 
detailed analysis of laboratory data presented in subsequent chapters, 
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with regard to snow accumulation, snowmelt, and hydrograph reconstitution. 
In general, it is seen that UeSL has severe, snowy winters, and warm 
summers. Precipitation occurs predominantly during the winter season and 
is almost entirely in the form of snow during that period. There is 
significant precipitation, largely in the for~ of rain, during the spring 
and summer months, and a secondary precipitation maximum occurs in June. 
On the average, basin snowpack water equivalent accumulates through March 
of each year, but the heat supply is usually sufficient after April first 
to produce enough melt to cause a net decrease in water stored in the 
snowpack. Runoff generated during the winter months is generally very 
small, but October or November rainfall, or occasional minor periods of 
snowmelt, may provide water in excess of soil moisture requirements and 
thereby produce runoff. About 80 percent of the annual runoff is generated 
in the 3 months of active snowmelt, April through June. Usually, the snow 
is completely melted by the first of July, but occasionally, a late melt 
period will cause a small carryover of snowmelt into July. 

2-04.32 Winters at eSSL are not as cold as at UeSL, but 
precipitation is about 50 percent greater. The proportion of precipita
tion falling as rain during the winter (October through March) is greater 
at eSSL than at UeSL, and for the period of laboratory record was about 
22 percent. It is believed that this value is somewhat above normal for 
this area, because of unusually heavy rains that fell in November, 1950 
and other periods. The average April 1 basin snow accumulation each year 
at eSSL is equivalent to about 32 inches of water, while it is about 
24 inches at UeSL. Seventy-six percent of the annual runoff at eSSL is 
generated in the three-month period, April through June, resulting from 
the melting of the snowpack. Summer precipitation is negligible, and 
Castle Creek usually becomes dry near the first of August. Winter flows 
are proportional to winter rains and snowmelt, and while they are greater 
than those experienced at UeSL, the volume of runoff is relatively low. 
Occasionally at eSSL, a short period of heavy winter rain produces a peak 
discharge far in excess of that normally experienced during the snowmelt 
runoff season. 

2-04.33 Winters at WESL are warmer than at either UeSL or 
eSSL and are characterized by heavy snowfall, occasional rainfall, and 
heavy runoff. Summers are warm and relatively dry. Mean yearly precipi
tation (tree-top level) for the period of record was 125 inches, more than 
twice as much as at UeSL. Precipitation is concentrated in the winter 
season, more than 80 percent of the yearly total falling in the winter 
(October through March). Summer precipitation is variable, but usually 
light, and intense convective showers are infrequent. Rain averaged 40 
percent of total precipitation during the winter months ranging from 
26 percent (1948-49) to 47 percent (1947-48 and 1950-51~. Though much of 
the winter , runoff resulted from rain on snow, considerable runoff was 
generated by the relatively mild weather conditions associated with the 
basin's location and elevation range (2000 - 5500' msl). In general, 
precipitation catch at WESL gages showed a marked increase with elevation 
except for gages at windy sites. Variation in snowpack water equivalent 
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was even more marked. In many storms, the freezing level was located well 
above the basin l s lO"l<ler boundary (2000 ' msl). Variation in snowpack water 
equivalent due to initial differences in amount and form (s~ow or rain) of 
precipitation 'tJaS furtr_er aggra.vated by the higher melt rates characteris
tic in the lower part of the bas in. Av erage basin water equivalent on 
1 April was about 25 inches. In t wo of the four years of record, snowfall 
in late spring result ed in seasonal maximurn water equivalents during Hay. 
I n marked contrast to UCSL and CSSL, ~ffiSL is characterized by high winter 
runoff. Nearly two-thirds of t he yearly total generated runoff occurred 
during October through March; only one-third occurred during the spring 
sno~~elt months of April through June. The percentage of yearly runoff 
occurring in "l<Qnter ranged from 54 percent (1948-49) to 78 percent 
(1950- )1) . Peak flows r esulted from rain on snow. 

2-04.34 It is pointed out that the above comparisons of 
hydrologic characteristics are based on water balances derived for the 
period of record at each laboratory. Cognizance should be taken of the 
relation between these laboratory period averages and the longer-term 
normals, as set forth in paragraph 2-04. 26 . 

2-04.35 In order to compare the basin hydrologic character 
with respect to the time delay to runoff, empirically derived recession 
curves are presented on plate 2-11 for Skyland Creek, UCSL; Mann Creek 
and Blue River, WBSL; and Castle Creek, CSSL. Recession curves are shown 
both in terms of cfs and cfs per square mile. There are also shown the 
recession coefficients, C , and their corresponding values of t , for the 

r s 
various ranges in flow for each laboratory. Inspection of the curves 
shows that Castle Creek, CSSL, has the fastest recession and accordingly 
the least time of storage delay. Mann Creek and Blue River at WBSL have 
similar recession characteristics in terms of unit rates of runoff and 
show a relatively slow recession, particularly for low flows. The 
recession for Skyland Creek is intermediate between Castle Creek and Blue 
River, for flows expressed in cfs per square mile. For flows higher than 
5 cfs per square mile (equivalent to about 0.2 inch per day), the recession 
for Mann Creek is nearly identical to that of Skyland Creek. 
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2-05. REGULAR OBSERVATIONS AND INSTRUMENTATION AT LABORATORIES 

2-05.01 General. - The observations of hydrometeorological 
elements at the snow laboratories were taken with two basic considerations: 
(1) adequate sampling of the elements with respect to time variations, and 
(~) adequate sampling of elements with regard to areal variation over the 
laboratory basins. Determining the sampling requirements of each of the 
elements with respect to those considerations is a complex problem, and 
considerable subjective judgment is required in order to arrive at a 
proper balance between feasibility of measurements with available resources, 
the variability of the elements with respect to time and space, and the 
relative importance of the elements in the hydrologic cycle. The amount 
and type of instrumentation were also chosen to meet the specific proble~~ 
of snow hydrology as set forth in the initial objective of the program, 
which are problems of snow accumulation and its relation to the water 
balance, snowmelt, and the storage and transmission of liquid water in 
the snowpack. A network of regular observations at predetermined 
frequency of attendance was establisned for each laboratory and included 
both recording and non-recording types of instrumentation. Many of the 
observations were made in the vicinity of the headquarters living area to 
insure continuity of record during adverse weather conditions, and in 
some cases, concentration of observations were made in an area of partic
ular environment, away from the headquarters area. The major portion of 
the time spent in servicing gages, however, was for the outlying stations 
which were established for measurement of precipitation, snow depth, water 
equivalent, wind, air temperature and humidity over the laboratory areas. 

2-05.02 Table 2-6 summarizes the number of regular observa
tion stations or points maintained at each laboratory during each of the 
years of operation. This summary provides a synopsis of the scope of 
the regular observational program and how it varied with time. The 
elements are listed in the categories of general weather, radiation, air 
pressure and wind, temperature and humidity, precipitation, snow, soil, 
and streamflow. Instrumentation is listed as recording or non-recording. 
A synopsis of hydrometeorological elements, showing in graphical form the 
daily progress of each of the elements as measured at key stations, is 
presented for each laboratory-year of record in its appropriate hydro
meteorological log. In addition to the regular dbservations, there were 
many special observations taken for a specific purpose of analysis of 
conditions at a point, but not necessarily continuously with respect to 
time. These are listed in section 2-07 . 
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2-05.03 Each of the hydrometeorological logs published for 
each laboratory (see Append.ix I) contains an inventory of meteorologic 
and hydrologic data, w'hich consists of a graphical day-to-day plotting 
of the actual period of record of all elements observed at the various 
stations throughout the laboratory. Instrumental characteristics, such 
as type of instrument, height above ground, number of snow course points, 
etc., are listed in each log under tabulations entitled, "Status of labor-· 
atory observations." A sUlTlIllary of station site ' characteristics is also 
published with each log and contains data on the physical conditions of 
local environment at the site of each gage. Site maps were prepared for 
the stations and show the topographic features of the sites within a 
radius of about 200 feet from the gage. Copies of these site maps are 
includ.ed in the hydrometeorological log for 1948 at UCSL, 1950-51 at 
CSSL, anc 1947-48 and 1948-49 at WBSL. 

2-05.04 Methods of observation. - In general, the measure
ments of meteorologic and hydrologic elements were performed in accordance 
with normal procedures used in data gathering by the U. S. Weather Bureau, 
U. S. Geological Survey, and other governmental agencies. Some instru
mentation, however, was developed for special purposes, as for example 
the non-selective radiometers for measuring the transfer of radiant 
energy to and from the snowpack. Modifications of commonly used equipment 
were made in some cases to adapt them to conditions at the laboratory. 
There was little precedent for performing routine measurements of the 
characteristics of the snowpack and the underlying soils; accordingly, 
many of the methods for measuring them were developed in connection with 
the laboratory program of the Cooperative Snow Investigations. The 
quality of data obtained under the regular observational program is 
discussed in section 2-06. 

2-05.05 A discussion of the methods used in obtaining each 
of the measured elements is contained in the prefacing remark for each of 
the hydrometeorologic logs, under the title of "Discussion of Tabulated 
Values." Reference is made to the logs for this information. 

36 

.~ 

" 



r, '.> 

2-06. QUALITY OF DATA 

2-06.01 General. - A major portion of the effort of the 
entire Cooperative Snow Investigations program was that of coJlecting 
and processing snow laboratory data. Considerable time and expense 
went into providing adequate instrumentation, but in any measurement 
involving hydrologic application, variability of the measured element 
in time and space precludes an exact determination of the quantity on an 
areal basis. Even at a single point, accurate measurements are often 
difficult to obtain in the field, and when considering local variability 
of the element, they may be meaningless. Some of the observations of 
snow processes at a point were made by precise methods from which quanti
tative physical relationships could be derived. The majority of the 
observations, however, were made to evaluate relative variability of the 
elements and to provide a network of observations much denser than ordin
arily available on project basins, thereby leading to a more adequate 
understanding of hydrologic processes in areas of snow accumulation. These 
observations cannot be considered to be precise in the sense of laboratory 
controlled scientific measurements. The emphasis of the observational 
program was to minimize the controllable errors caused by mechanical 
deficiencies of the instruments, inadequate frequency of servicing, sub
standard methods of observation, or untrained personnel. 

2-06.02 At the snow laboratories, most of the observational 
stations were located too far from the headquarters to 'be serviced at less 
than weekly intervals. At times, extended storm periods caused delays in 
the weekly visits. These delays, if prolonged, could cause serious loss 
in record. Fortunately, they were at a minimum, and in most cases the 
record could be kept intact through carefully processing the data. 

2-06.03 In general, the types of errors introduced into the 
data were similar at all three laboratories; i.e., observer and instrwnent 
errors. Others that were peculiar to individual laboratories) were such 
things as the effect on recording instruments of the extremely cold 
temperatures at UCSL or the impounding of water at the interface of the 
soil and snow which affected the ground water level in one well at CSSL. 
As much as possible, errors were corrected or compensated for before the 
data were published. Some of the most common sources of error were those 
encountered in the recording instruments. They were such items as pen 
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running dry or not being set on the chart; pen clogging; ink blurring or 
smearing; clock gaining or losing time; clock stopping; time checks miss
ing or illegible; chart being on crooked; trace overlapping due to delay 
in changing chart; wind vibration or other interference with trace; ice 
and snow on working mechanism; instrument or ink frozen; chart distorted 
due to changes in temperature or humidity. Many of these deficiencies 
were overcome by careful reduction of the data through comparison with 
nearby instruments. 

2-06.04 In the introductory statements in each of the logs, 
there are references to quality of data, some for that particular water 
year, and others that obviously apply more broadly. These statements are 
too numerous to index in this brief section, but, for example, cover such 
items as the follo~~ng: 

1. Position and accuracy of temperature-sensing 
elements in the snowpack. 

2. Apparent inconsistencies between ground-water stage 
and nearby streamflow. 

3. Limitations in exposure of the reflected pyrhelio
meter at UCSL for estimating albedo. 

4. Apparent inconsistencies in dewpoint data, with 
respect to air temperature. 

5. Below-freezing water temperatures. 

This brief section on quality of data supplements the earlier statements 
which are in the logs rather than including them in a comprehensive manner. 

2-06.05 Radiation. - The incident radiation pyrheliometer 
bulbs were given a good exposure at both CSSL and UCSL, but the reflected 
radiation bulb at UCSL was poorly exposed, both because the area at which 
it was aimed was in the shade during early and late portions of the day 
and because road dust occasionally fell in the area, giving a low bias to 
the reflected radiation readings. Occasional errors in measurement could 
be attributed to the collection of frost on the bUlb. This resulted in 
readings being at times too high and at others too low. Generally, this 
could easily be adjusted for in the tabulations. At times there would be 
gaps in the record due to power failure; the Micromax recorder being out 
of balance or running slow; recorder pens being out of ink or clogged; a 
Micromax chart not changed and running out of paper. It should be pointed 
out that some in

7
strumental error has been attributed to effects of ambient 

temperature. ~ On one or two occasions the pyrheliometers were checked 
against a standard instrument with "good correspondence." 

2-06.06 Air temperature. - Between 10 to 20 percent of the 
hourly t emperature data was lost in the coldest months when the clock 
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mechanism would freeze or fine snow would accumulate on the instruments. 
The over-all loss for the year was only about 2 or 3 percent. The hygro
thermograph record was adjusted to agree with the maximum and minimum 
readings and the dry bulb temperature checks at the time the charts were 
changed. Some difficulty was experienced because of non-agreement of the 
hygrothermograph readings with maximum and minimum thermometer temperature 
readings, presumably due to separation of the alcohol column, in the minimum 
thermometer. It can be assumed that the temperature values are correct 
within 2~. Some possible error might be attributed to reflection from 
snow up through the louvers or slits in the bottom of the instrument 
shelter. On rare occasions some fine snow would blow into the shelter and 
settle on the thermometers and thermograph. The quality of temperature 
data from thermograph charts is generally not as good as that from direct 
reading thermometers. Most of the error can be attributed to lack of 
attendance, a condition that would be impossible to overcome at remote 
stations but could be controlled at the headquarters site. Temperature 
measured by Thermohms and liquid thermometers showed a quicker response, 
indicating a 10 to 20 minute temperature lag in the thermograph reading 
during rapid changes in temperature. Thermoluns and liquid thermometers 
showed also a greater range (2-4 degrees in maximum and/or minimum read
ings) than the thermograph. 

2-06.07 Humidity. - Humidity was measured by means of the 
hygrothermograph and the psychrometer. Values of wet and dry bulb temper
atures were taken daily at the laboratory headquarters but, at field 
stations, only at times of changing charts (generally at weekly intervals, 
except when extreme storm conditions prevented attendance). From the 
available psychrometric data, the dewpoint was calculated by either con
version tables or psychrometric slide rule. 

, 
2-06.08 Errors inherent in the hygrothermograph and the wet 

bulb thermometer are similar to those already discussed under air temper
ature (para. 2-06.06). Some error in dewpoint could be attributed to the 
observer not reading the wet-bulb temperature at its coldest point. Dif
ficulty in checking psychrometric data with hygrograph data was due 
largely to the different time response between the two instruments as well 
as to the fact that they were read several feet apart at the field 
stations. Most comparative data were taken during the morning hours 
when hygrothermograph temperature and humidity readings lagged as much 
as one-half to one hour behind readings from the wet and dry bulb therm
ometers. These factors should be taken into consideration when relating 
the data to other parameters. 

2-06.09 Under certain conditions, the humidity element of 
the hygrothermograph was not very satisfactory. The hairs would collect 
moisture and then freeze. Fine snow would drift into the shelter and 
clog the hairs, later to melt and re-freeze. The slow reaction time made 
it difficult to calibrate. In reducing the charts it was often necessary, 
due to the poor quality of the data, to compare the trace from one station 
with those from other nearby stations with similar elevations and expo
sures. It was found that, for the most part, the character of the traces 
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was the same and that they agreed for humidities below 70 percent. The 
greatest disagreement was found in the range from 80 to 100 percent, where 
corrections up to 20 percent occasionally had to be applied. A tolerance 
of + 5 percent was used for humidity. This would amount to 4 to 6 degrees 
in corresponding dewpoints when the air temperature was about 200p and 1 
to 20 F where the air temperature exceeded 60~. This would account, in 
part, for some of the occasions when the dewpoint at the time of minimum 
temperature was recorded as being higher than the minimum t emperature. 

2-06.10 Precipitation. - Perhaps the most intensive observa
tion of any of the meteorological elements, aside from snow surveys, was 
that of precipitation. Several types of gages were installed and tested 
under field conditions. A wide v-ariety of exposures, both good or bad, 
were used in an attempt to determine the variability attributable to 
differences in exposure. As a consequence, some of the records are quite 
reliable as indexes whereas others are almost worthless. Much has been 
written on the subject of precipitation gage exposure (see chapter 3). 
In this section, the types of gages used in the laboratories will be 
treated as to their individual deficiencies and sources of error. The 
problem is twofold: (1) to determine the comparative performance of 
various types of gages under optimum observational conditions (at head
quarters sites where they could be in constant attendance), and~) to 
devise and compare the best methods of obtaining snowfall records in the 
field at long unattended sites and under adverse weather conditions. 

2-06.11 Performance of recording gages. - At headquarters 
sites, the caliber of record of the recording gages was generally high. 
Operational differences between the standard Friez and Stevens gages 
were slight, the catch amounts agreeing with a correlation coefficient 
of 0. 98 . Some observer preference has been expressed for the greater 
ease of servicing of the Friez gage during weighout and weigh-in opera
tions. Unfortunately, the small capacity of the standard Friez gage 
precluded its use at the field stations, where single storms could 
exceed its effective capacity of approximately 6 inches (or 12 inches 
using the enlarged Friez gage). For experimental use at outlying field 
stations, a number of large-capacity Stevens gages were built to CSI 
specifications, capable of holding 96 inches of liquid (of which approx
imately half would be anti-freeze charge). Several years observation 
indicates that, in general, the recording difficulties experienced even 
in small-capacity, frequently-attended gages, were rrrultiplied considerably 
in these special gages. In every case where these large-capacity gages 
were exposed to wind for considerable periods of time, the recorder trace 
tended to become obscured py the pen vibrations. At times when the wind 
speed was relatively light, it was not too difficult to follow the pen 
trace during times of precipitation. But high winds are fre quently asso
ciated with precipitation, and as the wind speed increased, the trace 
would become at times as rrruch as l~ inches wide. In such cases, only a 
rough estimate of the actual precipitation accumulation could be made. 
Occasionally, the system of weights and balances became fouled. There 
was some loss due to leaky valves. Trace variations of 1 inch occasion
ally occurred without precipitation--probably due to expansion and 
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contraction from temperature and humidity changes. There were some 
instances when as much as one-half inch of precipitation fell without 
being recorded. Errors such as these are difficult to account for. 
Perhaps friction or fine blowing snow accumulating on the interior mech
anism retarded the movement. The capacity of the gage made it difficult 
to read the chart in increments of less than 6 hours or 0.10" precipita
tion. Between 5 and 10 percent of the record was interpolated. The 
short-duration records from these gages should not be considered as 
being better than 20 percent accurate, though the seasonal totals have 
been corrected for weighout, and have been pro-rated. 

2-06.12 Sacramento storage gage. - A comparative study made 
of the weigh-in of the initial charge versus the amount indicated by the 
initial stick reading revealed that there was often a discrepancy (up to 
25 percent) between the two values. In comparing the weighout versus the 
stick reading at the end of the season, this discrepancy averaged only 
4 percent, with the weighout volume generally greater than that indicated 
by the stick measurement. This obvious error may be attributable either 
to poor calibration, deformation of the bottom of the gage from the 
increased pressure of accumulated precipitation, improper stick measure
ment or incorrect values of weigh-in or weighout. The seasonal increments, 
as determined by the stick, were adjusted to agree with the value obtained 
from the final weighout. This final value can be considered to be of 
good quality even though there might be some error in the incremental 
readings. Other sources of measurement error were: failure to read an 
average depth in the gage; taking readings with ice or slush in the gage. 
The largest error encountered was from leaky valves and faulty weighouts. 
There was no way to account for these losses except to indicate their 
occurrence, which fortunately was very rare. 

2-06.13 Precipitation gage catch deficiencies due to turbu
lence, wind, and capping are known to affect the quality of data of any 
of the gages but are not considered instrumental or observer errors. The 
magnitude of these deficiencies are dependent upon gage exposure, frequency 
of servicing, and meteorological conditions, and they are discussed in 
detail in chapter 3. 

2-06.14 Snow depth and water equivalent. - This element ias 
measured by standard procedures set forth in Snow Surveyors Manual. ~ 
Considerable improvement was made from year to year as experience in the 
techniques of snow surveying was gained. Also, the snow courses were 
cleared of rocks and brush over the period of years, which, in itself, 
aided immeasurably in improving the quality of the measurements. As was 
the case with the precipitation gages, the snow survey courses were placed 
in a variety of exposures, mainly to test the variability over the area as 
well as to determine the influences of the various terrain parameters on 
the course. For this reason, some of the courses are of much better 
quality than others. This is discuised in a paper by Wilson on snow 
measurements at the laboratories.1L Some errors occur when the measure
ment is taken. Certain temperatures of the snow and sampling tube cause 
the snow to freeze to the tube, creating a plug which does not allow a 
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clean cut t hrough the snow. Ice planes in the snow cause similar errors. 
Ice at the ground surface may not be completely penetrated, giving an 
incomplete core. Striking a rock or brush buried beneath the snow also 
results in an erroneous reading. Strong wind puts enough pressure on the 
tube to cause the weighing scale to indicate too high a value of water 
equi v,3.1ent. Many of these errors were detectable by trained observers, 
but in the earlier years of the program or with new observers they were 
allowed to enter into the record. It would be difficult to determine 
exactly the magnitude of error in water equivalent. The error in the 
mean value obtained for a given snow course most likely does not exceed 
5 percent. 

2 - 06 .15 "find speed. - For the most part, the anemometers 
·performed adequately. The most serious source of error was icing due to 
f reezing rain or from wind-driven snow. It was impossible to determine 
if this condition existed at field stations unless it occurred at the 
time of observations. It was difficult also to ascertain how long such 
icing had prevailed. For that reason it was customary to clear the 
mechanism of ice and accept the reading, at the same time making a note 
of the possible error. At the headquarters stations where a closer watch 
could be kept of the instruments, icing conditions could be cleared up 
very quickly with little loss of record. 

2-06.16 Wind direction. - The values reduced from the 
Esterline-Angus strip-charts are fairly reliable. Hourly wind directions 
were obtained by summing the total directions for each minute and determ
ining the prevailing direction by standard Weather Bureau procedure. 

2-06.17 Air pressure. - The barometric pressure is consid
ered to be one of the most reliable observations taken at the laboratories. 

2- 06.18 Snow cover. - Visual observations of snow cover were 
made at intermittent intervals and were subject to considerable error. 
It was impossible to observe an entire laboratory basin from a single 
point on the ground. At times, observers in two different parts of the 
basin would combine observations to get an over-all estimate. These 
observations are probably good only to the nearest 20 percent of the value 
given. More extensive observations of snow cover were made by aerial 
photography. These estimates were generally better at UCSL where the 
photos were taken at a higher elevation and perpendicular to the ground 
rather than at an angle as were many at CSSL. Most of the aerial estimates 
of snow cover are probably within 5 percent of the correct amount. 

2-06.19 Snow thermal quality. - The liquid water content of the 
snow, computed from calorimetric measurements of thermal quality, was sampled 
unsystematically with respect to time and space, and the data do not indicate 
basin averages or depth profiles. Sources of error include drifting of the 
calorimeter constant; errors in the temperatures of the snow, water, and 
mixture; and heat loss through the calorimeter stoppers. Average error is 
estimated at 5 percent of the values given for thermal quality, which, of 
course, corresponds to an error in the neighborhood of 100 percent in values 
for liquid water content. 
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2-06.20 Soil moisture. - The calibration of the Bouyoucos 
blocks, and their care after installation, was not adequate. The blocks 
frequently disintegrated after a few months in the ground. The rating 
curves are poorly defined, particularly under wet conditions. Soil 
temperature data were not taken at the immediate soil-moisture points. 
The logs contain inconsistencies, and, in general, the soil-moisture data 
have little or no quantitative value. A more complete discussion of 
various types of soil moisture measurement~ at the laboratories is con
tained in paragraph 2-07.13. 

2-06.21 Ground water. - During the winter, between 50 and 
80 percent of the data was either questionable or ~issing. This was 
generally due to the water freezing in the well, or to ice or snow dams 
in the nearby stream. During the spring melt period the record was good, 
for the most part, with loss of record rarely exceeding 5 percent. No 
areal sampling or ground water profiles were made. 

2-06.22 Soil temperature. - The soil temperature~ indicated 
by telethermoscope readings, are reliable to the nearest whole degree 
with a tolerance of + lOf. This applies also to those values reduced from 
the Micromax recorder charts. Occasionally, the surface Thermohm was 
exposed to the direct rays of the sun at the time of observatipn. This 
gave a reading above what would normally be expected. No attempt was 
made to correct these values and they were included as-reported. 

2-06.23 Water temperature. - On the whole, these data are 
reliable to the nearest whole degree. 

2-06.24 Snow temperature. - The quality of these data was 
dependent upon the calibration of the Thermohms and the security of the 
support on which they were mounted. The weight of the snow accumulation 
caused the support wires to sag as the season progressed, making it 
difficult to determine where the Thermohms were at a given time in rela
tion to the ground surface. Therefore, the temperatures reported in the 
logs give a good representation of the temperature profile through the 
snow but the accuracy of the height of the Thermohms is not reliable. 
Some error can be ascribed to the absorption of radiation through the snow 
by the Thermohms. There were many instances when temperatures of 330 or 
340 were reported below the snow surface due to the heating effect of 
radiation penetrating to the Thermohm. Readings of snow temperature by 
the telethermoscope were made only to the nearest whole degree. Readings 
to any finer degree would not be realistic. In general, the values are 
regarded as reliable. 

2-06.25 Streamflow. - The record obtained from CSSL was 
excellent throughout the year, mainly due to the daily attention paid to 
the gage in keeping it cleared of ice and snow. The use of the Parshall 
flume and V-notch weir along with careful gagings by competent personnel 
makes this record acceptable for the entire period of record. During the 
winter periods at UCSL, ice formed in the stream beds, making it difficult 
to maintain an accurate record. However, this occurred during periods of 
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low flow and only a small portion of the record was erroneous. The 
over-all error probably did not exceed 5 percent, which is considered 
"excellent" by USGS standards. Skyland Creek record in the winter of 
1946-47 was obviously too low, in comparison with runoff in adjacent 
streams and in other years. At WBSL, inadequate control and river gaging 
practices put this record in the "fair" to "poor" category. In addition 
to the deficient rating curves, there was a poor tie-in between the 
elevation of the outside gage and the chart. Rating curves for Mann 
Creek and Blue River were better than those for Wolf Creek. The float 
froze to the walls and to ice planes in the stilling wells, causing loss 
in record. Logs and debris in stream beds influenced the control to a 
great extent, making it difficult to apply rating curves with much degree 
of confidence. The stilling well intakes were rather sluggish, failing 
to respond to quick changes in streamflow. As in the case of UCSL, the 
data at the Willamette laboratory were poor during periods of low flow 
and ice effect, but were acceptable during the spring .melt season. 

2-06.26 Lysimeter. - Lysimeter data were obtained at 
CSSL for the Headquarters and Lower Meadow sites. In the early years 
from 1949 through 1952, definition of the lysimeter boundaries was 
indefinite during some periods because of ice planes which formed within 
the snowpack and thereby caused water loss or gain from adjacent areas. 
By trenching the perimeter during 1953 and 1954, good definition of 
daily volumes has been obtained. Pertinent information on the two 
lysimeters constructed at CSSL is given in paragraph 2-07.02. 

2-06.27 Site maps. - In general, the topography and the 
location of structures, well defined obstructions, and observation points, 
are precise. There are unidentified instances of changes in snow-sampling 
points, from year to year. The portrayal of vegetative cover was based 
partly on aerial photographs and partly on ground observations, and 
possible errors arise from interpretation and generalizing. The actual 
height and density of surrounding vegetation is for the most part only a 
rough estimate rather than a true measurement. The effective height of 
vegetation varied greatly because of the great range of snow depths. There 
is a wide range of quality and precision of site maps among laboratories. 

2-07. SPECIAL OBSERVATIONS 

2-07.01 General. - Several categories of measurements in 
connection with the laboratory program are classified as special observa
tions, in that either (a) records were not continuous, (b) the measurements 
were designed for a specific analytical project rather than for studies of 
the basin as a whole, or, (c) special observational techniques were being 
developed or tested. The following paragraphs summarize the purpose and 
extent of these observations. Since many of the special observations were 
not published in the hydrometeorological logs, reference is made specifi
cally as to availability of data. 
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2-07.02 Lyaimeters. - Two impervious snow lysimeters were 
constructed at CSSL, one having 1300 square feet of area and located near 
the headquarters, and the other having 600 square feet and located at the 
Lower Meadow (Station J). The methods of construction and physical 
characteristics were described in the appropriate logs for CSSL, and also 
i~ Research Notes 17, 18, and 25. The purpose of the lysimeters was to 
provide data for (1) the travel and storage of liquid water in the snowpack, 
and (2) accurate determinations of daily snowmelt, unaffected by soil and 
ground storage, which could be related to meteorological parameters causing 
melt. The headquarters lysimeter had provision for artificial sprinkling 
to simulate the effects of rain on snow. Records for the headquarters 
lysimeter began in the 1949 water year, and for the Lower Meadow lysimeter 
in the 1952 water year. Much of the data for the years through 1952 is 
contained in the CSSL logs. Both lysimeters were operated on a part-time 
basis through 1954, and tabulations and plotting of the data for the 
Lower Meadow lysimeter during the 1954 melt season are contained in 
Research Note 25. Data from the lysimeters have been used extensively 
in determining the effect of the snowpack on rainfall runoff, and in 
providing means of estimating snowmelt at a point in the open. With the 
improvements made in observational techniques during the later years of 
operation, the lysimeters have proved to be invaluable for determining 
factors affecting snowmelt runoff at a point and form much of the basis 
for application of methods to basin areas. 

2-07.03 A small (2 square-foot) portable lysimeter was 
constructed at WESL in 1950 for the purpose of determining condensation 
or evaporation from the snowpack, as well as melt. Difficulties in 
separation of natural and artificial effects preclude its use for 
quantitative evaluation of amounts. 

2-07.04 Deep and shallow pit data. - Observations of the 
character of the snowpack were obtained at CSSL by SIPRE during the water 
years 1951 through 1953. The observations were obtained by digging pits 
in the snow at the Lower Meadow site, at time intervals varying from one 
to two weeks, ItDeep pits" were dug to the snow-ground interface, and the 
snow structure classified throughout the pack depth. Density and tempera
ture profiles were also obtained, showing the vertical variation of these 
amounts. crShallow pitslt (usually about one to two feet deep) were dug in 
connection with vehicle traction tests. Data for 1951 and 1952 are pub
lished in the CSSL logs for those years, and data for 1953 are presented 
in graphical form in chapter 8. Miscellaneous observations of the 
vertical structure of the snowpack were made at other times and at the 
other laboratories, but they are not sufficiently complete to present 
the time variation of the snowpack character through the winter season. 

2-07.05 Settling meter data. - In connection with the deep 
pit data at CSSL, SIPRE installed for the 1953 water year, a slide-wire 
settling meter, for obtaining undisturbed profiles with respect to time 
of each snow horizon for individual layers of the snowpack. This device 
was patterned after one constructed by Bader as reported in liner Schnee 
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und Seine Metamorphose ll 1/ and consists of a vertically mounted elec
trical resistance wire, to which are attached sliding markers which define 
the position of each layer of snow. Observations of the positions of 
snow layers were made once a week through the entire period of snow 
accumulation and melt, but tabulations of these data have not been 
published. A graphical plotting of the data is shown on plate 8-1. 

2-07.06 Micrometeorological data, CSSL. - Late in 1950, 
SIPRE instrumented four micrometeorological masts at the Lower Meadow, 
CSSL, for the purpose of obtaining vertical and horizontal gradients of 
wind, temperature and humidity over the snow, in an open meadow and 
adjacent forest areas. Each mast extended approximately 50 feet above 
ground, and there were various fixed and adjustable leVels of measurement. 
The site is described in the CSSL log for 1951-52, and levels of instru
mentation are shown in Miscellaneous Report 5 (see AppendixI). Air 
temperatures were measured by Thermohms equipped with polished metal 
radiation shields, dewpoints were measured by Foxboro Dewcels, wind 
speed was measured by three-cup anemometers, and wind direction by a wind 
vane. All were recorded by continuous strip-type recorders housed in a 
shelter with thermostatically controlled heat. Only portions of the basic 
data from this installation have been published. CSSL logs for 1951 and 
1952 and Miscellaneous Reports 4, 5, and 6 contain some of the data for 
selected periods. Comparisons of air temperature measured on the hygro
thermograph at station 3 with the temperature data from the Thermohms 
indicated that the shielding of the Thermohms was probably inadequate 
for periods of clear weather. 

2-07.07 Special observations of air temperature and 
humidity near the snow surface (up to 4 feet above the snow) were obtained 
for short periods during active melt periods at WESL and CSSL, in con
nection with special observations of point melt and moisture transfer. 
This was accomplished late in 1952 at WESL and reported in Research Note 
11. The observations at CSSL were taken in 1952, 1953, and 1954; the 
data for 1954 are summarized in Research Note 25. 

2-07.08 Snow-cover determinations. - Special observations 
of snow cover were performed by aerial photography or ground surveys at 
each laboratory. Aerial photographs were taken at UCSL for the years 1946 
through 1950, and for CSSL for the years 1947, 1948, 1950, and 1952. 
From 2 to 6 flights were made each year, during the course of the spring 
melt season. Data from these flights are presented in the appropriate 
logs. Ground surveys of snow cover were performed at CSSL in 1946, 1947, 
and 1948, and at WESL in 1950. 

2-07.09 Radioisotope snow gage. - The radioisotope 
radiotelemetering snow gage was developed under Civil Works Project 170, 
assigned to the South Pacific Division Office of the Corps of Engineers, 
for the purpose of providing an unattended measurement of water equiva
lent from an undistrubed sample of the snowpack, and telemetering the 
information by radio to a receiving station. A comprehensive report 
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prepared by the South Pacific Division office describes the development 
of the gage, its technical aspects, and its application to the Kings River 
Basin, California. 51 Data collected with this type of gage during its 
development at CSSL, for the years 1950 through 1952, are published in 
the appropriate CSSL logs. 

2-07.10 Snow crust thickness and temperatures. - Daily 
observations of snow crust characteristics at an open site near station 
3, CSSL, were obtained during the 1954 melt season in connection with 
the operation of the lysimeters. They were made near sunrise each morning, 
before melt had begun, as a means of evaluating total nighttime loss of 
heat from the snowpack. Measurements were made of the total thickness of 
the refrozen layer and the temperature profile within that layer. Also, 
the time variation of temperature of the crust during each night was 
obtained from ThermohmB buried in the snow, as a means of providing 
continuous estimates of the snow surface temperatures through the night. 
These estimates are contained in Research Note 25. 

2-07.11 Atmospheric moisture transfer. - Direct measure
ments of the transfer of moisture between the snowpack and the atmosphere 
by periodic weighings of blocks of snow in pans set on the snow surface 
were made in order to define the amount of evaporation from or condensa
tion on the snowpack in relation to meteorologic variables. Observations 
of a few hours to several days duration were made at both CSSL and WBSL. 
Data have been published in Research Notes 11 and 25, for use in connec
tion with evaluation of heat transfer to the snowpack. 

2-07.12 Radiation and snowmelt observations in the forest. -
Special measurements of radiation in the forest were made at all three 
laboratories for relatively short periods. Those at UCSL consisted of 
incident shortwave radiation through varying densities of forest canopy, 
and cover the period August to November, 1947. These are reported in 
Research Note 5. Observations of radiation in the forest at CSSL were 
made by Gier-Dunkle non-selective radiometers of net allwave radiation 
exchange, as well as total incoming and outgoing radiation, for the period 
27 April 1950 through 9 June 1950, at both forested and open sites. 
Results of these observations are presented in Technical Bulletin 12. 
At WBSL in July 1952, observations were made of shortwave and allwave 
radiation exchange over the snow beneath the forest canopy late in the 
season. Data from these observations are presented in Research Note 12. 
In connection with the WBSL observations, snowmelt in the forest was 
measured by snowpack ablation for the purpose of relating melt in the 
forest to parameters of heat exchange. Results are presented in Research 
Note 11. 

2-07.13 Special soil moisture observations. - Special 
observations of soil moisture at the snow laboratories were of two types: 
(1) testing electrical soil-moisture meters, using experimental units 
installed adjacent to the regular soil-moisture measurement installation 
at CSSL and at UCSL; and (2) measuring areal variation in soil moisture, 
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using standard Colman soil-moisture meters installed at field stations 
at UCSL. The principal purpose of the instrument testing was to find a 
porous material which combined satisfactory dielectric qualities with 
sufficient dlITability under field conditions. In addition to several 
different types of soil-moisture meters, more than a half a dozen dif
ferent porous materials were tested. (See "Status of Laboratory Observa
tionsl! in the hydrometeorological logs.) The results of the tests were 
summarized by Gerdel in Miscellaneous Report 2 and are abstracted in 
section 4-06. The second group of special observations consisted of 
readings from Colman soil-moisture units at nine field stations at UCSL 
in 1949-50 and 1950-51, in cooperation with the U. S. Forest Service. 
Sites of the field stations were chosen to sample vegetation cover and, 
so far as operational schedules permitted, areal variation. Each station 
consisted of Colman moisture units and temperature units at each of five 
to seven depths below the soil surface: 1, 3, 6, and 12 inches, plus 
two or three additional depths usually at 12-inch intervals. The observa
tions were made by laboratory personnel; calibration of the units and 
reduction of the data were performed by Forest Service personnel. Reduced 
data were not received by Cooperative Snow Investigations in time to be 
included in the logs. Analysis of the data is expected to form part of 
the watershed research program of the Intermountain Forest and Range 
Experiment Station, Ogden, Utah. 

2-07.14 Liquid water in snow. - Observations of the thermal 
quality of snow, which may be used as a measure of the liquid water held 
in the snowpack, were obtained by calorimetric methods and are listed 
under regular observations. A special device for determining changes of 
liquid water in the snowpack in situ was developed at the CSSL, based on 
the principle of the differences in dielectric constants of ice and 
water. The instrument is known as a snow-probe capacitor, and a report 
on its use is contained in the Transactions of the American Geophysical 
Union. 4/ In general, the instrument has greatest use in detecting 
time changes with free-water content of snow, but difficulties in calib
ration preclude its use for quantitative measures. 

2-07.15 In addition to measurements of liquid water in 
the snow, experiments involving the use of fuchsine dye were performed 
for the purpose of tracing the movement of liquid water through the pack. 
Miscellaneous experiments of this type were performed at all three 
laboratories, and a report of early measurements at CSSL is contained in 
Technical Report 15, Interim Report No.1. Reports on other experiments 
of this type have not been published. 

2-07.16 Precipitation gage battery. - A battery of precip
itation gages of various types was installed at station 1, CSSL, and 
operated for 2 to 3 years, for the purpose of comparing the efficiencies 
of the gages and wind shields in areas where precipitation is predom
inantly in the form of snow. All were placed in an open clearing 
approximately 100 feet in diameter, and centered about 100 feet north
east of the laboratory headquarters building. The following tabulation 
describes the gages in this battery: 
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MOM AND ANTI- PERIOD OF 
STATION TYPE OF GAGE~~ WIND HEIGHT OF FREEZE OPERATION 

SHIELD ORIFICES CHARGE (WATER YEARS) 

I-A Std. W.B., manual, no on snow surface no 1946-1952 
24" capacity orifice: 21 

I-B Friez recorder yes on tower, yes 1947-1952 
12" capacity orifice: 23' 

l-C Stevens recorder yes on tower, yes 1946-1951 
24" capacity orifice: 19 1 

l-D Enlarged Friez yes on tower, yes 1947-1949 
recorder, 24" capacity orifice: 24' 

l-E Std. W.B., manual, no on tree stump, yes 1947-1949 
24" capacity orifice: 24' 

I-F Std. W.B., manual yes on tree stump, yes 1947-1949 
24" capacity orifice: 24' 

I-G Sacramento, Manual, yes on tower, yes 1947-1949 
200" capacity orifice: 24' 1952-1954 

~!-All gage orifices are of standard 8" diameter. 
Capacities listed are without anti-freeze charge. 
Effective operational capacities, with charge, are approx ! those above. 

The location of these gage,s is shown ,on the site map for station 1, 
contained in the 1950-51 log for CSSL. Data have been published in the 
appropriate logs for only stations I-B and I-C. Comparative data for 
seven gages for selected periods in the 1946-47 water year were 
published by Wilson in the Monthly Weather Review. Y 

2-07.17 Supplementasr snow-course data, CSSL. - In the 
spring of 1951, 15 supplemental snow courses at CSSL were measured for 
more adequate sampling of the snowpack with respect to topographic 
features. Results of these measurements are contained in the 1950-51 
log for CSSL and in Research Note 13. 

2-07.18 Penetration of solar radiation into the sno~ack. -
An experiment on the penetration of solar radiation into the snowpack was 
devised in 1947, utilizing specially constructed pyrheliometers. A 
report of the instrument and measurements obtained by it is found in 
Technical Report No.8, Interim Report No.1. 
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2-08. DATA PUBLICATION 

2-08. 01 General. - Systematic publication of snow laboratory 
data was accomplished for t he bulk of the observations. Reference is 
made to the individual hydrometeorological logs for listing of elements 
and periods for wnich values have been published (see Appendix I). Each 
log contains an inventory of meteorologic and hydrologic data, which 
indicates in chart form the status of the processing and publishing of 
each of the elements observed at the field stations and at headquarters. 
No further summary is presented herein. 

2-08.02 Method of publication. - All published data are 
presented in the logs in tabular form from previously reduced and verified 
recorder charts or field notes. The time interval for tabulated values 
is not the same for all elements nor is it consistent throughout the year; 
the selection of the time intervals was dependent upon the time variabil
ity of the element, the relative importance of the element, the prospective 
use of the observations in hydrologic analysis, and the availabil~ty and 
quality of record. In some cases, short periods of hydrologic significance 
(unusual winter rain storms or periods of melt, etc.) were treated more 
fully than normal periods when there was little change in conditions. 

2-08.03 Unpublished data. - All original field notes, 
recorder charts and data tabulations are preserved in the files of the 
North Pacific Division Office, U .. S. Corps of Engineers. Any inquiries 
or requests for transcripts of unpublished data should be directed to 
that office. These data include records for periods which have not been 
encompassed by the logs. In addition, there were observations for the 
1951-52 water year at WBSL and the 1952-53 water year at CSSL, for which 
records have not been published. Reduction of data for those years is 
about 50 percent complete, and information on availability of records 
may be obtained upon request. Original records for the entire labora
tory program of the Cooperative Snow Investigations have been micro
filmed, so that copies of the original field notes and recorder charts 
are available on microfilm. Data for approximately 30 percent of the 
observations have been placed on IBM punch cards for machine mass data 
analysis. Reference is made to the inventory of meteorologic and 
hydrologic data contained in each log, for listing of periods for which 
IBM punch cards are available. 
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TABLE 2-1 

SUMMARY OF srow LAroRA TORY CHARACn;RISTICS 

PART I - 'IDPOGRAPHIC AND ENVIRONMENTAL FEATURES 

LA RORA TORY AREA DRAINAGE AREA MEAN LATITUDE MEAN LONGITUDE ELEVATION SLOPE RASIN ORIENTATION FOREST COVER 

Steenest Flattest Forested Mean Canopy Basin Area 
Mean M1lx. Min. Mean Ouartile Quartile NE SE SW NW Predominant 'l'ype Area Density under Ca...'ODV' 

(sq.mi.) UN. uw. (n. msl) (%) ( %) ( %) ( %) ( %) ( %) (%) ( %) (%) (%) 

UCSL (Entire Area) 20.7 48°18' 113 °20' 5700 8605 4480 - - - - - - - - - -Skyland Creek 8.1 48°17' 113 020' 5920 7610 4800 32 40 22 27 11 37 25 Lodgepole Pine. Red Fir 90 80 72 

WBSL (Entire Area) 11.7 44~8' 1:>2 ° 10' 3430 5364 1960 40 50 27 15 27 32 26 Douglas Fir, Hemlock, Noble Fir 93 90 8L 
Mann Creek 5.12 Wl19 i 122 °10' 3750 5235 2490 36 45 26 13 32 43 12 Douglas Fir. Hemlock. Noble Fir 93 90 84 
Wolf Creek 2.07 44°18' 122 °08' 3590 5364 2490 45 59 26 19 16 27 39 Douglas Fir. Hemlock. Noble Fir 88 90 79 

CS:;L (Entire Area) 3.96 39°22' 120 0 22 ' 7500 9106 6892 21 23 10 11 - 36 33 20 Lodgepole Pine 40 50 20 

PART II - CLIMATIC CHARACTERISTICS 

LABORA roRY AREA MEAN BASIN 'IEMPERATURE* MEAN BASIN PRECIFITATION * MEAN W.E. OF roTAL NEW-FALLEN MEAN BASIN MEAN MEAN WI ND AT 700 mb LEVEL 
SOO!Ii. DC TOBER '!'HPOUGH MARCH WftTER ECUIVALFJJT ro L.AR INSOLATION 

Oct. Anr. 
Annual Jan. Apr. Jul. Oct. Annual through through Before After JAN. APRIL JULY OCT 

March Sent In tercenti on Intercention 1 ADr Anr Mav June ~~d Dir Sneed Dir Sneed Dir Sneed Dir 
(~) (UF) (UF) (uF) (UF) (in.) (in.) (in. ) (in. ) (in.) (in. ) (ly/day) (knots) (knots) (knots) (knots) 

UCSL (Skyland Creek) 34 14 32 56 37 50.5 32.0 18.5 29 23 19 428 489 499 28 2900 15 270° 14 250° 15 270° 

WBSL 45 32 41 62 46 122.0 97 J ) 25.0 46 41 18 - - - 24 260° 15 2600 12 2400 14 260° 

CSSL 38 23 34 56 41 70.0 58.2 11.8 52 48 40 563 646 706 20 280° 12 270° 7 240° 7 260° 

* Temnerature and preCipitation data adjusted to estimated long term averaFe. 

PAR'!' III - SmEAMFLO~1 CHARACTERISTICS 

LABORA TORY AREA PJlRIOD OF MEAN RUNOFF EX'lREME DISCHARGES RECESSION DISCHARGES AT VARIOUS FLOWS 
RECORD 

Annual Seasonal 
Observed Adjusted to Oct. through Anr. through 2 cfs/sq.!II: .• 5 cfs/sq.mi. 10 cfs/sq.mi. 20 cfs/sq.mi. 
Period of 1921-50 Mar. Period Sep. Period Max i /IIUJ1l Min.1.mum t C t C t C t C 
Rec<rd Normal of Record of Recnrd 8 r s r s r s r 

lin. } (in.) (in. ) (in. ) (crs) (cfs/sq.mi. ) (efa) (cfs/sq .'1l1.) (days) (per day' (days) (per day) (days) (per day) \days} (per day) 

UCSL (Entire Area) 10/46-9/51 31.2 26.5 4.68 26.5.0 696 33.6 5.5 0.26 - - - - - - - -
Skyland Creek 10/46-9/51 33.3 28.5 4.31 29.02 284 35.0 0.1 0.01 12.0 0.92 4.6 0.80 3.0 0.72 2.3 0.65 

WBSL (Entire Area) 11/47-9/51 92.1 77.0 54.95 37.18 1410 122.6 2.1 0.18 40.0 0.975 7.2 0.F)7 4.5 0.80 2.7 0.69 
Mann Creek 12/48-9/52 105.0 93.3 55.43 49.61 585 114.3 1.0 0.20 7.8 0.88 4.2 0.79 2.7 0.69 2.0 0.61 
Wolf Creek 12/48-9/52 95.7 84.9 56.00 LO.I0 124 59. 9 0.5 0.24 - - - - - - - -

CSSL (Entire Area) 2/46-8/51 46.0 42.9 10.n 35.85 1200*'.1 300.0** 0.0 0.00 6.S 0.86 3.2 0.73 1.5 0.52 0.9 0.35 

... r"\ .... _... ... ..... r.J ..... _ 
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TABLE 2-2 

SNOW LABORATORY PERSONNEL 

UCSL 

,,' 

WESL 
WATER Number Number Number 

YEAR Laboratory of Employees Laboratory of Employees l.aboratory of Employees 

1945-46 

1946-47 

1947-48 

1948-49 

1949-~0 

1950-51 

19~1-52 

1952-53 

1953-54 

Director CE WE 

A. R. Codd 1 3* 

A. R. Codd 
R. W. Gerdel 
B. L. Hansen 3 3* 

B. L. Hansen 3 2* 

B. L. Hansen 3 2* 

C. w. Mans field 2 2* 

P. Merrill 3* 0 

w. H. Parrott 5*# 0 

W. H. Parrott ~# 0 

P. B. Boyer 3*+ 0 

* Includes Laboratory Director 
** Technical Director 

Director CE WE Director CE 

F. L. Rhodes 3*FS 1 

F. L. Rhodes 
W. R. Demme 5* 2 

W. R. Demme 5* 2 W.G.Somerville 5* 

w. R. Demme 5* 2 W.O.Somerville 5* 

w. R. Demme ~* 2 W.G.Somerville 
J. Summersett-H- 6tt-

R. K. Brown 2* 0 W.O.Somerville 6tt-

W.O.Somerville 5* 

# Includes approximately 8 man-years SIPRE participation, combined 1951-52 snd 1952-53. 
+ For approximately 6 weeks during melt season. 

FS Forest Service personnel participated at UCSL during 194~-46. 
NOTES: Personnel from Analyses Unit also participated in observational program for orientation and 

special studies, particularly at CSSL, after the year 1950. The number of employees listed 
are for the major portion of the water year. 

WB 

0 

0 

0 

0 

0 
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T1'EM 

._ 0 Y Tt;MPERATURE, F 
Long-term 

Means, 193B-S4 
Means, 1947-50l1-

Deviation from 
Long-term .Means 

11 
PRECIPITATION, IN:-

Long-term 
Means, 1937-54 
Means, 1947-50*-

Deviation from 
Long-term Means 

21 
SNO~?ACK W.E., IN~ 

Long-term 
Means, 1936-55 
Means, 1947-50 

Deviation frem 
Long-term Means 

31 
RIJ NOFF, IN:-

Long-term 
Means, 1940-52 
Means, 1947-50*-

Deviation from 
Long-tem Means 

TABLE 2-3 

COMPARATIVE BYDROCLIWATIC DATA _ UCSL 

JAN FEB MAR APR MAY JUN JUL AUG 

14.9 18.5 23.2 34.3 43·3 49·0 56·5 54.6 
8.0 17.4 21.7 35.0 43.6 50.0 55.8 55.0 

-6.9 -1.1 -1.5 0.7 0.3 1.0 -0.7' 4 0.4 

4.85 3.48 3.31 2.60 2.98 3.93 1.16 1.54 
5.03 4.47 3.69 2.43 2.74 4.30 1.45 1.54 

0.18 0.99 0.38 -0.17 -0.24 0.37 0.29 0.00 

1 JAN 1 FEB 1 MAR 1 APR 1 MAY 

7.3 11.7 15.7 18.2 11.6 
10.0 15.4 20.4 23.1 16.3 

2.7 3.7 4.7 4.9 4.7 

0.47 0.43 0.52 3.16 9.=)3 6.87 2.30 0.71 
0.50 0.43 0.57 2.83 11.67 9.u'2 2.72 0.80 

0.03 0.00 0.05 -0.33 2.14 2.55 0.42 0.09 

* For period beginning Sep 1946 and ending Aug 1950. 
1/ Summit, Montana - Elev. 5213 ft. 

SEP 

47·7 
47.2 

-0.5 

2.52 
1.97 

-0.55 

0.50 
0.47 

-0.03 

OCT NOV DEC 

39·5 25·0 19·3 
36.8 26.9 17.9 

-2.7 1.9 -1.4 

2.97 3.52 3.97 
3.99 5.08 4.67 

1.02 1.56 0.70 

0.75 0.74 0.76 
0.79 0.77 0.69 

0.04 0.03 -0.07 
- -

~I Marias Pa5s" - E1ev. 5250 ft. 
11 Middle Fork, Flathead River at E5Rex. Montana - Drainage Area: 510 sq. mi. 

~, 

TOTAL MEAN 

35·5 
34.6 

-0.9 

36.83 
41.36 

4053 

26.74 
31.66 

4.92 
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ITEM 

oY 
Ti!MPERATURE, F 

Long-term 
Means, 1930-)4 
Means, 1947-51* 

Deviation from 
Long-term Means 

1/ 
PRECIPITATION, IN: 

Long-term 
"'ellns, 1930-5Lt 
Means, 1947-51* 

Deviation from 
Long-term Means 

1/ 
SNOWPACK, W.E., IN~ 

Long-term 
Means, 1930-55 
Means, 19L7-51 

Deviation from 
Long-term Means 

2/ 
RUNOFF, IN~ 

Lonr.-term 
Means, 1943-,)2 
Means, 1947-)1* 

Deviation from 
Long-term Weems 

TABLE 2-4 

COMPARATIVE HYDROCLlMATIC DATA - CSSL 

JAN FEB MAR APR MAY JUN JUL AUG 

24.8 25.8 29.5 3Q.8 42.9 50.4 58.6 57.0 
23.9 26.1 29.3 37.3 L3.0 51.5 57.6 56.0 

-0.9 0.3 -0.2 0.5 0.1 1.1 -1.0 -1.0 

9.24 7.31 7.46 4.07 2.61 1.26 0.30 0.22 
8.84 5.78 8.Lt3 4.83 . 3.20 0.98 . 0.04 0.28 

-0 •. 40 -1.53 0.97 0.76 0.59 -0.28 -0.26 0.06 

1 JAN 1 FEB 1 MAR 1 APR 1 MAY 

- 22.2 31.3 37.1 -- 14.8 21.3 30.1 13.5 

- -7.4 -9.8 -7.0 -

2.14 20.08 3.~1 10.90 17.55 8.00 1.97 0.91 
2.31 1.95 2.73 10.31 15.01 6.75 1.32 0.7Lt 

0.17 -0.13 -0.48 -0.59 -2.54 -1.25 -0.65 -0.17 

* For period beginning Sep 1946 and ending Aug 1951. 
1/ Soda Springs, California - Elev. 6750 ft. 

SEP 

53.5 
53.2 

-0.3 

0.54 
0.Lt9 

-0.05 

0.48 
0.60 

0.12 

OCT NOV 

4Lt.6 34.8 
43.5 35.1 

-1.1 0.3 

3.J~9 6.68 
3.99 8.83 

0.50 2.15 

0.50 2.64 
0.63 4.2lJ 

0.13 1.60 

~/ S0uth Yuba River near Cisco, California ~ Draina~e Area: 50.2 sq. mi. 

~ 

DEC TOTAL MEAN 

28.0 40.6 
28.0 40.4 

0.0 -0.2 

8.66 51.84 
7.01 52.70 

-1.65 0.86 

2.95 53.33 
3.53 50.12 

0.58 -3.21 



ITEM 

1/ 
TEMPERATURE, °F-

Long-term 
Means, 193b-S4 
Melins, 1948-51* 

Deviation from 
Long-term Mean ., 

1/ 
PRECIPITATION, IN~ 

Long-term 
Means, 1934-S4 
Means, 1948-)1* 

Deviation from 
Long-term Means 

2/ 
SNOWPACK W.E., IN:-

Long-tel'm 
Means, 1941-1)5 
Means, 1948-51 

Deviation from 
Long-term Means 

3/ 
RUNOFF, IN:-

Long-term 
Means, 1936-52 
Means, 1948-51* 

Deviation from 
Long-term Means 

" 
TABIE 2-5 

COMPARATIVE HYDROCLIMATIC DATA - WESL 

JAN FEB MAR APR MAY JUN JUL AUG 

39.6 43.1 46.3 52.0 57.1 61.3 66.9 66.3 
3S.4 !.to. 8 43.7 50.8 56.~ 63.0 66.4 66.0 

-4.2 -2.3 -2.6 -1.2 -0.9 1.7 -0.5 -0.3 

9.40 7.73 6.90 4.43 3.61 2.70 0.64 0.89 
10.45 8.89 7.46 3.58 4.01 1.56 0.50 1.16 

1.05 1.16 0.56 -0.85 . 0.4() -1.14 -0.14 0.27 

1 JAN 1 FEB 1 MAR 1 APR 1 JI.AY 

9.7 18.8 23.3 26.4 -
12.0 24.0 31.1) 35.7 -

2.3 1).2 8.2 9.3 -

9.37 9.14 8.75 9.16 6.85 3.23 1.05 0.50 
10.47 12.46 10.03 10.51 10.27 4.05 1.13 0.54 

1.10 3.32 1.28 1.35 3.42 0.82 0.08 0.04 
- -

* For period beginning Sep 1947 and ending Aug 19510 
1/ Leaburg, Oregon - Elev. 675 ft. 

SEP 

62.7 
62.1 

-0.6 

2.09 
2.41 

0.32 

0.49 
0.55 

0.06 

OCT 

54.1 
52.3 

-1.8 

7.00 
9.13 

2.13 

2.58 
5.40 

2.82 

2/ S~ntiam Junction, Oregon - Elev. 3780 ft. 
l! Blue River near Blue River, Oregon - Drainage Area: 75 sq. mio 

\I~ 

NOV DEC TOTAL }lEAN 

45.7 41.5 53.0 
46.4 41.2 52.0 

0.7 -0.3 -1.0 

9.n 9.81 64.31 
9050 9.08 6'(.73 

0.39 -0.73 3.1~2 

7.51 10.20 68.83 
8.92 9.76 84.09 

1.41 -0.44 15.26 



TABLE 2-6 

SUMMARY OF REGULAR OBSERVATIONS AT SNOW LABORA'IDRIES 

NUMBER OF UNITS OPERATED EACH YEAR 
HYDROME'lEOROLOGICAL Fl.E1£ tlI' UNITS 

CENTRA L SIERRA SNOVI LABORA'IDRY UUPER COLUNBIA ~OW LAB:lRA'IDRY WILLAMETTE BASIN ~01,J LAB:lRA'IUtY 
1945-4~ 46-47 I 47-48 I 48-491 49-50 150-51151-52 152-53153-54 1945-46146-47147-48148-49149-50150-51 1947-48 148-49 149-501 '50- 51 I 51-5: 

GENERAL WEA TIiER 
Cloudiness, state of weather, wind direction (visual ) Station 1 1 1 1 1 1 ,. 1 ~ 2P .::- 1 1 <1 1 1 1 IP 1 1 I&lP 2 

RADIATION 
Sunshine duration (mercury switch w/recer der) Station 1 1 IP - - - - - - 1 1 1 - - - - - - - -
Shortwave incident in open (pyrheliometer w/recorder) Station 1 1 1 1 1 1 1 1 IP 1 1 1 1 1 1 - - - - -
Shortwave reflected from SllOW (pyrhel1ometer w/recerder) Station 1 1 1 1 1 1 1 1 IP 1 1 1 1 1 - - - - - 8d 
Longwave net (radiometer w/recorder) Station days - - - - 36<1* - 92d 300d 40d - - - - - - - - - - 8d 
Longwave total hemispheric (radiometer w/recorder) Station days - - - - 36d* - 92d 300d 40d - - - - - - - - - - 8d 

", 
AIR PRESSURE AND WI ND 

Pressure (barograph without barometer) Station - - - - - - - - - - - - - - - IP 1 1 1 -
Preesure (barograph checked by barometer) Station 1 1 1 1 1 1 1 1 - 1 1 1 1 1 IP - - - - -
Wind direction (vane w/reccrder) Station 1 1 l&lP IP - 1 1 1 lP 1 1 1 1 1 I - - - - -
Wind IIlOvement (anemomete r totali zer ) Station - 6 7 6 7 5 2 2 IP 5 5 5 5 5 3 - - - 2 2&2F 
Wind speed (anenometer w/recorder) Station 3 3 3 2 - 14p 6&6p 11 5p 1 2 2 2 2 2 - - - - -

TEMPERA 'lURE AND HUMIDI TY 
Air temperature (thermograph w/checks) Station 6p 6&3P 9 B&2P 7 5 2 2 2P 7P 7&2P 9 9&lP 9 4 - l&4P 5' 5 5 
Air temperature profile (T'nermohms w/recer der unless marked-lI> Station IP 1 1 - - 4 2&2P 2&lP IP&lPN - IP 1 1 1 IN - - - - -
Humidity (hydrograph w/cmck!) Station 6p 6&3P 9 B&2P 7 5 l&5P 2 2P 6p 6&2P 8 7&2P 8 2&lP - 4p 4&lp 5 5 

PRECIPITA nON 
Preci pitation (standard 8" U.S.W.B. gage) Station IP 1 1 1 1 1 1 1 2P 2 2 2 2 2 1 - 1 1 1 1 
Precipitation (storage gage-H) Stati on - 14 11 16 I t> 12 1 4 I 12 12 12 12 12 5 7 7 11 10&lP 13 
Precipi tation (recerding wei ghing-type gage) Station 1 4 4 4&4p 7 6 2 2 l&lP 8 8 8 8 8 4 1 l&lP S 5 4 

Sf¥)W 
Snowfall (snowboard or snowboard battery) Station 1 1 1 1 1 1 1 1 lP 1 1 1 1 1 1 - - lP I&lP 2 
Water equi valen t of new snow Stati on - - - - 1 3 3P 1 lP - - - - - - - - - - -
Snow depth(snow stake read daily) Station 1 1 1 1 1 1 1 2 2P 2 2 2 2 2 2 IP 1 1 1 1 
Snow cover(aerial photograph eat) Flights - 11 4 8 7 2 6 - - 3 5 5 5 5 - - - - - -
Snow depth, water eq ui valent, densi ty (snOi course) Courses 18 22 22 21 23 41 3&J5 P 6 2&2P 21 28 28 28 29 6 10 11 19 18 13 
Temperature profile (Thermohm bridge-N) Sets of determinations - 88 22 26 28 - S - - - - - - - 1 - - 14 64 106 
Temperature profile (Thermohm w/reoorder) Station IP - 1 1 - - - S lCP - - 1 1 1 - - - - - -

SOIL 
Temperature profile (Thermohm bridge-N) Sets of determinati ons 19 191&47 5u 52 111&48 - - - - - - - - - 191 - - 11 64 106 
Temperature profile (Thermohm w/recorder) Station - - 1 1 - 1 1 1 - - IP 1 1 - - - - - - -
Moisture profile (porous block! w/res i stance bridge-N) Sets of determinati ons 19 216&48 183&53 128&51 120&M - - - - - S 69 83 70 8 - - - - -
Ground water (well w/float and tape-N) Wells - - - 1 - - - - - - - - - - - - - - 2 4 
Ground water (float activating a recorder) Wells - 1 2 l&)P 2&lP 1&1? - - - - - 1 3 4 2 - - 2 2 1 

S 'ffi.EAMFLOW 
Water stage (staff only) statj on - - - - - - IP IP - 1 - - - - - - - - - 2P 
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CHAPTER 3 - PRECIPITATION AND SNOW ACCUMULATION 

3-01. INTRODUCTION 

3-01.01 A fundamental problem confronting the snow 
hydrologist is the determination of the amount and distribution of 
precipitation and snowpack water equivalent in a given area at a given 
time. Inasmuch as the amount of snow in the accumulation phase of the 
hydrologic cycle is largely a function of amount of precipitation, it is 
desirable to consider snow accumulation and precipitation jointly in 
this chapter. Factors determining the amount and distribution of pre
cipitation and of the snowpack are classified broadly as being meteoro
logic or topographic. Under the former are grouped such factors as 
temperature of the air, precipitable water therein, the circulation 
pattern, frontal activity, and stability of the airmass. Topographic 
factors include elevation, slope, aspect, exposure, forest, and vertical 
curvature. The effect of these factors upon amount and form of precipita
tion and snow accumulation is discussed herein. The problem of basic 
measurement is also considered, including characteristics of precipitation 
gages, problems of gage catch, both incremental and cumulative, and the 
use of snow courses and snow surveying techniques. Methods and reli
ability of measurements are discussed as well as techniques for translat
ing individual values at a single point into an integrated basin total. 

3-02. EFFECT OF METEOROLOGIC FACTORS ON PRECIPITATION 

3-02.01 General. - Effects of meteorologic factors upon 
amounts and distribution of precipitation are given in various meteoro
logical texts; therefore, comprehensive examination of these effects is 
not within the scope of this report. However, it is appropriate to 
consider briefly the more important factors and their effects upon 
precipitation. Basically, the requisites for production of precipitation 
are a supply of moisture from inflowing air and mechanisms for release 
of the moisture. Moisture is acquired by the air through evaporation, 
principally over ocean surfaces, and it is carried, largely in the form 
of water vapor, to the land by large-scale air movements. There is an 
upper limit to the amount of water vapor that can exist' at a given 
temperature. Air that has reached this limit is said to be saturated. 
In saturated air, water vapor may undergo a change of state to water 
droplets or ice crystals. The mechanisms by which water droplets or ice 
crystals are precipitated from the atmosphere are complex and require 
that the multitude of minute droplets of condensed water which form clouds 
be combined into a smaller number of much larger drops. The two principal 
mechanisms theoretically proposed for producing moderate to heavy precip
itation are (1) the colloidal instability of a mixed water-ice cloud at 
temperatures below OOC and (2) the coalescence of drops of un-uniform 
size in the gravitational field. It is believed that the two processes 
act together in the middle latitudes, the ice crystal process being 
dominant in the initiation of precipitation droplets and further growth 
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being dependent upon the coalescing process. It is observed thaS during 
winter s torm conditions in the Pacific Northwest, all precipitation is 
initially in the form of snowflakes which later melt into raindrops at 
lower elevations. The level to which the snowflakes fall before melting 
is dependent upon the temperature distribution of the atmosphere. Since 
the moisture capacity of the atmosphere is a function of temperature, 
any action that will result in cooling of the air will tend to aid 
condensation, which in turn may produce precipitation. The principal 
means of cooling air in the atmosphere is through expansion, which is 
largely accomplished by lifting the airmass to levels of lower pressure. 
Frontal activity, orographic lifting, instability of the airmass, and 
convergence all t end to cause lifting and consequent precipitation. 

3-02.02 Form of precipitation. - One aspect of precipita
tion is particularly important in the practical consideration of snow 
hydrology, that being the form in which the precipitation occurs. Of 
the many possible forms of precipitation, snow and rain are of prime 
importance, since they comprise the pr~ncipal source of water deposited 
on the earth's surface from the atmosphere. Direct observation of form 
of precipitation is limited to first-order and airways meteorological 
stations, generally necessitating use of indirect methods for estimating 
areal distribution of rainfall and snowfall where required for hydro
logic problems. Of particular significance, moreover, are mountainous 
areas where slight changes in airmass characteristics will cause . 
relatively wide fluctuatior£of the boundaries between areas on which 
rain or snow is falling. 

3-02.03 Estimation of form of precipitation. - No rela
tionship has been found to define exactly, by use of meteorological 
parameters of airmass conditions, whether precipi~~tion at a given level 
will occur in the form of rain or snow. Murray ~ attempted to relate 
the form of precipitation to such variables as the thickness of the 
1000-700mb or 1000-500mb layers, the height of the freezing level in the 
atmosphere, and surface air temperatures. All of the variables tested 
showed a range of values for which either rain or snow could be expected. 
Each variable was analyzed on the basis of the statistical distribution 
of occurrences of rain or snow or both to determine the most probable 
frequencies of occurrence. The study showed that surface air temperature 
(approx. 4 feet) is as reliable ap any other of the variables tested for 
differentiating between rain and snow. Accordingly, and since surface 
air temperatures are generally more available than upper air soundings, 
hourly observations of precipitation and surface air temperature at 
Donner Summit, California (elev. 7200 f~) were used in a study of form 
of precipitation. Data for the period October through April for the 
1946 through 1951 water years were used. Some 2400 occurrences of 
precipitation at air temperatures ranging from 290p to 400p were analyzed 
to obtain the distribution of occurrences of rain, snow, or mixed rain 
and snow. The results of this study are summarized in the following 
table which gives the percentage occurrences of both forms of precipita
tion for the various surface air temperatures: 

54 



-·f~; SURFACE AIR TEMPERATURE, <>r' 

FORM OF 
PRECIPITATION 29 30 31 32 33 34 35 36 37 38 39 40 

SNOW (%) 99 99 97 93 74 44 32 29 8 8 3 
RAIN (%) 1 2 3 12 31 51 57 81 90 100 97 
MIXED RAIN 

AND SNOW (%) 1 1 4 14 25 17 14 11 2 

Number of 
281 h19 30h 459 229 191 154 94 74 56 occurrences, 79 79 

(all forms) 

The above data are shown graphically in figure 1, plate 3-1. These data 
conform closely to those quoted by Murray for a markedly different condi
tion of elevation and topography. Accordingly, they are believed to be 
applicable generally. On the basis of this analysis, the differentiation 
between rain and snow can be estimated from surface temperatures by 
assuming rain to occur whenever the air temperature is J50p or greater, 
and assuming snow to occur whenever the air temperature is less than J5~. 
Within the range of temperatures given in the above table, which includes 
all questionable precipitation forms, about 90 percent of the cases 
would be correctly designated by this 34-J5Op division between rain and 
snow. When considering the various inaccuracies in measurements and 
application to specific problems, further refinements in estimating form 
of precipitation would be seldom if ever warranted. 

J-0?04 Additional evidence supporting the selection of 
34-3SGp as the dividing line between rain and snow appears when the rate 
of fall of snowflakes and the relation between the freezing level and the 
average level of melting of snowflakes, are considered. Murray found 
that on the average there was an equal probability of rain or snow when 
the height of the freezing level was approximately 1000 feet above the 
ground. During times of significant precipitation, the atmospheric 
lapse rate is usually nearly wet adiabatic. With the freezing level ~t 
1000 feet, the corresponding surface air temperature would be about JVp 
warmer than freezing, glT 35~. The average rate of fall for snowflakes, 
determined by Nakaya ~ for several of the predominant crystalline forms 
of snow, is about 50 cm/sec, which is equivalent to about 1.6 feet per 
second. Accordingly, it would take slightly in excess of 10 minutes for 
snowflakes to fall 1000 feet, which thus represents the average time of 
melting of snowflakes in the atmosphere. 

3-02.05 An additional study shows the relative frequencies 
of forms of precipitation at varying temperatures for three elevations: 
1000, hOOO, and 7000 feet. Figure 2, plate J-l, presents the results of 
this stUdy. The frequency distribution of precipitation with surface 
air temperatures for the 7000-foot level was derived from the Donner 
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Summit data used in the form-of-precipitation study. ~or temperatures 
below 29Of, the freq~~cy curve was extended on the basis of data 
presented by DrOoge 21 for the White Mountain Research Station C37°30 rN, 
118°10'W) located at an elevation of 10,600 feet. These data were 
corrected to elevation 7000 feet by assuming a wet adiabatic lapse rate, 
and frequencies were adjusted to give values comparable to the Donner 
Summit data. The combined curve shows schematically the average distri
bution of precipitation occurrences with varying temperatures. The 
equivalent distribution curves for 4000 and 1000 feet were determined 
simply by applying the wet adiabatic lapse rate to the surface air 
temperatures. This may be done with assurance since, during times of 
significant precipitation, the polar maritime airmasses usually dominant 
in this area are conditionally unstable, and the uplift along the 
mountain ranges causes the airmasses to release their instability, 
resulting in atmospheric mixing and the establishment of a wet adiabatic 
lapse rate of temperature. Also, during storm conditions, the horizontal 
variation of air temperature is relatively small because of the turbulent 
mixing which occurs, and the surface air temperatures at a given elevation 
are representative of the airmass temperature at that level. The relative 
frequencies of rain and snow forms of precipitation from the air tempera
ture function may be applied to each elevation for which the average 
distribution of total precipitation with temperature is known, to deter
mine the average snow and rain frequency distribution for that elevation. 
The frequency distribution of precipitation in the vicinity of CSSL is 
shown schematically in the diagrams of figure 2, plate 3-1. Inspection 
of these diagrams reveals that on the average approximately 95 percent 
of occurrences of winter precipitation at 7000 feet are in the form of 
snow, while at 4000 feet about 50 percent are snow. At 1000 feet, only 
2 percent of the occurrences are snow. The diagrams in figure 2 
represent average conditions on the west coast of the United States at 
latitude 39~. They are, however, believed to be generally applicable 
along the windward side of major mountain ranges in western United States 
and Canada, with the exception that with increasing latitude there would 
be a slight lowering of the elevation levels. For example, it is 
estimated that at latitude 50~, the elevations of the levels shown for 
the CSSL would be 6000 feet, 3000 feet, and sea level, an approximate 
decrease of 1000 feet per 10 degrees of latitude. It is emphasized 
that these conditions are based on averages over several years of record. 
Since for a given airmass the form of precipitation is particularly 
sensitive to changes in elevation, the distribution of rain and snow 
over a project basin for a particular occurrence or season must be 
evaluated individually on the basis of prevailing meteorological condi
tions. 

3-03. EFFECT OF TERRAIN ON PRECIPITATION 

3-03.01 General. - Over uniform level terrain, as, for 
example, open ocean or plains, the areal distribution of precipitation 
is a function entirely of meteorologic variables and their relation in 
time and space. In mountainous regions, on the other hand, precipitation 
distribution is largely a function of the character of terrain, upon which 
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is superimposed the distribution due to meteorological conditions of 
airmasses, fronts, and general atmospheric circulation. The distribution 
patterns of precipitation over rugged terrain are, therefore, complex 
and in extreme conditions may well be considered to be as irregular as 
the terrain itself. To evaluate precipitation satisfactorily in moun
tainous regions, consideration must be given to the relationship of 
'terrain to meteorologic conditions producing precipitation. An additional 
consideration of importance is the large scale atmospheric circulation, 
its seasonal variation, and its change with varying synoptic situations, 
during times of significant preCipitation. 

3-03.02 The effects of terrain on precipitation are broadly 
classifiable as being either large scale or local. Many of the factors 
are interrelated and there is no simple relationship which is applicable 
to all areas and conditions of terrain. In addition, errors in precipita
tion measurements used to represent conditions at a point impose further 
difficulty in establishing relationships between terrain and precipitation. 
Measurements must be corrected for known deficiencies (for example, those 
resulting from poor exposure of precipitation gages or poor conditions of 
snow sampling) before analyses are made. The relationships developed 
between uncorrected measurements and terrain features are meaningless. 

3-03.03 Small-scale terrain effects. - Studies undertaken 
by the Snow Investigations to determine relationships between terrain 
and precipitation in the form of snow were concerned primarily with small 
scale or local influences. The laboratory basins provided data for such 
analyses; consequently generalized conclusions drawn therefrom were 
restricted to ranges of conditions experienced in the small laboratory 
areas. Since each laboratory has unique terrain features (e.g., at the 
eSSL the majority of steep slopes are south facing), the correlations 
are not valid for direct application to other areas. They do, however, 
show relative variation of measured amounts with respect to principal 
topographic features at the laboratories, and the method is illustrative 
of techniques which can be applied to other basins. 

3-03.04 Snow laboratory analysis. - Snowpack water 
equivalent data from eSSL and uest were used for analysis of the influ
ence of terrain characteristics upon precipitation accumulated in the 
form of snow. The water equivalent at each of the laboratory snow 
courses was related to parameters of aspect, slope, curvature, elevation, 
exposure, and vegetation, by use of multiple linear regression analysiS. 
Research Notes 2 and 14 report the results of these investigations. The 
latter study incorporates data from 36 snow courses in the CSSL (including 
16 special snow courses for which observations were made on 19 April, 
9 May, and 22 May 19S1). The observations for 19 April are most repre
sentative of snow accumulation since by the latter dates considerable 
melt had taken place. The early period also reflects to some degree the 
varying effect of melt over the baSin, which began about 1 April. A 
multiple regression analysis for the 19 April data, using water equivalent 
of the snow courses as the dependent variable and parameters of aspect, 
slope, elevation, and exposure sector as independent variables, gave a 
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correlation coefficient of D.76 and showed the parameters of aspect, eleva
tion, and exposure sector to be statistically significant. A graphical 
solution of the derived regression equation is given on plate 3-2. A sum
mary of the studies showing the numerical effects of topographic character
istics on water equivalent at the CSSL for the period studied is as follows: 

Elevation - Approximately 1- to 2.5-inch increase in water equivalent 
for each 100-foot increase in elevation. 

Slope - Approximately 0.2- to 0.5-inch decrease in water equivalent 
-----for each 1 percent increase in slope. 
Aspect - Approximately 0.25- to l-inch increase in water equivalent 

for each 100 deviation of aspect from the south. 
Exposure sector - About 0.5- to 0.75-inch decrease in water equivalent 

for each 100 increase in exposure sector (sum of the sectors of a 
circle of half-mile radius, centered at the snow course, within 
which there is no land higher than the points on the. snow course). 

Curvature - No definite indication found. 
Vegetation - No definite indication found. 

More detailed quantitative interpretation of the results is not believed 
to be warranted; however, qualitative interpretations may be made on the 
basis of these observations. The main deterrent to application of the 
results to other basins is the small range of conditions experienced at 
the laboratories. 

3-03.05 Forest effects. - The effect of forest cover on the 
accumulation of snowpack water equivalent was not evident from the analysis 
of the CSSL data. This is due primarily to the fact that the snow courses 
did not adequately sample the range of conditions of forest effect, most 
snow courses being located in open areas. Later measurements made in con
nection with research work done by the Northern Rocky Mountain Forest and 
Range Experiment Station of the Forest Service clearly define the effect of 
forest in the accumulation of snow. Since the forest effect is considered 
primarily to be one of interception of preCipitation, the results of the 
study are discussed in the paragraphs on interception loss in section 4-03. 

3-03.06 Large-scale terrain effects. - Spreen's 18/ analysis 
of the effect of topography on winter precipltatlon for western Colorado 
is an attempt to correlate larger-scale terrain features with ll-year 
average winter-season precipitation, as measured by standard U. S. 
Weather Bureau precipitation gages. His parameters include elevation, 
slope, orientation, and exposure. Instead of using a multiple linear 
regression analysis, he chose to relate the variables by means of a 
graphical correlation technique. The derivation of some of the parameter 
curves appears to be somewhat arbitrary, particularly that of exposure, 
and the derived curves do not represent continuous functions of the 
variables. The method does, however, indicate the magnitude of terrain 
effects on precipitation in a general sense, and the results of his 
analysis show that the parameters used account for a high percentage of 
the variability of precipitation in that area. The reader is referred 
to the above cited report for the results of this analysis. 



3-03.07 Summary. - Because of the lack of comprehensive 
data on the effect of terrain upon precipitation, it does not seem valid 
to apply the quantitative relationships for the snow laboratories to 
project basins. The values cited from analysis of laboratory data show 
only the effect of the integration of the existing meteorological condi
tions over the basin for a particular season, as they are related to the 
particular basin's terrain. For any other area, different relationships 
would be expected. In order to generalize on the effect of terrain, 
average seasonal amounts based on a period of several years would provide 
more usable illformation. Also, it would appear more reasonable to use 
the values of point precipitation or point water equivalent in terms of 
percentage of average basin amounts rather than using actual values, 
when considering the variation for individual years or occurrences. 

3-03.08 In the final analysis, either basin precipitation 
or basin water equivalent must be estimated from measured values by 
sampling techniques. The gaged values, corrected for deficiencies in 
measurements, must be related to basin amounts on the. basis of normals. 
Each measurement of precipitation, then, becomes an index of the basin 
amount in actual basin application. If the precipitation distribution 
pattern over a basin, for a season as a whole, is uniform from year to 
year, any well-located station will be a satisfactory index of basin 
amounts regardless of the terrain type being sampled. While there is 
variability in precipitation distribution from year to year, due primarily 
to atmospheric circulation and airmass characteristics at times of precip
itation, experience in the western United States indicates that nearly 
all winter precipitation occurs at times of strong westerly circulation. 
The synoptic pattern during such times is generally characterized by the 
passage of mature occluded frontal systems entering from the Pacific 
Ocean, and the region is dominated by maritime polar airmasses. Therefore, 
in this region during conditions of significant winter precipitation, 
terrain variables such as aspect, slope, and curvature (but excluding 
elevation effects on snow accumulation) do not materially affect the 
reliability of anyone well-located station as an index of basin precip
itation. 

3-03.09 When using snow course water equiValent measurements 
to represent either basin precipitation or the residual water stored on 
a basin as of a particular date, the same general considerations are 
involved as for total seasonal precipitation. There is, however, one 
important variable of terrain which is not proportionally represented on 
the basis of average meteorological c~nditions, that being elevation. 
The effects of elevation on the accumulated water equivalent vary consid
erably from season to season and year to year, due primarily to the 
variability of temperature, both during and between the storm periods. 
The airmass temperature determines the level of change between rain and 
snow forms of precipitation. Also, during the accumulation period there 
is differential melting which is primarily a temperature function and in 
turn varies with elevation. Both of these processes result in varying 
rates of accumulations of snow with elevation, depending on the tempera
ture regime during the a~cumulation period, as will be discussed in the 
following paragraphs. 
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3-04. ELEVATION EFFECTS ON SNOW ACCUMULATION 

3-04.01 General. - It has been pointed out in the previous 
section tha~ of all terrain parameters, elevation is the principal one 
which must be taken into account in determinations of basin water 
equivalent from point snow course measurements because of the variability, 
from season to season, of snowpack accumulation with elevation. In order 
to demonstrate the range of conditions that may be expected, an analysis 
of data for WBSL is given from which generalizations on the variation of 
the snowpack with elevation can be made. 

3-04.02 The analysis for WBSL was chosen because of (1) the 
relatively large range of elevation sampled by the snow courses (2100 to 
5000 feet msl), (2) the relative consistency of the effect of meteorologic 
and terrain influences, and (3) meteorological conditions which normally 
permit occurrence of either snow or rain forms of precipitation at any 
elevation. Data from CSSL are not amenable to such analysis owing to the 
limited range of elevation of snow courses. UCSL snow courses sample 
an area whose winter precipitation is nearly 100 percent snowfall, so 
that elevation change does not adequately reflect the result of varying 
percentages of rain and snow. The ordinary snow survey network estab
lished for seasonal runoff forecasting in non-laboratory basins is not 
adequate for this type of analysis because of insufficient density of 
sampling by snow courses. Data from Technical Bulletin 17, which 
evaluates snow conditions from 2000 to 7000 feet on the Yuba River basin, 
California during the heavy snow of December 1951 and January 1952, were 
used to provide an independent check on results obtained from the WBSL 
analysis. 

3-04.03 WBSL study. - For each of the three water years, 
1949 through 1951, snowpack water equivalent data from WBSL snow courses 
were adjusted to 1 January, 1 February, 1 March, 1 April, 1 May and 
1 June, and plotted as a function of elevation. Straight lines were 
fitted to these points, giving due consideration to the relative expos
sures and reliability of measurements at each snow course; each line so 
derived shows the average depth of snow at various elevations of the 
basin. This line together with the zero base line forms a wedge herein
after referred to as the snow wedge. Figure 1, plate 3-3, shows the plot 
of the snow wedge for each month in each of the three years at WBSL, as 
well as for the months of December, January, and February of the 1952 .. later 
year in Yuba River basin. Inspection of these diagrams reveals the 
relative changes in slope of the snow wedge within seasons as well as 
from year to year. The slope of the snow wedge plotted against tim~to 
illustrate the seasonal change in slope, is shown in figure 2, plate 3-3. 
Adjacent to each of the plotted points is the water equivalent at the 
5000-foot elevation, which indicates the relationship of the slope of 
the snow .. ledge to the magnitude of the water equivalent near the upper 
limit of the basin during the accumulation period. Finally, the relation
ship between the slope of the snow wedge and the water equivalent near 
the upper limit of the basin (5000 feet for WBSL and 7000 feet at Yuba 
River) during the accumulation period is mown in figure 3. 
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3-04.04 Accumulation period. - Inspection of figure 2, 
plate 3-3, shows that the slope of the snow wedge becomes progressively 
steeper through the accumulation period, but tends to remain more or less 
constant during the melt period. During the accumulation period, the 
variation in melt with elevation is a minor factor, the principal factor 
aTfecting the slope of the snow wedge being the change from rain to snow 
form of precipitation with elevation. Another factor affecting the slope 
of the snow wedge is the normal increase of precipitation with elevation. 
The plotted points for WBSL in figure 3, plate 3-3, show the relationship 
betw~en depth of water equivalent at the 5000-foot elevation and the 
slope of the snow wedge during the accumulation period. A straight line 
fitted to these points shows an average increase in slope of the snow 
wedge of 0.3 inch per 100 feet for each increase of 10 inches of water 
eqw_valent at 5000 feet. The difference in the relationship which may 
occur between individual years is shown by the difference of accumulation 
characteristics for the 1949 and 1950 water years. The 1949 water year, 
which had near maximum of record snow accumulation at high elevations, 
was characterized by a relatively steep snow wedge,; there Yf2.S not Sl.1 

abnormal snowpack accumulation for the basin as a whole. By contrast, 
the 1950 water year with a similar amount of snow in the high portions 
of the basin, had relatively less change of water equivalent with 
elevation and as a result had a proportionally greater snow accumulation 
over the basin as a whole. This difference in snow wedges indicates the 
necessity for considering elevation effects in computing basin water 
equivalent. The three points for Yuba River basin for 1 December, 1 
January, and I February, related to the water equivalent at 7000 feet, 
show an increase in slope of the snow wedge similar in magnitude to that 
for WBSL. 

3-04.05 Melt period. - Data for the melt period, as repre
sented by 1 May and 1 June observations, are not as reliable as data for 
the accumulation period, because of the varying effect of local exposures 
of snow courses on melt rates. Analysis of data from the heavily forested 
WBSL indicates that the slope of the snow wedge remains nearly constant 
during the melt period, with only a slight tendency to increase as the 
melt season progresses. The increase with respect to time is considerably 
less than that for the accumulation period. In order to evaluate ration
ally the changes in melt rates with elevation, it is necessary to consider 
all methods of heat exchange for specific conditions of environment. For 
the heavily forested WESL, however, snowmelt runoff can be estimated 
fairly well by an air temperature function which indicates 0.041 inch of 
melt per degree-day of mean daily air temperature above 290 base (see 
chapter 6). During active melt periods in Mqy or June, the mean daily 
temperature at the mid-~t of the basin (elevation 3500 feet mal) is 
about 6oor, which represents an average daily ablation of the snowpack 
water equivalent of about 1.27 inches. Assuming an average temperature 
lapse rate of 3ar per 1000 feet over the snow-covered area, the melt at 
5000 feet would be 1.11 inch per day, or 88 percent of the melt at the 
mid-point. Since the forest cover tends to decrease in density with 
elevation, average melt rates per degree-day tend to increase, so that 



actually the melt at the top of the basin is even closer to the mean 
melt rate for the basin than :Ls indicated by the simplified illustration 
above. 

J-0)-I.06 Summary. - In general, the increase in the snowpack 
water equivalent ... "ith elevation varies widely from year to year and from 
season to season. During the acc~~ulation period, the largest factor 
affecting the variation in snowpack accumulation with elevation is the 
form of precipitation which in turn is dependent upon meteorological 
conditions d\rring times of precipitation. Secondary effects are the 
elevation differ~nces in melt, both during and between storms, and the 
normal increase of precipitation w~th elevation. During the accumulation 
period there is a fair relationship between slope of the snow wedge and 
the total water equiv-alent in the upper portion of the basin. The rela
t.Lonshi p varies from year to year, however, so t.hat in individual cases, 
the basin snowpack water equi'Talent must be adequately sampled throughout 
its range in elevation. After the time of maximum snow accumulation, the 
slope of the snow wedge becomes more or less constant. There is only a 
slight furtner increase in slope during the active melt period. During 
the active melt period, tile slope of the snow -wedge bears little relation
ship to the water equ.ivalent of the snowpack at high elevations. Special 
care should be taken to adequately represent the actual basin condition 
from late-season snow surveys in evaluating basin snowpack water equivalent. 
It is pointed out that the above generalization;; apply to the zones of 
elevation ,,:here straight lines adequately represent the variation of water 
(~qui valent with e le'Tat ion. For areas lying abO'Te elevations where more 
than 90 percent of the prec1pttation during the accumulation season is 
in the form of snow, the slope of the snow wedge would tend to flatten, 
and curvature would be introduced into the lines. 

3-05. POINT PRECIPITATION HEASUREMENTS IN IIREAS OF SNOwFALL 

3-05.01 General. - Proper appraisal of preCipitation data 
necessitates a knowledge of the characteristics and limitations of the 
instruments used to gage precipitation catch and the observational 
procedures used in d.etermining point precipitation values, Much has been 
written on t h~ general problem of measuring preCipitation, and reference 
is here made tq a comprehensive summary of rain and snow gaging methods 
by Kurtyka. ll/ 

-'3-05.02 Gaging of snow. - Th.e accuracy of snow measurement 
by standard rain gages is subject to sharp limitations due to the 
physical characteristics of the snow itself. These limitations have long 
been recognized through many experiments conducted both in this country 
and abroad. ::~xperience gained at the snow laboratories in measuring 
,,;inter precipitation has provided factual data on reliability of precipi
tation measurements in areas of snowfall and a measure of the gage-catch 
defidencies inv-ol ved. vlilson I s report analyzing wint~ precipitation 
observ8.tions in the Cooperative Snow Investigations 23/ summarizes the 
problem of measurement of point pr8cipitation, both by precipitation 
gages and sno"r ~ourses. The study generalizes the effects of weather 



degree of accuracy, basin precipitation from station precipitation 
amounts. That is to say, the ratio of station precipitation to basin 
precipitation is approximately constant for any given storm or group of 
storms, and hence the normal precipitation for any station bears a 
constant relation to the normal basin precipitation. Thus, 

where Pb is the desired basin precipitation, Pa is the gage catch at a 

particular station (or group of stationSh Nb is the basin NAP, and Na 
is the NAP for the station(s) used to determine Pa , Such an equation 

yields good results provided that the number andCiistribution of the 
stations used in the relationship adequately represent the basin. As a 
further refinement, if stations are not evenly distributed, they may be 
weighted in accordance with the fract~on of the basin represented by each 
station. These weights are treated as coefficients by which the correspond
ing station precipitation and station normals are multiplied before substi
tuting in the formula. 

3-06.04 The assumption of a fixed relationship between the 
precipitation of any station and the basin precipitation can be considered 
at best an approximation. A more rational method is that of the isoper
centual map. Here, storm (or annual) precipitation at the various stations 
is expressed in percent of NAP, and isopercentual lines are then drawn 
for these values. This isopercentual map may then be superimposed on the 
NAP map and isohyets shown for the particular storm by noting inter
sections. The NAP map reflects the normal topographic effects while the 
isopercentual map indicates deviations from normal. The fewer and more 
widely spaced the isopercentual lines, the more nearly does the individual 
storm conform to the normal pattern. The chief value of this approach 
over the more conventional direct drawing of an isohyetal map, lies in the 
ability to utilize quickly and with considerable confidence a detailed 
pattern of precipitation and still take into account much of the obvious 
variation of individual storms from the mean. 

3-07. POINT MEASUREMENTS OF SNOW 

3-07.01 General. - Measurements of snow include the water 
equivalent both of newly fallen snow and the net accumulation of snow. 
The latter is particularly useful for basin water supply forecasts, since 
it integrates in a single set of measurements the basin snowfall and 
melt. It thereby represents water remaining in storage in the snowpack. 
As in the case of total preCipitation, snowfall or water equivalent must 
be measured by sampling at a point and extrapolating point values to 
represent basin amounts. The following paragraphs describe commonly 
used methods of measurement of snow, sources of error, limitations of 
measurements, and general requirements for loc~ting snow courses. 
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3-07.02 Measurement of snowfall. - A simple method of 
measuring snowfall is by use of the snowboard. The board is placed on 
the ground or old snow surface to permit accumulation of new snow. An 
inverted rain gage cylinder is utilized to isolate a core of the new 
snow, which is then melted and measured in the same manner as rainfall. 
By measuring each fall of snow in this manner and replacing the clean 
board again to receive fresh snowfalls, accumulated total snowfall 
throughout the season may be known at any time. Such measurements are 
fairly reliable, provided that they are taken soon after each snowfall 
and that the snow on the board has not been subject to drifting, melting, 
or evaporation. Other devices based on the same principle aj the snow 
board are Angot1s snow basket, snow tables, and snow bins. ll 

3-07.03 Another method of determining water equivalent 
of new snow is by multiplying the depth of new snow by an appropriate 
density factor. Studies based on data at CSSL indicate that a fair 
relatipqship exists between air temperature and density of new fallen 
snow. ~ A graphical plot and discussion of this relationship is con
tained in chapter B. Densities of new snow based on air temperatures are 
acceptable for determination of water equivalent if the period involved 
is sufficiently long to permit compensation of errors in density values. 

3-07.04 Snow density. - The specific gravity of snow, (a 
dimensionless ratio) is commonly called the snow densitt (which properly 
would be mass per unit volume). Following usage, this erminology is 
used in this report. Snow density is generally expressed numerically as 
a percentage. The condition of snow density in the snowpack varies 
widely within the vertical structure of the snowpack as well as with time. 
Chapter B describes the changes of density that occur within the snowpack 
and the processes that affect the metamorphism of snow. 

3-07.05 Snow stakes. - Snow stakes are often used to measure 
depths of snow accumulation. Water equivalent of the snowpack can be 
determined from depth measurements by evaluating the time-duration of 
processes affecting the settlement of the snow or by using known densities 
of snow under similar conditions of environment. The use of snow stakes 
does allow the evaluation of relatively short time increases or decreases 
in water equivalent without disturbing the snowpack sampling area. Also, 
snow stakes may be used where it is impractical to obtain water equivalent 
by direct sampling, particularly by reconnaissance from the air. This 
method has been used succe~ifullY by California Electric Power Company, 
as reported by Henderson. _ 

3-07.06 of accumulated water equivalent. - Direct 
sampling of water equivalent is usual y accomplished by use of snow 
sampling equipment, the most common of which are the Mount Rose and the 
Utah samplers. These two types are basically similar, being comprised 
of a tube fitted with a cutter on one end and a handle on the other end. 
The tube has an inside diameter of 1.4B5 inches (which makes one inch 
water equivalent weigh one ounce) and is made up of sections to facilitate 
transportation. Sampling consists of pushing the tube vertically into 

71 



the snow to full snow depth, withdrawing the tube with the snow content, 
and weighing. Weighing scales are designed to give readings in inches 
of water equivalent; tare weight, of course, must be subtracted to obtain 
the weight of the snow. A record is made of the depth, length of core, 
weight, and any other useful information such as estimated moisture 
content of the underlying soil. 

3-07.07 Sources of errors. - Water equivalent measurements 
are subject to a variety of errors. As in any type of work where measure
ments are made, snow surveying data are subject to such usual observer 
errors as misreading the sampler weighing scale. Probably the most common 
error is that resulting from an incomplete core of snow in the sampler 
tube. This may be caused by clogging of the cutter by corky snow, 
obstructions such as cones or sticks, or sticking of the snow to the tube. 
Such occurrences can generally be detected by comparing the length of 
core with depth of snow. Another source of error is sampling of ponded 
water in the lower portion of the core, resulting from poor snowpack 
drainage. In such cases the water equivalent may be computed by multi
plying the depth of snow by densities obtained at reliable sample points. 
Where frequent observations are made,care must be exercised to avoid 
holes left by prior sampling. Any dirt or other foreign matter must be 
removed from the cutter end of the sample before weighing. The many 
details pertaining to snow surveying for the purpose of obtaining the 
water equivalent of the snowpack at a given point are beyond the scope 
of this report; for details the read~ is referred to a comprehensive 
report on snow surveying by Marr. 13/ 

3-07.08 Snow courses. - The common practice in taking snow 
measurements is to sample the water equivalent at a number of points 
along an established line called a snow course. Snow courses are located 
with the objective of obtaining data representative of a given area, the 
number depending largely upon the terrain and meteorological character
istics of the area. Other factors such as accessibility, availability 
of funds, and purpose for which the data are to be used, must, of course, 
be considered in the establishment of the network of stations. Site 
selection should be based on the same general requirements as for 
precipitation gages, considering: (1) meteorological conditions with 
respect to storm experience; (2) position with respect to large-scale 
topographic features; (3) position with regard to local environmental 
features, such as exposure, aspect, orientation, and ground slope; and 
(4) conditions on the site itself, such as local drainage and the occur
rence of brush and rocks. In addition, snow courses should be located to 
adequately sample ranges in elevation, and they also should be so located 
that they are representative of average basin melt conditions as well as 
basin snow accumulation. As is the case for precipitation gages, snow 
courses should be located in areas well protected from wind, since wind 
erosion and drifting snow cause unrepresentative snow accumulations. An 
ideal location consists of an opening in the forest surrounded by hills 
for protection from high winds, and sloped sufficiently to permit runoff 
of water beneath the snowpack. The number of sample points is variable, 
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depending largely upon the consistency of the distribution of snow. 
Sample points are located with the objective of avoiding variations in 
snow depth due to causes such as drifting, interception by trees, and 
presence of boulders or other obstructions. If protection from wind is 
altogether lacking the sampling points must be spread over a wide area 
to average out variations due to drifting. In general, five snow-course 
sample points are probably adequate for well-located snow courses on which 
there is a minimum amount of irregularities caused by drifting or wind 
erosion, if the ground surface is smooth and clear of all obstructions, 
and if the snow course is not too close to the forest or other obstructions 
of a local nature to be i~luenced by local irregularities in deposition. 
When conditions are less than ideal, however, additional snow course 
points are required to adequately sample the water equivalent. Basic 
data from snow courses are obtained under cooperative arrangements between 
various Federal, state and private organizations and are coordinated and 
published for most of the western United States by the Soil Conservation 
Service. In California, the supervision of collecting and publishing 
snow course data is by the Division of Water Resources for the State of 
California. 

3-07.09 As in the case of precipitation gages, snow courses 
also have certain limitations as measures of precipitation. Wilson 
discusses the reliability of snow course measurements in connection with 
measurement of winter preqipitation at the snow laboratories. Reference 
is made to his article 23/ for comparative data showing reliability of 
individual point measurements of snow accumulation, as well as relative 
reliability of snow courses. Studies for CSSL have shown that a single, 
well-located snow course (such as station 5) will more adequately 
represent the basin water equivalent for this relatively small area than 
a group of poorly-located snow courses. Although care is exercised in 
selecting locations having stable physical features, changes affecting 
the deposition of snow at sampling points may occur, A common change in 
physical features is the removal of all or a portion of surrounding 
timber by causes such as fire, cutting, bug infestation, or severe wind 
storms. On the other hand an opposite effect can be produced by growth 
of brush or timber in the vicinity of the sampling points. In the latter 
case annual, changes may not be detectable; nevertheless, the change over 
a period of years may be significant. Another important effect of 
physical changes is improper drainage of free water as a result of 
obstructions such as beaver dams or accumulation of debris in drainage 
channels in the snow course area. Occasionally physical features may 
change sufficiently to necessitate abandonment of the snow course. Often, 
however, the location is acceptable despite Bome changes in physical 
features. In such cases adjustment in records must be made, using the 
double-mass curve method as for precipitation. 

3-07.10 Radioisotope snow gage. - A radioisotope-radio
telemetering snow gage has been developed by the Corps of Engineers (see 
para. 2-07.09) to make measurements of snowpack water equivalent at 
remote, unattended sites, and to transmit these data to a central 
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recelVlng station. A general description of this gage and its operation 
is given in the followiqg excerpt from the final report on its development 
and test Jperformance: 11 

"As presently developed, the equipment includes a gamma ray 
source, cobalt 60 (Co 60) enclosed in a lead collimating cylinder 
that is installed in a block of concrete set flush with the ground 
surface. The beam of gamma radiation leaving the lead collimating 
cylinder strikes a Geiger-Muller radiation~.etector type (G-li tube) 
suspended 15 feet overhead. The G-M tube is designed to measure 
the residual radiation after attenuation by the snowpack. The 
pulses of electricity caused to flow in the G-M tube by the gamma 
rays are first amplified, then are divided by eight(for transmission), 
and then are fed into a frequency-modulated radio transmitter with a 
i-watt power output. The pulses are broadcast in the VHF range 
using a high-gain directionalized output antenna. The installation, 
which is operated on battery power (including high voltage for the 
G~ tube), is capable of sustained, unattended operation for eight 
months. The transmitter is operated for only short periods each 
day by means of an electrically wound, spring-driven clock with an 
automatic switching device." 

Since the measurements made by the gage are non-destructive, the same 
point may be sampled over and over again, thus doing away with the need 
for numerous samples to average out errors which result from the unevenness 
of the underlying ground and other errors inherent in individual samples 
of the snowpack obtained with a snow tube. Moreover, the non-destructive ~ 
aspect of the gage, in combination with its telemetering feature, makes 
it possible to take daily (or even more frequent) readings of the water 
equivalent in contrast to the monthly or bi-monthly data obtained by 
conventional snow-tube measurements. Thus it has the particular advantage 
of providing continuous information on increments of snowpack accumulation 
from storm to storm throughout the accumulation period, and also of 
providing a means of evaluating increments of melt during the ablation 
period, from an undisturbed snow sample point at a remote site. As 
presently developed, the gage can obtain an accurate measure of water 
equivalent up to about 40 inches, for an unattenuated counting rate of 
20,000 counts per minute. The accuracy of measurement for a ten-minute 
counting period under this condition is illustrated by the relative 
magnitude of errors as follows: 

Water equivalent (in.) 
Std. error of est. (in.) 

10 
0.1 

20 
0.1 

30 
0.2 

40 
0.7 

50 
3.4 

Using present equipment, this error of measurement may be reduced and an 
accurate measure of water equivalent in excess of 40 inches may be obtained 
by (1) increasing the strength of the radioactive source, (2) by decreasing 
the distance between the source and the sensing unit, or (3) by increasing 
the length of the counting period. In addition, to provide more accurate 
measurements at greater depths, such changes in the equipment as shielding 
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the sensing unit from cosmic radiation or using multiple sources of 
radioactive material at varying heights above the ground have been con
sidered. The figures given in the tabulation above are representative 
of the accuracy of the gages currently in use by the Sacramento District 
in the Kings River drainage above Pine Flat Dam. 

3-08. RELATIONSHIP OF POINT VALUES TO BASIN WATER EQUIVALENT 

3-08.01 General. - Having determined point values of all 
snow courses representative of an area, the problem is to utilize these 
values to determine the water equivalent on the area. The basin value 
may be expressed either as an index or as a quantitative measure such as 
inches depth over the basin. Volume of the snowpack is an important 
factor in forec'asting seasonal '!olume of runoff, as a determinant of peak 
flow, and for short-term rate-of-flow forecasting based simply on depth 
of water equivalent. Index relationships are most commonly used for 
forecasting seasonal runoff volumes and to some extent for forecasting 
peak flows. Regardless of how a basin index is derived from point values, 
its usefulness is dependent upon how well it represents basin conditions, 
rather than upon its representativeness of the point values. 

3-08.02 Th~ relationship of basin water equivalent to 
point values is dependent upon the location of the snow courses chosen 
to represent the area. If the snow courses are distributed equally 
throughout all elevations of the basin, an arithmetic average of the 
point values will often provide a satisfactory index of the basin water 
equivalent. Refinements can often be made by weighting the snow course 
data in accordance with the percentage of the basin area represented by 
each. Averages of point values, whether weighted or unweighted, are 
generally acceptable only 8S indexes; i.e., unless properly adjusted, 
the average is not a reliable measure of the actual volume of water 
equivalent on a basin. 

3-08.03 Elevation effects. - Of particular significance 
is the fact that on most baSins, snow courses are not distributed evenly 
throughout all elevations, but are generally concentrated at the higher 
levels. As previously discussed, the distribution of snow over a given 
range o! elevations can vary widely and, accordingly, measurements at 
high-level stations are not representative of the basin as a whole, 
particularly if the high elevations comprise only a small percentage of 
the basin area. 

3-08.04 Snow charts. - A logical step toward the solution 
of the problem of unrepresentative snow-course data is the development 
of a method whereby each snow course is given weight corresponding to 
the percent of basin area that it represents. Because of the importance 
of variation of water equivalent with elevation, a chart on which water 
equivalent depth is plotted against elevation has been designed to 
facilitate computation of basin water equivalent. On the chart, as 
shown by the example on plate 4-2, it will be noted that water equivalent 
at a given snow course is plotted against its corresponding elevation. 
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A line connecting the points determines an area on thu chart which is 
proportional to the water equivalent over the basin, provided that proper 
consideration is given to t he area-elevation relationship of the basin. 
Using area-elevation data, ;In auxiliary scale representing percent of 
area is marked along the abscissa with each percentage located at its 
corresponding elevation. For convenience the chart is divided into zones, 
each of which represents 10 percent of the area, a dashed vertical line 
being drawn through the mean elevation of each zone. The intersection 
of the water-equivalent line at each of the dashed lines represents the 
average depth for the corresponding zone. The sum of the depths for each 
zone divided by 10, therefore, is an index of the mean water equivalent 
depth over the basin. 

3-08.05 In addition to elevation, factors such as slope, 
exposure, and aspect have an effect upon distribution of snow on a basin, 
as pointed out in the discussion on terrain parameters. Accordingly, 
a snow course at a given elevation does not necessarily represent the 
water equivalent at that elevation throughout the basin. Therefore, 
plotted points representing water equivalent depths at snow courses do 
not necessarily fall along a well-defined line and generally show con
siderable dispersion. If all factors affecting distribution of snow were 
properly considered and an average basin depth for each elevation were 
established, then a line drawn through these average depths would 
indicate the true basin water equivalent. Since it is impractical to 
properly evaluate the effects of all factors on a basin, a line of best 
fit through plotted snow-course values may be drawn and the basin water 
equivalent derived from it may be used as an index. Such an index is 
more reliable than an average of snow course readings, inasmuch as each 
course is given weight in accordance with the percentage of basin area 
that it represents. 

3-08.06 Index values va. actual values. - It must be 
remembered that the discussion above concerns the establishment of an 
index which, though considered to represent with fair accuracy the 
changing conditions of the basin snowpack through the season, is not to 
be mistaken for an actual quantitative evaluation. However, if the basin 
water equivalent can be quantitatively evaluated by other means such as 
by subtracting runoff and loss frommtal precipitation, a ratio between 
the basin snow index and computed actual volume of snow can be determined. 
This empirical conversion factor can then be used for computing actual 
basin water equivalents from the snow chart values. 

3-09. SUMMARY 

3-09.01 This chapter has dealt with the measurement of 
precipitation and the accumulation of snow, and methods of estimating 
amounts over basin areas. The form of the precipitation, as rain or 
snow, was shown to be a function of meteorologic variables, and frequency 
diagrams illustrated the climatic averages of the relative proportion of 
winter rain and snow in the western United States, for varying elevation 
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and temperature conditions. Both meteorologic and terrain conditions 
affect the amount and distribution of precipitation. In mountainous 
regions, the terrain effects may be classified as large or small scale, 
and it was shown that terrain differences cause wide 1,ariability of 
precipitation amounts, depending upon such factors as aspect, slope, 
curvature, and elevation, as well as location with respect to major 
Illountain barriers and the opportunity for airmass modification. It was 
indicated that in the western United States, the major portion of winter 
precipitation occurs at times of strong westerly circulation and of 
uniform airmass characteristic, so that terrain effect, averaged over a 
winter season, causes a more or less constant relationship to exist 
between point precipitation and basin amounts for reasonably small basin 
areas. Elevation effects on snow accumulation, however, should be con
sidered in the evaluation of the specific snowpack condition, becaus~ of 
the variability of form of precipitation and melt with elevation during 
the winter season. 

3-09.02 Inasmuch as the primary hydrologic application of 
the evaluation of basin precipitation and snow is the forecasting of 
residual runoff, it is important to know (1) the accuracy and limitations 
of point measurements by existing techniques (precipitation gages, 
measurments of newly-fallen snow, and snow course measurements), (2) the 
factors affecting the reliability of individual measurements, and (3) the 
best methods of determining basin amounts from point measurements. The 
determination of basin precipitation or snow accumulation is usually the 
most important factor in the water balance, and the accuracy with which 
it is determined is dependent not only on the accuracy of the point 
measurement, but also on how well it may be used in estimating the total 
hydrologic balance of a basin. It should be recognized that new tech
niques, such as evaluation of precipitation by radar or atmospheric 
moisture balance may some day cause obsolescence of existing techniques 
of sampling precipitation. Chapter 4, which presents the hydrologic 
balances of each of the snow laboratories, presents further data from 
which the relative importance of the various terms of the water balance 
may be shown. 

3-09.03 Deficiency of measurements by precipitation gages 
has been shown to result primarily from turbulence, and a knowledge of 
its effects is important not only in obtaining an estimate of the true 
precipitation at a point, but also in assessing the reliability of a 
point measurement as an index of precipitation over a large area. 
Precipitation gages are much more efficient in catching rainfall than 
snowfall, but gage deficiencies should be recognized as occurring with 
precipitation in either form. In general, the primary consideration in 
locating gages is to eliminate wind turbulence, by selecting locations 
where natural shelter will reduce mean wind speed to less than about 
2 miles per hour at the gage orifice. The use of wind shields is 
necessary in areas where natural shelter is not available. Capping of 
the gage by snow may be serious in some instances, but experience at 
the snow laboratories shows this to be of relatively minor consequence, 
when gages are serviced weekly or oftener. 
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3-09.04 Evaluation of basin precipitation from point 
precipitation can be done for specific periods isopercentually by use of 
normal annual isohyetal maps. Point values of precipitation should be 
corrected for known deficiencies of gage catch. Where station coverage 
is adequate, a weighted average based on ratios of normal annual basin 
to station precipitation may be used. When storm types exhibit a seasonal 
trend, varying ratios by months may be applied to account for the affects 
of changing conditions on the basin-to-point precipitation ratio. 

3-09.05 Snow courses exhibit variability in measured 
values because of the variety of conditions affecting deposition and 
measurement of snow. The primary factors influencing the accuracy of 
measurement and representativeness of snow courses are (1) drifting and 
turbulence, (2) early season melt or non-representative melt, (3) freez
ing of the snowpack during and after deposition, (4) ground surface 
conditions within the snow course area, (5) inadequate free-water 
drainage, and (6) a variety of errors which may be caused by faulty 
observer techniques. As in the case of precipitation gages, wind is a 
primary factor in the selection of snow-course sites. An adequate sampl
ing of the range of elevation must be made in order that the varying 
slope of the snow wedge may be evaluated. 

3-09.06 Basin evaluation of the snowpack water equivalent 
can be made through use of the snow charts described previously. The 
density of sampling required is dependent upon the relative homogeneity 
of the basin. Atmospheric circulation during significant winter precipi
tation in the mountains of western United States is such that the effect 
of terrain on the distribution of snow accumulation is believed to be 
fairly uniform from year-to-year within small to moderate-sized areas. 
Sampling of snow accumulation for conditions of terrain other than 
elevation may not be warranted. In locating snow courses, the main 
consideration is to obtain sites which are representative of basin con
ditions as a whole with regard to both snow accumulation and melt, and 
which adequately sample the range of elevation within the basin. The 
atmospheric circulation patterns during storm conditions should be taken 
into account, so that the combined effect of weather and large-scale 
terrain features on the site may be representative of the basin. Finally, 
the characteristics of the local environment should be carefully studied 
in order to obtain a site which possesses: (1) adequate sheltering from 
wind, (2) freedom from drifting to or from the site,(3) relative 
assurances of stability of characteristics over a period of time, (4) 
gentle, well-drained slopes, (5) a smQoth ground surface, free of brush 
and rocks, and (6) representativeness of melt conditions for the basin 
as a whole. 

3-09.07 Snow courses and precipitation gages both have 
their place in the evaluation of runoff potential for basin application. 
Limitations in the accuracy of point measurements are inherent in both. 
For a complete hydrologic balance, both the total precipitation and the 
water equivalent of the snowpack must be evaluated. When precipitation 
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alone is used as a measure of runoff potential rema1n1ng at a given time, 
prior runoff may be subtracted from the total water-year runoff to obtain 
residual runoff. The snowpack represents a direct evaluation of residual 
runoff remaining in storage, but soil moisture and ground-water deficiencies 
must be evaluated. Precipitation amounts are particularly suited to early
season runoff evaluation. The water equivalent of the snowpack is suited 
to late-season evaluation of runoff, because residual errors are propor
tionally a smaller part of residual runoff for the snowpack than for total 
precipitation. In many basins, the sparsity of data requires the use of 
indexes of runoff potential (from either snow courses or precipitation 
gages), and the data must be handled statistically in order to define 
relationships. In such cases, the available period of record is an 
important consideration in the selection of indexes. 
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CHAPTER 4 - WATER BALANCE IN AREAS OF SNOW ACCUMULATION 

4-01. INTRODUCTION 

4-01.01 General. - In areas of snow accumulation, 
water stored in the snowpaok provides a time delay between 
precipitation and runoff. Hence, by proper evaluation of the 
variables affecting runoff, volumetric forecasts of snowmelt 
runoff may be ma~e several months in advance of the runoff 
event. Runoff forecasting methode have developed largely on 
the basis of statistical correlations of runoff with either 
prior precipitation amounts or sno~aok water equivalent. 
Additional indexes of eoil moisture, winter temperature, and 
winter runoff are also sometimes used. (A discussion of 
volume-of-runoff forecasting prooedures is contained in 
chapter 11.) In most cases, the period of record for the 
neoessary basic data is too short to ensure an adequate statistical 
sample of the range in varia.tion and probable long-term mean 
values. Consequently, there may be serious bias in forecasting 
procedures derived by statistical methods from data unrepresentative 
of long-term normals. Suoh a bias results in unrealistic weighting 
of the independent variables in the forecasting equation. A 
knowledge of the water balance for a given area is essential in 
order to select appropriate forecasting parameters and interpret 
their reliability. Moreover, the water-balance technique may be 
used as a forecasting prooedure by quantitatively balancing runoff 
against precipitation, change in snowpaak water equivalent, and 
loases. This procedure is particularly useful for areas where 
bydrometeorological recorda are short. In addition, knowledge 
of the water balance is necessary for rate-of-flow forecasting 
and for design flood computations. 

4-01.02 The principal deterrent to oomputing water 
balances for projeot basins has been the lack of adequate basic 
information. Scanty areal sampling end unrepresentative 
measurements of preoipitation and accumulated snow, as well as 
inadequate information on losses, have made water-balance 
determinations very indefinite. In oontrast, the snow laboratories 
provide relati~ely denae areal sampling of the prime 
hydrometeorologic variables. These areas are also relatively free 
from hydrologic uncertainties involved in computation of losses. 
One of the primary considerations in the implementation of the 
anow laboratory program was to provide adequate data for obtaining 
hydrologic balances in areas of snow accumulation. Such balances 
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for each of the snow laboratories, for its period of complete 
record (4 to 5 years each), are given in this chapter. This 
chapter also discusses the individual components of the water 
balance and the methods of derivation of monthly values for each 
laboratory. 

4-01.03 Even with the dense sampling and better
than-average quality of data for the laboratory areas, errors in 
measurement of the larger and more important components of the 
water balance (e.g., precipitation and runoff) may obscure the 
effect of lesser components. Since the computed areal mean value 
of any given component cannot be considered to be precisely the 
"true" value, these computed values must be adjusted to provide 
the most reasonable balance, using the best information 
available. 

4-01.04 Definition of components. - Because of the 
varied interpretations of the components of the water balance, 
each will be specifically defined as used in this report. 
Observed runoff is defined as the gaged volume of water passing 
a gaging station on a river or stream. Generated runoff is 
observed runoff corrected by recession analysis for transitory 
storage in the soil, ground, and stream channels. Total basin 
preCipitation, in the form of either rain or snow, is defined 
as that hypothetical precipitation which falls above tree-orown 
level. Net precipitation is that portion of the total preCipi
tation which reaches the ground or snow surface, after partial 
interception by the forest canopy (see next paragraph). Since 
the amount intercepted by vegetation is affected by the form of 
precipitation, the total precipitation is divided into total 
snowfall and total rainfall. Interception amounts are computed 
separately, and' values of net snowfall and net rainfall are 
derived. The water equivalent of the snowpack is exactly what 
the term implies: the volume of water stored in the snowpack 
(both solid and liquid forms). Melt is defined as the net 
decrease in water equivalent of the snowpack after allowance is 
made for increases as a result of precipitation; thus it 
excludes water which re-freezes or is retained as liquid water 
within the snowpack. 

4-01.05 Loss is defined as that part of total 
precipitation which is permanently lost to runoff by evaporation, 
sublimation, transpiration, and retention as stored soil moisture. 
(Soil-moisture storage differs from ground or channel storage in 
that water stored as soil moisture can be removed from the soil 
only by evaporation and transpiration, whereas water in ground or 
channel storage is temporarily stored while in transit and will 
ultimately appear as runoff.) Soil moisture is further subdivided 
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into available and unavailable soil mOisture; the latter is not 
subject to transpiration or evaporation under normal field 
conditions. In addition to the losses occurring after 
precipitation has reached the ground or snow surface, other 
losses result from the interception of precipitation by the 
forest cover. Interoeption loss consists of the evaporation and 
sublimation of intercepted precipitation from vegetation sur~aces. 
It therefore represents the net difference in precipitation within 
a large forest opening and that received beneath the tree crowns. 
Since precipitation measurements are generally made in the open, 
areal interpretation of precipitation or snowpack measurements 
must consider forest effects. To facilitate computations, losses 
are grouped in three categories: (1) evapotranspiration losses, 
which include evaporation from the ground or snow surface, 
transpiration from all types of vegetation, and sublimation of 
water from snow surfaces to the atmospherB; (2) sOil-moisture 
cb.a.nges, which are computed on the basis of assumed :fized 
capacities of the soil to act as a storage reservoir which must 
be filled before runoff occurs and upon which evapotranspiration 
ma~ draw; (3) interception loss, which is measured as the net 
difference be~en precipitation in the open and precipitation 
reaching the ground beneath the forest canop~. Delay to flow 
through ground and channel storage is acoounted for by recession 
analysis. Deep percolation of water in underground channels, 
not measured as runoff at the gaging stations, is assumed to be 
negligible for snow laboratories. 

4-01.06 Water-balance equations. - The \vater year 
seleoted for the purpose of this report ends on 31 August, at 
which time the snowpack water equivalent is zero or negligible 
for the laboratory areas.* Using the terms as defined in the 
preceding paragraphs, the water balance for a complete water 
year may be expressed as follows: 

Q = P - L gen 

where Q is the generated runoff, P is the basin preCipitation 
~ -

and L is the loas, all expressed in inches over the basin. For 
basins in which there is some carryover of snowpack water 

* This special period was seleoted to better define the annual 
precipitation regime for the snow laboratories since, hydrologically, 
this is the most quiescent time of the year. The conventional 
October-1hrough-September water year would serve almost as well, 
however. 



equivalent from year to year, or at the beginning or end of any 
other shorter period during the snow season, the above equation 
must be expanded to include a snowpack water equivalent term. 
A water-balance equation for any such area or for any portion of 
the year would thus be expressed as follows: 

where WI and W2 are the initial and final water equivalents 

respactively,-erpressed in inches. Losses, ~ may be subdivided 
as follows: 

where Li is the intercoption loss, Qsm is the change in 

available soil moisture, and Let is the loss by evapotranspiration. 

The basin precipitation term may be subdivided into the following 
equations. 

= P + Lri + P + L . rn en s~ 

(4-4) 

where the subscripts!" .!!J a" and i refer to rain, snow, net, and 
interception, respectively. The interception loss may be excluded 
from total loss provided that total precipitation is replaced b,y 
net preCipitation. Equation (4-2) may then be written as follows: 

Q = P + P - (W2 - WI) - Q - L t (4-5) gen rn sn sm e 

Since Psn - (W2-Wl ) represents melt, the water-balance equation 

may be written in the following forml 

where M is the snowmelt in inches over the basin. Ground and 
channel storage is not explicitly included as a separate term in 
the above v~ter-balance equation, since generated rather than 
observed runoff is used. In water-balance equations where observod 
runoff is involved, the equation would be changed by the following 
relationshipl 

Q. + Q g 
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where ~ is observed runoff and Q is change in 5Tound and channel 
-K 

storage. Substituting in equation (4-la) and transposing terms, 

Q = P - L - Q g 

4-01.07 Water-belance components. - The precedine 
paragraphs have listed and defined the components to be considered 
and given the equalities to be used in water balances for areas of 
snow accumulation. The following sections deal with the technical 
aspects of the measurement of each of the variables, the reliability 
of measurements, and the general methods used in determining basin 
amounts from the point measurements. The elements so discussed 
are precipitation, interception loss, snowpack water equivalent, 
evapotranspiration, soil moisture, and ground~ter storage and 
runoff. 

4-02. PRECIPITATION 

4-02.01 General. - The precipitation term in the 
water balance presents problems not ordinarily encoun'tered in 
its use in the various index methods of determining basin 
precipitation amounts. The value of index methods in the 
determination of precipitation is dependent more upon their 
reliability as indexes than upon their representation of the 
true quantity. That is, an index of precipitation is acceptable 
if its deviation from the true value is a constant proportion of 
the true value. On the other hand, precipitation values used in 
a water balance must represent true quantities. A logical 
advantage claimed for precipitation indexes is that less rigorous 
treatment is required than if the true quantity were being 
determined. However, the claim of such an advantage can be 
justifi~d only if it can be shown that the index is proportional 
to the actual amount. Unless the true value is known, however, 
the reliability of an index can be judged only by the results of 
its use. Runoff values obtained by statistical procedures often 
Show considerable deviations f~om actual values; therefore, the 
reliability of the independent variables, including the 
precipitation index, remains questionable. 

4-02.02 Problems of basin evaluation. - The discussion 
of precipitation in chapter 3 described the two basic problems 
involved in obtaining estimates of basin precipitations (1) to 
obtain accurate values of point precipitation at the gage sites 
and (2) to estimate basin precipitation from these corrected 
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station values. Deficiencies in gage catch are due primarily to 
turbulence and snow capping. Corrections for turbulence may be 
made on the basis of wind measurements, while loss of gage catch 
due to snow capping may be corrected by double-mass-curve 
analysis. Derivation of basin precipitation for mountainous 
regions from corrected station values is usually accomplished by 
the isopercentual method using a normal annual isohyetal map. 

4-02.03 In the absence of a direct means of obtaining 
the annual basin precipitation, indirect methods may be employed. 
Using the basic water-balance equation, 

P = Qgen + L (4-lb) 

the annual basin precipitation may be computed from observed 
runoff and esti~ated losses. Loss estimates may be made from 
accepted evapotranspiration equations (see section 4-05), and 
generated runoff is derived from direct observations of runoff 
by means of recession analysis (see section 4-07). In this 
method, there is no independent check on the water balance as 
a whole. On basins where precipitation is large in comparison 
with losses, the method provides reasonably accurate values of 
annual precipitation from which normal relationships between 
basin and station precipitation may be comruted. 

4-02.04 For basins where the quality of precipitation 
data is poor because of gage-catch deficiencies or poor areal 
coverage, true mean basin preoipitation may be estimated by the 
use of adjustment factors derived from other components in the 
vmter balance. For example, durine periods when precipitation is 
known to be in the form of snOVI over the entire basin and there 
is little or no loss or snowmelt, the basin precipitation must be 
the same as the change in the basin snowpack water equivalent. 
Computations based on monthly values will show seasonal variations 
in adjustment factors for converting observed station values to 
basin means. This would represent a refinement of the use of a 
constant adjustment based on normal annual values. The use of 
average relationships to relate station to basin precipitation, 
based on the average seasonal or annual point-to-basin 
relationship, was discussed in section 3-06. The use of average 
relationships is valid in areas where precipitation distribution 
is normally characterized by a rel~tively fixed pattern, as in 
the mountains of western United States. 
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4-02.05 Form of precipitation. - In the computation 
of monthly water balances, the basin precipitation must be 
separated into rainfall and snowfall. In areas where 
precipitation is predominantly in the form of snow throughout 
the winter period (as in the case of ucst), this is a relatively 
minor problem. Oocurrences of both rain and snow during the 
same month are usually confined to the fall and spring months. 
In t~e case of WBSL, however, the separation between rain and 
snrnw is a critical problem throughout the year except during 
summer, when precipitation amounts are so small that they are 
inconsequential in the annual total. Paragraph 3-02.03 
described relationships which can be used in separating the 
rain and ~naw forms of precipitation, 

4-03. INTERCEPTION LOSS 

4~3.01 General. The snow courses and preoipitation 
gages, by which the hydrologist aims to sample basin precipitation, 
are usually looated in the open and thus give no measure of the 
preoipitation reaching the ground in that area of the basin which 
has a vegetation canopy. Part of the precipitation reaching 
tree-top level is intercepted by the vegetation surfaces . and 
returned to the atmosphere by evaporation. Thia part of the 
basin preCipitation 1a called interception loss, and refers to 
a permanent loes of preoipitation to runoff; thus t it doee not 
include temporarily stored water or snow which later reaches the 
ground by falling from overloaded branches or by melting and 
dripping. Although atudies of interception loss usually concern 
trees or shrubs, even low-growing herbaceous plants may reduce 
the quantity of precipitation reaohing the ground surface. 

4-03.02 Interception loss warrants careful 
consideration because of its importance in the water balance. 
For examples for a moderately dense coniferous forest in an 
area with annual precipitation of thirty to fifty inches, 
conservative values of snowfall interception loss usually 
rang~ between 15 and 30 percent of the total winter precipitation. 
Lose rates for summer rain usually range between 20 to 40 percent 
of the summer precipitation. Closer study of amounts of 
interception loss for different areas shows a wide range due to 
variation in the type and density of vegetation cover and in the 
type, magnitude, intensity, and frequency of storms. Consequently, 
interoeption-loss percentages should be chosen from studies done 
for areas of similar vegetation and olimate. In water balances 
prepared without considering interception losst the resulting 
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error has been obsoured by the use of unrepresentatively low 
preoipitation values unoorreoted for gage defioienoies. There 
is, however, inoreasing reoognition of the advantages to be 
derived from usin& oorreoted precipitation data (i.e., data not 
affected by gage-catoh defioienoies and unrepresentative gage or 
snow-course looation). Consequently, there is an inoreased need 
to take aooount of interoeption loss in the water balanoe. 
Sinoe studies of interoeption loss are now an integral part of 
present-day research in watershed management, it may be expeoted 
that more information on interoeption loss will be available in 
the near future. 

4-03.03 Interoeption terminology. - In terms of the 
effect of vegetation on precipitation reaohing the ground surfaoe, 
total preoipitation is divided into throughfall (precipitation 
which reaohes the ground either by falling through spaces between 
branches and leaves or by dripping from vegetation surfaces), 
stemflow (precipitation which reaohes the ground by flowing down 
stems after having been temporarily interoepted), and interception 
loss (intercepted preoipitation whioh is returned to the atmosphere 
arur-does not reach the ground). Temporarily intercepted 
precipitation is referred to as drip and is part of the throughfall. 

4-03.04 Interception loss is commonly expressed in 
terms of the peroentage of loss to total precipitation for the 
selected time unit. The use of loss-percentage for relating 
measured interception loss to preoipitation for a given season or 
water year has the disadvantage of being limited in application. 
A loss-percentage can be accurately applied only to the particular 
,study area or to areas with closely similar climatic regimes as 
well as similar vegetation cover, as was previously mentioned. 
Presently available studies show an approximately linear 
relationship between loss and storm size for storms above a 
minimum size of about one-half inch. Below this minimum storm 
size, interception loss increases proportionally as storm size 
decreases. Virtually all of a light shower falling on vegetation 
is intercepted and evaporated. More useful forms of expressing 
findings on interception loss, such as the average amount of 
loss for storms in seleoted size ranges, are subsequently given 
herein. 

4-03.05 In theory, interception loss is considered to 
be the difference between precipitation reaching tree-top level 
and that reaching the ground surface; in practice, however, 
interception loss is usually t he measured. difference between 
precipitation catch in an open area and catch beneath the 
vegetation canopy. These two differences are not necessarily 
synonymous. Differences in deposition are added to the difference 
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in oatch due to interception loss. A major factor in deposition 
difference is the difference in wind velocities in the open and 
in the forest. Environmental differences in gage-catch deficiency 
may aggravate the deposition difference and thus further obscure 
the true interception loss. (See chapter 3 for other factors in 
the micro-environment of the precipitation gage which influence 
precipitatton-gage catoh.) In measuring interception loss as the 
difference between gage or snmvboard catch in the open and catch 
under canopy, the resulting values may be too high if stemflow is 
not also measured. Stemflaw amounts to only about one to three 
percent of precipitation in coniferous treee, but may amount to 
more than 30 percent for deciduous trees or shrubs. (Values of 
stemfloware given in the table in par. 4-03.11.) If values of 
snowpack water equivalent measured at snow courses located in the 
open and in the forest are used to determine interception loss, 
there is lese initial difference in oatch due to environmental 
differences than there is if precipitation gages are used. However, 
here the differences in the environment result in differenoes in 
melt. Because of the many differences between the environment 
in the open and under canopy, many of the measured interception 
data are actually measures of what is more appropriately called 
"catch difference ll than interception loss. 

4-03.06 Measuring interception. - The basic 
instrumentation for measuring interception loss or "catch 
difference" consists of precipitation gages or snowboards 
installed beneath the canopy with similar control gages or 
snowboards located in an adjoining clearing. Vfuere winter 
rain is negligible, snowpack measuroments for sampling points 
under canopy and in the open may provide all or part of the 
data. The large pOSSible variations in catch beneath even a single 
tree crown (due to random concentration of drip or complete 
shelter by overhanging canopy) necessitates use of many gages 
to assure representative data. More complete experiments may 
include: devices to measure stcmflow (such as a water-tight 
collar around the tree trunk with oonnection to covered 
collection can); devices to measure throughfall (such as an 
impervious surface installed on ground beneath vegetation canopy 
with covered collection can for resulting runoff); and 
precipitation gages installed at tree-top level.~ Correlative 
da ta for analyzing interception loss should include mee.surements 
of canopy density ~s well ~s a description of the typo of vegeta
tion. Other useful data include: water-surface evaporation, 
humidity, wind velocity, soil~noiGture, runoff, and temperatures 
of the air, soil, and vegetation surfaces. Compara.tive studies 
may use vegetation as a variable by ma.kine observations on both 
untreated plots and treated plots altered by clearing out the 
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forest understory, keeping the ground surface bare around the 
trees, or cutting trees according to selected densities. 

4-03.07 Interception storage. - The major 
determinants of interception loss are the interception storage 
capacity of the vegetation and the evaporation opportunity. 
Interception storage capacity is the maximum quantity of water 
(or snow) which can be stored on the leaves and branches of a 
specific type and density of vegetation. It is usually expressed 
in the same units as precipitation, that is, inches depth of 
water or water equivalent over the area. Determinations of 
interception storage are made by analysis of precipitation and 
interception-loss data. Amounts thus determined for coniferous 
forests range from 0.01-0.12 inch for rainfall and 0.01 to 0.34 
inch (-water equivalent) for snowfall. (Interception storage of 
snowfall is not necessarily three times greater than rainfall--
0.34 vs. 0.12--since these maximum values are for different 
areas.) Few studies give data on interception storage capacity 
for both snow and rain for the same area. In a study on Sierra 
Nevada ponderosa pine, ~ interception storage capacity was 
determined as 0.09 inch for snow and 0.12 inch for rain. These 
data are not a conclusive measure of the comparative storage of 
rain and snow, because the data for snow are for storms 
designated as snowstorms if only 50 percent of the total 
precipitation was snow. Interception storage capacity appears 
to be primarily a function of canopy density. Other important 
determinants are: branching type (whether branches are essentially 
horizontal, as in many coniferous trees, or slanting); foliage 
type (shape and plane of leaves, and whether foliage is evergreen 
or deciduous); and vegetative type (tree, shrub, or herb) and 
height. 

4-03.08 Canopy density. - Canopy density is probably 
the single most important parameter in the determination of 
interception loss, when considering interception loss in the same 
climatic region. In this report, canopy density refers to the 
percentage of the forested area which is covered by a horizontal 
projection of the vegetation canopy. It does not refer to all 
the area beneath the periphery of a tree canopy unless all the 
area is sheltered. Until recently, estimating canopy density has 
been tedious and comparatively subjective. Recently, however, 
several instruments have been developed which make possible an 
objective numerical measure of canopy density.g§j !i/ l§/ These 
canopy-density meters consist basically of a convex silvered 
glass surface on which a grid may be placed or cast. The 
instrument is located at the sampling point and levelled, and a 
reading is made of the number of points on the grid which are 
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shaded by the canopy. Readings may be satisfactorily duplicated 
by different observers. A meter of this type, called a "ceptometer," 
has been used in detailed meaStITements of forest iLf luencGs on 
snow accumulation and melt reported on by Ingebo l!I (see plate 4-11, 
fie. 6). A present drawback to the use of a canopy-density meter, 
as well as other methods of estimating canopy density, is the lack 
of standardization on the size of the solid angle to be included in 
the measurement. 

4-03.09 Basin canopy cover. - Estimates of basin mean 
canopy cover may be made as follows. First, the proportion of 
forested area to total basin area is computed, using a erial 
photographs or large-scale vegetation maps such as the forest-type 
maps of the U. S. Forest Service. From point measurements or 
estimates of forest canopy density, a mean canopy density for the 
forested part of the basin is determined. Basin canopy Cover is 
the product of the percentage of forested area and the canop~ 
density within the forested area (see table 2-1 for examples). 

4-03.10 Evaporation opportunity. - Evaporation 
opportunity, which determines how much of the intercepted 
precipitation can be evaporated, varies bTeatly between regions 
and at different seasons in the same region. Furthermore, 
evaporation of intercepted precipitation differs in 3everal 
respects from evaporation from more continuous water or snow 
surfaces. In the first place, the evaporation of intercepted 
precipitation can take place only as long as there is intercepted 
precipitation remaining on the vegetation. Secondly, the 
environment of water or snovr stored on vegetation surfaces differs 
from that of water or snow resting on the ground. For example, 
vegetation surfaces have lower albedoes and warm more rapidly 
than water or snow surfaces. In addition, the intercepted 
precipitation is freely exposed to air circulation. Estimates of 
the evaporation of snow intercepted by conifers range from less 
than 5 to more than 20 times as high as snov~ack evaporation 
(cf. Kittridge~). 

4-03.11 Interception related to storm-tYEe. - Studies 
of interception loss for single storms show that the total amount 
of interception loss is closely related to the frequency of 
occurrence of precipitation-free intervals during the storm 
periods. For a storm with continuous precipitation, interception 
loss is limited to little more than the amount of preci~itation 
stored on the vegetation at the end of the storm. During a storm 
including precipitation-free intervals, the interception loss may 
be several times as large as the interception storage capa city: 
Thio is graphically illustrated by studies by Rowe and Hendrix~ 
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and Hamilton and RowelJ!, among others. Summarized below are 
the results of studies which show the disposition of precipitation 
in areas having forests and shrub growth: 

Experimental Bass Lake,* 
Area Sierra, 

Nevada 
Vegetation 

Ponderosa 
pine 

Interc. storage 0.12 
capacity 
(inches) 

Length of storm 10 
(hours) 

Number of pcpt.- 5 
free intervalf 

Length of pcpt.- 28 
free in terval~ 
(hours) 

Total pcpt. 3.19 (100%) 
(inches) 

Throughfa11 
(inches) 

2.16 ( 86%) 

Stemflow 0.12 
(inches) 

( 4%) 

Interception 0.32 ( 10%) 
loss (inches) 

* Rowe and Hendrix29/ 
** Hamilton and Row9!1! 

San Dimas, ** North Fork,** 
San Gabriel Mts. Sierra Nevada 

Chaparral Chaparral 
Evergreen shrubs Deciduous 

shrubs 

0.08 0.03 (winter 
& fall only) 

13 21 23 

12 1 1 

36 4 1.2. 2 

3.35 (100% 2.61 (100%) 3.14 (100%) 

2.69 ( 89% 2.20 ( 84%) 1.81 ( 60%) 

0.28 ( 9% 0.25 ( 10%) 1.11 ( 31%) 

0.38 ( 11% 0.16 ( 6%) 0.10 ( 3%) 
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4-03.12 Interception-loss analyses. - There are two 
basic methods used in determining snow interceptiont both of 
which involve differences between measurements made under the 
forest canopy and at·an open site, Tbeyare as follows: 
(1) measuring increments of snowf~ll (new snow) for individual 
storms; (2) measuring sncrwpack (accumulated) water equivalent. 
The snoW£all data may be readily analyzed in terms of volume of 
snowfall for individual storms, an important variable in 
interception 10s8 determination. The snowpack data used in 
interception analysis are usually for the maximum annual snowpack 
water equivalent. Interception-loss amounts computed by these 
two methods are not comparable unless it can be assumed that no 
melt has occurred since the beginning of snow accumulation t or 
that melt rates during the entire accumulation period are 
identical in the open and under canopy. In the analysis of 
interception loss for a series of individual storms, the results 
are often expressed in terms of the linear regression equationt 

Li = bP + a 
100 

( 4-9) 

where L . is the interception loss in inches per storm, ~ is the 
l. 

precipitation in inches for the storm, a is the interception 
storage capacity of the vegetation cover, and b is the percentage 
loss of precipitation during the storm. The effect of canopy 
cover is inherent in the data; hence, the constants should not be 
used for areas with canopy cover which is much different from 
that of the study area. Simple linear equations giving the 
relationship between canopy density and snowpack acoumulation 
are also used to express interception loss. In this case, the 
dependent variable gives the snowpack water equivalent under 
canopy in percent of the snowpack water equivalent in the opent 
and the independent variable is the canopy density in percent of 
complete cover. The effect of storm size is inherent in such 
relationships; hence, the conotants should not be used for areas 
which are climatically different from the study area. 

4-03.13 Snowfall and rainfall interception 
measurements. - A 3ummary is given in table 4-1 of snowfall 
or rainfall interception loss for different storm amolUlts 
and canopy densities. This table summarizos an unpublished 
study by Munns f2I of forest influences in the San Bernardino 
mountains of southern California. These data are for a stand of 
Jeffrey pine at an elevation of 6000 feet; the density of the 
stand as a whole is 0.8. Total amounts of preci~itation are given 
in the table for each of the storm-intensity classes to indicate 
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the size of the sample for each class. Interception-loss 
percentages are expressed by the formula 

L. 
~ 

p - p 
open canopy 

P open 
(4-10) 

where L. is interception-loss percentage, P is precipitation 
~ open 

catch in the open, and P is the precipitation catch under oanopy 
canopy. Referenoe is also made to work of, Johnson !21 and 
Wilm and Neiderhof l§/ for evaluation of interception by storm 
sizes. 

4-03.14 Snowpack interception-loss measurements. - A 
graphical summary of selected data on interception loss as 
measured by snowpack data is shown in figure 5 of plate 4-11. 
Interception loss here refers to the differenoe between snowpack 
water equivalent under canopy and that in the open, expressed as a 
percentaee of the water equivalent in the open. Most data are 
for maximum seasonal values of snov~ack water equivalent. These 
percentage-losses are plotted against oanopy data. Part of the 
scatter in the plotted points is due to the difference in the 
methods used by the various authors in measuring and expressing 
canopy density. Qualitative expressions of canopy density are 
shown as a line extending over the probable range of the 
qualitative term. 

4-03.15 The most conclusive information yet available 
on the influence of canopy cover on snowpack accumulation is from 
data collected in the upper Columbia River basin by Ingebo for 
hundreds of snow sampling points intentionally located to sample 
various conditions of forest cover. A unique feature of the study 
is that canopy cover data were obtained for each sampling point by 
the ceptometer, an instrument which gives a numerical measure 
rather than an estimate of the cover directly above the point (see 
par. 4-03.08). Additional analyses were made of these data by the 
Snow Investigations.* Preliminary results of the correlation between 
canopy density and water equivalent are given below. (X is the 
oanopy density in percent of complete cover and Y is the snowpack 
water equivalent for the various canopy densities, expressed in 
percent of the sno\rPack water equivalent in the open.) Graphical 
plots of the relationships are shown on figure 6, plate 4-11. 

* Basic data and preliminary analyses made available to Snow 
Investigations Unit through courtesy of the Missoula Research 
Center, Intermountain Forest and Range Experiment Station. 
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Year and no. of 
sample points 

1951 only (383) 

By individual 
points 

By means of 10% 
canopy-density 
classes 

1949, 1950 (340) 

By individual 
points 

By means of 10% 
canopy-density 
classes 

Regression equation 

Y = 95.5 - 0.381 X 

y 96.8 - 0.401 X 

Y = 99.9 - "0.359 X 

Y = 99.9 - 0.366 X 

s yx 

19.1 

2.6 

19.1 

5.9 

D r 

0.251 0.501** 

0.996 0.998** 

0.237 0.487** 

0.805 0.897** 

** = significant at the 99% level (highly significant) 

4-04. SNOWPACK WATER EQUIVALEUT 

4-04.01 General. - Quantitative values for basin 
snowpack water equivalent must be used in a water balance. 
Indexes of basin snowpaclc water equivalent cannot be used for the 
same reasons that indexes of basin precipitation have no place in 
a water balance (par. 4-02.02). The geographical variation in 
snowpack accumulation over a given area has the same general 
pattern as the areal variation in total precipitation, since 
deposition of snowfall and of rainfall are similarly affected by 
the terrain of the area. In addition, the distribution of the 
snowpack is affected by factors which have no effect upon basin 
precipitation. These factors are the difference in forms of 
precipitation and the variation in melt rates. During the 
accumulation period, only the deposition effects upon distribution 
are appreciable, and usually an elevation parameter will 
adequately express differences in snowpack water equivalent. Data 
from snow courses which adequately s&~ple a drainage basin with 
respect to elevation may then be related to basin amounts, 
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providing no consistent bias results from other terrain factors. 
During the melt period, on the other hand, areal variation in 
melt rates tends to make snow course data unrepresentative of the 
basin water equivalent. 

4-04.02 Snow chart. - The difficulty of evaluating 
basin water equivalent favors the use of an index as a means of 
evaluating the accumulation of snow. However, the validity of the 
water-equiva1ent index is questionable, not only for the reasons 
mentioned in connection with precipitation indexes (par. 4-02.02), 
but also for the additional reasons in the preceding paragraph. 
Accordingly, the index methods are generally inadequate to derive 
a measure of water equivalent whioh can be checked against 
independently derived values for the other terms in the water 
balance. Variation of the snowpack with elevation is a primary 
consideration when evaluating the sno~ack water equivalent during 
the accumulation season (see chapter 3). The variation due to 
other terrain factors (e.g., orientation, slope and exposure) is 
usually less important and tends to be relatively constant from 
year to year. The snow chart, therefore, which has elevation as 
one of its ordinates, is an effective means of integrating snow
course measurements into basin mean snowpack water equivalent 
(see par. 3-08.04). For basins having relatively few snow courses, 
the difficulty of determining the water equivalent of the various 
elevation zones reduces the reliability of the results obtained by 
use of the snow chart. Also, its use is generally confined to 
areas within which there is a relatively consistent pattern of 
climatic conditions from year to year. 

4-04.03 When using the snow chart to determine the 
mean snowpack water equivalent of a basin area, the volume 
represented by a line of best fit with respect to the plotted 
points can be considered to be a fixed percentage of the true 
value. The percentage correction factor may be derived from the 
water balance as a whole. This is most readily done by analyzing 
periods when precipitation is entirely in the form of snow and 
when snowmelt and losses are negligible, since basin precipitation 
can then be compared directly with water-equivalent change. If 
net precipitation values are used, as distinguished from total 
precipitation, the correction factor implicitly includes the 
effect of interception loss on the snow accumulation. (Snow 
courses are generally located in the open.) Also, since snow 
courses are usually situated in areas where local terrain favors 
above-average snow accumulations, values for the correction factor 
are generally less than unity, ranging from 0.75 to 0.90. 
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4-05. EVAPOTRANSPIRATION 

4-05.01 General. - Part of the water which enters the 
soil is removed and returned to the atmosphere by evapotranspira
tion. This loss occurs not only while water is being supplied to 
the soil, but also as long as stored soil moisture is available 
(see section 4-06). In addition, evaporation may take place from 
the snow surface itself as well as from water surfaces and water 
intercepted by vegetation (condensation may also occur, it being 
conoid~red negative evaporation). Evapotranspiration, like 
interception, represents a permanent loss to runoff. Averaee 
annual evapotranspiration losses for humid mid-latitude regions 
range between 15 and 30 inches, with smaller amounts for arid or 
alpine areas and larger amounts for areas with long growing seasons 
and an ample water supply during the growing season. 

4-05.02 Knowledge of the amount of evapotranspiration 
loss is important to the water balance of an area in several ways. 
First, as one of the components of the water balance, it provides 
a partial check on the other components. This is particularly 
useful in the evaluation of precipitation. Since net precipitation 
is the sum of runoff and evapotranspiration loss, an estimated 
value of net preoipitation can be determined in this manner for 
comparison with the computed value of net precipitation. Such a 
check is especially useful for a basin with heavy precipitation or 
with a significant part of the precipitation falling as anow. 
Here, gage-catch deficiencies or errors in determining basin 
precipitation from point measurements may eo unsuspected if there 
is no such check. The value of the check results from the relative 
magnitude of evapotranspiration and precipitetion. Because 
evapotranspiration is usually one of the smaller components in the 
water balance for areas of significant snowmelt runoff, the errors 
in computing evapotrannpiration are relatively small in co~pari6on 
with the errors in computing precipitation, the largest item in 
the water balance. A second way in which a knowledge of the amount 
of evapotranspiration is important to the water balance is in 
computing the soil-moisture deficit, as discussed in paragraphs 
4-05.11 and 4-06.19. 

4-05.03 EvapotransQiration terminology. - Definitions 
of evapotranspirat:i:.on differ a.s to 10vhich of the component parts of 
total evaporation are included. In this report, evapotranspiration 
is considered to include transpiration by plants, evaporation from 
soil particles, and evaporation from the snow s~~face. The other 
components of total evaporation, not included as evapotranspiration 
in this report, are interception loss and evaporation from lakes or 
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other water bodies. Transpiration and soil evaporation are 
included in one term since most experimental data combine them 
because of the difficulty of measuring transpiration separately 
from soil evaporation. 

4-05.04 Potential vs. actual evapotranspiration. -
Potential evapotranspiration is the amount of water whioh would 
be lost by transpiration and evaporation if sufficient water were 
available in the soil at all times to meet the demand. Potential 
loss is determined by the energy supply, without reference to the 
water supply. Actual evapotranspiration refers to the actual loss 
resulting from the combined effects of the demand and the available 
water supply. On an annual basis, aotual loss is almost invariably 
less than potential loss, since even in areas with high annual 
precipitation t the Bummer water supply (precipitation plus stored 
soil moisture) is usually not large enough to meet the demand 
throughout the entire summer. In general, there is much less 
areal variation in heat supply than there is in water supply, 
particularly in the mountain watersheds where, due to orographic 
effects, the areal distribution of precipitation is characterized 
by large variations. As a result, areas with large ranges in 
normal annual precipitation usually have muoh smaller ranges in 
actual evapotranspiration loss. This is espeoially true of areas 
where much of the precipitation falls in winter, the time when the 
potential evapotranspiration loss is at a minimum. 

4-05.05 Transpiration. - Transpiration refers to the 
loss of water in vapor form from living plants. This loss is not 
to be confused with the evaporation of water from the outer 
surfaces of the plant (which is termed interception loss); 
transpiration loss occurs from within the leaves of the plant. 
Most of the transpiration loss occurs through stomata (very small 
openings in the lower surfaces of leaves). Water-vapor loss 
ordinarily ocours only during the daylight hours while' the stomata 
are open. The vapor-pressure gradient is almost always directed 
outward from the leaves, resulting in loss of water molecules from 
the leaf. (Because the leaf temperature is usually warmer than 
the surrounding air during the day, its saturated vapor pressure 
is greater than that of the air, even for air with 100 percent 
relative humidity.) Because of the arrangement of cells within 
the leaf, the internal surface of the leaf is many times larger 
than the external surface.~ The diffusion of water vapor 
through stomata can take place at a high rate. In general, 
transpiration is a very efficient means of water loss. Botanists 
have recorded annual transpiration losses of more than 100 inches 
of water.~ 
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4-05.06 Soil evaporation. - Unlike transpiration, 
soil evaporation is limited by the difficulty of movin~ the water 
stored in the soil up to the evaporating surface. In transpiration, 
water is withdrawn by the roots and transported inside the plant 
up to the evaporating surface in the leaf. In soil evaporation, 
water must be transported up through the soil to the evaporating 
surface. Since the permeability of the soil decreases sharply as 
the water content of the soil decreases, even though a steep 
vapor-pressure gradient may exist at the soil surface, soil 
evaporation may be restricted because capillary rise of water in 
the soil is slow. As a result of this retarding effect of 
permeability upon capillary rise, evaporation becomes decreasingly 
effective with increasing distance of the water from the soil 
surface. Consequently, plant roots usually remove stored soil 
moisture to a considerably greater depth than soil evaporation 
alone (see par. 4-06.08). 

4-05.07 Evapotranspiration formulas. - Since it is 
not practicable to install and service the instrumentation 
necessary to measure evapotranspiration directly in all areas 
where such data are needed, it must be estimated by means of an 
appropriate formula. Many formulas have been developed to express 
the relation between observed evapotranspiration data and the 
concurrent hydrometeorological conditions. A formula used to 
compute evapotranspiration amounts in the water balance should 
meet the followin~ requirements, good agreement with measured 
quantities; applicability to climate and vegetation of basin 
area; basic data ordinarily available as to variety and detail; 
basic time period of one month or less; and, if possible, quick 
computation. A formula which meets each of these requirements at 
least moderately well is that of Thornthwaite.ll/111 \1hereas 
other formulas have been shown to reproduce measured loss more 
accurately for specific sites, these formulas require more data 
than is ordinarily available. Such formulas include those of 
Penman~ (data required: duration of bright sunshine, air 
temperature, air humidity and wind speed) and Halstead~ (data 
required: maximum and minimum air temperature). A promising 
method of computing loss for large regions, using radiosonde data, 
is based on the net increase in water-vapor content of the air in 
passing over a given region.-11-11 This mass transfer method 
appears practicable only for large regions; it has been applied 
satisfactorily to regions as small as the Ohio River basin.-2! 

4-05.08 Thornthwaite's evapotranspiration method. -
From an analysis of the use of water by many kinds of vegetation, 
Thornthwaite concluded that climate was the principal determinant 
of evapotranspiration loss and that the type of vegetation and the 
character of the soil made relatively little difference. Limiting 
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himself to a consideration of the climatic elements for which data 
are generally available, he found that the potential loss in any 
area could be evaluated satisfactorily by an empirical formula 
using only air temperature a.s a variable. In addition, an 
adjustment must be made for length of day or number of hours of 
possible sunshine (which vary w~ith latitude and season). 
Thornthwaite's method also includes a monthly bookkeeping method 
by which monthly actual evapotranspiration is obtained by balancing 
potential loss against supply (precipitation and available soil 
moisture). The required basic data are latitude of station, 
monthly mean air temperature, and monthly precipitation. In 
addition, information on the average storage capacity for available 
soil moisture within reach of plant roots is required. Thornthwaite 
suggests that an average value of four inches of water may be 
used in default of specific local information. 

4-05.09 In Thornthwaite's evapotranspiration method, 
the effect of latitude and season are standardized to a standard 
month of 30 days with 12 hours of possible sunshine each for 
convenience of computation. Using the formulas presented in the 
following paragraph, values of "unadjusted" potential evapotranspi
ration are computed on the basis of the standardized month. These 
values are then adjusted for the number of hours of possible 
sunshine for the given latitude and month. 

4-05.10 Thornthwaite's specific formula for computing 
potential evapotranspiration postulates that evaporation and 
transpiration vary with temperature as expressed in the general 
formula* 

a 
e = ct (4- 11) 

where ~ is the monthly potential evagotranspiration in cm, i is 
the monthly mean air temperature in C, and £ and ~ are coeffioients 
which relate evapotranspiration to monthly mean air temperature. 
The coefficients c and a are both functions of an annual heat - -index, ~ which is the summation of monthly indexes i for the 
twelve months of the year. The monthly heat indexes are computed 
by the formula 

(4- 12) 

* Thornthwaite's usage of symbols is followed here; the reader is 
cautioned that the symbol e has been used elsewhere in this report 
to denote vapor pressure. 
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where i is the monthly heat index (dimensionless), and t is the 
- 0 -monthly mean air temperature in C. For the range of I from 0 to 

160, the exponent ~ ranges from 0 to 4.25; ~ varies inversely with 
I. From the above relations, and incorporating results from his 
earlier work on temperature-evaporation relations, Thornthwaite 
derived the following specific formula for potential evapo
transpiration: 

e = 1.6 (lOtjI)a (4- 1 3) 

The author supplies tables and a graph which make it easy to 
compute potential evapotranspiration, as given by the above 
equation, and also to determine from thiS, the "adjusted potential 
evapotranspiration." (See Research Note 20.) 

4-05.11 To compute so-called actual evapotranspiration, 
values of adjusted potential evapotranspiration are used in the 
month-to-month bookkeeping method presented by Thornthwaite. 
Demand (adjusted potential evapotranspiration) is balanced against 
supply (precipitation and available soil moisture). An average 
value of four inches (10 cm) of water is given for the storage 
capacity for available soil moisture within reach of most plant 
roots. As long as demand is met by precipitation or precipitation
plus-soil-moisture, actual evapotranspiration is equal to potential 
evapotranspiration. When precipitation and the water stored in 
the soil are insufficient to meet demand, actual evapotranspira
tion is less than potential. When the vmter stored in the soil 
has been depleted, it must be recharged (at a rate not exceeding 
the infiltration-capacity of the soil). . 

4-05.12 The quality of actual-evapotranspiration 
values computed on a monthly basis is affected by the within-month 
variation in temperature or precipitation. This variation is 
particularly important in the case of precipitation. Even though 
the total precipitation recorded for the month may be more than 
adequate to meet the total demand, it may not be available for 
use throughout the month. For example, most of the monthly total 
may fall in the last few days of the month, thus satisfying demand 
for only these days; or it may fall in a few high-intensity storms 
with little infiltration. The quality of monthly actual 
evapotranspiration values may be considerably improved by computing 
the loss on a daily basis. The probable improvement is most 
significant for months when stored soil moisture at the beginning 
of the month is not adequate to fill the demand during the month. 
An inspection of daily precipitation records for such months will 
usually show a few periods when supply and demand do not overlap. 
Computation on a daily basis is advisable for such periods. 
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4-05.13 Several minor modifications in the 
Thornthwaite method have been suggested for application to 
snow-covered areas. During the snowmelt period, values 
computed for potential evapotranspiration may be somewhat low. 
This is because the air-temperature data on which the formula 
was based were generally measured over snow-free surfaces; the 
air temperature in a snow-covered basin is usually measured 
above a snow surface. Reference is made to Research Note 17 
for a discussion of the relation between temperature data 
measured above a ground surface and above a snowpack surface. 
In brief, while there is an energy-absorbing snowpack on the 
ground, air temperature does not represent the incoming energy 
supply as it does d.uring other times. The potential evapotranspi
ration loss for snow-covered areas is thus probably greater than 
that computed by Thornthwaite's method since, for the same 
insolation, the measured air temperature is not as high as it 
would be over snow-free ground. Another minor modifioation 
which should be made when computing actual evapotranspiration 
for snaw-covered areas is to include snov®elt as a supplementary 
source of water supply. Thus, precipitation and snowmelt should 
both be used to satisfy the potential demand before drawing on 
stored soil moisture. Equal consideration should be given to 
both the amount of snowmelt during the month (setting the limits 
to the quantity which could be used) and the mean area of snow 
cover (limiting the area where the supply is available). 

4-05.14 In computing evapotranspiration loss by 
Thornthwaite's method, certain periods are critical, namely, 
times when appreciable demand (warm air temperatures) and water 
supply (preCipitation and available soil moisture) overlap. 
(Hence soil moisture storage capacity is also critical in the 
determination of the available moisture supply). Soil moisture 
storage capacity is particularly important for areas with marked 
summer drought. On the other hand, quality of winter precipitation 
data is not significant in computing actual evapotranspiration for 
most areas where snowmelt is important, because winter precipitation 
usually exceeds the low potential evapotranspiration amounts of 
winter. The ~nornthwaite formula presupposes measurable water use 
to begin at monthly mean air temperatures above 320 F, so no 
precipitation data are required for months with mean air 

o temperatures at or below 32 F. 

4-05.15 Thornthwaite has pointed out that when the 
albedo of the vegetation surface is higher or lower than average, 
the potential lOGS rate will be lower or higher, respectively~ 
Also, the potential lOBS rate applies only to closely-growing 
vegetation. The effects of decreased density and increased 
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exposure cannot be assessed in general terms. In view of the 
empirical basis of his formula, Thornthwaite advises for any area 
where it is used that the formula be tested against reliable 
measured evapotranspiration data. Such comparisons have shown 
the formula to be satisfactory in many areas.gg/ 

4-05.16 The results of the use of the Thornthwaite 
formula with data from snow laboratories are not conclusive. 
Comparing computed evapotranspiration \vith the net precipitation 
minus runoff, results were good for UCSL. Since at WBSL the 
v~lue for precipitation was not independent of loss, agreement 
between computed and residual values was not significant. At 
CSSL, while computed potential loss agreed well with the difference 
between net precipitation and runoff, actual loss (computed using 
the assumed soil-moisture storage capacity) was considerably 
lower than this residual. This lack of agreement may be due to 
incomplete measurement of outfloWf as a result of uruneasured 
deep-percolation (see par. 4-10.08). Good results were obtained 
using the Thornthwaite method to compute evapotranspiration for 
the 438-nquare mile basin of the North Santiam River above 
Detroit (see Research Note 22). 

4-05.17 Thermodynamics of transpiration at WBSL. 
An independent evaluation of transpiration in the heavily 
forested WBSL during active snov~elt was made on the basis of 
energy-balance computations for periods of local climate (when 
advection of energy by the airmasses Vias knO\Vl1. to be negligible). 
For this case, the only external source of heat energy is solar 
radiation. The measured quantity of insolation may be balanced 
against the energy used for snowmelt, transpiration, and loss 
through the atmosphere by longwave radiation. (The energy 
required for photosynthesis is negligible, having been estimated 
to be less than 3 percent of the · en'ergy absorbed by the tree 
crowns.~~ Because the amount of snov~elt is a measured quantity 
and the amount of lonewave loss can be estimated from theoretical 
considerations, the energy required for transpiration may be 
treated as the residual in the basinwide energy imlance. Transfer 
of heat by convection from the noedle surfaces to the adjacent air 
need not be considered. Considerint; the area as a whole, it 
represents merely an intermediate process in the transfer of heat 
to the snow surface. When dealing with a snow-covered area, the 
energy balance as outlined above does not involve the negligible 
changes in the storage of heat in the ground. The energy-balance 
c08putations for the VmSL were made for a five-day clear-weather 
period in May of 1949. The residual enereY, expressed in terms 
of transpired water, represents the potential transpiration rate 
for that time of year. Details of the sturly are presented in 
Supplement to Research Note 19 and summarized below. 
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4-05.18 The diagram shown on plate 4-12 illustrates 
schematically the daily mean balance of energy exchange for the 
snow-covered area of ~mnn Creek basin, WBSL, for the period 9-13 
May 1949. The net allwave energy input of 490 lys per day was 
divided almost equally between transpiration and melta 263 lys 
per day were used directly for transpiration; 227 lys per day 
were transferred to the snowpaak by longwave radiation and 
convection, resulting in snowmelt. In addition, about 45 lys 
per day were transferred to the snowpack as a result of the 
condensation of water vapor transpired from the forest. This 
heat of condensation constituted a secondary heat supply for 
melting the snow. The net generated runoff for the period was 
1.24 inches per day, representing an energy equivalent of 244 lys 
per day (heat of fusion of snow approximately equal to 198 cal 
per inch of resultant melt). The net transpiration loss to the 
atmosphere was 0.14 inches per day, representing an energy 
equivalent of 246 lys per day (heat of vaporization of water 
approximately equal to 1520 cal per inch of water evaporated). 
The gross transpiration rate, including water vapor condensed on 
the snow surface, was 0.17 inches per day--the maximum potential 
transpiration rate for the specified conditions. The potential 
evapotranspiration rate as computed by Thornthwaite's method for 
this condition is 0.165 inches per day. From the results of an 
energy-balance analysis therefore, the potential transpiration 
rate for this time of year as computed by Thornthwaite's method, 
appears to be reasonable. 

4-06. SOIL MOISTURE 

4-06.01 General. - The soil functions as a reservoir, 
storing water when available to be used during periods when 
potential evapotranspiration exceeds current supply. Under 
average conditions the depth of water stored as soil moisture 
available for use is about four inches.12I In extreme cases, 
however, it may be less than one inch or more than 20 inches. 
Such a wide range in possible amounts makes accurate evaluation 
of the soil-moisture capacity of individual basins difficult. 
From the standpoint of computing basin soil-moisture storage 
capacity, data on soil-moisture storage and movement are 
inadequate, and empirical values of soil-moisture storage 
capacity which may be used in the actual evaluation of soil 
moisture are generally lacking. A brief review of soil and 
soil moisture is included here in order to assist in the 
interpretation of available information on soils. 
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4-06.02 Only a part of all the moisture in the soil 
is involved in the water balance: the stored soil moisture which 
can be removed by plant roots and natural evaporation. Since this 
available soil moisture is not me~sured directly, even in point 
measurements, it must be indirectly estimated. Methods by which 
this can be done are reviewed briefly in the following paragraphs. 
The terminology used is not that of the soil scientist, but that 
in most common use in hydrological studies. The discussion is a 
simplification of the complex interaction of forces controlling 
soil-moisture movement and content. Reference is made to the 
text, Applied HydrologY l2/, which contains a survey of the field 
of soil-moisture theories and a review of soil physics. Reference 
is made to other texts which discuss more specific aspects of soil 
moisture with respect to forest soils ~ l§/ and with respect to 
the hydrologic cycle • ..iJ 

4-06.03 Soil-moisture terminology. - The term soil 
is used here in its agricultural or soil-science usage: the 
surface layer of the earth, adapted by soil-forming processes to 
support plant life. Soil as thus defined is only the weathered 
top layer of the total mass of earth materials of concern in 
soil mechanics. This top layer is the zone from which stored 
water may be removed by transpiration and evaporation. Soil is 
made up of (1) a relatively inert "skeleton" of larger unweathered 
mineral particles, primarily sands and silts; (2) a physically 
and chemically active part consisting of tiny, plate-like clays, 
su~er-clays, and colloids, plus particles of humus; (3) water; 
(4) gases. In forest soils, the surface layer, consisting of 
partly decomposed vegetation (litter or duff), is usually at 
least several inches thick. The soil profile is the vertical 
section from the surface down to the unaltered parent material. 
A systematic vertical variation in texture and composition is 
typical for soils which have been subjected to seasonal 
variations in heat and water supply. Soils are commonly grouped 
into texture classes on the basis of the proportion of particles 
within specified size ranges (for example, sandy loam). The 
water storage capacity of soil is principally determined by its 
texture. This storage capacity is, however, affected by other 
factors such as the chemical activity of the soil particles, the 
shapes and arrangement of the particles, the proportion of admixed 
humus (decomposed vegetation), and the stoniness of the soil. 
Consequently, considerable variation is possible even in the 
storage capacity of soils of the same texture group. 

4-06.04 The part of the soil moisture which is in 
permanent storage, and which cannot be removed from the soil by 
plant roots or evaporation under natural conditions, is the water 
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content that exists at the permanent wilting point (commonly 
abbreviated as PWP). Although terminology varies, the terms 
wilting percentage and wilting coefficient may be assumed to 
refer to water content of the soil at which plants wilt beyond 
recovery. Although there is some variation among different 
species and for different stages of gro~h, the PWP is 
approximately the same for all plants in a given soil. Both 
plant roots and evaporation processes in the soil exert about 
the same maximum force to remove water films from soil particles; 
consequently, the PWP itself for a given soil is not affected by 
the presence or absence of plant cover.* The water content left 
in the soil at the PWP is appreciable. It ranges from less than 
one-half inch to more than two inches of water per foot depth of 
80il, increasing with increasing fineness in soil texture . The 
80il moisture in the soil at PWP is held tightly in the soil. In 
a laboratory, for example, in order to remove this remaining 
moisture, soil must be heated to a temperature above the boiling 
point of water for 24 hours. The PWP for a given soil is 
determined by growing plants under specified conditions. As a 
rough approximation, it is equal to about half the field 
capacity or moisture equivalent, discussed in the next paragraph. 
An approximate measure of PWP, used when laboratory data are 
available, is the water content when the tension in the soil 
sample is at 15 atmospheres.-1I~ 

4-06.05 The field capacity (or field moisture 
capacity) is the upper limit to the amount of water which can be 
stored in the soil. It is the' amount of water left in an initially 
saturated soil with unobstructed drainage after the downward 
movement "of soil moisture has "materially decreased." Field 
capacity thus includes the soil moisture below the PWP as well as 
the available soil moisture. Field capacity is hypothetically 
equivalent to the oapillary-moisture-holding capacity of the 8Oil, 
or to the total amount of water which can be held against the 
force of gravity under natural conditions. Actually, gravity is 
only one of the directional forces acting on water in the soil. 
The total water content of the soil is the net result of all the 
directional forces or tensions affecting soil-rooisture movement 
at a given time. Field capacity is an arbitrary measure which, 
like PWP, is widely used because it represents a useful quantity, 

* Since plant roots commonly penetrate deeper than does effective 
soil evaporation, the total quantity of soil moisture romoved 
seasonally is usually considerably larger when a plant cover is 
present. See 4-06.08. 
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notwithstanding the fact that it is not a true equilibrium point 
on the curve of moisture depletion versus tension. For the 
purposes of the water balance, it may be assumed that, after 
field capacity has been reached, there is little additional 
downward movement of soil moisture to the ground-water table. 
The time required for soil to drain to field capacity is about 
one to five days or more, being shorter for sandy soils and 
longer for fine-textured soils. Two to three days is the period 
commonly accepted for medium-textured soils.~ The amount of 
soil moisture at field capacity ranges from about one inch to 
over four inches of water per fcot depth of soil, for very coarse 
and fine-textured soils, respectively. A laboratory measure of 
water content, which is approximately equal to field capacity, is 
moisture equivalent (M.E.). It is the water content remaining 
when an initially saturated soil sample is centrifuged under 
standardized conditions. For most fine-textured soils, M.E. is 
nearly the same as field capacity; for sandy soils, it is lower. 
An approximate measure of field capacity is the amount of water 
in a soil sample when the tension in the soil is at one-third 
atmosphere; for moisture equivalent, one-half atmosphere. 

4-06.06 Values of soil moisture. - ThIpirical v8.lues 
of stora~e capacity for different soil texture classes are given 
below. (Storage capacity for available soil moisture is equal to 
the difference between field capacity and capaci ty a·~ the permanent 
wilting point.) The values given provide only rough approximations 
for any given soil. In using these values to compute basin 
soil-moisture storage capacity, it should be kept in mind that in 
many soils the texture of the surface is often very different from 
that of underlying horizons. All values are in units of inches 
of water per foot depth of soil. 
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Permanent 
Wil tine Available 

Texture Class Field Capacity Point Soil Moisture 

~ E! sf §;/ E! sf ~ E! sf 
Sand 1.2 0.3 0.9 0.5 
Fine Sand 1.4 1.6 0.4 0.8 1.0 0.8 
Sandy Loam 1.9 0.6 1.3 
Fine Sandy Loam 2.6 0.8 1.6 1-1.5 
Loam 3.2 1.2 2.0 
Sil t Loam 3.4 3.2 1.4 1.6 2.0 1.6 
Light Clay Loam 3.6 1.6 2.0 
Clay Loam 3.8 1.8 2.0 1.5-2 
Heavy Clay Loam 3.9 2.1 1.8 
Clay 3.9 4.4 2.5 2.3 1.4 2.1 

~ Mean values for texture classes from graph "Typical 
water-holdine characteristics of different-textured 
soils," USDA Yearbook of Agriculture, 1955, p. l20JJj 

E! Computed from percentage weight of moisture data for 
field capacity or moisture equivalent, Lutz and 
Chandler, p. 294;21/ specific gravity of dry soils 
from ASCE Hydrology Handbook, p. 137.~ 

sf ASCE Hydrology Handbook, p. 134 • .2:.1 

4-06.07 Soil moisture and the water balance. - The 
measure of soil moisture needed for the basin water balance is the 
us a b Ie 3torage capacity for available soil moisture. Available 
soil moisture is usually expressed in inches of water per foot 
depth of soil. To estimate the total storage capacity for 
available soil moisture, the amount per unit depth is multiplied 
by total depth of soil. The essential item for the water balance, 
however, is not the total depth of stored water but only the part 
which is within reach of plant roots and soil evaporation, as 
discussed in the next paragraph. A preliminary step is the 
estimation of total capacity. Since information on depth of soil 
is often given in qualitative terms, some commonly used 
quantitative equivalents are given below. Two groups of figures 
are given because the same qualitative terms are commonly used in 
spite of the fact that there is considerable difference in the 
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mean maximum depth of the soil for different areas. In ~eneral, 
forest soils (that is, the soils in present forest areas) are 
usually not as deep as agricultural soils. The depths given 
below for forest soils are in use among forosters;~ those for 
agricultural soils are average values for agricultural areas in 
ge,neral. Local usage may differ considerably. 

Depth of soil in inches 

Descriptive terminology 

Very shallow 
Shallow 
Moderately deep 
Deep 
Very deep 

Forest soils 

<6 
6 12 

12 - 24 
24 - 48 
>48 

Agricultural soils 

<12 
12 20 
20 - 36 
36 - 60 
>60 

4-06.08 How much of the total storage capacity will 
be used is largely determined by the depth to which plant roots 
penetrate the basin soil. Evaporation from the soil is usually 
insignificant below the top foot or two, and rarely penetrates 
further than plant roots. Available information on root depths 
is incomplete and in part contradictory. In general, water
absorbing roots are concentrated in the top two to three feet 
of the soil. Pending better information, the following values 
indicate the range in average normal root depth for major 
vegetation types: 

Vegetation type 

Coniferous trees 
Deciduous trees and 

evergreen broad-leafed trees 
Evergreen shrubs (chaparral) 
Deciduous shrubs 
Tall herbaceous vegetation 

(principally grasses) 
Low-growing herbaceous vegetation 
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Root de:pth 
(feet) 

2 - 5 

3 - 6 or 
2 6 or 
2 - 6 
2 - 5 or 

1 2 

more 
mC'i."e 

mo.~e 



Root depth may be restricted by impervious hardpans, high 
ground-water tables, or the shallow 
steep slopes in mountainous areas. 
plants in summer-dry areas commonly 
in summer-rain areas. The range of 
specific types of vegetation is, of 
values. 

soils often characteristic of 
Within the ranges suggested, 
have deeper roots than plants 
average maximum depth for 
course, larger than the above 

4-06.09 The light, porous forest litter on most 
forest soils intercepts and retains for later evaporation some of 
the precipitation which reaches the forest floor. On the other 
hand, it retards soil evaporation. Although the moisture-holding 
capacity of the litter is high in terms of its weight, the amount 
of water involved is usually small. Under average conditions of 
depth and porosity, the water-holding capacity of the litter is 
only about 0.1 inch of water. An extremely deep accumulation of 
very porous litter can hold as much as two inches of water.~ 
Litter is not considered to be a source of moisture supply to 
plant roots; where it is deep, it may be considered an additional 
component of interception loss. 

4-06.10 Measuring soil moisture. - There are two 
basic methods of measuring the quantity of water in soill 
(1) sampling methods which require soil samples for each 
laboratory analysis and (2) non-destructive methods which 
measure soil moisture at a given point by means of meters which 
remain in the soil. If a quantitative measure of the water 
content is needed, soil-moisture meters must be calibrated by 
laboratory analysis of the soil at the looation and soil depth 
where the meter unit is to be installed. Meters may, however, 
serve as indexes of soil moisture without prior establishment 
of the relation between meter readings and the actual quantity 
of water in the soil. 

4-06.11 Laboratory measurements. - The basic method 
of laboratory analysis of Boil moisture is known as the 
gravimetric mpthod. It determines the percentage weight of the 
water relative to the weight of the dried soil. Soil samples 
are weighed, oven-dried, and re~eighed. The soil-moisture 
percentage is the ratio of the decrease in weight to the weight 
of the dried soil. Because the water-holding capacity of soil 
is usually different for the various horjzons or layers within 
the solI, it is necessary to take samples at intervals throughout 
the depth of the soil. Soil~noisture percentages may be assumed 
to be in percentage by weight unless specifically stat9d otherwise. 
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4-06.12 The percentage of soil moisture by volume 
(and consequently, the derived value for inches depth of water 
per unit depth of soil) is rarely measured directly. Instead, 
data for percentage soil moisture by weight are used to compute 
volumetric measures of soil moisture. Because of the considerable 
range in density of soil, the adjustment for weight per unit 
volume adds further souroes of error. The difficulty in removing 
and moving samples without compressing the soil is the principal 
reason for this error. Since natural, uncultivated soils usually 
have a more open structure than agricultural soils of the same 
texture class (not having been subjected to compaction), a 
considerable error in true volume may result ~om compression of 
soil samples during removal and trans~ortation to the laboratory. 

4-06.13 Field measurements. - Many different types 
of instruments make measurements of soil-moisture variation 
wi thout remOving samples for each··observation.~.2J Two types 
currently in common use are·tensiometers and electrical 
resistance-type' soil-moisture meters. Electrical meters in 
common use measure the range of avail~ble soil moisture. 
Tensiometers are not relevant here because they operate in the 
limited range of moisture between field capacity and saturation 
and do not include the range of available soil moisture. The 
operating principle of .the electrical resistance-type meters 
makes use of the variation in the electrical resistance of a 
porous non-conductor with its moisture content. The greater 
the water content, the smaller the electrical resistance. The 
meters consist of two parts: (1) the sensing unit (or soil unit) 
which remains in place in the soil and consists of a porous 
non-conducting block with embedded electrodes and lead wires 
extending up through the soil surface; (2) the metering unit 
which measures the electrical resistance of the buried block. 

4-06.14 The electrical soil-moisture meters in most 
common use at present are those developed by Bouyoucos and Mick--4! 
and by Colman and Hendrix~. In the Bouyoucos meter, electrical 
resistance is observed by the null balance of a modified 
wheatstone bridge. The porous non-conductor in the basic 
Bouyoucos block is plaster of paris (gypsufu); later modifications 
of the basic unit use nylon and plaster of paris. The Colman 
meter measures resistance by means of a battery-operated alternating
current ohmmeter; dial readings are in resistance. The Colman 
meter also includes a resistance-type thermometer in the soil 
unit. Using a separate circuit, readings of resistance for the 
thermistor element are made by means of the same metering unit. 
The temperature data are used to convert measured resistance in 
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the porous block to a common temperature base. The porous 
material used in the Colman meter soil unit is fiberglass; 
it is sandwiched between monel-metal screen electrodes. 

4-06.15 The sensing elements of the electrical 
soil-moisture meters appears to be the source of most of the 
disadvantages of the instruments themselves as far as hydrologic 
application is concerned. The size of the element must not be 
so large that there is an excessive time lag between the moisture 
changes in the surrounding soil and in the porous material 
between the electrodes. On the other hand, it must not be too 
small to naintain satiofactory contact with the soil throughout 
the random slight movements due to shrinkage from drying, etc., 
which occur seasonally. The porous material itself must be 
durable and should have an adequate range in resistance (or 
other electrical property)" for the range in moisture content 
encountered in the soil. Although the material must not be so 
chemically active that it disintegrates in the soil, it must 
have sufficient "buffer effect" to insure that an accumulation 
of dissolved salts from percolating soil water will not 
significantly affect the electrical resistance between the 
electrodes. 

4-06.16 A dozen different soil units were tested 
under field conditions at CSSL. Descriptions of the soil units 
used and results of the testing are presented in "A review of 
soil moisture measuring methods and apparatus" by Gerdel in 
1liscellaneous Report 2. The testing program vms undertaken after 
it was found that some of the plaster-of-paris Bouyoucos blocks in 
use at CSSL had disintegrated after less than one year in the soil. 
Resistance readinGS frora the Colman meter (1947 model) were 
occasionally erratic, when compared vnth both the Bouyoucos-block 
readings and the hydrological conditions. These errors were 
attributed to the lack of buffer effect in the chemically inert 
materials of the Colman units and to unsatisfactory contact 
between the soil and porous material of the block when soil 
shrinkage occurred. The Bouyoucos-block units gave readinGS 
which appeared more satisfactory; however, some of the blocks 
disintegrated in less than six raonths. The other experimental 
units, none of which are commercially ava.ilable, had various 
disqualifying disadvantages. Subsequently a.lterations and 
improvements have been made in both the Bouyoucos blocks and 
Colman meters. In 1949, Colman meters were installed at nino 
stations at UCSL by the U. S. Forest Service as part of a 
forest-effects research program. On the basis of preliminary 
analysis, the data from these meters appeared to agree with 
concurrent hydrolo{Sical conditions. The less satisfactory 

114 



per~ormance o~ the Colman meters at CSSL may be due to the more 
alkaline soils and to the use o~ the earlier model o~ the meter. 
In summary, the experience at the snow laboratories with electrical 
soil-moisture meters indicated that none o~ the meters used could 
be recommended for field use with reservations. 

4-06.17 Calibration o~ soil-moisture meters. -
Electrical soil-moisture meters must be field calibrated to 
relate meter readings to concurrent soil-moisture content for 
each soil-sampling site and each level of measurement at each 
site. Calibration consists of removing separate soil samples 
from the area adjacent to the meter and making laboratory 
determinations o~ the percentage moisture content by weight 
(gravimetric analysis). Samples o~ soil and concurrent 
resistance readings are taken throughout the cycle of saturation 
and drying. To define the relation between the electrical 
resistance of the porous block and the soil-moisture content o~ 
the soil, soil scientists recommend taking at least 20 sets o~ 
moasurements.~ The ~ield moisture cycle cannot be 
satis~actorily duplicated by saturating and drying a soil 
sample in the laboratory. The magnitude o~ errors resulting 
from improper calibration procedures is discussed by Remson 
and Fox.Ei 

4-06.18 Point-to-point variation in soil moisture 
makes it difficult to determine true basin 'soil moisture ~rom 
actual measurements. Though point measurements may be accurately 
made, too few samples or a poor sampling plan may result in . 
biased results. The signi~icance o~ this source of error is 
proportional to the importance o~ soil moisture in the water 
balance as a whole. The areal variation referred to is for the 
same soil type, at the same depth in the profile. Even larger 
variation is possible between dif~erent soil types in the same 
area. In general, areal variation in moisture content is 
greater in uncultivated soils, particularly in mountainous areas, 
than in cultivated soils. Recent studies o~ areal-sampling 
methods and results are summarized in "Soil moisture measurements."~ 
The topography and environment of soil-moisture measurement sites, 
as those o~ snow courses and sround-vrater wells, have a strong 
influence on the measured soil-moisture amounts. To mention a 
single determinant, the effect of slope on soil moisture is 
discussed by van't Woudt.~ 

4-06.19 Computation of soil moisture. - For areas 
where measured values are not available, the amount o~ available 
soil moisture at a given time may be computed from 
hydrometeorologic data. In a method presented by Mather, 
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computations are made on a daily basis using the procedures from 
Thornthwaite's method of computing monthly amounts of "actual" 
evapotranspiration by the water-balance bookkeeping method 
discussed in 4-05.11.gg} The data required are daily 
precipitation and air temperature and the estimated quantity 
of usable storage capacity for available soil moisture. 
Beginning at a time when the amount of stored water in the soil 
is known--convenientlYt either a maximum (field capacity) or a 
minimum (wilting point) value is used--, the quantity of soil 
moisture in the soil is computed by maintaining a daily budget 
of all additions (precipitation and snowmelt) and withdrawals 
(evapotranspiration). Published data show good agreement between 
computed and measured quantities of soil mOisture.gg}l2I In a 
method presented by Snyder,J!j the changes in storage of 
available soil moisture are computed as part of a procedure for 
computing daily runoff and its component surface and ground-water 
flow. Procedures are presented for analyzing streamflow and 
precipitation data in order to establish empirically the 
relationship between the ground-water component of flow and the 
initial loss to runoff attributable to soil-moistuxe deficiency. 
Together with an empirical formula for estimating evapotranspira
tion, this relationship is used in a method for computing daily 
runoff. Good agreement was shown between computed and observed 
amounts of runoff. 

4-07 • GROUND-WA TER STORAGE AND RUNOFF 

4-07.01 General. - From the hydrologic viewpoint, 
runoff may be considered the last phase of the hydrologic cycle 
and the end product of all that precedes it. Similarly, it is 
considered the dependent variable in mathematical expressions of 
the water balance. Runoff measurements are usually regarded as 
the most accurate of any variable in the water balance. This is 
because the measurement of runoff, unlike measurements of other 
variables which sample only points within an area, effectively 
integrates the entire area from which the measured flow 
originates. Even so, the measurement of runoff entails 
uncertainties in the water balance. These result from errors 
in the measurement of the runoff itself particularly during 
periods of ice effects, and from corrections for recession flow. 

4-07.02 Deep percolation. - Knowledge of inflow into 
a basin or outflow from a basin through underground channels is~ 
of course, vital to the determination of a water balance. The 
possibility of ground-water loss or gain should be given early 
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consideration. Although there is no presently available means of 
directly evaluating deep percolation, water-balance studies for 
some areas indicate that a considerable quantity of water may 
pass from the basin through underground channels and emerge at 
some distance from the basin. On the other hand, in many 
mountainous regions, the basins appear to be relatively impervious, 
which is the case a~ UCSL and \VBSL. There is some question as to 
ground-water outflow at CSSL •. In general, it is believed that 
loss by deep percolation is small for most areas in the mountains 
of western United States. However, in some areas exceptions 
occur which completely invalidate water-balance oomputations for 
these areas. 

4-07.03 Streamflow measurement. - Factors affecting 
streamflow measurements are well known and reference is made to 
books on hy~ography for description of techniques used in 
determining streamflow in open channels. Specific reference is 
made to publications of the U. S. Geological Survey -21 for 
details pertinent to establishment and operation of stream gages, 
and for compilation of basic streamflow data. In areas of snow 
accl~ulation, the quality of the discharge record may be 
adversely affected by the effects of ice in the channel and the 
gage installation. Special precautions must be taken in order 
to insure record of acceptable accuracy for these areas. All 
regularly established gaging stations operated by the Geological 
Survey are rated as to probable accuracy of measurement, for 
periods of both high and law flows. 

4-07.04 Storage effect on streamflow. - Delay to 
runoff due to ground and channel storage is a basic hydrologic 
phenomenon. For the purpose of this report, ground-water storage 
is defined as the temporary storage of water in the ground, 
consisting of both the water under hydrostatic pressure and the 
water in transit through the soil under natural drainage. Direct 
evaluation of ground-water storage through the use of well records 
is impractical in mountainous areas because of the wide variability 
of conditions on a drainage basin. Streamflow-recession analysis 
provides an indirect means of evaluating both channel and ground
water storage. As previously mentioned, genaratsd runoff is 
computed by adding t~e change in ground and channel storage to 
the observed runoff. Assuming that all inflow to a basin is 
suddenly stopped, all outflow subsequently passing the gaging 
station would result from depletion of ground and channel storage. 
A measure of this recession flow is therefore a measure of ground 
and channel storage. Thus, for any given period, the generated 
runoff may be obtained by adding to observed runoff the terminal 
recession flow volume and subtracting"the antecedent recession 
flow volume. 
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4-07.05 Recession analysis. - Each of the several 
components of ground-water and channel stora~e has a recession 
flow that is essentially a decay-type curve tthat is, a curve 
that recedes in a manner such that the incremental change in 
rate of flow is directly proportional to the rate of flow). Such 
curves may be defined by an equation of the form, 

t 
q = q C o r 

where ~ is the flow at time t after the initial flow q , and C o r 
is the recession constant (ratio of the flow on any day to the
previous days flow). The recession constant must be evaluated 
in the same time units used for t. Decay curves for the recession 
flow components can also be expressed by an equation of the form. 

-tit 
q = q e s 

o 

where e is the base of Naperian logarithms, and t is the recession 
s 

constant known as the "time of storage." In equation 4-15, when 
t equals t , q/ql = lie (=0.368); hence t may be defined as the 
- s s 
time required for the flow component to recede to 0.368 of its 
initial value. Moreover, the slope of the recession curve, dq/dt, 
at time zero equals -q It ; hence t may also be defined as the o s s 
time required for 
reach zero flow. 
4-14) is given by 

t 
s 

a tangent to the decay curve at any point to 
The relationship between t and C (of equation 
the equation, ...!t r 

-1 
log C e r 

The time-of-storage concept is a very useful one in several 
aspects of hydrology, notably storage routing. It is further 
considered in a discussion by Snyder.~ Integration of 
equations 4-14 and 4-15 gives, 

and, 

S = -q I(log C ) o e r 

S = q t 
o s 

where S is the volume of the recession flow component. 
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4-01.06 The total recession flow for any drainage 
area can be represented as the sum of two or more decay-type 
curves as given above. Nominally, one such flow component may 
represent ground-water discharge, another interflow, and a 
third, surface or channel runoff. These components can be 
derived by plotting, on semi-logarithmic paper, the observed 
recession flow of a basin. Since the equations of the recession 
components plot as straight lines on semi-logarithmic paper, a 
tangent to the tail of the rocession curve can be drawn, extending 
back under the observed curve. This tangent represents the 
ground-water (or most sluggish) flow component. Differences 
between the observed curve and the ground-water curve can then 
be read off and plotted on the same sheet of paper and another 
tangent drawn to the tail of this recession. This process is 
continued until the residual may be fitted by a single straight 
line. Usually two or three such lines are sufficient to define 
the observed recession curve. An analysis of this kind is 
especially useful in the analytical determination of the volume 
of water discharged by the recession flow. The volumes of the 
individual recession components can be determined using equations 
4-11 and 4-18 and the total recession volume as the combined sum. 

4-01.01 An alternative method of describing a 
recession curve is by using variable recession constants in 
equations 4-14 and 4-15. The derivation of the values may be 
done empirically for each stream during periods of no inflow. 
Recession curves and curves showing the variation of t with 

s 
discharge for each laboratory basin ~re shown in chapter 2. 
These curves were determined by plotting flows on semi-logarithmic 
gra~h paper, during times of no inflow, for all available ranges 
of flows. From these plottings, a single recession curve was 
derived, utilizing near-maximum slopes for each range in flow. 
Variations due to unusual storm conditions were ignored. The 
recession curves so derived represent average conditions over 
the basin. While some seasonal differences occur, these 
differences are small. 

4-01.08 The use of a single rocession curve for all 
conditions of flow appears to be adequate for the laboratory 
areas. Since it combines the components of surfaoe flow, 
interflow, and ground-water flaw, it is basically assumed that 
each component contributes its proportional part to a given 
flow. When attaching recession curves to hydrographs, care must 
be exercised to assure that the point of attachment represents 
the true streamflow recession. For large areas, it may be 
necessary to separate ground flow recession from surface flow, 
depending upon the character and relative magnitude of ground
water flow. 
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4-07.09 The following equation was used go obtain 
generated monthly runoff (Q ) from observed monthly runoff 
volumes: gen 

Q -Q+Q -0 gen - rt ~i (4-19 ) 

where Q is the observed monthly runoff, ~t is the terminal 

recession volume, and Q . is the initial recession volume, all 
....!:!.. 

expressed in inches over the basin area. In order to facilitate 
these computations, volume-vs-flow curves were derived for 
relating the romaining runoff volume beneath the recession curve 
to the flow at the beginning time. This was done by incrementally 
summing the areas beneath the empirically-derived recession 
curves to the lowest value of the reoession encountered in the 
analysis. Thus, the curves do not represent the total volume to 
zero flow. 

4-08. WATER BALANCES FOR SNOW LABORATORIES 

4-08.01 The three snow laboratories were situated 
in areas which represent three different climatio types found 
in the mountainous areas of the western United States. (These 
climates are described in detail in chapter 2.) In this 
chapter, water balances are derived for the years of record of 
each of the three laboratories to further illustrate the climatic 
differences between areas and to give firm examples of the different 
amounts and disposition of the precipitation that occurs in each 
area. Those differences are summarized in the following table 
which gives the annual values of the water-balance components 
for each of the laboratories for its period of operation, in inches 
depth over the drainage basin. 
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Total Net 
Labora.tory precipitation preoi'P1ta.tion Loes· 

. 
Runoff 

(water year) Rain I Snow I Total Rain ISnow [Total 

UCSL 
1946-47 21.1 39.0 60.1 17.8 30.8 48.6 13.6 35.0 
1947-48 22.2 35.2 57.4 19.1 28.1 47~2 13.7 33.5 
1948-49 10.8 32.6 43.4 7.9 25.5 33.4 11.7 21. 7 
1949-50 22.2 45.4 ·67.6 18.9 36.2 -55.1 14.0 41.1 

Mean 19.1 38.1 57 ."2 15.9 30.2 46.1 13.2 '32.9 
", 

CSSL 
1946-47 12.9 41.8 54.7 12.3 ' 37.1 49.4 17.2 32.2 
1947-48 14.9 57.4 72.3 14.1 50.1 64.2 18.9 45.3 
1948-49 10.2 47.5 57'.7 9.1 42.5 51.6 18.1 33.5 
1949:""50 9.4 68.5 77 .9 9.0 61.2 70.2 15.0 55.2 
1950-51 37.2 55.4 92.6 35.2 48.9 84.1 14.8 69.3 

Mean 16.9 54.1 71.0 15.9 47.9 63.8 16.8 47.0 

WESL 
1947-48 69.5 58.2 127.7 58.7 

. 
51.0 109.7 18.1* 92.6 

1948-49 43.4 72.2 115.6 34.6 63.4 98.0 15.7 82.3 
1949-50 56.4 77.5 133.9 46.7 68.2 114.9 17.7 97.2 
1950-51 66.4 68.4 134.8 56.9 60.1 117.0 14.3 102.7 

Mean 58.9 69.1 128.0 49.2 60.7 109.9 16.4 93.7 

* Includes one inch from soil-moisture storage carried over 
from previous year. 

The d~tai1ed m0r~L1y data for the several years from which this 
summary was made are given in tables 4-2, 4-3, and 4-4 for UCSL, 
CSSL, and WESL, respectively. Graphical presentation of these 
data is made on plates 4-3 and 4-4 for UCSL, 4-6 through 4-8 for 
CSSL, and 4-9 and 4-10 for WBS.L. Mean monthly precipita:tion, 
snowpack, and runoff data for the period of laboratory record are 
summarized in plate 2-10, together with temperature and radiation 
da.ta for the three laboratories. 

4-08.02 The water balances are not all for the same 
period of record and for this reason they ~re not strictly 
comparable. There were also sane differences in the methods 
employed in computinG the balances for the three laboratories. 

121 



In general, each of the components of the water balance was 
computed separately. Adjustments to these computed values 
were then made, considering the water balance as a whole, to 
arrive at the adopted values of the components. Details of the 
methods employed are presented in the sections which follow. 

4-09. WATER BALANCE FOR UCSL 

4-09.01 General. - The records for Skyland Creek, 
UCSL, are used for deriving a water balance representing conditions 
in headwater areas in the upper Columbia River basin. Skyland 
Creek basin alone was used, rather than the combined Bear and 
Skyland Creek area, because of the generally better instrumentation 
and, consequently, the better definition of hydrologic variables 
in the Skyland Creek area. Monthly mean values of each component 
in the water balance Vlere computed for the four water years 
1946-47 through 1949-50. Since each component has inhorent errors 
in measurement as well as errors resulting from computation of 
basin amounts from point measurements, adjustments must be made 
in the computed values in order to arrive at the most logical 
balance of all components, considering the water balance as a 
whole. Computations of individual water-balance components were 
performed insofar as practical by the procedures outlined in the 
previous sections of this chapter. There were, however, some 
problems peculiar to Skyland Creek basin which made some 
modifications necessary. The following paragraphs describe the 
methods and specific details of computation of each component of 
the water balance at Skyland Creek, UCSL. The results are given 
in table 4-2. 

4-09.02 Basin precipitation. - Basin precipitation 
was computed by the isopercentual method described in chapter 3. 
Normally, all precipitatjon ,stations in and adjacent to a basin 
would be used for co~puting basin values. However, because wind 
records were used for making adjustments for gage-catch defiCiency, 
only those stations having anemometers were used in the computation. 
Stations having wind records selected for use are l-B, 10, 12, 18, 
20, and 24; the locations of these sta"Gions are shown in figure 1 
of plate 4-1. 

4-09.03 Double-mass-curve analysis. - Double-mass 
curves of precipitation at station l-B versus precipitation at 
each outlying station were plotted to check the reliability of 
the records at the outlying stations. Records at station l-B 

122 



are considered highly reliable because the station was regularly 
attended. On the other hend, outlying stations were attended at 
infrequent intervals and therefore their records were more subject 
to errors such as those resulting from gage malfunction or capping 
of the orifice. It was found that the month-to-rnonth relation 
between station l-B and the outlying stations was generally 
consistent and that there were no significant gage deficiencies 
which might be attributed to capping or gage malfunction. 

4-09.04 Gage-catch-deficiency corrections. - The 
adjustments made for wind effect on gage catch vlere based largely 
on the degree of exposure of the precipitation gage to vnnd. Wind 
records at the outlying stations showed only the total miles of 
wind travel during the intervals between observations; consequently, 
it was necessary to use the daily records at headquarters to obtain 
mean monthly speeds at the outlying stations. From the studies 
on gage-catch deficiencies mentioned in section 3-05, a chart 
was prepared (fig. 4, pl. 4-2) showing turbulence correction 
factors for gage-catch deficiencies at various wind speeds and 
for various mean monthly temperatures at UCSL. Studies for 
UCSL have indicated that precipitation is almost entirely in the 
form of snow if the mean monthly temperature is 25°F or less, 
and that precipitation is largely in the form of rain if the 
mean monthly temperature is 400 F or greater. Therefore, the 
gage-catch deficiency for snowfa~l is indicated by the line for 
a mean monthly temperature of 25 F on figure 4. This 
relationship between windspeed and gage-catch deficiency for 
snow was established from obs8rvations reported on in Research 
Note 21. The line labeled 40 F represents deficiencies for 
precipitation in the form of rain; it was derived from a study 
by Wilson.12! Lines regresenting gage-catch deficiencies for 
temperatures between 25 F and 40 F (that is, for various 
proportions of rain and snow) were drawn by linear interpolation. 

4-09.05 Precipitation distribution. - An isohyetal 
map of mean annual precipitation for the four-year record was 
drawn for the basin, using the procedure described in chapter 3. 
The mean annual isohyetal pattern, together with station values, 
is shown in figure 4, plate 4-1. The isopercentual method vms 
mlOd to obtain annual basin precipi ta tion for each of the years 
of study. The isopercentual maps which illustrate the year-to
year variations in precipitation pattern, are shovm in figures 2, 
3, 5, and 6 of plate 4-1. Having derived annual amounts of basin 
precipitation for each year of study, the monthly amounts of 
basin precipitation used in the water balance were computed by 
multiplying the 6-station average precipitation for oach month 
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by the ratio of the basin annual to the 6-station average annual 
amount. Basin snowfall and rainfall are also computed by the 
above relationship, using the monthly station amounts previously 
determined. 

4-09.06 Snowpack water equivalent. - Basin snowpack 
water equivalent was computed by using the snow chart described 
in paragraph 3-08.04 and illustrated in figure 1 of plate 4-2. 
Where actual measurements were lacking, it was necessary to make 
estimates of end-of-month water equivalent. Daily snow stake 
readings and temperatures at station I-B were used as aids in 
determining end-of-month values. A ohart was prepared for each 
month, December through June, using stations l-C, 10, 12, 18, and 
20. These snow-course stations were selected on the basis of 
adequate records, general reliability of measurements, and 
location of adjacent precipitation gages. A preliminary line of 
best fit through the points was drawn on eaoh chart. After 
careful study of the relationship of the individual points to 
the line, a fixed average relationship was established and the 
lines were redrawn acoordingly. Since the snow courses are 
located in open areas, the average amount of snow on the courses 
exceeds the basin snowpack by the amount of the interception loss. 
In accordance with the snowfall interception loss of 20 percent 
established for this basin (see next paragraph), the preliminary 
basin snowpack water equivalent determined from the chart is 
multiplied by a factor of 0.80 to obtain corrected basin snowpack 
water equivalent. A sample computation of the basin snowpack 
water equivalent is shown in figure 1 plate 4-2. 

4-09.07 Interception loss. - Approximately 90 peroent 
of the Skyland Creek drainage area io forested; within this 
forested area, the canopy density is about 80 percent; the basin 
mean canopy cover is thus about 72 percent. For amounts of snow 
normally occurring in the Skyland Creek basin, accumulation of 
snow is approximately 30 percent less under the tree crowns than 
in the open (par. 4-03.15 and fig. 6, plate 4-11). The net 
snowfall interception loss over the basin is thus computed to be 
21.6 percent (72 percent x 30 percent). A rounded value of 
20 percent was adopted as the interception loss for snowfall. 
Interception of rainfall ~~s determined on the basis of data 
quoted by Kittredge,l§j (from Munns' "Studies of Forest Influences 
in California") which are summarized in the following tabulations 
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Rain per 
Percentage interception 

shower, At base Under heavy Under light Under edge 
inches of tree crown crown of crown 

0.01 100 100 100 81 
0.06-0.10 94 84 68 48 
0.11-0.30 74 48 27 5 
0.51-1. 00 53 33 16 4 

Figures showing interception "under light crown" were used to 
compute interception losses. To facilitate computation, a number 
of months representing the complete range of monthly rainfall 
amounts were analyzed (by individual storms) to determine the 
expectable interception loes for given monthly rainfall totals. 
Results are shown in graphical form in figure 2, plate 4-2. 
Relationships of monthly rainfall and interception loeB as ~hown 
by the graph were then used to obtain monthly amounts of 
interception loss of rainfall for the 4-year period of study. 

4-09.08 Evapotranspiration. - Evapotranspiration 
loasee were computed by the method developed by Thornthwaite 
(described in section 4-05). Although this method appeared to 
be the best of the various methods tested, one of the basic 
assumptions adopted in the method for computing actual 
evapotranspiration does not appear applicable to this area, 
namely the assumption of even distribution throughout the month 
for both precipitation and potential evapotranspiration demand. 
Accordingly, the computed values were modified to reduce the 
loss during summer months such that 108S would not exceed the 
difference between available water and measured runoff. 

4-09.09 Soil moisture. - As indioated in section 4-06, 
the quantitative evaluation of soil moisture is diffioult. 
Observations of soil moisture under the snowpaok were made at 
UCSL by use of Bouyoucoa blocks and the Colman meter, both of 
whioh are electric resistanoe-type soil-moisture sensing devices. 
However, the data were not considered reliable enough to be used 
in the water balance. Therefore, indirect determinations of 
ohange in 80il moisture were made on the basia of assumed capacity 
of the soil to hold moisture. A maximum value of four inohes was 
adopted in accordance with that used by Thorntbwaite, after 
ohecking its applicability to ueSL by computations based on data 
from other souroes. Having established a maximum value for 
available water, the amount for any given month is calculated in the 
process of computing aotua1 evapotranspiration losses by Tborn
thwaite'a method. 
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4-09.10 Computed runoff. - From independent 
computations of snowpack water equivalent, ~recipitation, and 
losses, the water balance equation (eq. 4-2) was used to obtain 
computed values of generated rtmoff. Final values of computed 
generated runoff are entered in table 4-2. 

4-09.11 Observed runoff. - Since stream-gage records 
are considered to be one of the most reliable quantitative 
measures in the water balance, they may be used as a check on the 
evaluations of the other components as integrated in the computed 
generated runoff. As previously pointed out, observed runoff 
measurements must be corrected for initial and terminal recessions 
for use in water balance. Figure 3 of plate 4-2 includes a curve 
for Skyland Creek basin relating the volume of recession flow to 
the observed discharge in cfa, based on the average recession 
curve for this area. Volumes are given for flows above an 
arbitrary base of 2.0 cfs. Generated runoff values computed from 
observed runoff values (i.e., observed runoff corrected for 
recession flow) are shown in table 4-2 for comparison with those 
computed by the water balance method. It will be noted that 
computed values are not entirely in agreement with observed 
generated runoff, particularly during the winter months of 
1946-47 and spring months of 1950. A comparison of the ratios 
of monthly runoff values for Skyland Creek to those for other 
streams in the vicinity indicates that the observed Skyland 
Creek flow was too low during the winter months of 1946-47. 
Further substantiation of the low flow is obtained by comparing 
the 1946-47 flow .nth that of the following winter, when more 
runoff occurred even though meteorologic conditions were less 
conducive to high winter runoff. Similarly, a comparison of 
runoff from Skyland Creek with runoff from adjac~nt drainages 
for the spring months of 1950 shows a marked dissimilarity in 
runoff distribution, suggesting either an abnormal distribution 
of runoff for Skyland Creek in that period or the possibility 
of errOr in the observed runoff values. 

4-09.12 Adopted values of water-balanoe components. 
Because of the lack of agreement between observed and computed 
runoff values, other values were adopted where necessary, 
considering the water balance as a whole, to give more logical 
values of the various components. Changes were confined to the 
months when computed runoff failed to agree with observed runoff. 
In such cases a study was made of the hydrometeorological 
conditions during the month in question, in order to determine 
which components were incorrect. The computed values are based 
on procedures that will produce the best over-all results; these 
procedures will not necessarily give oorrect values for periods 
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with unusual conditions. In a few instances a study of existing 
conditions failed to identify the incorrectly evaluated component, 
and in such cases the figures were arbitrarily changed to effect 
a proper balance. The outstanding examples of arbitrarily 
adopted values are those for the spring months of 1950. Although 
there were indications that the values for observed runoff were 
incorrect, an examination of the original hydrograph revealed no 
reason for changing the observed runoff values. Similarly, a 
recomputation of the snowpack water equivalent values during the 
melt season gave no indication that they were grossly in error. 
Accordingly, the adopted values of snowpack water equivalent and 
runoff were a compromise between the computed snowpack water 
equivalent and the observed runoff. Adopted values of all 
components of the water balance are shown beside the computed 
values in table 4-2, to permit comparison of the computed and 
adopted values. The adopted monthly water-balance components 
are shown in graphical form for each water year, 1946-47 through 
1949-50 , on plates 4-3 and 4-4. 

4-10. WATER BALANCE FOR CSSL 

4-10.01 General. - Although the methods used in 
computing the components of the water balance for CSSL are 
generally the same as those previously discussed for UCSL, the 
details of the methods differ somewhat due to the different 
nature of the area and of the data. Some of the components of 
the water balance were evaluated by methods suited to the hydro
meteorological conditions occurring at the time rather than by the 
more general methods described in sections 4-01 through 4-07. 
The evaluations of the various components of the water balance 
are considered reliable, being based on an exhaustive study of 
the basic data and pertinent field notes. The water years 
1945-46 through 1950-51 were selected for study, covering the 
entire period for which adequate data were available. The 
procedures used in evaluating the water-balance components are 
discussed in subsequent paragraphs under appropriate headings. 
Some of the columns corresponding to the columns in table 4-2 
for UCSL and table 4-4 for WBSL are omitted in table 4-3 for 
CSSL. 

4-10.02 Basin precipitation. - Basin precipitation 
was computed by the method used for UCSL, as described in 
section 4-02, with minor deviations resulting from differences 
in basic data. 1Urbulence correction factors, based on monthly 
mean temperature and vnnd speed, were applied from relationships 
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shown in figure 9 of plate 4-5 and summarized here. For periods 
.without melt or rainfall, the amount of precipitation at each 
station was compared with the increase in snowpack water 
equivalent at the adjacent snow course. If the two quantities 
were found to be in agreement, the precipitation data were 
considered correct and no further adjustment in station 
precipitation was made. Using the isopercentual method, as in 
the UCSL study, basin precipitation was computed for each month. 
The mean annual isohyetal pattern and isopercentual patterns for 
each year of the study are shown on plate 4-5, together with the 
turbulence correction-factor chart and the basin map. 

4-10.03 Basin snowfall. - The separation of total 
precipitation into rain and snow was accomplished on a day-to-day 
basis, using snowboard and precipitation data for the headquarters 
station. In most cases the separation was clear. In marginal 
cases where observations of form of precipitation were lacking, 
the evaluation was made on the basis of air temperature, as 
previously discussed in section 3-02. 

4-10.04 Snowpack water equivalent. - Water equivalent 
values used in the monthly water-balance computations were based 
on snow-survey data at 22 snow courses. The following data were 
used as aids in determining the end-of-month values of snowpack 
water equivalent at each courses precipitation, temperature, 
daily snow-stake readings at headquarters, and daily readings of 
the radioisotope snow gage. The snow chart was not used in 
computing the basin water equivalent for CSSL. Since about 80 
percent of the basin area is within an elevation range of 800 feet, 
it is apparent that the effects of elevation upon the distribution 
of snow are minor and are overshadowed by the effects of other 
terrain features. Because the elevation range was too small to 
show an unequivocal increase in water equivalent with elevation, 
and because the areal density of snow courses vms high, the basin 
snowpack water equivalent was based on the mean of the water 
equivalent depths at all the snow courses. This basic value was 
adjusted as follows. A comparison of snow-course sites with the 
basin's average topography and vegetation cover indicated that a 
10-percent reduction in the value of mean snow-course water 
equivalent would approximate the basin snowpack water equivalent 
during the accumulation season (see following paragraph). During 
the depletion season, the rate of melt on the snow courses is 
about 10 percent greater than on the basin as a whole because of 
the predominance of southerly exposures and open sites at the 
snow courses. Adjustments to the end-of-month values during the 
depletion season consisted of determining the monthly ablation of 
water equivalent from the average of the ,snow courses, reducing 
the ablation by 10 percent and recomputing the end-of-month values 
on the basis of the adjusted ablation amounts. 
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4-10.05 Interception lose. -Interception losses 
were computed separately for rainfall and snowfall. The method 
used for the UCSL vmter balance, described in paragraph 4-09.07, 
was also used for this laboratory. The forested area of CSSL 
covers 40 percent of the total basin area. Since the mean canopy 
density within the forested area is about 50 percent, the basin 
canopy cover is about 20 percent. Rainfall interception was 
computed in a manner similar to that for UCSL and is illustrated 
in figure 8 of plate 4-5. Snowfall interception was determined 
largely from snow-course data from CSSL. A comparison was made 
between water-equivalent data from snow-course sample points 
located under forest canopy and data from points located in the 
open. The results of the comparison indicated that the basin 
forest cover intercepts about 10 percent of the snowfall. 

4-10.06 Evapotranspiration. - Computations of 
evapotranspiration loss for CSSL by Thornthwaite's method 
(section 4-05) resulted in values which were considerably 
smaller than the difference between net precipitation and 
runoff. For the fivo-year period as a whole, the mean annual 
evapotranspiration, computed as the difference between net basin 
precipitation and runoff, was approximately 17 inches. Computed 
by Thornthwaite's method, the mean annual potential evapotranspi
ration was 18 inches; but the mean "actual" evapotranspiration 
was only 10 inches. The climatological regime at CSSL probably 
results in actual losses greater than those computed by 
Thornthwaite's method because of the carryover of ~ater storod 
in the snov~ack to the spring and early summer when rainfall is 
less than the potential demand, and because of the opportunity 
for loss by evaporation from the snow surface in winter. 
Estimated monthly values of adopted evapotranspiration are shown 
in table 4-3 along with values of potential evapotranspiration 
according to Thornthwaite's method. 

4-10.07 Soil moisture. - On the basis of the other 
components of the water balance, it io estimated that the storage 
capaci ty for avai12,ble soil moisture amounts to about six inches 
over the CSSL basin. This value seems high by comparison to the 
four-inch value normally adopted for areas having deeper soil 
mantles. A part of the assiened value of six inches may be due 
to ground-vreter recharge. Castle Croek normally becomes dry 
early in the summer and ground-\"reter levels continue to drop 
after than time. As a result, streamflow recession analysis 
does not pro:perly account for the resulting ground-water deficit 
early in the fall. Inspection of ,c:;round-water and precipitation 
data shows that about two inches of rainfall are required to 
raise ground-water levels sufficiently to produce runoff • 
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Although one of the criteria in the selection of the laboratory 
area was the absence of losses by deep percolation, the 
possibility of such losses cannot be ignored. 

4-10.08 Analyses of ground-water well data have 
shown that a considerable amount of water is depleted from the 
meadows of the laboratory area after the cessation of surface 
flow at the stream-gaging station below the meadows. 
Furthermore, as noted by field observations, a number of springs 
above the meadows furnish an additional supply of water, which, 
together with that contained in the water table, is lost by 
either evapotranspiration or deep percolation after the cessation 
of flow at the stream gage. Although the total volume of the 
supply is unknown, it may be greater than that which could 
potentially be lost by evapotranspiration, in which case the 
excess loss could be accounted for only by deep percolation. 
With presently available data, the losses of water on the CSSL area 
cannot be fully accounted for, and the losses attributed to 
evapotranspiration in the adopted water balance may be assumed to 
include possible loss by deep percolation. Under such circum
stances the six-inch value assigned for available soil-moisture 
supply would be designated as available soil-moisture supply 
plus loss by deep percolation. 

4-10.09 Observed runoff. - As for most basins, runoff 
from the CSSL is considered to be one of the most accurately 
measured components of the vmter balance. Except for the possi
bility of deep percolation, the only source of cumulative error 
in streamflow measurement on this area is leakage from the flume, 
a structure established to provide proper channel control. 
Periodic field checks of the structure indicated that about two 
percent of the total flow may have been unmeasured as a result 
of flume leakage. Generated runoff was computed from the 
observed runoff, using the method described in section 4-07, 
then multiplying the resulting values by a factor of 1.02 to 
compensate for the estimated flume leakage. 

4-10.10 The water balance. - The water balance 
derived for CSSL comprises both computed and adopted values of 
the several components, as for UCSL. However, except for the 
values of precipitation, runoff, and snowpack water equivalent, 
the computed and adopted values are the same. The above cited 
components incorporated all the adjustments needed in order to 
arrive at a proper balance between all components for the basin 
as a whole. The interception losses determined from preliminary 
evaluations of rainfall and snowfall were accepted as the adopted 
amounts without further corrections, even though the proportions 
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of rainfall and snowfall were revised slightly in making the 
final water-balance adjustments. The tabulated values of 
interception loss of snowfall thus vary somewhat from the 
10 percent of total snowfall value previously established. The 
total annual loss by evapotranspiration was obtained by 
subtracting the computed generated runoff from net precipitation. 
The annual evapotranspiration amount is prorated by months, on 
the basis of monthly amounts of potential evapotranspiration, 
precipitation, and available soil-moisture. In addition, some 
evapotranspiration was assigned to the wintl3r period, the amount 
depending upon meteorological conditions. 

4-10.11 In order to complete the basin water balance, 
monthly values of net rainfall, net snowfall, melt, and change in 
water equivalent, must be determined. An over-all balance with 
the other components of the water balance must be made. Melt was 
computed by subtracting the net rainfall from the sum of the 
generated runoff, change in soil-moisture, and evapotranspiration 
loss. The melt may also be determined independently by 
algebraically subtracting the change in vmter equivalent from the 
net snowfall. The evaluation of melt, then, is dependent mainly 
upon the accuracy of separation of net precipitation into rainfall 
and snowfall. Final adjustments were made in the amounts of melt, 
net rainfall, and net snowfall, to achieve a balance between all 
the faotors involved. The resulting adopted values are given 
in table 4-3. Adopted values of generated runoff are shovm in 
column 16a of the same table. Graphical plots of adopted monthly 
values of each component of the water balance are shovm on 
plates 4-6 through 4-8. 

4-11. WATER BALANCE FOR WESL 

4-11.01 General. - The water balance for the WESL was 
made for the basin as a whole; that is, for the entire ,drainage of 
the Blue River above station 14. It thus includes both the Mann 
and Wolf Creek drainages as well as the contributing area below 
the confluence of these creeks. Hydrometeorologically, this area 
differs in several important respects from UCSL and CSSL: a 
considerable part of the winter precipitation occurs as rain; 
appreciable snowmelt occurs in most winter months. As a result, 
heavy winter runoff is typical. The contrast between the WESL 
climate and those of UCSL and CSSL is graphically shown on plate 
2-10. The opportunity to sample occurrences of rain on snow vms 
a principal reason for selecting WBSL as a snow laboratory. 
Compared to UCSL and CSSL, WESL is situated at a relatively low 
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elevation (between 1960 and 5364 feet mal). The frequent 
occurrence of rain during winter ia a result of the relatively 
low elevation and the dominance of maritime airmasses, resulting 
from WESL's nearness to the ocean and location on the windward 
side of the Cascade Range. In addition to the variation in form 
of precipitation during winter, there is also a marked variation 
in amount of precipitation within the basin. An orographic 
precipitation-distribution pattern characterizes WBSL, an area of 
extremely rugged terrain, heavy winter precipitation, and 
considerable elevation range. Precipitation stations at WBSL 
sample an elevation range of more than 3000 feet. An extremely 
dense coniferous forest covers WESL except for a few small areas 
of meadow or bare rock. 

4-11.02 Unfortunately, the same factors that 
differentiate WBSL from both CSSL and UCSL and made its data 
unique and desirable (rugged terrain, considerable elevation 
range, and dense forest), also made the data harder to collect 
and of poorer quality. Mixed rain and snow further complicate 
the making of precipitation (and other) measurements. Compared 
to UCSL and CSSL, the quality of the snowpaok water-equivalent 
data was poor, due to errors in basic measurements ("short oores", 
especially) and less frequent snow surveys. Furthermore, it was 
difficult to evaluate the measurements in terms of end-of-month 
values, both because appreciable melt occurred during the 
accumulation season and because rain constituted an unknown part 
of the precipitation occurring between the end of the month and 
the last preceding snow survey. Hydrometeoro1ogica1 data for 
WBSL improved considerably in quality and coverage after the 
first two years of laboratory operation. Water balances were 
made for the water years 1947-48 through 1950-51. Procedures 
used in computing the various components are discussed in the 
following paragraphs. Reference is made to table 4-4 for monthly 
values of the various water-balance components for the above years. 

4-11.03 Basin precipitation. - The isopercentua1 
technique used in the other laboratories for computing basin 
precipitation was not used for WESL. The more empirical methods 
used here were made necessary by the following aspects of WBSL 
preCipitation datac first, precipitation-gage records for the 
first two years of the four-year period showed obvious 
irregularities such as evaporation or freezing of gage contents, 
capping of the orifice, and errors in servicing or records. 
Furthermore, there were twice as many gages during the last two 
years of record; consequently, the use of the isopercentua1 method 
would not take advantage of the extra gages, since no four-year 
means would be available. (There were eight gages in the basin 
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during 1947-48 and 1948-49, and 16 gages during the subsequent 
period). A second reason for not using the isopercentual technique 
was that most of the adjustments of precipitation records were made 
by comparison with the record of a single gage, the Friez at 
station lB. As a result, the year-to-year variation in precipi
tation distribution withi n the basin would be partly masked, 
thus negating one of the principal purposes of the isopercentual 
method. A third reason for not using the isopercentual technique 
was that no adjustment could be made for gage-catch deficiency 
due to turbulence at individual gages, because of the lack of 
wind data. 

4-11.04 The method used in computing basin 
precipitation for \VBSL is as follows. First, a careful examination 
was made of the records of all stations with adequate records 
throughout all four years. (These stations were lB, 2, 5, 6, 8, 
and 10.) Double-mass-curve adjustments were made for periods of 
missing or erratic records and monthly amounts were tabulated. 
The six stations were fairly well distributed throughout the 
basin, although there was a bias toward locations at above-average 
elevation. However, the slight bias toward higher elevation and 
consequently toward higher precipitation was probably more than 
compensated by gage-catch deficiencies. The mean of the six 
stations was used as an approximation of basin mean net 
precipitation, after a trial balance showed that for three of the 
four years, the six-station mean closely approximated the sum of 
basin runoff plus estimated evapotranspiration loss. For the 
1950-51 water year, the six-station mean was adjusted (increased 
by less than five percent) to equal net basin precipitation 
computed as the sum of runoff plus estimated evapotranspiration 
loss. The basis for the adjustment was a comparison of annual 
totals of precipitation for all WESL stations for their entire 
period of record. The comparison indicated that in 1950-51, 
the precipitation catch in the upper part of the basin, in terms 
of the basin as a whole, was relatively low as compared to the 
other years. Since the six-station mean was biased toward 
stations at higher elevations, the adjustment necessary for the 
1950-51 water year was considered reasonable. Total basin 
precipitation for eaoh of the four years was computed by working 
backward from the six-station mean, assumed to equal basin net 
precipitation. The difference in both gage-catch deficiencies 
and interception loss for snowfall and for rainfall made it 
necessary to evaluate tot~l snowfall and rainfall separately in 
the evaluation of losses. Lacking specific data to determine 
gage-catch deficiencies due to wind at individual stations, an 
arbitrary average correction was useda a 10-peroent increase in 
the observed quantity for snowfall and a 5-percant increase for 
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rainfall. Ivionthly values of interception loss were computed, 
usinf, different percentages of loss for snm~all, winter rainfall, 
and summler r~infall (discussed later in par. 4-11,08), 

4-11.05 Form of precipitation. - The procedure used 
to ostimate the nroportions of rain and snow in the basin mean 
net precipitatio~ was as follows. Using the 340 

- 35 0 F surface 
air-temperature dividing line between snow and rain found for 
Donner Summit, California (see 3-02.C3) and air-temperature data 
from station lA (headquarters, VlBSL) , a curve was derived which 
relates base-3tation temperat1ll'e to the proportion of basin 
snowfall in basin precipitation. A lapse rate of 3

0 F per 
1,000 feet was assumed in deriving the curve. This curve includes 
the effect of both the proportion of the basin area within given 
elevation zones and the normal increase of precipitation with 
elevation. Thus it gives the proportion of snowfall in basin 
precipitation r a ther than the area over which snow is falling 
relative to the total basin area (see figure 2, plate 4-11). 

4-11.06 Basin snowpack water equivalent. - As was 
done for UCSL, basin mean values of snowpack water equivalent 
were computed using the snow chart (described in chap. 3). The 
actual basin snowpack water equivalent was determined by multi
plying the basin mean value from the snow chart (referred to 
hereinafter as the index value) by an adjustment factor 
representing the ratio of actual to index values. The actual 
value used in the adjustment factor was determined for WESL by 
a preliminary water balance. Unlike UCSL, for WESL it was not 
possible to make a direct comparison of basin snowpack accwnulation 
and basin precipitation for periods of 100 percent basinwide 
snowfall, since few such periods occurred. Interpolation of 
snow-survey data to determine end-of-month values was made 
difficult because of the frequent oCCurrence of rain interspersed 
with snowfalls. This problem was especially acute because the 
changing elevation of the snowfall line (that is, the dividing 
line between rainfall and snowfall) usually fluctuated wi thin 
the elevation range of the basin. In comparison with UCSL and 
CSSL, the basic snow-survey data were of generally poor quality; 
many "short cores" were noted during the first years of operation. 
Both the selection of stations used in plotting the snow chart 
and the weighting of the stations varied somewhat from year-to-year 
because of the greater number of snow C01ll'ses in the later years. 
On the whole, the determination of snowpack water equivalent for 
\TESL was not rigorous; however, in spite of the above-cited 
weaknesses, it is probably considerably more accurate than most 
such basinwide snoVlpack water-oquivalent determinations. 
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4-11.07 Basin snowpack values based on snow courses 
are measures of total-snowpack rather than net-snowpack values, 
since snow-survey courses are generally located in the open. 
However, the snawpack adjustment factor (which relates the water
equivalent index value to the actual basin snowpack water-equivalent 
value, as discussed in the preceding paragraph) may be derived so 
that allowance is made for interception loss. This was done for 
WBSL. 

4-11.08 Interception loss. - Interception loss for 
WBSL was determined separately for snowfall, for winter rainfall, 
and for summer rainfall. Interception loss of winter rainfall 
and of snowfall at WBSL was computed as shown on figures 3 and 4 
of plate 4-11. For summer rainfall, a constant percentage loss 
of 35 percent was used, modified from studies of summer-rainfall 
interception loss in Douglas fir in Washington.~ Interception 
loss for WBSl is not as great as might be expected from a 
consideration of the denseness of the forest cover alone. The 
frequent occurrence of storms in this area reduces the evaporation 
opportunity and thereby the interception loss, despite the large 
interception-storage capacity that exists. Storm frequency is 
illustrated in the following table which shows the monthly average 
number of days with precipitation for the four-year period on which 
the WBSL water balance is based. 

Mean no. Range of 
Month days with days with 

precipitation precipitation 

Sept. 9 5-17 
Oct. 19 13-25 
Nov. 22 15-25 
Dec. 24 23-25 
Jan. 24 18-31 
Feb. 24 22-26 
Mar. 25 23-28 
Apr. 16 4-28 
May 16 10-24 
Jun. 11 4-18 
July 5 3- 7 
Aug. 5 3-11 
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Interception losses did not enter into the water balance itself 
for this laboratory since net precipitation was calculated first, 
based on annual runoff and evapotranspiration. Total precipitation 
is given only to illustrate the approximate magnitude of the 
interception loss. 

4-11.09 Evapotranspiration loss. - Evapotranspiration 
losses were computed by Thornthwaite's method~, as for UCSL. 
During the spring and summer months, the contribution of sno\vmelt 
as well as rainfall was considered in the month-to-month accounting 
of available water. A storage capacity for available soil moisture 
of 5 inches \~s considered more representative of this area than 
the 4 inches used at UCSL (and recommended by Thornthwaite for 
areas where no local information is available). 

4-11.10 Computed and observed runoff. - Runoff values 
were computed from the foregoing water-balance components by means 
of equation 4-2. For comparison, the observed values of monthly 
runoff were corrected by means of recession curves to represent 
monthly generated runoff. These data are presented in columns 16 
and 17 of table 4-4. 

4-11.11 Adopted values of water-balance components. -
The values of computed and observed runoff of table 4-4 differ by 
the errors in the water-balance computations. Since observed 
runoff is probably the most accurate of the water-balance components, 
it seems unlikely that much of the error results from this source. 
It appears more likely that the errors result from the other 
components which, unlike runoff, must be estimated from point 
measurements. Accordingly, these other values of the water balance 
were adjusted to make computed runoff agree with the observed 
values of generated runoff. The values so adjusted are designated 
the "adopted" values and are identified in table 4-4 by the letter a 
following the column number. As for the other laboratories, the 
adopted values were based on the most reasonable values of the 
vaxious elements, considering the water balance and the water year 
as a whole. These adopted values of the water-balance components 
are shown graphically in plates 4-9 and 4-10, for each of the four 
years of record. 
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TABLE 4-1 

PERCENTAGE INTERCEPTION LOSS BY STORM INTENSITr* 

Storm intensity classes in inches/day 

.01 .02-.05 .06-.10 .11-.30 .31-.50 .51-1.00 1.01-2.00 2.01+ Total 

Percent of total Erecipitation 
~-- - --- - --- -

Edge of crown 81 23 48 5 12 4 5 2 4.8 

Light crown 100 67 68 27 32 16 14 14 18.6 

Heavy crown 100 93 84 48 57 33 29 25 33.8 

Base of tree 100 99 94 74 67 53 34 36 47.7 

Mean 94 70 74 38 42 26 20 19 26.2 

Percent of rainfall onll 

Mean 93 70 74 38 44 28 15 )-1 26.6 

Percent of mixed rainfall and snowfall 
Mean 100 73 76 39 42 26 22 24 25.7 

Total precipitation 
in open, in inches 0.16 0.84 2.00 11.43 13.80 36.29 29.99 48.13 142.34 

-l:-Data are from Munns 25/ 
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TOTAL 

SEP 
OCT 
NOV 
lEC 
JAN 
FEB 
MAR 
APR 
MAY 
JON 
JUL 
AUG 

TOTAl 

TarAL INTERCKP'l'ION LOSS 
PRKC1 PITATION 

Total Snowfall W.E. Rainfall Snow! all W.E. Rainfall Total 
(1) (la) (2) (2a) (J) (Ja) (4) (4a) (5) (Sa) (6) (6a) 

2.56 2.6 0.00 0.2 2.56 2.4 0.00 0.0 0.43 0.4 0.43 0.4 
9.19 9.2 4.55 4.6 4.64 4.6 0.91 0.9 0.52 0.5 1.43 1.4 

11.21 1l.2 11.21 11.0 0.00 0.2 2.24 2.2 0.00 0.0 2.24 2.2 
9.21 9.2 9.21 9.1 0.00 0.1 1.84 1.8 0.00 0.0 1.84 1.8 
6.67 6.7 6.67 6.6 0.00 0.1 1.33 1.8 0.00 0.0 1.33 1.8 
4.05 4.0 4.05 3.8 0.00 0.2 0.81 0.8 0.00 0.0 0.81 0.8 
4.20 4.2 3.61 3.6 0.59 0.6 0.72 0.7 0.0/\ 0.1 0.80 0.8 
2.'10 2.2 0.q9 0.1 2.11 2.1 0.02 0.0 0.38 0.4 0.40 0.4 
1.35 1.3 0.00 0.0 1.35 1.3 0.00 0.0 0.44 0.4 0.44 0.4 
4.60 4.6 0.00 0.0 4.60 4.6 0.00 0.0 0.59 0.6 0.59 0.6 
0.69 0.7 0.00 0.0 0.69 0.7 0.00 0.0 0.31 0.3 0.31 0.3 
4.l8 4.2 0.00 0.0 4.18 4 •. 2 0.00 0.0 0.55 0.6 0.55 0.6 

60.11 60.1 39.39 39.0 20.72 21.1 7.87 8.2 3.30 3.3 U.17 11.5 

3.74 3.7 0.00 2.5 3.74 1.2 0.00 0.5 0.50 D.:> 0.50 0.7 
6.23 6.2 0.00 3.5 6.23 2.1 0.00 0.7 0.73 0.3 0.73 1.0 
3.53 3.5 3.53 3.4 0.00 0.1 o.n 0.7 0.00 0.0 o.n 0.7 
3.45 3.4 3.45 3.4 0.00 0.0 0.69 0.7 0.00 0.0 0.69 0.7 
1.88 7.9 7.88 7.8 0.00 0.1 1.58 1.6 0.00 0.0 lSB 1.6 
7.96 B.O 7.96 7.9 0.00 0.1 10$9 1.6 0.00 0.0 1.59 1.6 
6.01 6.0 6.01 6.0 0.00 0.0 1.:>0 I.:> 0.00 0.0 1.:>0 1.2 
4.6Q 4.6 2.30 0.5 2.34 4.1 0.46 0.1 0.30 0.5 0.76 0.6 
5.22 5.2 0.00 0.2 5.22 5.0 0.00 0.0 0.64 0.6 0.64 0.6 
6.90 6.9 0.00 0.0 6.90 6.9 0.00 0.0 0.19 o.B 0.19 0.8 
1.50 1.5 0.00 0.0 1.50 1.5 0.00 0.0 0.45 0.4 0.45 0.4 
0.54 0.5 0.00 0.0 0.54 0.5 0.00 0.0 0.26 0.3 0.26 0.) 

57.60 57.4 31.1) 35.7 26.47 22.2 6.23 7.1 3.67 3.1 9.90 10.2 

0.85 0.8 0.00 0.0 0.85 0.8 0.00 0.0 0.36 0.4 0.36 0.4 
1.98 2.0 0.00 1.0 1.9B 1.0 0.00 0.2 0.43 0.4 0.43 0.6 
7.57 7.6 6.80 6.8 0.77 0.8 1.~6 1.4 0.09 0.0 1.45 1.4 
6.26 6.3 6.26 6.3 0.00 0.0 1.25 1.] 0.00 0.0 1.25 1.3 
3.37 3.4 3.37 3.4 0.00 0.0 0.67 0.7 0.00 0.0 0.67 0.7 
8.57 8.6 B.57 8.6 0.00 0.0 1.n 2.2 0.00 0.0 1. n 2.7 
3.51 3;5 3.51 2.0 0.00 1.5 0.70 0.4 0.00 0.2 0.70 0.6 
2.72 2.7 0.26 1.0 2.46 1.7 0.05 0.2 0.43 0.3 0.48 0.5 
4.57 4.6 0.00 3.0 4.57 1.6 0.00 0.6 0.58 0.5 0.58 1.1 
1.66 1.7 0.00 0.5 1.66 1.2 0.00 0.1 0.45 0.3 0.45 0.4 
1.64 1.6 0.00 0.0 1.64 1.6 0.00 0.0 0.46 0.5 0.46 0.5 
0.,8 0.6 0.00 0.0 0.58 0.6 0.00 0.0 0.28 0.] 0.28 0.3 

43.28 43.4 28.77 32.6 14.51 10.8 5.74 7.1 3.08 2.9 8.82 10.0 

3.97 4.0 0.00 0.5 3.97 3.5 0.00 0.1 0.53 0.5 0.53 0.6 
4.01 4.0 1.69 2.5 2.32 1.5 0.)4 0.5 0.]0 0.2 0.64 0.7 
6.05 6.0 6.05 4.0 0.00 2.0 1.n O.B 0.00 0.2 1.21 1.0 

U.33 11.3 U.33 11.3 0.00 0.0 2.27 2.3 0.00 0.0 2.27 2.3 
13.58 13.6 13.58 13.6 0.00 0.0 2.72 2.9 0.00 0.0 2.72 2.9 

4.10 4.1 4.10 3.5 0.00 0.6 u.B2 0.6 0.00 0.1 0.B2 0.7 
6.03 6.0 5.40 5.5 0.63 0.5 1.0B 1.1 0.08 0.1 1.16 1. 2 
4.95 5.0 2.65 2.5 2.30 2.5 0.53 0.4 0.29 0.5 0.82 0.9 
2.S0 2.5 0.93 1.0 1.57 1.5 0.19 0.3 O.'lB 0.2 0.47 0.5 
1.34 7.4 0.00 1.0 7.)4 6.4 0.00 0.2 0.84 0.7 0.B4 0.9 
1.73 1.7 0.00 0.0 1. 73 1.7 0.00 0.0 0.41 0 .4 0.41 (l .4 
2.00 2.0 0.00 0.0 2.00 2.0 0.00 0.0 0.42 0.4 0.42 0 .4 

67.59 67.6 45.7) 45.4 21.86 22.2 9.16 9.2 3.15 3.3 12.31 12.5 

EvllpotrllJl5p1ratton 8e comput..d by the ThornthwBi te method. 

NET ?REC1PITATJON 

Snowfall W.~. Rpinfall Total 
(7) (7a) (8 ) (8s) (9) 

0.00 0.2 2.13 2.0 2.13 
3.64 3.7 4.1:> 4.1 7.76 
8.97 B.8 0.00 0.2 8.97 
7.37 7.3 0.00 0.1 7.37 
5.34 4.8 0.00 0.1 5.34 
3.24 ).0 0.00 n.2 3.74 
2.89 2.9 0.51 0.5 3.40 

TABLE 4-2 

UPPER COLUMBIA SNOW LAOORATORY 

(9a) 

2.2 
7.8 
9.0 
7.4 
4.9 
3.2 
3.4 

WA'll:R BALANCE BY KlNTHS 
(Inches depth over basin) 

~W'H"ACK 

WA Tffi E':UIV ALENT 

Cumulative Chmge 
(10) (lOa) (11) (11.) 

1946 - 47 

O.oor, 0.0 0.00 0.0 
1.34· 1.3 1. 34 1.3 
9.)3* 9.4 7.99 8.1 

16.48 16.2 9.15 6.8 
2" .64 20.6 4.16 4.4 
23.50 23.5 2.1\6 2.9 
23.78 ?4.7 0.;>8 1.2 

0.07 0.1 1.73 1.7 1.80 . 1.8 21.50 20.9 -2.:>8 -3.8 
0.00 0.0 0.91 0.9 0.91 0.9 7.:>0*- 6.$ -14.30 -14.4 
0.00 0.0 4.01 4.0 4.01 4.0 0.00* 0.0 -7.20 -6.5 
0.00 0.0 0.38 0.4 0.38 0.4 0.00* 0.0 0.00 0.0 
0.00 0.0 3.63 3.6 3.63 3.6 0.00* 0.0 0.00 0.0 

31.52 30.8 17.42 17.8 48.94 48.6 - - 0.00 0.0 

1947 - 48 

0.00 2.0 3.24 1.0 3.24 3.0 0.00* 0.0 0.00 0.0 
0.00 2.8 5.50 2.4 5.50 5.2 0.00* 0.0 0.00 0.0 
2.82 2.7 0.00 0.1 2.82 2.8 2.5Dlt 2.5 20$0 2.5 
2.76 2.7 0.00 0.0 2.76 2.7 4.68 5.0 2.18 2.5 
6.30 6.2 0.00 0.1 6.30 6.3 10.03 10.3 5.35 5.3 
6.37 6.3 0.00 0.1 6.37 6.4 15.28 16.2 5.<>5 5.9 
4.B1 4.8 0.00 0.0 4.81 4.8 19.92 21.0 4.64 4.8 
1.84 0.4 2.04 3.6 3.B8 4.0 19.94 20.2 0.02 -0.8 
0.00 0.2 4.58 4.4 4.58 4.6 9.80*- 9.8 ~0.14 ~0.4 
0.00 0.0 6.11 6.1 6.11 6.1 0.00lt 0.0 -9.80 -9.8 
0.00 0.0 1.05 1.0 1.05 1.0 0.00* 0.0 0.(10 0.0 
0.00 0.0 0.28 0.3 0.:>8 0.3 0.00* 0.0 0.00 0.0 

24.90 28.1 22.80 19.1 47.70 47.2 - - 0.00 0.0 

1948 - 49 

0.00 0.0 0.49 0.4 0.49 0.4 0.00lt 0.0 0.00 0.0 
0.00 o.B 1.55 0.6 1.55 1.4 0.00* 0.0 0.00 0.0 
5.44 5.4 0.68 0.8 6.12 6.2 4.80*- 4.8 4.80 4.8 
5.01 5.0 0.00 0.0 5.01 5.0 9.80 9.B 5.00 5.0 
2.70 2.7 0.00 0.0 2.70 2.7 12.59 12.5 2.79 2.7 
6.86 6.4 0.00 0.0 6.86 6.4 18.89 18.9 6.30 6.4 
2.B1 1.6 0.00 1.3 2.81 2.9 20.02 20.2 1.13 1.3 
0.21 0.8 2.03 1.4 2.24 2.2 14.14 14.4 -5.88 -5.8 
0.00 2.4 3.99 1.1 3.99 3.5 4.60*- 4.2 -9.54 -10.2 
0.00 0.4 1.21 0.9 1.21 1.3 0.00* 0.0 -4.60 -4.2 
0.00 0.0 1.18 1.1 1.i8 1.1 0.00" 0.0 0.00 0.0 
0.00 0.0 0.30 0.3 0.)0 0.3 0.00* 0.0 0.00 0.0 

23.03 25.5 11.43 7.9 34.46 33.4 - - 0.00 0.0 

1949 - 50 

0.00 0.4 3.44 3.0 3.44 3.4 0.00* 0.0 0.00 0.0 
1.35 2.0 2.02 l.~ 3.37 3.3 0.00* 1.0 0.00 1.0 
4.B4 3.2 0.00 1.8 4.84 5.0 1.50*- 7.5 1.50 1.5 
9.06 9.0 .0.00 0.0 9.06 9.0 10.40 11.4 8.90 8.9 

10.86 10.7 0.00 0.0 10.86 10.7 21.12 22.1 10.72 10.7 
3.28 2.9 0.00 0.5 3.2B 3.4 24.01 25.0 2.B9 2.9 
4.32 4.4 0.55 0.4 4.87 4.8 28.32 29.4 4.31 4.4 
2.12 2.1 2.01 2.0 4.13 4.1 27.78 30.4 -0.54 1.0 
0.74 0.7 1.29 1.3 2.03 2.0 14.38 21.1 -13.40 -9.3 
0.00 O.B 6.50 5.7 6.50 6.5 3.00* 5.9 -11.38 -5.2 
0.00 0.0 1.)2 I.) 1. 32 1.3 0.00lt 0.5 -3.00 -5.4 
0.00 0.0 0.58 1.6 0.5B 1.6 O.LXW 0 .0 0.00 -0.5 

36.57 30 .2 11l.n 18.9 55.28 55.1 - . 0.00 0.0 

(a) C~lumns whoee numbers include n.n give adopt ed valuee which bring all com~onents into halance. 

• Estimated values. 

MELT EVAPO- AVAILABLE RUNOFF 
'ffiANSPIRA'l'ION oo1L KJ1SroRE 

COMPUTED ACTUAL KlNnI 
y. lni tial Change Generated Gen. Obs. 

(12) (12a) (13) (13a) (14) (14a) (15) (15a) (16) (16a) (17) (lB) 

0.00 0.2 1.53 1.5 0.00 0.0 0.00 0.0 0.60 0.7 0.:>8 0.74 SEP 

2.30 2.4 0.00 0.0 0.00 0.0 4.00 4.0 2.42 2.5 1.00 0.92 OCT 
0.98 0.7 0.00 0.0 4.00 4.0 0.00 0.0 0.98 0.9 0.83 0.67 oov 
o.n 0.5 0.00 0.0 4.00 4.0 O.JO 0.0 0.22 0.6 0.07 0.65 lEC 
1.18 0.4 0.00 0.0 4.00 4.0 0.00 0.0 1.18 0.5 0.22 0.55 JAN 
0.38 0.1 0.00 0.0 4.00 4.0 0.00 0.0 0.38 0.3 0.00 O.w. FEB 
2.61 1.7 0.00 0.0 4.00 4.0 0.00 0.0 3.12 2.2 1.07 0.45 MAR 
2.35 3.9 0.68 0.7 4.00 4.0 0.00 0.0 3.40 4.9 4.99 1.7S APR 

14.30 14.4 2.63 2.6 4.00 4.0 ~. 72 .().7 14.30 13.4 13.44 12.91 MAY 
7.20 6.5 3.30 3.3 2.28 3.3 0.71 ~.O 7.20 8.2 6.05 7.30 JUN 
0.00 0.0 3.27 2.6 2.99 2.3 ~.99 ~.3 0.10 0.1 1.13 1.86 JUL 
0.00 0.0 2.93 2.9 0.00 0.0 0.00 0.0 0.70 0.7 1.44 1.81 AUG 

31.52 30.8 14.34 1).6 - - 0.00 0.0 34.60 35.0 30.52 30.05 TOTAL 

0.00 2.0 2.25 1.3 0.00 0.0 0.00 0.5 0.99 1.2 1.14 1.04 SEP 
0.00 2.8 1.39 1.4 0.00 0.5 1.78 0.5 2.33 2.3 1.98 1.57 OCT 
0.32 0.7 0.00 0.0 1.78 1.0 0.22 0.0 0.10 0.3 0.25 1.06 NOV 
0.58 0.2 0.00 0.0 2.00 1.0 0.00 0.0 0.58 0.2 0.16 0.76 lEC 
0.95 0.9 0.00 0.0 2.00 1.0 0.00 0.9 0.95 0.1 0.24 0.69 JAN 
1.12 0.4 0.00 0.0 2.00 1.9 0.00 0.1 1.12 0.4 0.40 0.50 FEB 
0.17 0.0 0.00 0.0 2.00 2.0 0.00 0.0 0.17 0.0 0.00 0.48 MAR 
1.82 1.2 0.00 0.0 2.00 2.0 0.00 0.0 3.86 4.8 3.66 0.90 AFR 

10.14 10.6 1.78 1.8 2.00 2.0 2.00 2.0 10.94 12.2 12.26 10.19 MAY 
9.80 9.8 4.24 4.2 4.00 4.0 0.00 0.0 1l.61 11.7 10.25 11.72 JUN 
0.00 0.0 4.50 4.5 4.00 4.0 -3.79 -3.8 0.34 0.3 1.64 2.47 JUL 
0.00 0.0 0.49 0.5 o.n 0.2 -o.n -D.? 0.00 0.0 0.88 1.41 AUG 

24.90 28.1 14.65 13.7 - - 0.00 0.0 33.05 33.5 32.86 32.19 roTAL 

.. 
0.00 0.0 0.27 0.3 0.00 0.0 0.00 0.0 0.22 0.1 0.68 0.98 SEP 
0.00 0.8 1.20 1.0 0.00 0.0 0.00 0.0 0.35 0.4 0.00 0.84 OCT 
0.64 0.6 0.00 0.0 0.00 0.0 1.00 1.0 0.32 0.4 0.31 0.59 NOV 
0.01 0.0 0.00 0.0 1.00 1.0 0.00 0.0 0.01 0.0 0.41 0.59 lEC 

-0.09 0.0 0.00 0.0 1.00 1.0 0.00 0.0 -0.09 0.0 0.36 0.51 JAN 
0.56 0.0 0.00 0.0 1.00 1.0 0.00 0.0 0.56 0.0 0.35 0.45 FEB 
1.68 0.3 0.00 0.0 1.00 1.0 1.00 0.5 0.68 1.1 0.46 0.46 MAR 
6.09 6.6 0.79 0.8 2.00 1.5 2.00 2.5 5.33 4.7 4.11 1.26 AFR 
9.54 12.6 2.66 2.7 4.00 4.0 0.00 0.0 10.81 11.0 11.66 9.65 MAY 
4.60 4.6 3.56 3.6 4.00 4.0 -2.35 -1.8 4.60 3.7 2.89 4.63 JUN 
0.00 0.0 2.52 3.0 1.65 2.2 -1.65 -2.2 0.31 0.3 0.45 1.30 JUL 
0.00 0.0 0.25 0.3 0.00 0.0 0.00 0.0 0.05 0.0 0.32 0.87 AUO 

23.03 25.5 11.25 11.7 - - 0.00 0.0 23.21 21.7 22.08 22.13 TOTAL 

0.00 0.4 2.67 2.4 0.00 0.0 0.00 0.2 0.71 0.8 0.30 0.74 SEP 
1.35 1.0 0.00 0.0 0;00 0.2 2.43 1.4 0.94 0.9 0.94 0.61 OCT 
3.34 1.7 0.00 0.0 2.40 1.6 1.67 2.4 1.77 1.1 0.79 0.74 Nov 
0.16 0.1 0.00 0.0 4.00 4.0 0.00 0.0 0.16 0.1 0.18 0.68 rEC 
0.14 0.0 0.00 0.0 4.00 4.0 0.00 0.0 0.14 0.0 0.00 0.42 JAN 
0.)9 O. C' 0.00 0.0 4.00 4.0 0.00 0.0 0.39 0.5 0.34 0.39 FEB 
0. 01 O.C 0.00 0.0 4.00 4.0 0.00 0.0 0.56 :).4 0.44 0.43 MAR 
2.66 1.1 0.00 0.0 4.00 4.0 0.00 0.0 4.67 3.1 I.B6 0.66 APR 

14.14 10.0 1.80 1.8 11.00 4.0 0.00 0.0 13.63 9.5 9.48 6.39 MAY 
11.38 16.0 3.24 3.2 4.00 4.0 0.00 0.0 14.64 18.5 22.17 21.53 JUN 

3.00 5.4 5.32 5.6 !i.00 4.0 -4.00 -4.0 3.00 5.1 5.15 7.30 JUL 
0.00 0.5 0.91 1.0 0.00 0.0 0.00 0.0 0.61 1.1 1.14 1.19 AUG 

36.57 36.2 14.00 14.0 - - 0.00 0.0 Ul.28 41.1 42.19 41.74 TOTAL 
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TOTAL 

TOTAL I'RECl PITA TION 

Tota! 
(1) (10) 

1.90 
2.98 

12.)6 
5.81 
5.3) 
5.59 

1).81 
3.09 
1.64 
2.21 
0.00 
0.0) 

54.75 

O.OS 
10.58 

2.S5 
1.610 

10.56 
8.13 

1).78 
20.00 
4.13 
0.8) 
0.00 
0.01 

72.26 

0.21 
1.23 
6.67 

10.61 
6.07 

12.89 
13.610 
0.40 
4.74 
0.08 
0.07 
0.98 

57.65 

0.11 
0.76 
6.13 
5.7l 

31.74 
7.43 

12.26 
8.12 
4.65 
0.90 
0.00 
0.L4 
77.~7 

0.80 
10.1~ 
2).09 
16.90 
16.89 
9.23 
6.57 
4.42 
4.19 
0.21 
0.00 
0.12 

92.61 

1.9 
).0 

12.4 
5.8 
5.3 
5.6 

n.8 
3.1 
1.6 
!.' 
0.0 
0.0 

54.7 

0.1 
10.6 

2.6 
1.6 

10.6 
8.1 

13.8 
20.0 
4.1 
0.8 
0.0 
0.0 

72.3 

0.) 
1.2 
6.7 

10.0 
6.1 

12.9 
13.6 
0.4 
4.7 
0.1 
0.1 
1.0 

57.7 

0.1 
0.8 
6.1 
5.7 

31.7 
7.4 

12.3 
8.1 
4.7 
0.9 
0.0 
0.1 

77.9 

0.8 
10.2 
2).1 
16.9 
16.9 
9.2 
6.6 
4.4 
4.2 
0.2 
D.? 
0.1 

92.6 

0.0 
1.7 

10.4 
4.$ 
5.1 
4.9 

12.) 
2.9 
0.0 
0.0 
0.0 
0.0 

41.8 

0.0 
5.2 
2.1 
1.6 
7.8 
7.7 

13.3 
16.) 
3.4 
0.0 
0.0 
0.0 

57.4 

0.0 
0.8 
2.9 

10.4 
6.1 

12.7 
12.9 
0.2 
1.5 
0.0 
0.0 
0.0 

47.5 

0.0 
0.1 
5.5 
5.7 

26.6 
6.8 

10.8 
7.8 
4.7 
0.5 
0.0 
0.0 

68.5 

0.0 
6.0 
6.1 
6.0 

15.9 
8.5 
6.1 
).5 
).J 
0.0 
0.0 
0.0 

55.4 

1.9 
1.) 
2.0 
1.3 
0.2 
0.7 
1.5 
0.2 
1.6 
2.2 
0.0 
0.0 

12.9 

0.1 
5.4 
0.5 
0.0 
2.8 
0.4 
0.5 
3.7 
0.7 
0.8 
0.0 
0.0 

14.9 

0.) 
0.4 
3.8 
0.2 
0.0 
0.2 
0.7 
0.2 
).2 
0.1 
0.1 
1.0 

10.2 

0.1 
0.7 
0.6 
0.0 
5.1 
0.6 
1.5 
0.) 
0.0 
0.4 
0.0 
0.1 
9.4 

0.8 
4.2 

17.0 
10.9 
1.0 
0.7 
0.$ 
0.9 
0.9 
0.2 
0.0 
0.1 

37.2 

lNmlCEPTIOII 

0.0 
0.1 
1.2 
0.6 
0.5 
0.6 
1.4 
0.3 
0.0 
0.0 
0.0 
0.0 
4.7 

0.0 
0.6 
0.3 
0.2 
0.8 
0.8 
1.4 
2.8* 
0.4 
0.0 
0.0 
0.0 
7.) 

0.0 
0.0 
0.2 
1.1 
0.6 
1.3 
1.3 
0.2 
0.3 
0.0 
0.0 
0.0 
5.0 

0.0 
0.1 
0.6 
0.6 
2.7 
0.7 
1.2 
0.8 
0.5 
0.1 
0.0 
0.0 
7.3 

0.0 
0.7 
0.8 
0.9 
1.7 
0.9 
0.7 
0.4 
0.4 
0.0 
0.0 
0.0 
6.5 

0.1 
0.1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.2 
0.2 
0.0 
0.0 
0.6 

0.0 
0.) 
0.0 
0.0 
0.2 
0.0 
0.0 
0.2 
0.0 
0.1 
0.0 
0.0 
0.8 

0.1 
0.1 
0.3 
0.0 
0.0 
0.0 
0.2 
0.0 
0.1 
0.1 
0.1 
0.1 
1.1 

0.1 
0.0 
0.0 
0.0 
0.3 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.4 

0.1 
0.2 
1.0 
0.5 
0.0 
0.0 
0.0 
0.1 
0.0 
0.1 
0.0 
0.0 
2. 0 

Tota! 
(6.) 

0.1 
0.2 
1.2 
0.6 
0.5 
0.6 
1.4 
0.) 
D.? 
0.2 
0.0 
0.0 
5.) 

0.0 
0.9 
0.3 
0.2 
1.0 
0.8 
1.4 
3.0 
0.4 
0.1 
0.0 
0.0 
8.1 

0.1 
0.1 
0.$ 
1.1 
0.6 
1.) 
1.5 
0.2 
0.4 
0.1 
0.1 
0.1 
6.1 

0.1 
0.1 
0.6 
0.6 
3.0 
0.7 
1.2 
0.8 
0.5 
0.1 
0.0 
0.0 
7.7 

0.1 
0.9 
1.8 
1.4 
1.7 
0.9 
0.7 
0.5 
0.4 
0.1 
0.0 
0.0 
8.S 

NET FRECl PITATTOH 

0.0 
1.6 
9.2 
3.9 
4.n 
4.3 

10.9 
2.6 
0.0 
0.0 
0.0 
0.0 

)7.1 

0.0 
4.6 
1.8 
1.4 
7.0 
6.9 

11.9 
13.5 
).0 
0.0 
0.0 
0.0 

50.1 

0.0 
0.8 
2.7 
9.) 
5.5 

11.4 
11.6 
0.0 
1.2 
0.0 
0.0 
0.0 

42.5 

0.0 
0.0 
4.9 
5.1 

2).9 
6.1 
9.6 
7.0 
4.2 
0.4 
0.0 
0.0 

61.2 

0 .0 
5.3 
S.) 
5.1 

14.2 
7.6 
5.4 
).1 
2.9 
0.0 
0.0 
0.1) 

48.9 

1.8 
1.2 
2.0 
1.3 
0.2 
0.7 
1.5 
0.2 
1.4 
2. 0 
0.0 
0.0 

12.) 

0.1 
5.1 
0.$ 
0.0 
2.6 
0.4 
0.5 
).5 
0.7 
0.7 
0.0 
0.0 

14.1 

0.2 
0.) 
3.5 
0.2 
0.0 
0.2 
0.5 
0.2 
).1 
0.0 
0.0 
0.9 
9.1 

0.0 
0.7 
0.6 
0.0 
4.8 
0.6 
1.5 
0.3 
0.0 
0.4 
0.0 
0.1 
9.0 

0.7 
4.0 

16.0 
10.4 
1.0 
0.7 
0.5 
0.8 
0.9 
0.1 
0.0 
0.1 

35.2 

Total 
(9.) 

1.8 
2.8 

11.2 
5.2 
4.8 
5.(\ 

12.4 
2.8 
1.4 
2.0 
0.0 
0.0 

49.4 

0.1 
9.7 
2.3 
1.4 
9.6 
7.3 

12.4 
17.0 

3.7 
0.7 
0.0 
0.0 

64.? 

0.2 
1.1 
6.2 
9.5 
5.5 

11.6 
12.1 
0.2 
4.3 
0.0 
0.0 
0.9 

51.6 

0.0 
0.7 
5.5 
5.1 

28.7 
6.7 

11.1 
7.) 
4.2 
0.8 
0.0 
0.1 

70.2 

0.7 
9.) 

21.3 
15.5 
15.2 
8.) 
5.9 
).9 
).8 
0.1 
0.0 
0.1 

84.1 

.JI Potential evapotrartsp1rat1on &I!! cOMputed by the Thornthwrlte method. 

-11 A.doTlt.ed en.ootranspiraUon, &aOd.1Cled to CSSL cc:ad1 tions. 

TAIILE 4-1 

CElITR A \, SIERRA SNOW LABORA T'ORY 

IoIA1'EJl BALANCE BY K1NTIlS 
(lncOO. depth oftr basin) 

SNOW?ACK 
lolA TER EOtJIV ALEIIr 

CWII11l.th.. Chon~ 
(10) (10.) (11) (110) 

0.0 
1.1-

13.2-
16.7· 
20.) 
23.4 
3).1· 
21.2 
O.D* 
0.0 
0.0 
0.0 

0.0 
2.D* 
2.7* 
3.6 

10.4 
17.0 
29.5 
42.6 
24.6 
1.0 
0.0 
0.0 

0.0 
0.2* 
J.J. 

12.8 
18.4 
31.J 
42.3 
23.9 
1.) 
0.0 
0.0 
0.0 

0.0 
0.1· 
).9 
9.4 

)4.) 
42.2 
54.6 
51.9 
20.4 
0.7 
0.0 
0.0 

0.0 
3.0* 
1.D* 
9.J· 

26.4-
J4.D* 
J5.0 
2l.~ 
5.0 
0.0 
0.0 
0.0 

0.0 
0.7 
8.2 

10.7 
14.1 
17.2 
26.2 
17.0 
0.7 
0.0 
0.0 
0.(\ 

0.0 
1.9 
2.7 
3.8 
9.9 

16.2 
27.4 
38.6 
22.8 
loB 
0.0 
0.0 

0.0 
0.2 
2.0 

10.5 
15.2 
25.9 
J6.9 
21.6 
3.6 
0.0 
0.0 
0.0 

0.0 
0.0 
2.5 
7.1 

29.5 
J4.7 
43.1 
38.0 
16.0 

0.5 
0.0 
0.0 

0.0 
2.7 
0.4 
4.5 

17.9 
24.5 
26.9 
17.6 
3.2 
0.0 
0.0 
0.0 

1946 - 47 

0.0 
1.1· 

12.1· 
3.5* 
3.6,0 
3.1 
9.7* 

-11.9 
-21.2 

0.0 
0.0 
0.0 
0.0 

0.0 
0.7 
7.5 
2.5 
3.4 
3.1 
9.0 

-9.2 
-16.3 

--0.7 
0.0 
0.(\ 
0.0 

1947 - 48 

0.0 
2.D* 
0.7· 
0.9 
6.8 
6.6 

H.5 
13.1 

-18.0 
-23.6 
-1.0 
0.0 
(l.0 

0.0 
1.9 
0.8 
1.1 
6.1 
6.) 

11.2 
11.2 

-15.8 
-21.0 
-1.8 
0.0 
0.0 

1948 - 49 

0.0 
0.2* 
3.1· 
9.5-
5.6 

12.9 
11.0 

-18.4 
-22.6 

-1.3 
0.0 
0.0 
0.0 

0.0 
0.2 
1.8 
8.5 
4.7 

10.7 
11.0 

-IS.) 
-18.0 
-3.6 
0.0 
0.0 
0.0 

1949 - So 

0.(\ 
0.1· 
3.8. 
5.5 

24.9 
7.9 

12.4 
- 2.7 
-31.5 
-19.7 
-0.7 
0.0 
0.0 

0.0 
0.0 
2.5 
4.6 

22.4 
5.2 
8.4 

-5.1 
-22.0 
-15.5 

--0.5 
0.0 
0.0 

19$0 - 51 

0.0 
3.D* 

-2 .D* 
8.3· 

17.1* 
7.6,0 
1.D* 

-13.2 
-16.8 
-S.o 
0.0 
0.0 
0.0 

0.0 
2.7 

-2.3 
4.1 

1).4 
6.6 
2.4 

-9.3 
-14.4 
-3·2 
0.0 
0.0 
0.0 

MELT 

(12.) 

0.(\ 
0.9 
1.7 
1.4 
1.2 
1.2 
1.9 

11.8 
16.3 
0.7 
0.0 
0.(\ 

)7.1 

0.0 
2.7 
1.0 
0.3 
0.9 
0.6 
0.7 
2.) 

18.8 
21.0 
1.8 
0.0 

50.1 

0.0 
0.6 
0.9 
O.B 
0.8 
0.7 
0.6 

IS.) 
19.2 

3.6 
0.0 
0.0 

42.5 

0.0 
0.0 
2.4 
0.5 
1.5 
0.9 
1.2 

12.1 
26.) 
15.8 
0.5 
0.0 

61.2 

0.0 
1.6 
7.6 
1.1 
0.8 
1.0 
).0 

12.4 
17.2 
).2 
0.0 
0.0 

46.9 

(.) All colUlS18 WhOM numbere lncluc» "a" gift adopted values which brtng all C01T!porutote into b.lImce. 

* Kl!!ltima.ted .,.&108,,_ 

u.S) 
(0.7) 
(0.0)' 

(O'Ol 
(0.(\ . 
(0.0) , 
(0.0) ; 
(0.8) 
(2.6) 
(2.7) 
0.8) 
0.5) 

(17.6) ' 

(J.2) 
(1.5) 
(0.0) 
(0.0) 
(0.0) . 
(0.0) 
(0.0); 
(0.0) ; 
(1.3) ' 
(J.l) ; 
(4.3) · 

O.4l 
(16.8 

(2.8) 
(1.6) 
(0.2) : 
(0.0) 
(0.0) ' 
(0.0) : 
(o.n); 
(1.3)' 
(1.8) ' 
0.5) 
(4.0) 
(J.5) 

(18.7) 

(J.O) 
0.4) 
(0.9) 
(0.0) 
(0.0) 
(0.0) 
(0.0) 
(0.7) 
(1.) 
(2.6) : 
(4.0) 
(J.7l' 

(17.6) 

(J.6) 
(1.4) 
(o.~) 
(0.3) 
(0.0) 
(0.0) 
(0.0) 
(1.0) 
(1.7) : 
(J.4) 
0.9) 
(J.6) . 

(19.7) 

1.8 
1.1 
0.3 
0.5 
0,$ 
0.4 
0.4 
1.5 
3.9 
3.8 
2.5 
0.5 

17.2 

0.1 
1.8 
0.3 
0.2 
0.4 
0.3 
0.2 
0.8 
3.5 
4.0 
5.3 
1.9 

IB.9 

0.2 
0.4 
0.4 
0.2 
0.2 
0.4 
0.5 
J.5 
4.S 
5.1 
1.8 
0.9 

IB.l 

0.0 
0.7 
1.5 
0.4 
0.2 
0.3 
0.4 
1.5 
3.0 
).5 
3.4 
0.1 

15.0 

0.7 
1.5 
1.5 
0.3 
0.2 
0.1 
0.1) 
1.5 
2.5 
4.0 
1.8 
0.1 
14.~ 

AVAILAIllE 
roIL !otJlSTUlE 

lni t1al ChaDge 
(14.) (15.) 

0.0 
1.0 
).7 
5.7 
6.0 
6.0 
6.0 
5.9 
5.7 
3.0 
0.5 
0.0 

0.0 
4.5 
5.4 
5.s 
6.0 
6.0 
6.0 
6.0 
5.9 
5.4 
1.9 
0.0 

0.0 
0.4 
J.9 
4.5 
4.9 
5.3 
5.7 
6.0 
5.8 
1.8 
0.0 
0.0 

0.0 
0.0 
1.0 
1.1 
6.0 
6.0 
6.0 
6.0 
5.7 
).2 
0.0 
0.0 

0.0 
4.5 
6.0 
6.0 
6.0 
6.0 
6.0 
6.0 
5.6 
1.8 
0.0 
0.0 

0.0 
1.0 
2.7 
2.0 
0.3 
0.0 
0.0 

-0.1 
-0.2 
-2.7 
-2.5 
-0.5 
0.0 

0.0 
~.5 
0.9 
0.1 
0.5 
0.0 
0.0 
0.0 

--0.1 
-0.5 
-3.$ 
-1.9 
0.0 

0.0 
0.4 
J.S 
0.6 
0.4 
0.4 
0.4 
0.) 

-0.2 
-4.0 
-1.B 
0.0 
0.0 

0.0 
0.0 
1.0 
0.1 
4.9 
0.0 
0.0 
0.0 

--0.) 
-2.$ 
-J.2 
0.0 
0.0 

0.0 
4.5 
1.5 
0.0 
0.0 
0.0 
0.0 
0.0 
-O.~ 
-3.8 
-1.8 
0.0 
0.0 

RUNorF 
COKPU1lOl AC'l'UAL 

Go ... 
(16.) 

0.0 
0.0 
0.7 
0.2 
0.6 
1.5 
).0 

10.6 
14.0 
1.6 
0.0 
0.0 

32.2 

0.0 
1.4 
0.3 
0.0 
2.6 
0.7 
1.0 
5.0 

16.1 
IB.2 
0.0 
0.0 

4S.3 

0.0 
0.1 
0.5 
0.2 
0.2 
0.1 
0.2 

11.7 
18.0 

2.5 
0.0 
0.0 

)3.5 

0.0 
0.0 
0.5 
0.0 
1.2 
1.2 
2.) 

10.9 
23.6 
15.2 
O.J 
0.0 

55.2 

0.0 
0.1) 

20.6 
11.2 
1.6 
1.6 
2.9 

11.7 
16.0 
).1 
0.0 
0.0 

69.3 

Go". 
(11) 

0.00 
0.00 
0.J5 
0.11 
0.32 
1.29 
2.83 

10.08 
13.67 

1.57 
0.00 
0.00 

30.22 

0.00 
1.38 
0.18 
0.04 
2.39 
0.66 
0.92 
4.610 

15.89 
18.0J 
0.00 
0.00 

44.13 

0.00 
0.00 
0.46 
0.16 
0.12 
0.14 
0.37 

11.41 
17.69 

2.39 
0.00 
0.00 

)2.74 

0.00 
0.00 
0.38 
0.00 
1.Oh 
1.07 
2.16 

10.63 
23.44 
14.97 
0.19 
0.00 

5J.88 

0.00 
0.55 

20.35 
11.14 

1.47 
1.4S 
2.83 

11.6) 
16.07 
).tS 
0.00 
0.00 

68.610 

Db •• 
(16) 

0.00 
0.00 
0.09 
0.16 
0.23 
0.B7 
2.J5 
8.94 

14.11 
2.83 
0.12 
0.00 

29.70 

0.00 
0.58 
0.49 
0.J2 
1.94 
0.75 
0.73 
4.22 

14.95 
18.59 

1.40 
0.07 

44.oS 

0.00 
0.00 
0.J1 
0.11 
0.14 
0.12 
0.22 
9.65 

18.04 
3.69 
0.14 
0.00 

32.42 

0.00 
0.00 
0.11 
0.09 
0.610 
0.72 
1.68 
9.75 

2).19 
15.70 
1.52 
0.00 

53.40 

0.00 
0.13 

19.55 
12.1) 
1.62 
1.52 
2.38 

11.34 
15.64 

4.41 
0.26 
0.01 

68.99 

SSP 
OCT 
1IOV 
DEC 
JAN 
FEB 
KAR 
APR 
MAY 
JUII 
Jl1L 
AUG 

mTAL 

SEC 
OCT 
NOV 
lEC 
JAN 
FEB 
I9.R 
APR 
"lAY 
JUII 
JUL 
AUG 

TOTAL 

SSP 
OCT 
HOV 
DEC 
JAN 
FEB 
M.I!! 
APR 
IlAY 
JUN 
Jl1L 
AUG 

TOTAL 

BEP 
OCT 
MJV 
lEG 
JAN 
FEB 
lIAR 
ARI 
IIA,( 
JUII 
JUL 
AUG 

mTAL 

SliP 
OCT 
HOV 
lEG 
JAN 
FEB 
"IAR 
APR 
IIA,( 
JUII 
JUL 
AUG 

TOTAL 



MONTH 

SEP* 
OCT .. 
NeN 
DEC 
JAN 
FEB 
MAR 
APR 
MAY 
JON 
JUL 
AUG 

TOTAL 

SEP 
OCT 
NOV 
DEC 
JAN 
FEB 
MAR 
APR 
MAY 
JON 
JUt 
AUG 

TOTAL 

SEP 
OCT 
NOV 
DEC 
JAN 
FEB 
MAR 
APR 
MAY 
JON 
JUL 
AUG 

TarAL 

SEP 
OCT 
NOV 
DEC 
JAN 
FEB 
MAR 
APR 
MAY 
JON 
JUL 
AUG 

TOTAL 

TOTAL DlTERCEPTION LCSS 
PRECIPITATICtI 

Total Snowfall W.E. Rainfall Snowfall W.F.. Rainfall Total 
(1) (1a) ( 2) (2a) () ()a) (4) (4a) (5) (Sa) (6) (6a) 

).5 3.5 0.0 0.0 ).5 3.5 0.0 0.0 1.2 1.2 1.2 1.2 
22.5' 23.0 0 .7 0.7 21.8 22.3 0.2 0.2 2.2 2.3 2.4 2.5 
12.0 lJ.7 1.9 1.9 10.1 11.8 0.4 0.4 1.2 1.3 1.6 1.7 
11.6 11.6 9.8 9.8 1.8 1.8 1.1 1.1 0.4 0.4 1.5 105 
1705 1705 12.3 12.3 5.2 5.2 1.4 1.4 0.5 0.5 1.9 1.9 
20.3 20.3 11.4 11.4 8.9 8.9 1.2 1.2 0.9 0.9 2.1 2.1 
13.0 12.1 10.9 10.0 2.1 2.1 1.2 1.2 0.5 0.5 1.7 1.7 
11.7 11.7 7.2 5.7 4.5 6.0 0.9 0.8 0.8 0.9 1.7 1.7 

7.1 7.1 6.4 6.4 0.7 0.7 0.9 0.9 0.2 0.2 1.1 1.1 
3.6 3.6 0.0 0.0 3.6 3.6 0.0 0.0 1.3 1.3 1.3 1.3 
1.9 1.9 0.0 0.0 1.9 1.9 0.0 0.0 0.7 0.7 0.7 0.7 
1.7 1.7 0.0 0.0 1.7 1.7 0.0 0.0 0.6 0.6 0.6 0.6 

126.4127.7 60.6 58.2 65.8 69.5 7.3 7.2 10 •. S 10.8 17.8 18.0 

5.7 5.7 1.6 1.6 4.1 4.1 0.3 0.3 1.4 1.4 1.7 1.7 
6.2 6.2 4.4 4.4 1.8 1.8 0.7 0.7 0.5 0.5 1.2 1.2 

17.8 18.8 10.9 10.9 6.9 7.9 1.3 1.3 0.7 0.8 2.0 2.1 
25.4 26.6 21.0 22.4 4.4 4.2 2.2 2.3 0.4 0.4 2.6 2.7 
4.1 4.1 4.1 4.1 0.0 0.0 0.7 0.7 0.0 0.0 0.7 0 .7 

28.2 28.2 22.2 22.2 6.0 6.0 2.3 2.3 0.6 0.6 2.9 2.9 
8.9 10.0 5.0 5.0 3.9 5.0 0.8 0.8 0.9 1.0 1. 7 1.8 
5.1 6.2 0.8 0.8 4.3 5.4 0.2 0.2 0.9 1.0 1.1 1.2 
7.2 7.2 0.8 0.8 6.4 6.4 0.2 0.2 2.2 2.2 2.4 2.4 
1.9 1.9 0.0 0.0 1.9 1.9 0.0 0.0 0.7 0.7 0.7 0.7 
0.4 0.4 0.0 0.0 0.4 0.4 0.0 0.0 0.1 0.1 0.1 0.1 
0.3 0.3 0.0 0.0 0.3 0.3 0.0 0.0 0.1 0.1 0.1 0.1 

111.2 115.6 70.8 72.2 40.4 43.4 8.7 8.8 8.5 8.8 17.2 17.6 

3.0 3.0 0.0 0.0 3.0 3.0 0.0 0.0 1.0 1.0 1.0 1.0 
8.2 8.2 1.6 1.6 6.6 6.6 0.4 0.4 1.1 1.1 1.5 1.5 

14.1 14.1 2.3 2.3 11.8 11.8 0.5 0.5 1.3 1.3 1.8 1.8 
18.8 18.8 16.8 16.8 2.0 2.0 1.8 1.8 0.2 0.2 2.0 2.0 
33.8 33.8 29.0 29.0 4.8 4.8 2.9 2.9 0.5 0.5 3.4 3.4 
15.4 15.4 7.3 7.3 8.1 8.1 0.9 0.9 1.1 1.1 2.0 2.0 
20.0 20.0 12.2 12.2 7.8 7.8 1.4 1.4 0.8 0.8 2.2 2.2 
7.6 8.7 3.4 4.5 4.2 4.2 0.6 0.7 0.9 0.9 1.5 1.6 
).7 3.7 3.5 3.5 0.2 0.2 0.6 0.6 0.1 0.1 0 .7 0.7 
5.1 5.1 0.3 0.3 4.8 4.8 0.1 0.1 1.7 1.7 1.8 1.8 
0.7 0.7 0.0 0.0 0.7 0.7 0.0 0.0 0.2 0.2 0.2 0.2 
2.4 2.4 0.0 0.0 2.4 2.4 0.0 0.0 0.8 0.8 0.8 0.8 

132.8 133.9 76.4 7705 56.4 56.4 9.2 9.3 9.7 9.7 18.9 19.0 

2.7 2.7 0.0 0.0 2.7 2.7 0.0 0.0 0.9 0.9 0.9 0 .9 
25.7 25.7 7.5 7.5 18.2 18.2 1.0 1.0 1.8 1.8 2. B 2.8 
20.2 20.2 10.8 10.8 9.4 9.4 1.3 1.3 0.9 0.9 2.2 2.2 
17.1 19.2 7.0 8.1 10.1 11.1 0.9 1.0 1.0 1.0 1.9 2.0 
25.5 26.6 18.4 19.5 7.1 7.1 2.0 2.1 0.7 0.7 2.7 2. B 
14.2 14.2 5.7 5.7 8'.5 8.5 0 .8 0.8 1.1 1.1 1.9 1.9 
14.7 14.7 13.1 13.1 1.6 1.6 1.4 1.4 0.4 0.4 1.8 1.8 

3.6 3.6 2.2 2.2 1.4 1.4 0.4 0.4 0.5 OS 0.9 0.9 
5.7 5.7 1.5 IS 4.2 4.2 0.3 0.3 1.5 1.5 1.8 1.8 
0.3 0.3 0 .0 0.0 0.) 0.) 0.0 0.0 0.1 0.1 0.1 0.1 
0.4 0.4 0.0 0.0 0.4 0.4 0.0 0.0 0.1 0.1 0 .1 0.1 
1.5 1.5 0 .0 0.0 105 1.5 0.0 0.0 0.5 os 0 .5 OS 

131 0 6 1)4.8 66.2 68.4 65.4 66.4 8.1 8.3 9.5 9.5 17.6 17.8 

Potential evspotranaplr.tl on by the Thornthwai te method. 

"Actual" evapotranapl.ration by the ThorntlJwaite metlJod. 

TABLE t.-4 

WllLAMETTE BASIN SNa.r LABORATORi: 

NET PRECIPITATION 

Snowfall W.E. Rainfall Total 
(7) (7a) (8) (8a) (9) (9a) 

0.0 0.0 2.3 2.3 2.3 2.3 
0.5 0.5 19.6 20.0 20.1 20.5 
1.5 1.5 8.9 10.5 10.4 12.0 
8.7 8.7 1.4 1.4 10.1 10.1 

10.9 10.9 4.7 4.7 15.6 15.6 
10.2 10.2 8.0 8.0 18.2 18.2 

9·7 8.8 1.6 1.6 11.3 10.4 
6.3 4.9 3. 7 5.1 10.0 10.0 
5.5 5.S 0.5 O.S 6.0 6.0 
0.0 0.0 2.3 2.3 2.3 2.3 
0.0 0.0 1.2 1.2 1.2 1.2 
0.0 0.0 1.1 1.1 1.1 1.1 

53.3 51.0 55.3 58.7 108.6109.7 

1.3 1.3 2.7 2.7 4.0 4.0 
3.7 3.7 1.3 1.3 5.0 5.0 
9.6 9.6 6.2 7.1 15.8 16.7 

18.8 20.1 4.0 3.8 22.8 23.9 
3.4 3.4 0.0 0.0 3.4 3.4 

19.9 19.9 5.4 5.4 25.3 25.3 
4.2 4.2 3.0 4.0 7.2 8.2 
0.6 0.6 3.4 4.4 4.0 5.0 
0.6 0.6 4.2 4.2 4.8 4.8 
0.0 0.0 1.2 1.2 1.2 1.2 
0.0 0.0 0.3 0.3 0.3 0.3 
0.0 0.0 0.2 0.2 0.2 0.2 

62.1 63.4 31.9 34.6 94.0 98.0 

0.0 0.0 2.0 2.0 2.0 2.0 
1.2 1.2 5.5 5-5 6.7 6.7 
1.8 1.8 10.S 10.5 12.3 12.3 

15.0 15.0 1.8 1.8 16.8 16.8 
26.1 26.1 4.3 4.3 30.t. 30.4 
6.4 6.4 7.0 7.0 13.4 13.4 

10.8 10.8 7.0 7.0 17.8 17.8 
2.8 3.8 3.3 3.3 6.1 7.1 
2.9 2.9 0.1 0.1 3.0 3·0 
0.2 0.2 3.1 3.1 3.3 3.3 
0.0 0.0 0.5 0.5 OS 0.5 
0.0 0.0 1.6 1.6 1.6 1.6 

67.2 68.2 46.7 46.7113.9 114.9 

0.0 0.0 1.8 1.8 1.8 1.8 
6.5 6. 5 16.4 16.4 22.9 22.9 
9.5 9.5 8.5 8 .5 18.0 1B.O 
6.1 7.1 9.1 10.1 15.2 17.2 

16.4 17.4 6.4 6.4 22.8 23. B 
4.9 4.9 7.4 7.4 12.3 12.3 

11.7 11.7 1.2 1.2 12.9 12.9 
1.8 1.8 0.9 0.9 2.7 2.7 
1.2 1.2 2.7 2.7 3.9 ).9 
0.0 0.0 0.2 0. 2 0 .2 0 .2 
0.0 0.0 0.3 0.3" 0.3 0 .) 
0.0 0.0 1.0 1.0 1.0 1.0 

58.1 60.1 55.9 56.9 114.0 117.0 

WATER BALANCE BY MONTHS 
(Inchee depth over basin) 

SNGiPACK 
W.".TEil EgJIVALENT 

Cumulative Change 
(10) (lOa) (ll) (l1a) 

1947 - 48 

0.0 0.0 0.0 0.0 
0.3 0.3 0.3 0.3 
0.0 0.0 -0.3 -0.3 
2.4 1.9 2.4 1.9 
5.2 2.9 2.8 1.0 

10.9 11.0 5.7 8.1 
11.2 15.2 0.3 4.2 
14.7 15.4 3·5 0.2 
6.0 5.8 -8.7 -9.6 
0.0 0.0 -6.0 -5.8 
0.0 0.0 0 .0 0.0 
0.0 0.0 0.0 0.0 
- - 0.0 0.0 

1948 - 49 

0.0 0.0 0.0 0.0 
0:0 0.0 0 .0 0.0 
4.5 4.S 4.S 4.5 

17.4 18.7 12.9 14.2 
17.3 20.5 -0.1 1.8 
27.2 33.6 9.9 13.1 
25.0 31.4 -2.2 -2.2 
18.5 18.5 -6.5 -12.9 

3.4 3.8 -15.1 -14.7 
0.0 0.0 -3.4 -3.8 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
- - 0.0 0.0 

1949 - 50 

0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
0.0 1.3 0.0 1.3 

11.7 14.2 11.7 12.9 
29.1 34.8 17.t. 20 .6 
28.4 29.1 -0.7 -5.7 
30.9 3t..0 2.5 4.9 
27.1 29.6 -3.8 -4.4 
14.7 14.3 -12.4 -15.3 
1.1 1.3 -13.6 -13.0 
0.0 0.0 -1.1 -1.3 
0.0 0.0 0.0 0.0 - - 0.0 0.0 

1950 - 51 

0.0 0.0 0.0 0.0 
1.0 1.3 1.0 1.3 
2.6 3.0 1.6 1.7 
2.8 3.4 0. 2 o.t. 

12. 2 14.7 9.4 11.3 
13.4 13.5 1.2 -1.2 
IB.1 19. 2 4.7 5.7 

7.0 6.8 -11.1 -12.4 
0.6 0.5 -6.4 -6.3 
0.0 0.0 -0.6 -0.5 
0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 
- - 0.0 0.0 

In 1947-48 water year there was a carryover of an estimat.P...d 1.0 i nch of Mil moisture from the "revioW! year. 

(a) All co1Ul111ls whose nW1lbers i nclude nil" giv" ~d";>t ed val\Es whi ch br1.ng all components In to ba1anc~. 

.. Estimated value e. 

MELT EVAPo- AVAILABLE RUNOFF 
TRANSPIRATION SOIL MOISTURE 

Thornthwaite COMPUTED ACTUAL MONTH 

(M eN) Initial Change Generated Gen. Oba. 
(12) (12a) (13a) (14) (14a) (15) (15a) (16) (16&) (17) (18) 

0.0 0.0 2.9 2.9 2.8 1.0 1.021-0.6 -1.0 0.0 0.5 0.53 0.56 SEP* 
0.2 0.2 1.6 1.6 1.6 0.4 0.0 4.6 5.0 13.6 13.6 13.57 9.56 OCT * 
1.8 1.8 0.2 0.2 0.2 5.0 5.0 0.0 0.0 10.5 12.1 12.09 12.58 NOV 
6.3 6.8 0.0 0.0 0.0 5.0 5.0 0.0 0.0 7.7 8.2 8.18 8.04 DEC 
8.1 9.9 0.3 0.3 0.3 5.0 5.0 0.0 0.0 12.5 14.3 14.33 16.04 JAH 
4.5 2.1 0.0 0.0 0.0 5.0 5.0 0.0 0.0 1<.5 10.1 10.06 7.90 FEB 
9.4 4.6 0.1 0.1 0.1 5.0 5.0 0.0 0.0 10.9 6.1 6.08 5.78 MAR 
2.8 4.7 0.6 0.6 0.6 5.0 5.0 0.0 0.0 5.9 9.2 9.21 10.06 APR 

14.2 15.1 2.0 2.0 2.0 5.0 5.0 0.0 0.0 12.7 13.6 13.64 12.91 MAY 
6.0 5.8 4.0 4.0 4.0 5.0 5.0 -0.2 0.0 4.5 4.1 4.10 6.44 JON 
0.0 0.0 4.4 4.4 4.4 4.8 5.0 -3.2 -4.0 0.0 0.8 0.B5 1.77 JUt 
0.0 0.0 3.7 2.7 2.1 1.6 1.0 -1.6 -1.0 0.0 0.0 0.13 0.89 AUG 

53.3 51.0 19.8 18.8 18.1 - - 0.0 0.0 90.8 92.6 92.77 92.53 TarAL 

1.3 1.3 2.7 2.7 1.0 0.0 0.0 1.3 1.3 0.0 1.7 1.70 0.86 SEP 

3.7 3.7 1.9 1.9 1.9 1.3 1.3 3.1 1.0 0.0 2.1 2.12 2.04 OCT 
5.1 5.1 0.3 0.3 0.3 4.4 2.3 0.6 2.7 10.4 9.2 9.21 6.48 NOV 
5.9 5.9 0.0 0.0 0.0 5.0 5.0 0.0 0.0 9.9 9.7 9.66 11.09 DEC 
3.5 1.6 0.0 0.0 0.0 5.0 5.0 0.0 0.0 3.5 1.6 1.55 2.70 JAN 

10.0 6.8 0.0 0.0 0.0 S.O 5.0 0.0 0.0 15.4 12.2 12.19 8.96 FEB 
6.4 6.4 0.5 0.5 0.5 5.0 5.0 0.0 0.0 8.9 9.9 9.86 11.17 MAR 
7.1 13.5 1.5 1.5 1.S 5.0 5.0 0.0 0.0 9.0 16.4 16.18 14.40 APR 

15.7 15.3 2.6 2.6 2.6 5.0 5.0 0.0 0.0 17.3 16.9 16.87 18.20 MAY 
3.4 3.8 3.6 3.6 3.6 5.0 5.0 -1.4 -1.2 2.4 2.6 2.56 4.66 JON 
0.0 0.0 4.5 3.9 4.1 ).6 3.8 -3.6 -3.8 0.0 0.0 0.00 1.23 JUL 
0.0 0.0 3.8 0.2 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.10 0.50 AUG 

62.1 63.4 21..4 17.2 15.7 - - 0.0 0.0 76.8 82.3 82.00 82.29 TarAL 

0.0 0.0 3.2 2.0 1.6 0.0 0.0 0.0 0.0 0.0 0.4 0.37 0.37 SEP 
1.2 1.2 1.3 1.3 1.3 0.0 0.0 5.0 3.9 0.4 1.5 1.52 1.04 OCT 
1.8 OS 1.5 1.5 1.5 5.0 3.9 0.0 1.1 10.8 8.4 8.43 4.40 NOV 
3.3 2.1 0.0 0.0 0.0 5.0 5.0 0.0 0.0 5.1 3.9 3.86 5.28 DEC 
8.7 5.5 0.0 0.0 0.0 5.0 5.0 0.0 0.0 13.0 9.8 9.81 9.77 JAN 
7.1 12.1 0.0 0.0 0.0 5.0 5.0 0.0 0.0 14.1 19.1 19.14 16.98 FEB 
8.3 5.9 0.0 0.0 0.0 5.0 5.0 0.0 0.0 15.3 12.9 12.89 15.21 MAR 
6.6 8.2 0.7 0.7 0.7 5.0 5.0 0.0 0.0 9.2 10.8 10.84 10.37 APR 

15.3 18.2 1.9 1.9 1.9 5.0 5.0 0.0 0.0 13.5 16.4 16.45 14.86 MAY 
13.8 13.2 3·0 3.0 3.0 5.0 5.0 0.0 0.0 13.9 13.3 13.34 14.28 JUN 
1.1 1.3 4.3 4.3 4.3 5.0 5.0 -3.2 -3.0 0.6 0.5 0.53 3.35 Jut 
0.0 0.0 4.5 3.3 3.4 1.7 2.0 -1.7 -2.0 0.0 0.2 0.22 1.08 AUG 

67.2 68.2 20.4 18.0 17.7 - - 0.0 0.0 95.9 97.2 97.40 96.99 TOTAL 

0.0 0.0 3·0 1.8 1.5 0.0 0.0 0.0 0.0 0.0 0.3 0.27 0051 SEP 
505 5.2 1.4 1.4 1.4 0.0 0.0 5.0 5.0 15 oS 15.2 15.17 9.60 OCT 
7.9 7.B 0.5 0.5 0.5 S.O 5.0 0.0 0.0 15.9 15.8 15.77 16.41 NOV 
5.9 6.7 0.5 0.5 0.5 5.0 5.0 0.0 0.0 14.5 16.3 16.29 16.77 DEC 
7.0 6.1 0.0 0.0 0.0 5.0 5.0 0.0 0.0 13.4 12.5 12.52 13.29 JAN 
3.7 6.1 0.1 0.1 0.1 5.0 5.0 0.0 0.0 11.0 13.4 13.38 14.61 FEB 
7.0 6.0 0.1 0.1 0.1 5.0 5.0 0.0 0.0 8.1 7.1 7.08 5.91 MAR 

12.9 14.2 1.8 1.8 1.8 5.0 5.0 0.0 0.0 12.0 13.3 13.33 12.66 APR 
7.6 7.5 2.2 2.2 2.2 5.0 5.0 0.0 0.0 8.1 8.0 7.98 9.77 MAY 
0.6 OS 3.9 3.9 3.9 5.0 5.0 -3.5 -3.8 0.4 0.6 0.6) 2.27 JUN 
0.0 0.0 4.5 1.8 1.5 IS 1.2 -1.5 -1.2 0.0 0.0 0.04 0.83 JUt 
0 .0 0.0 3.9 1.0 0.8 0.0 0.0 0.0 0.0 0.0 0.2 0.23 0.40 AUG 

58.1 60.1 21. .9 15.1 14.) - - 0.0 0.0 98.9 102.7 102.69 10).03 TOTAL 
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IsoprR C ENTUAL MAP FOR 1949 -50 WATER YEAR 
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SNOW I~I V E STIGATIONS 
SUMMARY REPORT 

SNOW HYDROLOGY 

PRECIPITATION DISTRIBUTION, UCSL 
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i:tt CHAPI'ER 5 - MELTING OF THE SNOWPACK 

5-01. INTRODUCTION 

5-01.01 General. - Snowmelt is the over-all result of many 
different processes of heat transfer. The quantity of snowmelt is, 
moreover, dependent upon the condition of the snowpack itself. As a 
consequence, the rigorous determination of snowmelt amounts is quite 
complex and certain simplifying assumptions are used in the practical 
computation of snowmelt. The relative importance of the various heat
transfer processes involved in the melting of the snowpack vary with time 
and with locale. Considering solar radiation for example, in the plains 
area of the United States it is an important direct cause of snowmelt, 
while it is relatively unimportant except indirectly, in the heavily 
forested areas of the Pacific Northwest; it is of considerably less 
importance during the wintertime than during the spring melt season, and 
decreases in importance with increasing latitude. As a result of this 
variation in the relative importance of the several heat transfer proc
esses involved in the melting of the snowpack, no single method or index 
for computing snowmelt is universally applicable to all areas and at all 
times of the year. In order to intelligent~select the best method of 
computing snowmelt for a given time and area, a complete understanding 
of the snowmelt process is necessary. In this chaptp-r the heat-transfer 
processes involved in the melting of the snowpack are first enumeratedj 
a general snowmelt equation is next formulated which relates the net 
heat transfer to the resultant snowmelt, taking into consideration the 
thermal condition of the snowpack. Each heat transfer process is then 
considered separately in some detail; its variation with meteorological 
conditions, time of year, and place is discussed. The several processes 
are then summarized and interactions between them pointed out. 

5-01.02 Sources of heat energy. - The principal fluxes of 
heat energy involved in the melting of the snowpack were enumerated by 
Wilson in his paper, !IAn outline on the thermodynamics of snowmelt," 38/ 
and also in Technical Bulletins 2 and 13. These fluxes, with the symbols 
used subsequently to identify them are: 

Absorbed solar radiation (H ) 
rs 

Net longwave radiation exchange between the snowpack and its 
environment (H ) 

rl 
Convect i ve heat transfer (sensible heat) from the air (H ) 

c 
Latent heat of vaporization released by condensate (H) 

e 
Conduction of heat from underlying ground (H ) 

g 
Heat content of rain water (H ) 

p 
Each of the above is, itself, a function of several components. For 
example, absorbed solar radiation is the difference between the solar 
radiation incident on the snowpack and that reflected by it; net longwave 
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radiation is the difference between the longwave radiation emitted by the 
snowpack and the portion of it radiated back from its environment (Le., 
air, trees, and clouds). In the sections which follow each of the 
foregoing heat fluxes shall be considered separately. 

5-01.03 The energy-budget equation. - If all heat fluxes 
directed toward the snowpack are considered positive and those away from 
the pack, negative (the sign being included in the term), and these 
fluxes are then summed, the total must be zero. Thus, considering snow
melt as but another heat transfer process and including the change in 
thermal quality of the snow itself (see par. 5-01.05), 

!H=H +H +H +H +H +H +H +H =0 
rs rl c e g p q m 

(5-1a) 

wTIere H is the change in the energy content of the snowpack and H is 
~ m 

the heat equivalent of the snowmelt (that is, the quantity of heat 
involved in the change of state from ice to water--the latent heat of 
fusion). All other terms are as previously defined in paragraph 5-01.02. 
From equation 5-1a it follows that 

H 0 H + H 1 + H + H + H + H + H m rs r c e g p q (5-1b) 

considering the heat equivalent of the melt to be positive. In the above 
equation, Hrl is ordinarily negative in the open, H and H may be either 

...!:. -.9. 
positive or negative, H is generally positive, and other terms in the 

c 
equation are almost always positive. 

5-01.04 Units. - The units used in this chapter are a com
bination of several ~stems of units. For example, the English units of 
degrees Fahrenheit and miles per hour are used to express temperatures 
and wind speeds, while the metric units of calories will ordinarily be 
used to express heat quanitities. Snowmelt will ordinarily be given in 
inches depth while unit area will be taken as one square centi1tJ.ftter. This 
heterogeneous system of units results from an attempt to express the 
results of this work in the familiar English units such that available 
data may be used directly in the resulting equations, at the same time 
taking advantage of some of the numerical simplicities of the metric 
~stem. Moreover, some of the basic data are commonly expressed in 
metric units; for example, radiation quantities are usually given in gram 
calories per square centimeter. In spite of the different ~stems of 
units used in this chapter, the units used to express given quantities 
are consistent throughout the chapter. The units will be introduced and 
defined as needed. 

5-01.05 Thermal quality of the snowpack. - If snowmelt is 
defined as the liquid water which leaves the snowpack, the amount of 
snowmelt resulting from a given quantity of heat energy is dependent 

142 



f ' . 

upon the thermal quality of the snowpack. While the latent heat of ice 
is a well established quantity (80 cal/g or 144 Btu/lb), only rarely is 
snow encountered which consists of pure ice at 32DF. More often, 
especially during the winter months, its mean temperature is less than 
32oF, and some additional heat is required to first raise its temperature 
to the melting point before melt can begin. On the other hand, during 
the melt season the snowpack is not only isothermal at 320p but also 
contains some free water. That is to say, instead of pure ice to be 
melted, there is a mixture of ice and water. When the ice matrix is 
melted, this free water is also released, resulting in a total quantity 
of water in excess of that required to melt the ice particles themselves 
as indicated by the latent heat of fusion for water. The actual condition 
of the snowpack with regard to the amount of water resulting from a given 
quantity of heat energy is designated as the "therma.l quality" of the 
snowpack. Thermal quality of snow is defined as the ratio of the heat 
necessary to produce a given amount of water from snow to the amount of 
heat required to produce the same quantity of melt from pure ice at 32DF. 
It is usually expressed as a percentage. It may thus be seen that snow 
at sub-freezing temperatures will have a thermal quality greater than 
100 percent, while snow containing free water will have a thermal quality 
less than 100 percent. This topic is considered in more detail in 
chapter 8. Methods whereby the thermal quality of the snowpack can be 
determined are discussed there and typical values of thermal quality 
given. 

5-01.06 Resultant melt. - Since 80 langleys (calories per 
square centimeter) of heat energy are required to produce one centimeter 
of water from pure ice at 32Op, 203.2 langleys (2.54 x 80 ly) are required 
to produce one inch of runoff from a snowpack having a thermal quality of 
100 percent. Thus letting Hm represent the total heat in langleys 

supplied to the snowpack, and ~ represent the resultant melt in inches, 

M = Hn/ 203.2 (5-2a) 

for pure ice at 32Op. Letting B represent the thermal quality of the 
snow, 203.2 x B langleys are required to produce one inch of melt from 
any snowpack having a thermal quality~. Hence, 

M = Hn/ 203.2B (5-2b) 

for any snowpack. Figure 1 of plate 5-1 illustrates this relationship 
between heat supply and resultant snowmelt for snowpacks of various 
thermal qualities. 
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5-01.07 In connection with the foregoing it should be 
pointed out that the amount of heat required to ripen* the snowpack is 
relatively small compared to the amount of heat required to melt the 
snowpack. An example will serve to illustrate this fact. Consider one 
gram of snow at an initial temperature of -lOoC (14Op). Sinc~ the 
specific heat of ice is approximately 0 .5, only 5 calories of heat energy 
are required to bring its temperature to the melting point. Assuming 
the free-water-holding capacity of a ripe snowpack to be 3 percent (see 
chap. 8 for a discussion of free water), an additional 2 calories of heat 
energy are required to produce sufficient melt water to satisfy this 
free-water-holding capacity. Thus a total of about 7 calories are 
required to ripen the gram of snow, while about 78 calories are subse
quently required to melt one gram of the resulting water-ice mixture. 

5-01.08 Nocturnal snow crusts. - During the snowmelt season, 
it is usual for net flux of heat from all sources to be positive (toward 
the snowpack) during the day and negative (away from the snowpack) 
during the night. This diurnal change is especially noticeable in areas 
of little or no forest cover and during periods of clear weather. It 
results from the net longwave radiation loss during the nighttime 
exceeding the gains of heat resulting from convection and condensation. 
(During the daytime, the solar radiation combined with the greater 
convective transfer resulting from higher air temperatures usually far 
exceeds the net longwave loss.) This nocturnal loss of heat energy from 
the snowpack results in the formation of a crust on the surface of the 
snowpack. The free water within the pack is refrozen and the snow cooled 
to some temperature below freezing. The effect is usually confined to 
the top layers of the pack. In spite of the fact that this deficit may 
amount to some 80 langleys during a single night, such crusts seldom 
exceed 10 inches. They are generally much thinner, being around 6 inches 
in thickness and representing heat deficits of 20 - 40 calories. The 
nocturnal snow crust represents a heat-energy deficit that must be 
subtracted from the subsequent day's net gain in determining daily snow
melt amounts. It is sometimes referred to and expressed as a "negative 
melt" quantity, in which case it is expressed in units of inches of melt 
rather than langleys. 

5-01.09 Data. - Much of what follows is based on snow 
lysimeter studies of snowmelt made at CSSL (see Res. Notes 17 and 25); 
however, what is presented herein is generally applicable to any snow
covered area. Reference is made to several publications which contain 
general data pertinent to the energy-budget approach to snowmelt, and 

~~or the purposes of this chapter a ripe snowpack is defined as one 
which is isothermal at 32Df and has all of its free-water-holding capacity 
satisfied. (Free water includes only that water permanently held within 
the snowpack; that is, water held by adsorption and capillarity. It 
does not include water in the process of percolating through the pack or 
water impounded in the pack as a result of poor drainage conditions.) 
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which were consulted in the preparation of this report. Sverdrup's, liThe 
eddy conductivity of the air over a smooth snow field,1I 34/ gives much 
valuable data from carefully made meteorological observations over a 
barren snow field. It also presents the general energy-budget approach 
to snowmelt along with detailed theoretical background. John Hopkins 
University, Publications in Climatology, 18/ 36/ likewise present much 
detailed data on vertical air temperature, humidity, and wind-speed 
gradients near the ground, and on radiative heat transfer near the 
ground. These data are generally for snowfree conditions although some 
data are included for measurements made over snow. These publications 
also include some of the most recent developments in the theory of heat 
transfer near the ground. Geological Survey Circular 229, "Water-loss 
Investigations: Volume 1 - Lake Hefner Studies, Technic9.l Report, II 2/ 
and Sverdrup's Oceanography for Meteorologists 35/ both contain a general 
reivew of the theory of the energy-budget approach and also include 
considerable data obtained over water surfaces. Brunt '5 Physical and 
Dynamical Meteorology, §/ Sutton's Micrometeorology, 33/ and Geiger's 
The Climate Near the Ground 13/ are three excellent texts dealing with 
the questions pertinent to this report which were referred to frequently 
in its preparation. 

5-02. RADIATION THEORY 

5-02.01 Planck's law. - All bodies radiate energy, the 
intensity of the radiation being a function of the temperature of the 
radiating body; moreover, the spectral distribution of the radiation is 
also a function of the temperature of the radiating body. Generally 
speaking, the higher the temperature, the greater the intensity of the 
total radiation emitted and the shorter the wave length of the maximum 
intensity. The spectral distribution of the energy of a radiating black 
body is given by Planck's Law, 

(5-3) 

where E:t is the intensity of the emitted radiation of wave length A., 

! is the temperature of the radiating body and Cl and C2 are constants. 
- -

Figure 2 of plate 5-1 and figure 1 of plate 5-3 show the theoretical 
distribution of radiation intensities in the spectrum of a black body in 
accordance with equation 5-3. Figure 2 is for a body at a temperature 
of 6000 degrees K (approximate sun temperature) and figure 1 for a body 
at 273 degrees K (temperature of a melting snowpack). This is the 
general expression for radiant energy. Other expressions may be derived 
from it as given in the following two paragraphs. 

5-02.02 l,vien's law. - For any gi'Ten temperature, E:tis zero 

f or A. = 0 and for A. = 00; f or some intermediate value of~, E A has its 

maximum value . This wave length of maximum intensity of radiation can 
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be determined from equation 5-3. Differentiating and equating to zero, 
gives, 

A T = constant 
m 

(5-4) 

where ~ is the wave length at which E..\. is a maximum. Equation 5-4 is 

know as Wien's Law. The value of the-Constant is
6
usually taken as 2940 

for wave lengths expressed in microns (equals 10- m) and temperatures 
in degrees K. Thus the wave lengths of maximum intensity are 0.49.u 
and 10.8~ for the temperatures of 6000 and 273 degrees K, respectively. 

5-02.03 Stefan's law. - The total energy emitted in all wave 
lengths (per unit time and area) by a black body may be determined by 
integrating equation 5-3. Thus the total radiation in all wave lengths, 
~, from a black body at a temperature Tis, 

(5-5) 

where, 

Equation 5-5 is known as Stefan's law and ('j as Stefan's constant. The 
value of ('j is 0.826 x 10-10 (ly/min) / (OKT4. For a radiating body other 
than a black body, its radiation relative to the radiation of a black 
body is expressed by a ratio known as its emissivity. Figure 2 of plate 
5-3 is a graphical presentation of Stefan's law, and it also shows 
radiation intensities corresponding to the various temperatures for 
emissivities less than unity (black-body emissivity). 

5-02-04 Solar and terrestrial radiation. - Only a very small 
portion of the entire electromagnetic spectrum (which ranges from cosmic 
rays and the emissions of radioactive substances with wave lengths of the 
or2er 10-6~ to low-frequency radio waves having wave lengths of the order 
10 rn) is involved in the radiation melt of the snowpack: the radiation 
between about 0 .15~ to 80~. This radiation is divided into two general 
categories: solar and terrestrial. Solar (or shortwave) radiation is 
included in the range from about 0.15 to 4.uwhich encompasses the visible 
spectrum (0.4 to 0.7~). It has its maximum intensity in the visible 
spectrum at about 0.5~. It also extends into the ultraviolet and the 
infrared. Figure 2, plate 5-1 shows the theoretical distribution of 
intensity of solar radiation at the different wave lengths, and also 
shows the limits of the visible spectrum. It may be seen that roughly 
half of the solar radiation lies within the range 0.4 to 0.7~, that is, 
half the total solar radiation is in the form of visible radiation or 
light. Terrestrial (or longwave) radiation is generally included in the 
range 3~ to 80p: it has its maximum intensity in the infrared at around 
11#. Figure 1, plate 5-3 shows the spectral distribution of radiation 
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intensity from a black body at 273 0 K (32Of), as given by Planck's law 
(equation 5-3). From Stefan's law, the total energy radiated per unit 
time and area is found to be 0.459 ly/min or 27.5 ly/hour. In the follow
ing two sections, both of the foregoing typesof radiation involved in the 
melting of the snowpack will be considered separately; their variations 
with cloud and tree cover will be discussed and methods presented by 
which they may be estimated in the absence of measurements. 

5-03. SOLAR RADIATION 

,5-03.01 The solar constant. - Of the tremendous quantity of 
radiant energy emitted by the sun, only an infinitesimally small portion 
is intercepted by the earth and its atmosphere. Yet this small portion 
is the ultimate source of all the earth's energy. The amount of solar 
energy intercepted by the earth varies slightly with seasons due to the 
varying distance between the earth and sun, and is thought to have small 
day-to-day variations due to changes in the solar output; however, these 
variations are quite small. The intensity of incident radiation on the 
earth is given by the solar constant which is defined thus: the 
intensity of solar radiation received on a unit area of a plane normal 
to the incident radiation at the outer limit of the earth's atmosphere 
with the earth at its mean distance from the sun. The value of the solar 
constant is generally taken to be 1.94 langleys per minute which is 
based on the 1913 Smithsonian standard scale. 29/ Until recently, it was 
thought this value was too high; a solar constant of 1.90 ly/min being the 
best available figure. 11/ More recently there has been evidence that 
these values are too low, a value of 2.00 ly/min being offered. 24/ These 
differences arise from the fact that solar radiation, measured ar-or near 
the earth's surface, is less than that incident at the outer limit of the 
earth's atmosphere even during clear weather. Estimates must be made of 
the portion absorbed and reflected by the atmosphere to arrive at the 
solar constant. This is particularly true in the ultraviolet where the 
radiation is largely absorbed. Recently observations of the solar 
spectrum have been made at high altitudes from rockets, and estimates 
of the solar constant have been made using these data. 24/ However, 
even those observations leave portions of the spectrum to be estimated. 
In this report the solar constant will be +,aken as 1.94 ly /min. 

5-03.02 Insolation. - Of direct concern to the study of 
snowmelt is the amount of solar radiation incident on a horizontal 
surface. This is termed insolation. The daily amount of insolation 
received at the outer limit of the earth's atmosphere (or at the earth's 
surface in the absence of an atmosphere) may be calculated from the solar 
constant for any given latitude and time of year by taking into considera
tion: (1) the distance between the earth and sun, (2) the angle of 
incidence of the sun's rays, and (3) the duration of sunlight. Figure 3, 
plate 5-1 shows daily insolation amounts as a function of latitude and 
time of year, between latitudes 200 and 700 N. 

5-03.03 Transparency of atmosphere. - The portion of the 
insolation given by figure 3 of plate 5-1 which actually reaches the 

147 



earth's surface depends upon the transparency of the atmosphere and the 
optical airmass through which it must pass. -l:- Some of the incident solar 
radiation is reflected, some scattered, and some absorbed by the atmos
phere. In the absence of clouds these amounts are relatively small and 
quite constant barring unusual atmospheric conditions such as dust storms. 
The variations that occur are chiefly a result of variations in the 
amount of Hater vapor and dust in the air. The effects of water vapor 
and dust on the absorption and scattering of solar radiation has been 
extensively investigated; however, a detailed consideration of these 
effects is beyond the scope of this report. Reference is made to 
Technical Bulletin 5 and Research Note 3 and an article by Klein 27/ for 
summaries of work done on this subject. For purposes of this report it 
is sufficient to point out that the average daily insolation received at 
the earth's surface with clear skies may be determined for any given 
locality by plotting daily totals of measured insolation (see par. 5-03.09) 
as a function of time of year, and drawing a curve which envelopes these 
values, being guided by the curve giving the values of daily insolation 
received at the outer limits of the earth's atmosphere for the latitude 
of the particular site. This is done for CSSL ( lat. 390 22' N) as 
shown by figure 4 of plate 5-1. It is to be pointed out that, generally 
speaking, the higher the elevation of the station the greater is the 
atmospheric transmission, other things being equal. Also, the less the 
zenith distance, the greater is the atmospheric transmission. These 
follow from the fact that the smaller the optical airmass, the greater 
is the transmission for any given condition of the atmosphere. (Atmos
pheric transmission coefficient is defined as the ratio of the insolation 
received at the earth's surface with a cloudless sky, I c ' to the insolation 

received at the outer limit of the earth's atmosphere,-ro . Actually, for 

the same airmass, the transmission is somewhat greater in the winter 
than in the summer because of the usually clearer air that prevails 
during the winter. It may be noted in figure 4 of plate 5-1 that the 
atmospheric transmission is greatest in the summer and least in the winter 
in consequence of the differences in optical airmasses. The atmospheric 
transmission coefficient varies from about 80 percent at time of the 
winter solstice to about 85 percent at the time of the summer solstice. 

5-03.04 Atmospheric transmission coefficients are based on 
the total insolation received at the earth's surface and, as such, include 
both the direct solar beam and the diffuse sky radiation (scattered 
light reaching the earth's surface). They include an amount of diffuse 
sky radiation based on normal conditions. One factor that has a pro
nounced effect on the amount of diffuse sky radiation reaching the earth's 
surface is the albedo or reflectivity of the surface itself. Since a 

0< 

"Optical airmass is very closely given by the secant of the zenith 
(distance) angle for sea-level locations. For elevated stations, the 
secant must be multiplied by the ratio of the average station pressure to 
standard sea level (p/Po). 



portion of the reflected bea is also scattered back to the earth's 
surface, the greater the reflectivity of the surface, the greater is the 
diffuse sky radiation, other things being equal. Since for ordinary 
conditions of bare ground, the albedo is quite small and constant, this 
is a minor effect. However, over snow surfaces, the generally high 
albedo and its large range (40 to 80 percent) makes this effect of con
siderable importance. Thus the amount of insolation received at the 
earth's surface increases with the albedo of the snowpack, other things 
being equal. Figure 4 of plate 5-1 includes the average result of this 
effect at CSSL. During the winter, the higher average albedoes result
ing from new-fallen snow tend to increase the amount of insolation 
reaching the earth's surface. During the spring, the lower albedoes of 
the older snow decrease the &~ount of diffuse sky radiation, while during 
the summer months, the bare ground makes this effect practically nil. 
Thus the decrease in the atmospheric transw~ssion coefficient during the 
winter months due to the greater optical airmass is somewhat offset, for 
snow covered areas, by the increase in diffuse sky radiation (in addition 
to the clearer air of winter which also tends to increase the atmospheric 
transmission coefficient.) 

5-03.05 Effect of clouds. - By far the largest variations in 
the portion of solar radiation transmitted by the atmosphere are caused 
by clouds. Yet this variation is also one of the most difficult to 
evaluate. The transmitted radiation varies with type, height, density, 
and amount of clouds. Several investigations have been made which relate 
the ratio of the insolaticn actually received at the earth's surface 
(I) to the average insolation received at the earth's surface with 
cloudless skies (I c ), to the amount of cloud cover (~). Thus, 

1/1 = 1 - kIN c (5-6a) 

For N expressed in tenths of sky cover an average value for ~ of 0.71 
is given by Sverdrup (p. 51). 35/ However, there must necessarily be a 
considerable variation in this-Value from place to place, season to 
season and for different types and densities of clouds. It may be seen 
that for an overcast sky (N = 1), this value of ~ makes, I = 0.29lc ' 
Recently a value of 0.54 has been suggested by Newmann 32/ which results 
in I = 0.46Ic for an overcast sky. Haurwitz 21/ gives the l/Ic ratio 

in the form, 

I/Ic = 1 - (1 - k) N (5-6b) 

where k is equal to 1 - k' and has a certain physical significance: it 
is the-ratio of the insolation received with overcast skies to the 
insolation received with cloudless skies. This is the more usual form 
of the equation used to relate the ratio I/Ic to the amount of cloud 
cover, N. Values of k have been determined by Haurwitz 21/ for different 
types of clouds. Figure 5 of plate 5-1 shows variationS-in the value of 
k with cloud type and height (after Haurwitz) and also the resultant 
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variation in the percentage of insolation transmitted with various cloud 
heights and amounts using the values of k when substituted in equation 
5-6b. 

5-03.06 Another approach which has been used to estimate the 
depletion of insolation by clouds is to relate the ratio I/I c to the 
percentage of possible sunshine (S), as determined by a sunshine recorder, 
by an equation of the form, -

1/1 = a + b S c ( 5-7a) 

The coefficients a and b may be evaluated statistically. Fritz and 
MacDonald 12/ determined values of 0.35 and 0.61 using monthly data for 
the United:States. A more usual form of the equation used to relate the 
ratio to sunshine amounts is, 

I/Ic = k" + (l-k") S (5-7b) 

Here k" is the value of the ratio (fraction of cloudless sky insolation) 
on a day with zero recorded sunshine. Values of kll in equation 5-7b for 
the United States are given by Kimball. 26/ The most generally used 
value of k" is 0.22; however, it too is subject to variation with all of 
the aforementioned factors plus possible differences in the settings of 
the sunshine recorders. A general summary of this approach to the 
estimation of insolation--i.e. from sunshine data--is to be found in 
a paper by Hamon and others. 19/ This paper gives a graphical means of 
computing insolation from percent possible sunshine, with the additional 
parameters of latitude and time of year. (See pl. 6-1 for a reproduction 
of this graph.) The linear relationship between the insolation ratio, 
I/rc , and the percent sunshine, §J implicit in equations 5-7 is not used 
in this paper; rather an empirical curvilinear relationship is derived. 
Equations 5-6 and 5-7 are for total insolation received at the earth's 
surface; hence they include diffuse sky radiation. As was previously 
mentioned, the quantity of diffuse sky radiation relative to the direct 
solar beam, is affected by the albedo of the surface. This effect is 
even more pronounced with cloudy skies than it is with clear skies; not 
only is the ratio of diffuse sky radiation to direct radiation increased 
by the presence of clouds, but the light reflected from the earth's 
surface is strongly re-reflected by the clouds. Thus, over snow-covered 
areas, greater values of the ratio r/l c are to be expected than are 
found over non-snow-covered areas for a given type and amount of cloud 
cover. The actual values of the constants are also dependent, for snow
covered areas, upon the albedo of the pack and forest cover, in addition 
to all of the aforementioned variables. In view of these complexities, 
the previously given values of the constants should be used as general 
guides only in the determination of insolation amounts. Moreover, they 
apply, strictly, only to long-term averages of data and may be consider
ably in error for a given day. Only by actual measurement at ' the site 
can the true amount of daily insolation be accurately determined. 
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5-03.07 Effect of slope. - It is obvious that outside of the 
tropics (northern hemisphere), the radiation incident on south-facing 
slopes exceeds that on north-facing slopes. For moderate slopes during 
the springtime, as a result of the high solar altitude, the effect of 
slope is slight. During the winter the effect is more pronounced. At 
any given instant, the radiation on a sloping surface relative to the 
radiation received on a horizontal surface may be determined from the 
geometry of the situation (the slope and its aspect in conjunction with 
the solar altitude and azimuth). However, if daily totals are to be 
determined, the problem is more complex. Such a determination involves 
the integration of the solar path relative to the sloping surface. It, 
of course, varies with the time of year as a result of the changing solar 
path and is different for every slope and slope aspect. In addition, 
there is the variability in the transmission of radiation with solar 
altitude in consequence of the differences in optical airmass through 
which radiation must pass. Then too since, diffuse sky radiation is the 
same for all slopes and aspects, this constant factor mnst be included 
in all computations. All these effects have been included in some 
analyses made by Hoeck 22/ of daily totals of radiation on slopes of 25 
degrees for a latitude of 460 30' N. and an elevation of 1577 meters. 
Data are given for both south- and north-facing slopes (it is shown that 
radiation on east- and west-facing slopes is the same as that on a 
horizontal surface). These data ere given in figure 6 of plate 1. This 
figure also presents values of total solar radiation (direct plus 
diffuse sky radiation). The above cited paper by Hoeck is an excellent 
and detailed treatise on the role of radiation (both longwave and short
wave) in the melting of the snowpack. Reference is also made to Geiger 
13/ (p.224) and a paper by Thelkeld and Jordan 37/ for more detailed 
information on evaluation of incident radiation-on sloping surfaces. 

5-03.08 Effect of forest cover. - As is the case with cloud 
cover, the determination of the effect of forest cover on the amount of 
insolation reaching the ground is somewhat inexact. The transmission 
percentage varies with the density, type and condition of the trees. 
Deciduous trees, of course, show marked variations in the transmission 
ratio with the season; the analysis of transmission variation for this 
type of forest is most difficult. Fortunately, however, the principal 
type of forest in the snow-covered areas of the western United States 
is coniferous. Figure 1 of plate 5-2 gives an average curve for the 
transmission percentage of insolation through coniferous forest canopies 
of various densities. It is presented only as a general guide; actual 
quantities for a particular area may vary considerably from the curve. 
For the data in the figure, the canopy cover is defined as the horizontal 
projection of tree crown area. Tbis relationship is based on snow labora
tory data, and includes cloudy- as well as clear-weather data. There 
is some variation in the ratio with the relative amounts of direct and 
diffuse sky radiation, hence the ratio would also vary with degre~ of 
cloudiness and solar altitude. This subject is considered in some detail 
by Miller 31/ who examined the data from the snow laboratories along 
with other:pertinent data. It will not be dwelt on further here. 
Research Notes 5, 9, and 12 also deal with this question in more detail. 
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5-03.09 Measurement. - The preceding paragraphs describe 
the causes of variations in insolation incident on the snow surface and 
give relationships by which insolation amounts may be estimated in the 
absence of actual measurements. They were derived from actual measure
ments at pyrheliometer sites for application to areas where no such 
instruments are located. Of course, the most accurate and sometimes 
the only practical method of determination of insolation is to be had 
from actual measurements. In this country, measurements of insolation 
are made almost exclusively by means of Eppley pyrheliometers. 20/ This 
instrument consists of an evacuated bulb in the center of which-rs a 
disk having a white center and concentric bands of black and white. A 
thermopile, having its alternate junctions in the black and in the white, 
produces an emf in proportion to the temperature difference between the 
rings, and hence to the radiation incident upon them. This emf may then 
be recorded on a recording potentiometer, suitably calibrated to give 
radiation intensity. Because of the glass envelope, longwave ra.diation 
is excluded (as is also a portion of the solar radiation, both due to 
reflection at the air-glass interface, and to absorption of certain wave 
lengths by the glass). Errors result from the degree of heating of the 
bulb in different ambient temperatures; however, they are quite small and 
are generally ignored. There are currently, in the United States, some 
seventy pyrheliometer stations at which insolation is continuously 
recorded. These data are published monthly in the U. S. Weather Bureau's 
National Summary of Climatological Data. (Prior to January, 1950 they 
were published in the Monthly Weather Review.) Continuous measurements 
of insolation were made at UCSL and CSSL throughout the period of 
operation of these laboratories (see chap. 2). These data are published 
in the Hydrometeorological Logs for these laboratories. 

5-03.10 Albedo of the snowpack. - The albedo, or reflect
ivity, of the snowpack varies over a considerable range: new-fallen snow 
may reflect 80 percent or more of the incident insolation, while a ripe, 
granular snowpack may reflect as little as 40 percent. Consequently, 
the albedo of the snow has an important role in the melting of the 
snowpack. The albedo is primarily a function of the condition of the 
surface layers of the snowpack. Before taking up methods by which the 
albedo of the snow surface may be estimated, it is well first to consider 
briefly the manner in which albedo of the snow is commonly measured and 
also to consider the manner in which this reflection takes place and its 
effects upon the measurement of reflected radiation. Albedo of the 
snowpack is commonly measured (in this country) by means of two Eppley 
pyrheliometers as was done at the snow laboratories. The two pyrhelio
meter bulbs are first compared in direct sunlight to assure identical 
calibration. One of these is mounted in the normal position (see par. 
5-03.09) and measures the insolation received. The other is inverted 
and measures the shortwave radiation reflected by the snowpack. Albedo 
of the snow is generally considered to be the inverse ratio of these t\70 

quantities. Two considerations that are of importance to the measure
ment of the albedo of snow are: (1) the diffuse and (2) the spectral 
character of the albedo. If the albedo of the snow varies with the 
angle of incidence of the radiation, then, even for identical snow 
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conditions, different albedoes will result from annual and diurnal changes 
in the sun's altitude. If the albedo of the s~ow is different for dif
ferent wave lengths of solar radiation, then the measurements of reflected 
and incident radiation intensities may not be directly comparable. Each 
of these two considerations will be examined separately in the following 
paragraphs. 

5-03.11 Snow is generally considered to be a good diffuse 
reflector; that is to say, the intensity of reflected light is independent 
of the angle of the incident beam. The intensity of reflected light 
should thus conform to the cosine of the angle of the reflected beam. 
While this is nearly true for small angles of incidence, the cosine law 
does not hold strictly for large angles of incidence, higher albedoes 
being associated with larger angles of incidence. This variation may 
also be partially the result of changes in the structure of the snow 
itself. In the morning and in the evening a crust may occur on the snow 
surface. During midday, when the melt rate is at a maximum, the higher 
concentration of liquid water in the top layers of the snowpack undoubtedly 
decreases the albedo. However, even an immature, non-melting snowpack 
exhibits the same characteristic, although, it is generally believed to be 
to a lesser degree. This effect has also been investigated by HUbley. 23/ 
In practice, this diurnal variation in albedo is obviated by use of a -
mean daily albedo. This specular quality ·of the snow also has a seasonal 
effect on the albedo of the snowpack as a result of the annual change 
in the sun's altitude. Thus slightly higher albedoes would be expected 
to result during the winter than during the spring for the same snow 
conditions in consequence of the smaller solar altitudes. 

5-03.12 As previously mentioned, the albedo of the snow is 
usually determined from the readings of a pair of Eppley pyrheliometers, 
one in the normal position measuring incident radiation on a horizontal 
surface and the other inverted to measure reflected radiation. Since 
Eppley bulbs are calibrated in direct sunlight and since varying amounts 
of incident radiation are reflected and absorbed by the glass envelope 
of the bulb, depending upon the wave length of the radiation, the 
resulting calibration is for the spectral distribution of the radiant 
energy of the incident solar radiation only. Should the spectral 
distriQution of the reflected rays differ significantly from the incident, 
the calibration would no longer strictly hold. Spectral measurements of 
the albedo of snow have shown it to be quite constant through the visible 
range, as is obvious from the dazzling whiteness of the snow surface. 
Progressing into the near infrared the reflecting power decreases rapidly. 
This is illustrated in figure 2 of plate 5-2 which shows the spectral 
reflectivity for a ripe, melting snowpack. (Data for this figure are 
from SIPRE Report 4. 30/) However, since the transmission of the glass 
envelope of the EppleY-bulb and the intensity of the radiation itself 
both decrease with increasing wave lengths in the near infrared, the 
longer wave lengths of solar radiation have relatively little effect 
upon the calibration of the pyrheliometer and consequently, the lesser 
albedoes in this portion of the solar spectrum are quite unimportant. 
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5-03.13 Continuous measurements of incident and reflected 
radiation over a snowpack were made at CSSL during the period of snow 
cover for the years 1946 through 1954. These measurements were made 
using the two-Eppley pyrheliometer method previously described. Several 
studies have been made. using these data, to determine the variation of 
albedo with time, and with accumulated heat supply (as determined by 
radiation and temperature indexes). (Reference is made to Tech. Bull. 6 
and to Res. Note 1.) The results of these studies are summarized in 
figures 3 and 4 of plate 5-2 which show the variation of albedo with time 
and with accumulated heat supply index. Different curves are given for 
different times of the year in figure 4. It may be noted that during 
the melt season, the high albedoes of new-fallen snow quickly decrease 
to the albedo of the older snow. There is a lower limit of about 40 
percent. These curves are for an uncontaminated snow surface; snow 
naturally contaminated by forest litter, dust, etc., or artifically con
taminated would, of course, exhibit lower albedoes. The curves are 
general ones derived from the study of many separate occurrences. Indi
vidual situations may vary significantly from the average values repre
sented by the curves. For example, when an old, melting snowpack having 
an albedo of, say, 50 percent is covered by a light snow fall, its albedo 
may increase to 80 percent and then return to 50 percent in a day or two 
when the thin cover of newly-fallen snow is melted. The curves presented, 
however, are good general guides. They may be entered at any point 
corresponding to the current albedo of the snow, and estimates of the 
future albedo of the snowpack made therefrom. A more complete discussion 
of the albedo of the snowpack can be found in the previously referenced 
report by Miller. 31/ 

5-03.14 Absorption of radiation by the snowpack.- The 
difference between the solar radiation incident on the snow surface and 
that reflected by it is the solar radiation absorbed by the snowpack. 
This absorption occurs not only at the surface as with more opaque 
materials, but, because of the translucent nature of snow, extends to 
some depth within the pack. For deep, ripe snowpacks, this penetration 
is of little practical concern; the heat absorbed by the snow would 
result in the same quantity of melt were it all absorbed ip the top sur
face or should it penetrate to a depth of a foot or so. However, for 
shallow snowpacks the penetration of radiation may result in a measurable 
quantity being transmitted by the snowpack to the underlying surface. 
As a result of the usual low albedo of this surface (rock or soil), most 
of this transmitted radiation is absorbed. Most of the heat energy may 
be returned to the snowpack by conduction and/or longwave radiation, 
producing about the same melt as would have occurred in a deeper snowpack. 
On the other hand, in the case of frozen ground, some of this heat may 
be absorbed by the ground without any melt resulting at the ground level. 

5-03.15 For snowpacks having a homogeneous structure, the 
penetration of solar radiation into the snowpack may be expressed by a 
logarithmic law, 

(5-8) 
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where Ia is the intensity of radiation transmitted through the snow 

surface, Id is the intensity at depth ~ beneath the surface, and ~ is 

the extinction* coefficient for snow. In experiments made of the 
absorption of solar radiation by snow, the value of k has been found to 
vary, its value being chiefly dependent upon the density of the snowpack; 
the higher the density the greater is the penetration. For depths 
expressed in centimeters, in equation 5-8, the following values of k have 
been experimentally determined (Tech. Rpt. 8, Int. Rpt. 1): 

Snow 
Density 

(percent) 

26.1 
32.2 
39.7} 
44.8 

Extinction 
Coefficient 

(k) 

0.280 
0.184 

0.106 

Figure 5 of plate 5-2 illustrates the penetration of radiation in the 
snowpack for different densities of snow using the coefficients given 
above. From this figure it may be seen that, for ripe, high density snow, 
about 4 percent of the radiation absorbed by the snow penetrates as far 
as one foot; for lesser densities of snow the radiation penetration is 
less. A further discussion of this topic may be found in Technical Report 
No. 8 (Interim Report No.1) and in a paper by Gerdel.14/ 

5-03.16 The albedo of snow is mainly determined by the 
character of the snow surface; sub-surface conditions have little effect 
on the albedo. When an old surface of low-albedo snow is buried by an 
appreciable layer of new-fallen snow, the snowpack exhibits the albedo of 
the new surface. When the old surface is reexposed by the melting of the 
new layers, its albedo becomes as it was previously. Similarly the albedo 
of shallow snow (as low as 6 inches) is thought to be little affected by 
the type and condition of ground beneath the snow. Measurements of albedo, 
however, usually show a marked decline in albedo as the snow cover becomes 
thin. This results mostly from the patchiness of the shallow snow, the 
reflected radiation being the result of reflection both from bare ground 
and snow. Under these conditions, melt is usually accelerated because 
of the greater portion of solar radiation absorbed by the combined ground 
and snow surfaces, even though little if any more radiation is directly 
absorbed by the snow itself. The warming of the ground by solar radiation 
accelerates melt both by conduction of heat from the ground, and indirectly, 
by warming the air passing over it. This results in a rapid edge melting 
of snow patches. 

-:Prhe term "extinction coefficient" is used rather than "absorption 
coefficient" inasmuch as some of the decrease in the intensity of the 
incident beam with depth results from int ernal ref lections; not all the 
radiation which penetrated the snow surface is absorbed. 
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5-04. TERRESTRIAL RADIATION 

5-04.01 Radiation emitted by the snowpack. - Snow is very 
nearly a perfect black body with respect to longwave radiation, 10/ 
absorbing all such radiation incident upon it and emitting the maximum 
possible radiation in accordance with Stefan's law (equation 5-5). While 
this may seem somewhat strange, considering the high albedo of snow with 
respect to shortwave radiation, particularly in the visible spectrum, a 
consideration of the character of the snow surface indicates the reason 
for this phenomenon. Since the snow surface is composed of small grains 
of ice having many facets, when considered microscopically, it is 
extremely rough. The multi-faceted crystals and the interstices between 
the crystals quite effectively trap incoming longwave radiation, and, 
conversely, are an efficient emitting surface. Since snow radiates as 
a black body in accordance with Stefan's law, the longwave radiation 
emitted by the snowpack may be readily calculated. The intensity of 
black-body radiation for different temperatures is given in figure 2, 
plate 5-3. Since the temperature of snow is limited to a maximum of 
32~, the maximum intensity of radiation that may be emitted by it is 
0.459 ly/min (equals 27.5 ly/hr). Radiation intensities corresponding 
to emissivities other than unity are also given by the figure (these will 
be discussed subsequently). 

5-0L~.02 Back radiation to the snowpack. - Back radiation to 
the snowpack is the integrated result of radiation from: (1) the earth's 
atmosphere, (2) clouds, and (J) forest cover. Each of· these radiative 
fluxes will be considered separately in the paragraphs which follow; the 
combined effect will then be discussed. Considering first the back 
radiation to the snowpack in an unforested area under conditions of clear 
skies, it is pointed out that the ~arth's atmosphere, unlike the snowpack, 
is not a black or even a gray bodi'~. Rather it absorbs and emits radia
tion to varying degrees dependent upon the wave length. At certain wave 
lengths the air absorbs and radiates almost as a black body; at others 
it is practically transparent to radiation. Only two of the gases of the 
atmosphere, carbon dioxide and water vapor, have any appreciable effect 
on absorption in the longwave portion of the spectrum. Since the propor
tion of carbon dioxide in the atmosphere is practically constant, its 
effect in absorbing and radiating longwave radiation may be considered 
as fixed. The over-all effect of carbon dioxide is also less important 
to radiation exchang~ both by virture of its lesser quantity and also by 
virtue of its lesser absorption bands. Carbon dioxide has a narrow, 
intense absorption band centered at 14.7,1.1 and extending from 12pto 16.3,1.1. 
The amount of water vapor in the atmosphere, however, exhibits wide 
variations. As a result it is the controlling variable in the amount of 
back radiation from the atmosphere with clear skies. The absorption 

*A gray body is one which at a given temperature, emits a fixed 
proportion of the black body radiation at that temperature in all wave 
lengths. 
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/fP' 'l. spectrum for water vapor is quite complex and extensive. For certain 
wave lengths in the longwave spectrum almost no absorption takes place, 
while other wave lengths are almost totally absorbed by the existing water 
vapor in the atmosphere. Other wave lengths are absorbed to varying 
degrees. Thus there are "windows" through which some of longwave radia
tion emitted by the pack (and other terrestrial surfaces) may escape to 
space. 

5-04.03 The back radiation to the snow surfacp from the 
earth's atmosphere is the result of radiation from all levels of the 
atmosphere. It is dependent upon the moisture content and temperature 
distribution of the entire atmosphere. A method has been advanced 
whereby the temperature and moisture distribution throughout the tropo
sphere may be utilized in determining downward longwave radiation at the 
earth's surface;9/ however, the method is quite complex and requires that 
upper air sounding be made. Since the layers of the atmosphere nearest 
the earth's surface ordinarily have the greatest moisture content and 
the highest temperatures, they have the greatest influence on the down
ward longwave radiation. The temperature and moisture content of the 
upper atmosphere has comparatively little variation, and as a result, 
its contribution to downward longwave radiation is, like that of carbon 
dioxide, fairly constant. As a consequence, several investigators have 
found that estimates of downward longwave radiation from the earth's 
atmosphere can be had from surface air temperature and vapor pressure 
alone. For example, Brunt6/ has proposed an equation wherein the ratio 
of the back radiation from-the earth's·atmosphere (Rd), to the theoret-
ical black-body radiation computed using surface airtemperature (crT ah) 
was correlated with the square root of the surface vapor pressure ~. 

that is, 

Rd/CTT a4 = a + b~ (5-9) 

Other investigators have determined values of a and b in Brunt's equation 
for a variety of locations, some of which are given in the table below 
(as listed by Goss and Brooks17/): 

Corr. Range of 
Investigator Place a b Coeff. sa (mb) 
Goss & Brooks California 0.66 0.039 0.89 4 - 22 
Angstrom California 0.50 0.032 0.30 ------
Ramanathan & 

Desai India 0.47 0.061 0.92 8 - 18 
Eckel Austria 0.47 0.063 0.89 ------
Dines England 0.52 0.065 0.97 7 - 14 
Asklof Sweden 0.43 0.082 0.83 2 - 8 
Angstrom Algeria 0.48 0.058 0.73 5 - 15 
Boutaric France 0.60 0.042 3 - 11 
Anderson Oklahoma 0.68 0.036 0.92 3· - 30 
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Another f-Drm of empirical equation, advanced by Angstrom, .11 relates the 
ratio to the vapor pressure of the air, as follows: 

(5-10) 

where values of e is the base for Naperian logarithms and ea is the vapor 

pressure in millibars. Values of the constants ~, £, and ~, are given in 
the following table (from Anderson 51): 

Investigator Place a b k 

Angstrom Sweden 0.806 0.236 0.115 
Kimball Virginia 0.80 0.326 0.15h 
Eckel Austria 0.71 0.2h 0.163 
Raman India 0.79 0.273 0.112 
Anderson Oklahoma 1.107 0.h05 0.022 

A straight line relationship between the ratio and the vapor pressure 
of the air has also been derived from measurements made at Lake Hefner.5I 
Thus, 

( 5-11) 

For ea expressed in millibars in the above equation, values of 0.7ho and 

0.00h9 are given for a and b. The differences that exist between the 
foregoing equations are small, especially when one considers the large 
scatter that exists in the actual observations. Figure 3 of plate 5-3 
shows the variation of the ratio, Rd/JTah, with vapor pressure, ea , as 

given by equations 5-9, 5-10, and 5-11, using values of the coefficients 
and exponents given for the Lake Hefner study (Anderson, in the above 
tables). The values of the ratio, as determined by the Lake Hefner 
coefficients, are generally greater than those found by the other investi
gators yet they agree most closely with the constant ratio found for the 
CSSL, within its limited range (see following paragraph). It will be 
noted that all three of the equations give quite similar results. 

5-oh.oh Over extensive snowfields, wide variations of vapor 
pressure of the air are not ordinarily encountered. The vapor pressure 
has a strong tendency to remain close to that of the snow surface since 
the snowpack is both a sink and a source for vapor pressures greater or 
less than that of the snow. For air over a melting snowpack, the tendency 
is thus toward a vapor pressure of 6.11 millibars (the saturated vapor 
pressure at 32Of); the range of observed vapor pressures is usually 
between 3.0 and 9.0 millibars. Measurements of back radiation made over 
snow at CSSL, with vapor pressures within this range, indicate the ratio, 
Rd/crTah, to be quite constant and independent of the vapor pressur~ of 
the air for this limited range. The value of this constant ratio of 
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0.757 is also shown in figure 3 of plate 5-3 for the limited range of 
vapor pressures for which it holds. It will be noted that within this 
range, the values given by equations 5-9, 5-10, and 5-11 also show little 
change. The use of a constant ratio is tantamount to making the coeffi
cient b in equations 5-9, 5-10, and 5-11 equal to zero, the constant 
ratio then being the value of the constant, ~. 

5-04.05 Net radiation with clear skies. - Using the constant 
ratio of the preceding paragraph for Rd/aTa4 (= 0.757), the net longwave 

radiation exchange over a melting snow surface (Ru = 0.459 ly/min) for 
clear-weather conditions is given in figure 4, plate 5-3 as a function 
of air temperature. (Values are also given for ratios equal to 0.80, 
0.85 and unity.) From this figure it may be seen that with clear skies 
the air temperature must exceed 69Df in order for a net gain of longwave 
radiation by the snowpack to result. This is, of course, strictly true 
only for conditions of a melting snowpack and for vapor pressures near 
the saturated vapor pressure for melting snow (6.11 mb). Yet it is 
generally true for clear weather radiation exchange over the snowpack 
during the snowmelt season since these conditions usually prevail. Snow 
surface temperatures are usually not too different from 32Df, and the 
differences that do occur result in a relatively small change in the 
emitted longwave radiation. For example, a snow surface temperature of 
200F results in an emitted radiation of 24.9 ly/hr in contrast to the 
27.5 ly/hr emitted by the melting snowpack (see fig. 2 plate 5-3); this 
is 90.5 percent of the black-body radiation at 32Of. Also, over a melting 
snow surface, the vapor pressure of the air usually remains fairly close 
to that of the snow surface (i.e., 6.11 mb) as was previously discussed. 

5-04.06 Radiation from clouds. - So far the discussion has 
been restricted to longwave radiation exchange between the snowpack and 
the atmosphere during clear weather only. In the presence of clouds the 
foregoing relationships do not hold, since clouds have a 00minant effect 
on longwave radiation. The absorption spectrum for liquiu water is quite 
similar in pattern to that for water vapor; however, the magnitude of the 
absorption is much greater for liquid water. For example at a wave 
length of 10 microns, which is in the middle of the transparent band for 
water vapor and also in the portion of the spectrum where the absorption 
is least for liquid water, 0.1 rom of liquid water transmitts only 1 
percent of the incident radiation. Since even relatively thin clouds 
contain more precipitable water than this, all clouds are considered to 
be black bodies with respect to longwave radiation. Under overcast con
ditions, the net longwave radiation exchange between the snowpack and the 
atmosphere may be considered to be the net longwave radiation exchange 
between two black bodies having temperatures corresponding to the snow 
surface temperature and the cloud base temperature. That is, 

(5-12) 

where R is the net longwave radiation and Tc denotes cloud base tempera

ture. The net radiation exchange for overcast conditions over a melting 
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snow surface is given by the curve labeled n(black-body)" in figure 4 of 
plate 5-3. It may thus be seen that in situations where the cloud base 
temperature is greater than the snow surface temperature, there will be 
no loss of heat energy from the snowpack by longwave radiation, but 
rather a net gain will result. 

5-04.07 Net longwave radiation loss from the snowpack under 
conditions of partial cloud cover may be estimated as follows. Angstrom 
4/ found that since the net longwave radiation loss from the snowpack is 
inversely proportional to the amount of cloud cover, the net longwave 
radiation loss with cloudy skies (R) may be roughly approximated by an 
equation of the form -

(5-13) 

where Rc is the net. longwave radiati on loss with clear skies and N is the 

pmtion of sky covered by clouds. An average value of k of 0.9 has been 
suggested by Angstrom; however, the value of the coefficient, k, has been 
shown to vary with type and height of the clouds among other things. 
Meinander (as quoted by Geiger 13/) found the following k values for the 
different cloud types: --

Cloud type k 

Low thick clouds (Ac, Sc, Ns, St) 0.76 
High thinner clouds (Ac, As, Cs) 0.52 
Thin cirrus veils 0.26 

Phillips (as quoted by Geiger 13/) found the following values of k as a 
function of cloud height: 

Ceiling k 

km 1000 ft 

1.5 
2 
3 
5 
8 

4.92 
6.56 
9.84 

16.40 
26.24 

0.87 
0.83 
0.74 
0.62 
0.45 

From this it would seem the average k of 0.9 must thus be best applied to 
low-level clouds. From the above table, the approximate relationship, 
k = 1 - 0.024z, where z is the height of the cloud base in thousands of 
feet, may be derived (see fig. 5, plate 5-3). Substituting this relatioD
ship in equation 5-13, gives the equation, 

R = Re [1-(1-0.024z)N ] (5-14) 
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which is illustrated in figure 5 of plate 5-3. Using Meinander's ~ values, 
the relationship is illustrated in figure 3 of plate 5-6. Also shown in 
this figure is an average relationship between the degree of cloudiness 
and the longwave loss ratio as found ~ Lauscher (as quoted by Hoeck 22/). 
This latter relationship reflects average conditions wherein the tendency 
is for lower, thicker clouds to be associated with higher degrees of 
cloudiness. Obviously these relationships are only approximations of 
net longwave radiation under cloudy conditions. The value of k in 
equation 5-13 is dependent upon other factors such as thickness and 
density, as well as cloud type and height. Moreover, the value of the 
ratio, R/R varies with the distribution of the partial cloud covers, N. 

c -
The assumed linear relat.ionship with each of these variables (z and N) 
is not absolutely valid. Then too, the equation represents only average 
conditions. A normal decrease in cloud base temperature with elevation 
is implied; however, in any given instance, the actual temperature may 
vary from the normal. For these reasons, the relationship of figure 5, 
plate 5-3 (equation 5-14) is of little practical value in estimating 
back radiation from partially cloudy skies. It is given, rather, to 
illustrate the relative effects of clouds on the back ,radiation from the 
sky. Because of the many complexities involved in its computation, it 
is necessary that back radiation from the sky be measured if accurate 
results are to be obtained (see par. 5-04.11). 

5-04.08 To summarize the effect of cloud height and amount 
in the net exchange of longwave radiation over the snowpack, and give a 
general expression which also holds approximately for clear skies, the 
relationships of the foregoing paragraphs may be combined into one 
general equation. Since Rc may be approximated by the equation, 

Rc = 0.757~Ta4 -crT s
4 it follows that, 

R = [0. 757aT a4 - a-T s4] [1-(1-0.024z)N] (5-15) 

Equation 5-15 is a general expression for the net longwave radiation 
exchange over a melting snowpack for an unforested area. The sign 
convention followed here is as elsewhere in this chapter: Fluxes of 
heat energy directed toward the snowpack are considered positive and 
those directed away, negative. Again the reader is cautioned to remember 
this relationship is only an illustrative one; practical determination 
of longwave radiation under conditions of partial cloud cover must be 
based upon actual measurements. Quite often several layers of clouds 
are involved, in varying amounts, such that computation of their net 
effect is practically impossible. 

5-04.09 Radiation from forest canopy. - Somewhat analogous 
to the radiation from clouds is the radiation from the forest canopy. 
A solid canopy also approximates a black body in the longwave portion of 
the spectrum, absorbing and emitting all possible radiation. The 
effective leaf temperature can conveniently be considered to be the same 
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.J<-as the ambient air temperature.' Thus the net longwave radiation heat 
exchange between a solid forest canopy and the snowpack (Rf) may be 

expressed as 

(5-16) 

since both the snowpack and the tree canopy are, effectively, black 
boqies, and the effective temperature of the tree leaves is taken as air 
temperature. For forest conditions other than 100 percent cover, the 

situation is more complex. Assuming a melting snowpack (aTs4 is constant), 

and a constant value for the ratio Rd/cr- T a4, it is possible to illustrate 
the effect of a varying forest cover in longwave radiation exchange. 
Since net longwave radiation exchange for the forested areas is given by 
equation 5-16, and radiation in the open may be expressed as Rc :: 

(0.757a- Ta4 -O'Ts4) these two terms can be weighted in accordance with 

the amount of forest cover and combined to arrive at the over-all net 
exchange in the forest. Letting F represent the degree of forest cover 
(solid canopy equals unity), -

R = FRf + (I-F) Rc ( 5-17) 

=cr-Ta4 [F + (I-F) 0.757J -aT s4 

This variation in R with forest cover is illustrated in figure 6 of plate 
5-3 for net exchange over a melting snow surtace. The foregoing (eq. 
5-17) is, of course, an oversimplification of the problem; ramifications 
are considered in Research Note 12 and in a paper by Miller. 31/ 

5-04.10 The relationship given by figure 6 of plate 5-3 
(eq. 5-17) is, as is the case with the relationship for cloud cover, 
only a relative one used to illustrate the role of forest cover in the 
flux of longwave radiation. The type of trees, degree of maturity, 
spacing, etc., all affect the relationship. In addition, the sun's 
altitude, the }Qnd speed, and degree of cloud cover, affect the approx
imation of using air temperature as the effective canopy temperature. 
Still another important source of variation in the above equation is the 
method by which the degree of forest cover is estimated. This is a quite 
subjective quantity, and estimates for the same site may vary considerably 

*Actually the leaves heated by direct solar radiation may be somewhat 
higher than the ambient air temperature; they transfer heat to the air by 
longwave radiation and by convection to the air passing over them. However, 
the leaves which face the snowpack and hence have the dominant role in 
radiative heat transfer between the trees and the snowpack, are generally 
shaded by the tree crown and hence are very nearly at air temperature. 
There is a radiative heat transfer that occurs within the foliage itself. 
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with the method used and even for a given method, with the observer. In 
view of the complexities, the accurate determination of instantaneous 
or daily amounts of net longwave radiation exchange is dependent upon 
measurements. This will be discussed in the paragraph which follows. 

5-04.11 Measurement. - In this country most current measure
ments of longwave radiation are made using Gier-Dunkle Radiometers. 
These instruments are non-selective absorbers of radiation, that is, 
they are sensitive to both shortwave and longwave radiation. Two 
varieties are made: one, a total hemispherical radiometer, measures the 
total hemispherical irradiation upon a plane surface; the other, a net
exchange radiometer, measures the net radiative heat transfer across the 
plane of the meter surface. Reference is made to papers by Gier and 
Dunkle 16/ and by Dunkle and others 8/ for a description of the construc
tion ana-operation of these instruments. Basically they consist of a 
4-inch-square flat plate which serves as a heat-flow meter. Both sur
faces of the plate are blackened to absorb, non-selectively, a high 
percentage of the radiation incident upon them. A silver-constantan 
thermopile inside the plate has its alternate junctions in the upper and 
lower surfaces and thus produces an emf portional to the temperature 
difference between the surfaces and hence to the difference in irradiation 
falling upon the surfaces. The flat plate is mounted in an air blast 
from a blower which keeps the convective losses from the two surfaces 
approximately equal. Thus the net radiometer measures the difference 
in radiation falling on the two surfaces. The total hemispherical radio
meter has one of its plates shielded by a highly reflecting plate which 
is also located in the air blast and thus remains at about the same 
temperature as the shielded surface. Since these meters measure both 
shortwave and longwave radiation, they are ideal for the measurement of 
total radiative heat transfer between the snowpack and its environment. 
Thus the net-exchange radiometer integrates into a single measurement 
all radiative fluxes to and from the snowpack. For analytical purposes, 
however, it is sometimes desirable to determine the longwave component 
separately. One method of doing this is to make the measurements at 
night when shortwave radiation is non-existent. This method has commonly 
been employed in the past, which accounts for the fact that longwave 
radiation is often referred to as "nocturnal radiation." Nighttime 
measurements, however, usually restrict the range of air temperatures to 
the lower values; during the daytime, air temperatures, and hence the back 
radiation, are usually higher than at night. In order to determine the 
back radiation during daylight hours it is necessary that measurements be 
made of the incident shortwave radiation (see para. 5-03.09) simultane
ously with the allwave radiation measurements; this former quantity can 
then be subtracted from the latter to arrive at the longwave component. 
This method, however, gives rise to considerable error. Since the long
wave component is but a small difference between two much larger 
quantities, any small errors in either of them is magnified many-fold 
in the final result. Because of this source of error, other investiga
tions, for example the Lake Hefner study, 2/ have led to the conclusion 
that the measurement of longwave radiation-during the day is impractical. 
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Nevertheless, the nocturnal measurements still offer a reliable means of 
determining longwave radiation, and the radiometers are well suited to 
the determination of the total radiative heat transfer, day or night. 
Measurements of longwave radiation exchange by Gier-Dunkle radiometers 
were made at CSSL during several years of its operation. Several studies 
have been made of the data collected. Reference is made to Research Notes 
6, 7, and 11 and Technical Bulletin 12. Another study of net longwave 
radiation exchange is given in Technical Bulletin 7. 

5-05. RADIATION SUMMARY 

5-05.01 General. - So far the shortwave and longwave com
ponents or the total radiative flux have been considered separately. 
The effects of atmospheric water vapor, clouds, forest cover, etc., on 
each were individually discussed. In this section the effects of those 
factors on the combined allwave radiative flux will be considered. Ill
ustrative examples are given for conditions as they exist at CSSL (approx. 
40 0 N and 7200 ft msl) and for the north slopes of the Alps (approx. 460 

N and 5200 ft msl). For the Alps, the variation of radiation throughout 
the year is shown. For CSSL example two situations will be examined: 
one for the winter and the other for the spring melt season. The winter 
situation is included to illustrate the importance of the seasonal change 
in daily insolation amounts in the melting of the snowpack and the domin
ant effect of radiative heat transfer in controlling snowmelt. February 
15 was selected to typify winter conditions and May 20 to typify spring 
melt conditions. On those dates the daily amounts of insolation received 
with clear skies at CSSL are 400 langleys and Boo langleys, respectively. 
This marked change in insolation coupled with the usual change in albedo 
of the snow and the air temperatures from winter to spring results in a 
great increase in radiation melt from winter to spring as will be 
shown. In the discussions which follow, it is assumed that 200 langleys 
result in one inch of snowmelt (thermal quality of 9B.4 percent). During 
the winter the thermal quality would usually be greater than this, 
resulting in even less melt than indicated, while during the spring 
lesser thermal qualities and greater melts would be the rule. Reference 
is made to SIPRE Research Paper B 151 for a nomograph which expresses 
total radiation heat supply (both shortwave and longwave) to the snow
pack. Parameters of time of year, latitude, sky condition, and albedo 
of the snow are involved. 

5-05.02 Clear-weather melt. - During clear weather, the 
important variables in radiation melt are: (1) the insolation, (2) the 
albedo of the snow, and (3) the temperature of the air. Humidity of the 
air also affects the radiation melt; however, its effect is relatively 
minor. Figures lea) and l(b) of plate 5-4 are illustrative of daily 
clear-weather radiation melt amounts for the winter and spring conditions. 
Back radiation to the snowpack is estimated using the constant ratio, 

0.757, for Rd/~Ta4, which is generally applicable for vapor pressures 

in the vicinity of 6 millibars. In computing longwave radiation emitted 
by the snowpack, the snowpack was assumed to remain at 32 0 F. These 



conditions hold quite well for the spring melt situation, but during the 
winter lower vapor pressures and snow surface temperatures would be 
expected. Hence, both the back radiation to the snowpack &~d the long
wave radiation emitted by the snowpack would be less than assumed. 
Consequently, these assumptions tend to cancel one another, making the 
net longwave radiation loss from the snowpack during the winter reason
ably correct. In figure l(b), Ilnegative melts" are shown as dashed 
lines, since the values given in this portion of the figure are dependent 
upon the snow surface being at a temperature of 32Of, and the indicated 
loss of heat would indicate this not to be the situation. This section 
of the figure is strictly applicable only if convection-condensation 
amounts of heat transfer are sufficient to make up the indicated deficit. 

5-05.03 Typical albedoes of the snow during the spring may 
be taken as 50 percent, and a typical mean daily temperature of 500 F. 
During the w~nter, a higher albedo of, say 75 percent, and a mean daily 
temperature of 300 F are more representative of actual conditions. The 
points fulfilling these conditions are indicated on the figures. Thus, 
for clear weather, a typical springtime daily radiation melt of about 
1.6 inches is indicated, while during the winter a heat de£icit is 
indicated. (This heat deficit may be partially or wholly made up by 
convection-condensation.) These conditions of albedo and temperature 
for winter and spring are assumed in the follvwing paragraphs where the 
effects of clouds and trees on radiative melL are considered. 

5-05.04 Effect of clouds. - The dominant role of clouds in 
the fluxes of both shortwave and longwave radiation over snow has already 
been discussed. Since clouds are such a powerful controlling factor in 
radiative heat exchange, other minor factors such as humidity of the air 
are often ignored in the estimation of radiative heat exchange on cloudy 
days. Figures 2(a) and 2(b) of plate 5-4 illustrate the effect of clouds 
on daily radiation melt during the spring and winter. These figures 
are simply a combination of shortwave and longwave radiation exchange 
corresponding to given cloud heights and amounts given by figure 5 of 
plate 5-1 and by figure 5 of plate 5-3; the amounts of shortwave and 
longwave radiation with clear skies are as previously mentioned. It 
will be noted that during the winter the effed of clouds on radiative 
heat exchange is relatively less than during the spring, due to the lesser 
radiation melts during the winter time. Also, during the winter, radia
tion melt tends to increase with increasing cloud cover and lower cloud 
heights in consequence of the more important role played by longwave 
radiation during this time of the year. 

5-05.05 Effect of forest canopy. - Similar to the effect of 
clouds, the forest canopy exerts a powerful controlling influence on net 
allwave radiation exchange between the snowpack and its environment. 
However, its effect is different from that of clouds, particularly with 
respect to shortwave radiation. While both the clouds and trees restrict 
the transmission of insolation, clouds are highly reflective, while the 
forect canopy absorbs much of the insolation. As a result, the forest 



canopy tends to be warmed and in turn gives up a portion of the incident 
energy to the snow. (It radiates, in the longwave portion of the spec
trum, directly to the snowpack and also warms the air by convection and 
radiation which in turn gives up some of its heat to the snowpack.) 
Clouds, on the other hand, reflect back to space a large portion of the 
incident radiation, which is thus lost. The role of the forest canopy 
in radiative heat exchange between the snowpack and its environment is 
illustrated in figures 3(a) and 3(b) of plate 5-4. These figures repre
sent the typical spring and winter snowmelt conditions in the middle 
latitudes, as previously specified, under a coniferous forest cover. 
It shows the variation of the several radiative components and the net 
allwave radiation with degree of forest cover during clear weather. 
The curves of these figures are based on the transmission coefficients 
for insolation given by figure 1 of plate 5-2 and on the net longwave 
radiation exchange in the forest given by figure 6 of plate 5-3. It 
may be seen that for the conditions specified, during the spring the 
maximum radiation melt occurs in the open and the minimum with a canopy 
density of about 50 percent. During the winter the maximum melt (for 
the conditions specified) is with 100 percent canopy cover and the 
minimum with about 20 percent cover. These curves, of course, are merely 
for average conditions of canopy cover and do not reflect variations in 
the spacing of trees or take into account clearings in the forest canopy. 
These effects are discussed in section 5-12 of this chapter. 

5-05.06 Effect of slopes. - The effect of slope on allwave 
radiation exchange over a barren snowfield can be illustrated by an 
analysis made by Hoeck 22/ for the Alps. This analysis carries on the 
investigation of the same 25-degree slope gradients previously considered 
in paragraph 5-03.07 for shortwave radiation alone. It applies to a 
latitude of 460 30' N and to an elevation of about 5200 feet msl. 
Conditions of air temperature and humidity assumed are mean values for 
the north slopes of the Alps. The effects of variable cloudiness and 
albedo, as well as the effect of slope, are included in the relationships. 
These relationships are illustrated in figure 1, of plate 5-6. Figure 
lea) gives the relationship for horizontal surfaces and for east- and 
west-facing slopes which are the same as a horizontal surface. Figure 
l(b) shows the relationship for a south-facing slope of 25-degree 
gradient and figure l(c) for a north-facing slope of 25-degree gradient. 
The two dates used in the foregoing examples for CSSL (plate 5-4) are 
indicated on these figures for comparison. 

5-06. THEORY OF TURBULENT EXCHANGE 

5-06.01 General. - Of secondary importance to radiation in 
the transmission of heat to the snowpack is the process of turbulent 
exchange in the overlying air. With a downward temperature gradient 
there is a direct transfer of heat from the air to the snow, and with a 
downward vapor pressure gradient there is a direct transfer of moisture 
from the air onto the snow surface, releasing, in addition, its latent 
heat of vaporization. The reverse processes occur as well; it is the 
net effect that is of concern. During periods of melting, the temperature 
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of the snO.l surface remains at 32"F and the corresponding vapor pressure 
is 6.11 mb. If the air temperature and the vapor pressure immediately 
above the surface (within the laminar layer--a fraction of an inch in 
thickness) were known, the flow of heat and moisture to the snow and the 
resulting melt could be easily computed, using the thermal conduction 
equation. Such refined measurements, however, are unobtainable with 
available instruments, and the practical alternative has been to 
establish the relationship of observed melts to air temperatures and 
vapor pressures measured at some higher level. These relationships 
have been determined experimentally for measurements at several sites 
and for the particular measurement conditions prevailing at the time of 
the experiment. In order to generalize the equations thus derived 
to make them hydrologically applicable to other sites and other conditions 
of measurement, it is of value to consider what is known of the processes 
of turbulent exchange, since the usual heights of measurement of air 
temperature and air moisture content are within the region of turbulence, 
where the vertical distribution of temperature, water "Vapor and wind 
speed is governed by the action of eddies. 

5-06.02 Basic equation. - The basic equation for turbulent 
exchange is, 

Q = A dqjdz ( 5-l8a) 

where Q is the flow of some property of the air through a unit horizontal 
area per unit time, dqjdz is the vertical gradient of this property 
(q = the property, such as temperature or water vapor; z = height), 
aIid A is the exchange or "Austausch" coefficient which Will be discussed 
later. The property q may be any property which is itself unaffected 
by vertical transport~ Since the interest here is in the exchange of 
heat and moisture to the snow, only the properties of air temperature* 
and moisture content (often expressed in various ways, as specific 
humidity, vapor pressure, etc.) and wind speed shall be considered. 

5-06 .03 Derivation of practical equation. - To put the basic 
equation in a form usable for hydrologists, it is necessary to know the 
variation of air temperature, humidity and wind speed with height in the 
zone of turbulent mixing. The matter of vertical gradients under a 
variety of conditions of stability of the air has been extensively 
investigated (Sverdrup 34/, Johns Hopkins Publications in Climatology 
36/) and the profiles oY-these properties during conditions of atmospheric 
stability, such as prevail over snowfields, have been shown to follow a 

*Strictly speaking, potential temperatures should be used, as the 
equation is applicable only to properties of the air which do not change 
with vertical motion. If, however, temperatures are measured within 
ten feet of the snowpack, as they usually are, the error in using 
measured air temperatures is negligible for practical purposes, amounting 
to less than 0. 05~ for the movement of the air between the level of 
measurement and the snow surface. 
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power law distribution. (A logarithmic profile has been found to more 
adequately represent the distribution under neutral or unstable condi
tions, but it is disregarded in this presentation as being uncharacter
istic of conditions over snowfields.) According to a power law, the 
ratio of values of some property of the air, ~ at two heights above the 
snow surface is equal to some power of the ratio of the heights, ~ 
themselves. It is expressed by the relationship 

q2 I ql = (z2 I zl) lin (5-l9a) 

If zl is unity, then 

lin 
(5-l9b) 

where g is the value of the property at level ~ and ql the value at unity 

level. (The values of the property g in the above equations represent 
the differences between the values measured at their respective heights 
and the values of the properties at the snow surface. For wind speed and 
for temperatures measured in degrees C, the snow surface value is ordin
arily zero, and the measured values of these elements may be used directly 
in the equations. For temperatures measured in degrees F and for vapor 
pressures, the snow surface values must be subtracted from the measured 
values to make the relationship valid.) Differentiating equation 5-l9b, 

dq/ dz = (q I n) z (l-n)/n 
1 

and substituting in equation 5-l8a, 

Q = A (ql/n) z (l-n)/n 

(5-20) 

(5-l8b) 

which expresses the eddy exchange of the property at any level z from meas
urements of the property made at unity level. The exchange coefficient, 
~, also applies to the level~. The value of the exchange coefficient 
varies with height as is discussed in the following paragraph. 

5-06.04 Under equilibrium conditions, the gradients of 
temperature and moisture assumed by the air above the snow are such that 
the eddy transfer of heat and moisture are constant with height up to 
normal heights of measurement. Consequently, in equation 5-l8a, the 
exchange coefficient must vary inversely with the gradient, dq/dz. 
That is, 

and, from equation 5-20, 

A = A z (n-l)/n 
1 

(5-2la) 

(5-2lb) 

Where Al is the exchange coefficient for the l-foot level. Substituting 

this value of A in equation 5-l8b, 
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(5-1Sc) 

Sverdrup 341 has shown that the exchange coefficient at a given level is 
directly proportional to the wind speed at that level. Thus, 

(5-22) 

where v is the wind speed and the subscripts indicate unity level; k is 
a proportionality constant. Substituting this value of Al in equatIon 
5-18c, 

( S-lSd) 

Using the power law (equation 5-19b) to express the vari~tion of the 
property g and the wind speed ~ with height, equation 5-lSd may be given 
as, 

Q "" (kin) (5-18e) 

where the subscripts a and b are used to identify the levels of measure
ment of the property and the wind speed respectively, since the two may 
be different. 

5-06.05 Condensation melt. - Considering now the specific 
case of the exchange of moisture by eddy diffusion. Since the exchange 
coefficient expresses the mass (of air) exchanged per unit time and 
area, it is necessary to know how much of the property being considered 
--here water vapor--is contained in unit mass of air. Thus specific 
humidity (mass of water vapor per unit mass of air) must be used to 
express the humidity gradient. Since the specific humidity is approxi
mately given by the expression, (0.622/p)e, where E is the atmospheric 
pressure and e is the vapor pressure of the air, values of vapor pressure 
may be substituted for specific humidity. Thus the moisture transfer, 
Qe' is given by the equation, 

(5-23a) 

Equation 5-23a thus gives the moisture transfer and hence the amount of 
condensate given up by the air to the snow surface. (In the above 
equation, ea represents the difference in vapor pressure between the air 

at level z~and the vapor pressure of the snow surface. If the vapor 

pressure of the air is greater than that of the snow surface, ea is 

positive and condensation results. If the vapor pressure of the air is 
less than that of the snow surface, ea is negative and evaporation occurs. 
In what follows, where condensation ~ discussed, evaporation is consid
ered simply as negative condensation.) In addition to the condensate 
it se If, for e'Tery gram of water condensed on the snow surf ace, approxi
mat ely 600 calories of hea~ energy are released (latent heat of vapori
zation). This is sufficient to melt 7.5 grams of snow having a thermal 
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quality of 100 percent (ratio latent heat of vaporization to latent heat 
of fusion of water equals 600/S0). Adding this melt to the condensate 
gives a total of 8.5 grams of melt-pIus-condensate. Equation 5-23a 
thus gives, 

(5-23b) 

where Me represents the total melt plus condensate. 

5-06.06 Convection melt. - In the case of heat transfer by 
eddy exchange, Hc' the measured property of the air used in equation 

5-l8e becomes air temperature; the specific heat of the air, ~, must also 

be included in the equation to properly convert the temperature measure
ments into heat units. That is, 

Hc = (k/n) (ZaZb)-l/n Cp;a vb (5-24a) 

In cgs units, the equivalent snowmelt is 
divided by 80 (for pure ice at 32Of). 

equal to the net heat exchange 

Mc = (l/SO) (k/n) (ZaZb)-l/n (5-24b) 

where Mc is the resultant melt in grams. 

5-06.07 Elevation effect. - The coefficient k in the fore
going equations is a complex function itself. Among other things, its 
value is dependent upon the density of the air. Since density of the 
air varies with elevation, so dee s the value of .!s and hence it is not 
a constant for all locations. In order to make this coefficient inde
pendent of air density, and hence elevation, another term giving the 
variation of density with elevation, may be included in the equation, 
the sea-level density of the air being implicitly included in the value 
of the coefficient. Thus the term, p/po' where E is the atmospheric 
pressure at the elevation of the site and Po is sea-level pressure, may 
be included in the equation to represent the variation in density of 
the air with elevation. Including this term in equations 5-2Jb and 
5-24b, 

Me = S.5 (k ' /n)(ZaZb)-1/n(0.622/Po) eavb 

Mc = 1/80 (kl/n) (zazb)-l/n(p/po) cp Ta Vb 

(5-23c) 

(5-24c) 

where k' is now a constant applicable to sea level pressure (p = po)' 

5-06.08 Combined equation. - Since many of the terms of 
equations 5-23c and 5-24c are cornmon to both, the two equations may 
conveniently be combined into a single expression of convection-conden
sation melt, Mee' Thus 
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(5-25) 

This is the theoretical expression for the snowmelt resulting from eddy 
transfer of heat and moisture to the snowpack. It is based on the 
concept that the exchange coefficients for both the exchange of heat and 
moisture are the same. In the sections which follow, the values of the 
coefficients for convection and condensation melt will be arrived at 
separately by experimental means. 

5-07. CONDENSATION AND EVAPORATION 

5-07.01 General. - Numerous investigations have been made of 
actual amounts of water vapor condensed upon or evaporated from exposed 
water surfaces. Most studies have been primarily interested in water 
losses due to evaporation. 51 35/ In snow hydrology, in addition to the 
amounts of water evaporated or condensed, the latent heat of vaporization 
involved in the change of state from gas to liquid or vice versa is also 
of concern. In the case of water surfaces, such heat may be absorbed or 
given up without immediate hydrologic effect; on snow surfaces this heat 
is of considerable hydrologic significance, for it is capable of producing 
a more than sevenfold increase (or decrease in the case of evaporation) 
in the amount of water available for runoff over that actually condensed 
(or evaporated). In what follows, the discussion shall be concerned with 
condensation, it being understood that evaporation is merely the negative 
case. The experimental methods are similar in either case. The conden
sation or evaporation amounts are determined volumetrically or by weigh
ings. Simultaneously, measurements of vapor pressure and wind speeds 
are made. The equation which is used to relate vapor pressure and wind 
speed to the amounts of condensate is of the form, 

(5-26) 

where qe is amount of condensate, ea and es are the vapor pressure of 

the air-and snow surface respectiveTy, vb-rs the wind speed, and ke is 

a coefficient relating the two. 

5-07.02 Condensation over snow. - Detailed experiments of 
condensation and evaporation over snow have been made by several investi
gations. Among these are studies made at CSSL (see Res. Note 25) and 
by deQuervain at the Weissfluhjoch Institute in the Swiss Alps. 7/ The 
method used has been to place pans filled with snow into the snowpack so 
that the surface of the snow in the pans is flush with the surrounding 
snow surface, and to note the moisture gain or loss in the pans by 
periodic weighings. It is to be remembered, however, that where snow is 
involved, for every unit of water vapor condensed, additional heat of 
vaporation is released, capable of melting 7.5 times this amount of snow. 
Thus to represent the condensate plus its accompanying melt, assuming 
this latent heat is completely effective, the constant ke above must be 
multiplied by 8.S (1 + 7.5), and the condensation melt equation for any 
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particular site becomes 

(5-27a) 

5-07.3 Generalization of equation. - Since the vapor pressure 
of the air and the wind speed vary with height above the snow surface, 
the value of the coefficient ke is dependent upon the height of measure-

ment of these meteorological elements. By assuming the power law varia
tion of vapor pressure and wind speed with height. discussed previously 
(par. 5-06.03), it is possible to generalize equation 5-27a so that the 
coefficient ke is constant regardless of heights of measurement and is 

applicable to-any site over open snow. The value of the exponent n in 
the power law (equations 5-19) has been the subject of considerable 
investigation. A good summary is found in Sutton's Micrometeorology 33/ 
where a spread of values is reported on from a variety of conditions of 
stability of air. Over snow, however, an inversion generally exists and 
values of n are fairly constant. Power law exponents derived by Walsh * 
as a best fit to wind speed gradients at CSSL range from 4.8 to 7.1, 
with an average value of 5.8. Sverdrup found by observations on 
Isachsen's Plateau 34/, that an n of 5.6 applied to the vertical distri
butions of wind speed, air temperature and vapor pressure. Recent 
experimentation by the Snow Investigations tends to confirm a value of 
n = 6 as an adequate representation of the vertical distribution of these 
meteorological parameters above a melting snow field in an open, unforested 
site. Thus 

and 

where the subscript 1 refers to the various properties measured at a 
standard reference level of one foot (or other unit). Substituting 
these relationships in equation 5-27a, 

Me = 8.5ke (zaZb)1/6 (el - es ) VI (5-27b) 

Letting k~ = 8.5 ke (ZaZb)1/6, where k~ is now a constant (the value of 

the coefficient when wind speed and vapor pressure ar,1 measured one foot 
above the snow surface), 

M = k' (el - e ) VI e e s (5-27c) 

Moreover, since 

el - e (e - e ) -1/6 Z s a s a 

* Sea Miscellaneous Report 6, 
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and 

vapor pressure and wind speed measured at any levels (za and zb) can be 

reduced to their equivalent values at the one-foot level, and 

M = k' e e (5-27d) 

where k~ is a constant relating condensation melt (plus condensate) to 

the condensation parameter for values of wind speed and vapor pressure 
measured at the one-foot level. 

5-07.04 Evaluation of constant. - The value of ke in 

equation 5-26 has been evaluated by relating measurements oflmoisture 
exchange, qe' to simultaneous products of vapor-pressure gradient and 

the first power of the wind speed, (ea - es ) Vb' by a linear least

squares regression. From this, the coefficient k~ of equation (5-27d) 

was then evaluated by substituting actual heights of measurements of 
wind speed and vapor pressure. Values of the constant, k~ so determined 

(for daily melts in inches, for vapor pressure measured in millibars and 
wind speed in miles per hour, heights of measurement in feet) are as 
follows: 

Central Sierra Snow Laboratory (Res. Note 25) 
Weissfluhjoch Institute (deQuervain) 

0.0540 
0.0770 

Figure 2, plate 5-5 illustrates this relationship, glVlng daily melts 
in terms of mean daily wind speed and vapor pressure at one-foot level, 
using the CSSL coefficient. (Melts for other heights of measurement may 
be determined from figure 2 by use of figure 5, plate 5-5.) 

5-08. CONVECTIVE HEAT TRANSFER FROM THE AIR 

5-08.01 Unlike radiative heat transfer and the transfer of 
moisture between the air and snow surface, convective heat transfer from 
the air to the snow surface cannot be measured and has to be evaluated 
indirectly. This has been done by considering convection melt as a 
residual in the general snowmelt equation. Since the total melt from 
experimental areas is measurable, and the melts from the processes of 
radiation and condensation can be computed as previously explained, the 
difference between the total melt and these two computed melts is con
sidered due to convective heat transfer. By relating quantities so 
determined to the meteorological parameters of air temperature and wind 
speed by the equation, 

(5-28a) 
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where Mc is the convective melt quantity, Ta and Ts are the temperatures 

of the air and snow surface, and vb the wind speed, the convective melt 

coefficient, kc' can be determine~ This was done at CSSL using data 

from a speciar-snow lysimeter constructed expressly for this purpose 
(see Res. Note 25). The convective melt coefficient obtained reflects 
the conditions peculiar to that site and the particular instrumentation 
involved. By a process similar to that described in paragraph 5-07.03, 
the foregoing equation can be generalized for application to any heights 
of measurement and to any site over open snow. Thus 

M a k' (p/p )(z zb)-1/6 (T - T ) v (5-28b) c c 0 a as b 

where kb (p/po)(ZaZb)-1/6 equals kc in equation 5-28a. The term P/Fo 

(where E is atmospheric pressure at the observation level, and Po is 

sea level pressure) is introduced to correct for the variation of air 
density with elevation, since the coefficient kc is directly proportional 

to the air density. Values of p/po as a function of elevation are 

obtainable from figure 6 of plate 5-5. Values of z-1/6 for various 
heights of measurement are obtainable from figure 5 of plate 5-5. The 
value of the convection coefficient, k~, of equation 5-28b was determined 

for an open site from the CSSL experlmBnts to be 0.00629 far daily (24 hour) 
melt rates expressed in inches, temperatures measured in degrees F, wind 
speeds in miles per hour, and heights of measurement in feet. Figure 1, 
plate 5-5 shows this relationship for measurements of air temperature 
and wind speed at one-foot level. (Melts for other heights of measure
ment may be determined from figure 1 by use of figure 5, plate 5-5.) 

5-09. SUMMARY OF CONVECTION-CONDENSATION MELTS 

5-09.01 Comparison with other investigations. - In present 
use by snow hydrologists in the computation of condensation or convection 
melts are the results of experiments and the melt equations presented by 
other investigators, notably Sverdrup 34/ and deQuervain 1/. Since the 
form of their equations is similar to those given herein, the coefficients 
for convection and condensation melt may be compared as follows: 

Investigator 

Snow Investigations (1954) 
Sverdrup (1936) 
deQuervain (1951) 

Condensation 
coefficient (k') 

e 

0.0540 
0.0674 
0.0770 

Convection 
coefficient (k') 

c 

0.00629 
0.0215 

Ratio: 
k'/k' c e 

0.12 
0.32 

Light, ~ who used a theoretical equation advanced by Sverdrup, arrived 
at coefficients essentially the same as those of Sverdrup's given above. 
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All coefficients above are for wind speeds, air temperatures, and vapor 
pressures measured at the one-foot level; they are for temperatures 
measured in degrees F, vapor pressures measured in millibars, and wind 
speeds in miles per hour; they are for melts expressed in inches per 
day (24 hours). 

5-09.02 As may be seen, the condensation coefficients of 
the other investigators given above are of the same order of magnitude 
as those of Snow Investigations. The convection coeffiCients, however, 
are more than three times as great as those determined by the Snow 
Investigations. Sverdrup's coefficients were derived from experiments 
over snow on Isachsen's Plateau, in which ablation measurements furnished 
total melt data, from which was subtracted computed radiation melt, 
leaving a residual melt assigned to combined condensation and convection.* 
Sverdrup, being unable, in the absence of measured condensation amounts, 
to separate condensation-convection melt except on a theoretical basis, 
assumed that the exchange coefficients of moisture and·heat are the same 
(as described in section 5-06). This assumption is becoming less 
satisfactory with accumulating experimental evidence. 3/ lS/ A further 
check on the condensation constant comes from deQuervalll'S-investigations 
at Weissfluhjoch Institute by experimental methods similar to those of 
Snow Investigations. The ratios, k~/k~, given above afford a means of 

comparing the relative magnitudes of the convection and condensation 
melts as found by the several investigations. The value of this ratio, 
as given by Bowen 5/, ranged from 0.32 to 0.37, the smaller value of the 
ratio being associated with stable atmospheric conditions (such as are 
found over snow fields). Thus Bowen's ratio agrees with that of Sverdrup. 
In s~ theory accords reasonably with experiment in considerations 
of moisture exchange. For convective heat exchange there is notable 
discrepancy. The smaller exchange coefficient indicated by Snow Investi
gations is recommended in view of the more detailed measurements of 
meteorological parameters (including radiation) available at present. 

5-09.03 Combined equat.ior:._ - Many of the terms of equations 
5-27d and 5-2Sb are common to both, and the two equations may conven
iently be combined into one equation of convection-condensation melt. 
Using the coefficients derived at the CSSL, this equation is as follows: 

*Light's equation is theoretical, based on one advanced by Sverdrup 
which assumes a logarithmic variation of air properties with height, in 
contrast to the power law variation cited previously and also used in 
Sverdrup's experimental work. Light's equation, in application, employs 
a basin factor of less than unity, by which the theoretical equation 
must be multiplied to reproduce measured basinwide melt amounts. 
(Radiation melts are not considered). It would be reasonable to expect 
this factor to be greater than unity, since it must include the not 
inconsiderable melt from radiation. Its empirical value of approxi
mately 0.65 would seem to indicate that the coefficients of the 
theoretical equation are too large. 
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or 

(5-29b) 

The above equation is for daily (24-Hour) melt in inches where the 
temperatures are in degrees F, vapor pressures in mb, and wind speed in 
mph and height in feet . They are for melt from ripe snow packs and 
apply strictly only to unforested sites. This combined relationship is 
given graphically in figures 3 and 4 of plate 5-5. Figure 4 expresses 
the total melt in terms of temperature and relative humidity. 

5-09.04 Discussion. - The foregoing coefficients for con
vection and condensation melt were derived from measurements made at a 
point in the open. To apply these results to other areas, the effects 
of terrain on air temperature, vapor pressure and wind speed must be 
considered. In forested areas wind speeds are less than in the open; 
hence if convection-condensation melt in the forest is to be determined, 
based on measurements of wind speed made in an open area, coefficients 
smaller than those given herein would certainly be expected. Moreover, 
the power law variation of wind speed with height applies to open areas 
only. In the forest no such simple relationship of wind speed with 
height applies. Since each forested area presents a different problem 
due to differences in type and spacing of trees, topography, etc., no 
general relationships can be given. Areal variations in air temperature 
and vapor pressure are less than those of wind speed but are also of 
some consequence. In the computation of basinwide melts due to convec
tion and condensation, the variation of both air temperature and vapor 
pressure with elevation is an important consideration. It is to be 
pointed out that, unlike solar radiation, the temperature and the vapor 
pressure of the air are not independent of the resultant melt they 
produce. For a given airmass, an increase in wind speed tends to 
produce more convection-condensation melt but at the same time tends to 
reduce the temperature and vapor pressure of the air near the snow 
surface. Thus there is a tendency for the value of the measured gradients 
to vary inversely with the wind speed. In general, the relationships 
given in this section should not be extrapolated to values outside the 
range of those indicated in the several figures which illustrate them. 

5-10. CONDUCTION OF HEAT FROM THE GROUND 

5-10.01 General. - In the preceding section the major heat 
fluxes to the snowpack have been considered. Ordinarily these heat 
fluxes--radiation and convection-condensation--are all that need be 
considered in the determination of daily melt quantities. Yet there is 
still another heat flux which, although negligible in daily computations 
of melt, becomes significant when the melt season as a whole is consid
ered. This flux is the conduction of heat upward to the snowpack from 
the underlying ground. This source of heat has special hydrologic 



significance since it can cause melting during the winter and early 
spring when melt at the snow surface is non-existent. Thus the melt due 
to this cause is capable of priming the underlying soil in advance of 
the actual melt season, and may also help to ripen the snowpack, 
readying it for melt. . 

5-10.02 Ground-temperature gradients. - The flux of heat 
upward from the underlying groUnd to the snowpack during the winter and 
spring months results from thermal energy that is stored in the ground 
during the summer and early fall when no snow cover exists. During the 
summer months, the ground surface is heated, primarily by solar radiation 
and as a result the thermal gradient is directed into the ground. In 
consequence of this thermal gradient, heat is conducted downward into the 
ground, the amount being dependent upon the thermal gradient and the 
conductivity of the ground itself. Thus the ground may be warmed to a 
considerable depth. During the winter,~th snow on the ground, this 
process is reversed. The ground surface is cooled to 32ur (or below) 
and the thermal gradient is directed upward. Figure 5 of plate 5-6 
shows the annual variation in soil temperature at several depths for an 
area having a shallow winter accumulation of snow. This figure was 
prepared from soil temperature data secured in Minnesota by Algren. 1/ 
In figure 4, plate 5-6, these data are plotted to show vertical tempera
ture gradients through the soil profile. Mean monthly values are given 
for the months September through April. Since snow is a good insulator;~ 
the ground is shielded from the sub-freezing air temperatures of winter 
in the case of deep snowpacks. Before the deep pack is established, 
however, the ground may become frozen to some depth. Ground that may 
have been frozen before the deposition of the permanent snowpack will 
generally be thawed by the conduction of heat from greater depths once 
the protective snow cover is deposited. It will be noted in figure 4 
that during brief transition periods in the spring and the fall the 
situation exists in which there is a dual temperature gradient in the 
ground. During the fall, the ground surface may be suddenly cooled by 
early snow fall and (or) cold air temperatures, resulting in an upward 
gradient near the surface, while deeper in the ground the gradient is 
still directed downward. Heat flows in both directions from the depth 
of maximum temperature, further warming deeper layers and conducting 
heat to the surface of the snowpack. In the spring, the gradients are 
directed in the opposite directions. The ground surface becomes warmed 
as the snow cover disappears and heat flows downward; at the same time 
heat is being conducted upward from greater depths to some intermediate 
area of minimum temperature. Typical ground temperature gradients 
determined from data secured at CSSL (see Tech. Bull. 16) for the 
months January through April are given in the following table: 

* See chapter 8. 
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Mean Ground Temperature Gradients, CSSL 
(in Op per foot) 

Month 
Three feet One foot 

--- to surface to surface 

January 1.6 2.1 
February 1.4 1.9 
March 1.3 1.6 
April 0.9 1.2 

These data are for silty clay loam such as is found in the meadows at 
CSSL where the data were obtained. They are an average of five years of 
record. Data for earlier and later months are not given because of the 
transition periods previously discussed. 

5-10.03 Thermal conductivity of the ground. - The quantity 
of heat transported by the conduction process across unit area of a plane 
parallel to the ground surface during unit time is given by the equation, 

H = k dT/dz 
g (5-30) 

where dT/dz is the temperature gradient in a direction perpendicular 
to the plane, and k is a proportionality factor known as the thermal 
conductivity. For-soils, the thermal conductivity varies with the 
composition, the density, and also with the moisture content; generally 
speaking the thermal conductivity of a soil varies directly with its 
density and its moisture content. The heat flux by conduction is the 
result of both the temperature gradient and the thermal conductivity; 
however, these two terms are not mutually exclusive. The better the 
thermal conductivity of the soil, the less the temperature gradient, 
other things being equal, since the better conduction tends to equalize 
temperature differences. On the other hand, it is possible to maintain 
quite steep temperature gradients in a substance having a low thermal 
conductivity. Some typical values of thermal conductivities are given 
in the table below for a silty clay loam. 

Thermal Conductivity for Unfrozen Fairbanks Silty Clay Loam 

(after Kersten 25/) 

Mositure Density in lbs per cubic ft. 
Content 80 90 100 

2.5% 0.0005 
18.0% 0.0019 0.0025 0.0031 
25.0% 0.0022 0.0028 O. 0036-:~ 
30.0% 0.0025 0.0029-* 
40.0% 0.0027-l~ 

-l<-Saturated soil. 



Reference is made to the report by Kersten 25/ for an extensive tabulation 
of thermal conductivities of many different-Soils. 

5-10.04 Observed melt quantities. - Data on the melt 
occurring at the bottom of the snowpack as a result of the conduction 
of heat from the ground are difficult to obtain and are not ordinarily 
available. Special measurements were made, however, during one year at 
CSSL from which this melt could be computed (see Tech. Bull. 16). 
Measurements of the compaction and melt of the bottom layers of the snow
pack were determined by means of a slide wire settling meter. Densities 
of these same layers were determined from deep pit measurements. From 
these data the change in water equivalent of the bottom layer through 
the season could be computed. These data are given in figure 5 of plate 
5-6, along with the computed water equivalents. The monthly ground 
melt amounts from this figure are as follows: 

Month 

January 
February 
March 
April 
May 

Inches 

0.11 
0.37 
0.69 
0.77 
0.96 

The total seasonal loss from 1 January to 9 June amounted to 3.26 inches. 
It will be noted that the melt rate accelerated as the season progressed. 
This may be partially explained by the increase in the thermal conduct
ivity of the soil as it became progressively more moist; however, thermal 
conductivities computed from these melt data and available temperature 
gradient data exhibit too wide a variation (by comparison with Kersten's 
data). It is probable that, early in the season (January and February) 
some of the heat conducted to the bottom of the pack is being consumed 
in ripening the pack, without producing melt and runoff. This is to say, 
some of the heat is being used to bring the bottom layer to 32~ and 
to saturate it to its maximum free water holding capacity. These data, 
while not universally applicable, are felt to be generally indicative 
of the magnitudes and variations in the ground melt. It may thus be 
seen, considerable water is available to prime the soil in advance of 
the main melt season. For areas having greater temperature gradients 
and/or thermal conductivities, even greater melts from ground heat would 
be expected. Rough approximations of this amount may be made for other 
areas from the foregoing data on thermal conductivities and temperature 
gradients. 

5-lL HEAT CONTENT OF RAIN WATER 

5-11.01 Derivation of equation. - When rain falls on the 
snowpack it is cooled to the temperature of the snow, the quantity of 
heat involved being given up to the snow. For snowpacks isothermal at 
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32~, this release of heat results in snowmelt, while for colder packs 
this heat tends to raise the snow temperature to 32DF. The amount of 
heat given up to the snow by the rainwater is directly proportional to 
the quantity of rainwater and to its temperature excess (above that of 
the snowpack). Considering a melting snowpack, for every degree centi
grade the rainwater is in excess of the snow temperature (zero DC), and 
for every gram of rainwater, one calorie of heat is available. Thus, 
each centimeter depth of rainfall releases one langley (calorie per 
square centimeter) for each degree centigrade above freezing. That is, 

H = (T - T ) P p r s r (5-31a) 

where Hp is the heat released by the rainfall in langleys, Tr and Ts 

are temperatures of the rainwater and snowpack, respectively, in 
degrees C, and Pr is the depth of rainfall in centimeters. English 

units may be substituted for the temperature and rainfall measurements 
in the above equation. Thus, 

Hp 5/9 (Tr - Ts) 2.54Pr 

1.41 (Tr - Ts) Pr (5-31b) 

where Tr and Ts are now in degrees F, .and Pr is in inches. Hp is still 

in langleys. For snow having a thermal quality of 100 percent, the 
resultant melt, M , in inches, is given by, 

r 

1.41 
"2(5J'":"2 

(T 
r 

0.00695 (Tr - 32) Pr (5-32) 

This equation is shown graphically in figure 2 of plate 5-6. It may be 
seen from this figure that the melt from rainfall is relatively minor 
for normal rainfall temperatures when compared with the quantity of 
rainfall itEelf. For example, one inch of rainfall at a temperature of 
460 F produces only 0.1 inch of melt. 

5-11.02 Latent heat of fusion. - When rain falls on a sub
freezing snowpack, an additional quantity of heat is also given to the 
pack. The rainwater that is frozen within the pack releases its latent 
heat of fusion (80 cal/g) to the snow. Thus for each inch of rainfall, 
203.2 langleys are given up to the pack. In view of this large source 
of heat and the small specific heat of snow, it may be seen that sub
freezing snowpacks cannot prevail during rainstorms of any considerable 
magnitude. For example, a snowpack six-feet deep having a mean density 
of 40 percent and a mean temperature of -10°C could be brought to zero 
degrees C by 1.8 inches of rainfall at zero degrees C. (This topic is 
discussed further in chapter 8.) 
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5-11.03 Rain temperature. - The surface wet-bulb temperature 
is generally considered to be a suitable estimate of the temperature of 
the rain. Becuase of the usual near-saturated conditions that exist 
during rainstorms, dewpoint, or for that matter air temperature, may be 
used as rain temperature with very little error. Some hydrologists make 
the refinement of considering the mean temperature of, say, the kilometer 
of air above the snow surface. This usually lower temperature assumes 
the raindrops to be more nearly represented by the temperatures of the 
region through which they pass; that is, there is a lag in the change 
in the temperature of the falling rain as it attempts to assume that of 
its environment. 

5-12. INTERRELATIONSIITPS BETWEEN COMPONENT MELTS 

5-12.01 Examples. - By way of summary of this chapter, the 
figures of plates 5-7 and 5-8 are presented. Trese figures give the 
average component heat fluxes to the snowpack for the months November 
through June and for three days during the spring melt season for condi
tions as they exist at the CSSL basin. The meteorological conditions 
used to compute the fluxes given in plate 5-7 are the mean values for the 
five years 1946-1947 through 1950-1951. All heat fluxes are expressed in 
inches of melt (200 ly equal one inch melt), and are for basinwide condi
tions; the basin is assumed to have 100 percent snow cover for the entire 
period. Negative melts represent heat losses from the pack, the same 
correspondence between heat and melt quantities mentioned above being 
used. The relationships between observed meteorologic·al conditions and 
resultant snowmelt previously presented and discussed in this chapter 
are used to calculate the component melts. It will be noted in figure 5 
of plate 5-7 that for the months November through February, the total 
heat flux to the snowpack is on the average, negative. During March the 
total flux becomes positive; however, the amount of heat is small. 
During April there is a sudden acceleration in the heat supply to the 
snowpack which continues through June. By considering these heat fluxes, 
it can thus be seen why the snowpack accumulates through March and 
ablates thereafter. During March and April, some of the net heat supply 
to the pack is consumed in ripening the pack; by the latter part of April, 
however, melt is generally as indicated by the figures. Individual 
figures on these plates are discussed in the following paragraphs. 

5-12.02 Figure 1 of plate 5-7 gives a general picture of 
the variation of insolation with the season at this mid-latitude station. 
It shows how the insolation received at the outer limits of the earth's 
atmosphere is, on the average, depleted by the atmosphere and by clouds. 
Furthermore, it shows the radiation actually absorbed by the snowpack, 
forest cover and snowpack albedo being considered. It is interesting 
to compare this absorbed radiation with that originally available at the 
outer limit of the earth's atmosphere, noting how little of this avail
able energy is actually directly absorbed by the snow. 'rhis is especially 
true during the winter when frequent new snowfalls maintain a high albedo. 



5-12.03 In figure 2 of plate 5-7, the absorbed radiation of 
figure 1 is converted to equivalent snowmelt assuming that 200 ly produce 
one inch of melt. This conversion is made so that the melt quantities 
due to radiation can be combined with other melt components which are 
expressed directly in inches of melt. Actually, this is somewhat mis
leading since the amounts given are not the actual melt that would be 
realized from the snowpack but are, rather, the heat fluxes to the snow. 
The actual resultant melt is dependent upon the thermal quality of the 
snow as has been discussed. Losses of heat from the snowpack are shown 
as negative melt quantities. Also shown in figure 2 is the average long
wave radiation loss for this area, expressed in inches of melt. It 
includes the effects of cloud and forest cover, of temperature and 
humidity of the air, and of the changes in the temperature of the snow 
surface itself. Shortwave and longwave radiation melt are combined into 
a single curve sho~~ng the variation in radiation melt tp~ough the period 
of interest. 

5-12.04 Figure 3 of plate 5-7 shows the variation of convec
tion and condensation melts with time and also a combined convection
condensation melt curve. These values were computed from mean observed 
air temperatures and vapor pressures for the years of record at CSSL. A 
constant wind speed was assumed throughout, since no regular seasonal 
trend of wind speed was discernible from the available data. 

5-12.05 Figure 4 of plate 5-7 shows melts resulting from 
conduction of heat from the ground and from the neat content of rainwater 
falling on the snowpack. The former was computed from mean ground 
temperature gradient data for CSSL and estimated thermal conductivities 
for the ground as given in Technical Bulletin 16. While the temperature 
gradient tends to decrease throughout the period under consideration, 
there is an increase in the conductivity of the ground during the spring 
melt season as a result of the increase in moisture content. This results 
in the rise of ground melt during the period Mann-May. Rain melt was 
computed using the rainfall amounts from the water balance for this area 
(see chap. 4). The quantities of heat given (in inches of melt) are 
largely the result of rain falling on the sub-freezing snowpack and 
releasing its latent heat of fusion. The additional increment of heat 
which results from the rainwater being cooled to 320p is practically 
negligible. 

5-12.06 Figures 1, 2, and 3 of plate 5-8 give a detailed, 
hour-by-hour picture of the principal heat fluxes to the snowpack for 
three representative days during the spring melt season. A clear day, 
a partly-cloudy day, and an overcast day are illustrated. The data 
presented in those figures are from some special lysimeter studies of 
snowmelt made at CSSL during the 1954 spring snowmelt season (see Res. 
Note 25). They are for melt at an open, unforested site and for days 
without precipitation. Ground melt is not included, as the lysimeter 
introduced an artificial effect with respect to this melt component. 
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5-12.07 Discussion. - In the preceding section of this 
chapter, each of the sources of thermal energy involved in the melting 
of the snowpack has been examined separately. Yet these heat fluxes 
are not independent of one another; rather they are quite interdependent. 
the degree of relationship being influenced by the terrain involved. Fer 
this reason it is well that these heat fluxes also be examined collect
ively and with consideration of the terrain. Moreover, the discussion 
has thus far been concerned with heat exchange and melt as a specified 
point only. Areal considerations are also involved in a complete under
standing of heat exchange as it affects snowmelt. In this section, these 
broader aspects of snowmelt will be examined. 

5-12.08 Since all the thermal energy involved in melting the 
snowpack has its ultimate source in the solar radiation reaching the 
earth, the other processes serve merely as intermediate means of heat 
transfer. Yet it is the measurement of some of the manifestations of 
solar energy, such as air temperature and vapor pressure, that are most 
commonly used as indexes of snowmelt. The earth1s atmosphere is warmed 
but slightly by solar radiation passing through it, as was pointed out 
in the section on solar radiation. Over snowfields this absorption is 
increased, since a portion of the reflected beam is also absorbed. 
Nevertheless, the degree of heating of the air by solar radiation is 
relatively small. Of greater consequence is the heating of air which 
results from air passing over lands and objects which are heated by 
solar radiation. These give their heat to the air by the processes of 
convection and longwave radiation, the air being much less transparent 
to the latter than it is to solar radiation. Similarly, water surfaces 
and ground surfaces containing water may be heated by solar radiation 
and by the transfer of heat from the air by the process of convection and 
longwave radiation and give off energy in the process of evaporation, the 
latent heat of vaporization being consumed in the process. Thus water 
vapor is added to the air and may subsequently condense upon the snow 
surface, releasing its latent heat. 

5-12.09 In view of the foregoing, it may be seen that over 
barren snowfields of great areal extent, and in the absence of advection 
of energy, the air can neither be heated appreciably above 32~ nor can 
its vapor pressure exceed 6.1 millibars (saturated vapor pressure at 
320Ji') • Since the upper limit of snow surface temperature is 32DF and 
its vapor pressure thus restricted to 6.1 millibars in this situation, 
it cannot warm the air above this temperature either by convection of 
heat or longwave radiation, nor can it add moisture to the air in excess 
of its own vapor pressure. Thus an7 appreciable convection and condensa
tion melts require bare ground or water surfaces and/or forest cover 
which can serve as exchange mechanisms to convert radiant energy into 
sensible heat and moisture. (Some heat may result from subsidense; 
however, this is ignored in the discussion which follows.) 

5-12.10 Advection of thermal energy. - Considering the 
snowmelt within a given drainage basin, heat and moisture may be 
advected either into or out of the basin depending upon the forest cover 
and areal extent of the snow cover in the basin relative to its environ
ment. If the basin under consideration is but a relatively small part 



of a much larger homogeneous area, then very little advection would 
ordinarily be expected. The air leaving the basin should have about the 
same temperature and moisture content as the air entering. Only in the 
case of exceptionally warm and moist or cold and dry air masses passing 
over the area would advective effects be of any consequence. Even then 
the basin under consideration would add or subtract only its small 
incremental share to the modification taking place in the airmass in 
passing over the larger homogeneous area. Advection plays a more 
important role in snowmelt where the basin under consideration is 
adjacent to and leeward of an area having markedly different character
istics. Thus considerable heat and moisture may be advected into a 
basin situated to the lee of a non-snow-covered area or of an open water 
area. This situation is exemplified by the snowfields of the mountain 
ranges along the Pacific Coast. Here air coming off the ocean first 
passes over the valleys to the west before reaching the snowfields. 
Another situation favorable to the advection of heat ~!d moisture into 
a given drainage basin occurs where the area to the windward is more 
heavily forested than is the drainage basin itself. Thus, in the wind
ward area the air may be warmed and moisture added to a greater extent 
than within the basin, the net result being the advection of moi&ture 
and heat into the area. A more or less barren drainage area to the lee 
of a heavily forested area would result in considerable advection during 
clear weather. 

5-12.11 On the other hand, heat and moisture may be advected 
from a snow-covered basin. Even air initially warmer than 32~ and 
having a vapor pressure in excess of 6.1 millibars, may, in passing over 
the basin, be warmed above 32 0F by convection and longwave radiation 
from the trees and barren areas, and made more moist by evaporation from 
snow-free areas and transpiration from trees. Of course air initially 
having a temperature and dewpoint less than 32~ can be modified to 
at least those temperatures by even a barren snowfield. 

5-12.12 Local effects. Considering now snowmelt in a basin 
in which no advection of heat energy takes place: the condition may be 
approached in actual situations where weak pressure gradients exist or 
where a high pressure area stagnates over the basin being considered, 
and where the basin is but a small part of a much larger area having 
similar conditions of snow and forest cover. Since the air leaving the 
basin has, under these conditions, the same heat content as the air 
entering, all thermal energy, other than solar radiation, used in melting 
the snowpack must be generated within the basin. This situation is thus 
referred to as the "local climate" or II r adiation climate." Since the air 
temperature remains constant, the heat added to the air by convection 
and longwave radiation from trees and snow-free ground surfaces is just 
balanced by the heat given up by the air to the snow by the same 
processes. Thus, in this Situation, the total energy represented by 
the snowmelt and the water lost to the atmosphere by evapotranspiration 
is equal to the net amount of solar radiation absorbed within the area. 
(See supplement to Research Note 19.) One would thus expect the melt 



under these conditions of a local climate to vary directly with the 
density of the forest, the over-all albedo decreasing with increasing 
forest cover. Heavily forested areas, however, tend to result in 
advection of heat and moisture from the area, whereas more barren areas 
favor advection into the area, This will be considered further in the 
following paragraph. 

5-12.13 Forest effects. - Is the melt rate greater in 
forested or in barren areas? This is a question that has long been 
debated by those concerned with snowmelt. The answer is simply this: 
Sometimes it is greater in the forest and sometimes it is greater in the 
open, depending upon the size of the clearing and other factors. With 
the background of this chapter it is possible to qualify this statement. 
But first the question of deposition of snow should be dealt with, 
Since relative melt rates in the forest and in the open are often judged 
by the disappearance of snow, the usually greater deposition in the open 
tends to bias the answer in favor of the forested areas where there is 
generally less snow to begin with. However, generalizations must be made 
with as much caution in the case of deposition as with melt. While small 
forest clearings usually collect the maximum snowpack, larger open areas 
may be scoured of snow which is then deposited in greater depths near 
and under the surrounding trees (see chap. 3 for a discussion of deposi
tion effects), Melt rates are generally considerably greater in large 
clearings than they are in forested areas. These areas not only have 
approximately the same air temperatures and vapor pressures as do the 
forested areas, due to large-scale mixing of the air, (even though the 
heat and moisture are given to the air primarily as a result of the 
interception of solar radiation by the trees), but the higher wind 
speeds encountered over the snow in the open result in greater melts 
due to convection and condensation. Since the melt component due to 
absorbed solar radiation is considerably greater in the open than it is 
in forested areas, the greater convection-condensation melt component in 
the open, coupled with this greater radiation melt, results in greater 
melt in the open. (Of course evaporation might prevail, in which case 
heat losses in the open due to this cause would exceed those in the 
forest. The heat transfer due to evaporation is, however, relatively 
small.) Longwave radiation loss in the open is, of course, greater than 
in the forest; however, since a part of the solar energy absorbed by the 
forest canopy is re-radiated to space and part is used up in warming the 
air and transpiring moisture which in turn are conveyed to the snow 
surface, the greater loss of longwave radiation in the open is usually 
more than made up for by the greater shortwave radiation gain. 

5-12.14 It has been observed that the last snow patches to 
disappear in the spring are usually found in small clearings in the 
forest; that is, clearings having a diameter about the same as the 
heights of the surrounding trees. The reason for this is two-fold: 
(1) the greater deposition of snow in these sheltered areas and, (2) 
the lesser melt rates in these areas. The first of these reasons is 
dealt with in chapter J. The second is the result of the shading of 



the sites from direct solar radiation by the surrounding trees, while, at 
the same time, longwave loss is affected to a lesser degree. Then too, 
convection-condensation melts are less than in larger open areas by 
virtue of the lesser wind speeds in these areas. In summary, then, it 
may be said that melt rates are greatest in large open areas and least 
in small forest clearings, the melt rate in the forest being intermediate 
between these two. It is to be emphasized, however, that the greater 
melt rates of large open areas is still contingent upon the existence of 
surrounding forests or bare ground for a supply of sensible heat and 
moisture. Large, non-forested, snow covered areas such as are found in 
parts of Canada would not have as high melt rates as would a large 
clearing in the otherwise forested area. 

5-12.15 From the foregoing the true relationship between 
air temperatures, vapor pressures, and snowmelt can be deduced. It 
may be seen that upper air temperatures and humidities should not be 
good indexes of snowmelt since they do not adequately reflect the con
version of radiant energy into sensible heat and moisture. The air may 
be warmed and its humidity increased in passing over trees and bare 
ground warmed by radiation, and it may in turn convey this thermal 
energy to the snowpack without any change indicated in the upper air. 
Only surface temperatures and humidities adequately reflect this heat 
transfer. Moreover, since more of the radiant energy is manifest in 
the air temperature and humidity in forested areas than in barren areas, 
temperature and humidity indexes should be expected to increase in 
accuracy with the degree of forest cover. These effects are considered 
in detail in the following chapter which deals with the practical com
putation of snowmelt by means of indexes. 

5-13. SUMMARY 

5-13.01 The relationships presented in this chapter are 
summarized below in outline form. The general snowmelt equation is 
given, followed by the equations which give the component melts. Ref
erences are made to figures which illustrate these relationships where 
applicable. Symbols used are defined in the text. 

GENERAL SNOWMELT EQUATION (M) 

M = Hrr!203.2 

(See fig. 1, pl. 1) 

where, 

(5-2a) 
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SHORTWAVE RADIATION MELT (Mrs) 

Insolation 
(See figs. 3 & 4, pl. 1) 

Effect of Clouds 

IIIe = 1 - (l-k) N 

where, 

k = 0.18 + o.o24z 
(see Fig. ~, pl. 5-1) 

Effect Of forest cover 
(See fig. 1, pl. 5-2) 

Effect of slo~e 
(See Fl.g. 6, pI. 5-1) 

Albedo 
(See figs. 2, 3, & 4, pl. 5-2) 

Absorption 

Id '" Iae- kd 

(See fig. 5, pl. 5-2) 

LONGWAVE RADIATION MELT (~l) 

where, 

Radiation from clear skies (Rd) 

Rd ", cr- Ta4 (a + b~) 
(See figs. 2 & 3, pl. 5-3) 

Radiation from snowpack (Ru) 
(See fig. 2, pl. 5-3 -- Black body curve) 

Net radiation exchange -- clear skies (Rc) 
(See Fig. 4, pl. 5-3 -- over melting snow) 

Effect of Clouds 

R :. cr- (Tc4 - Ts4) (overcast) 
(See fig. 4, pl. 5-3: black body curve) 

R = Re (1 - leN) 

(5-6b) 

(5-8) 

(5-9) 

(5-12) 

(5-13) 



k '" 1 - 0.24 z 
(See fig. 5, pl. 5-3) 

Effect of forest cover 

Rf := 0" (Ta4 - Ts 4) (Solid canopy) 

R = FRf + (I-F) Rc (partial canopy) 

(See fig. 6, pl. 5-3) 

CONVECTION MELT (Me) 

Me = ke (Ta - Ts) Vb 

Me = kc ' (p/Po)(Zazb)-1/6 (Ta - Ts) Vb 

(See fig. 1, pl. 5-5) 

CONDENSATION MELT (Me) 

Me = 8.5 ke (e a - es ) Vb 

= k~ (Zazbrl/6 (ea - es ) Vb 
(See fig. 2, pl. 5-5) 

GROUND MELT (Mg) 

Hg = k dT/dz 

(See figs 4 & 5, pl. 5-6) 

RAIN MELT (Mp) 

~ = 0.00695 (Tr - J2)Pr 
(See fig. 2, pl. 5-6) 
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(5-16) 

(5-17) 

(5-28a) 

(5-28b) 

(5-27a) 

(5-27d) 

(5-30) 

(5-32) 
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CHAPTER 6 - SNOWMELT INDEXES 

6-01. INTRODUCTION 

6-01.01 General. - Temperature indexes of snowmelt have 
been widely used to estimate runoff from snowmelt for areas where 
its contribution to total runoff warranted consideration. 
Temperature was used because it was generally thought to be the 
best index of the heat transfer processes associated with snowmelt 
and because it was (and in many cases will continue to be) the only 
reliable and regularly available meteorological variable. At the 
present time, however, a general understanding of the thermal 
budget of a drainage area and its snowpack enables the hydrologist 
to select or to establish necessary instrumentation for obtaining 
other appropriate meteorologioal Tariables suited as indexes of 
snowmelt in a specific area. This can be done in the light of the 
broader understanding of the physical and thermodynamic aspects 
of snowmelt learned from work of the Snow Investigations and from 
other studies as discussed in the previous chapter. 

6-01.02 In hydrologic practice an index is either a 
meteorologic or hydrologio variable whose variations are 
associated with those of the element it serves to estimate and 
which is more readily measured than the element itself. An index 
may be used to represent basin values from point measurements, 
both in space and in time, where average fixed relationships are 
known to exist between the measured and basin values. The 
purposes of indexes are (1) to allow a readily observed 
measurement to represent hydrologic element or physical process not 
ordinarily measured, and (2) to allow a single value or group of 
measured values to represent basin averages in time and space, in 
order to simplify observational and computational requirements in 
actual practice. The reliability of indexes depends upon (1) how 
well the element or physical process is described by the measured 
variable, (2) the random variability of the measurement, (3) the 
variabili ty between point values and basin averages, and (4) the 
representativeness of the measured value. The index relationship 
may be described either by a coefficient (suoh as a degree-day 
factor) or by a formula in the case of more complex linear or 
curvilinear functions and may be either constant or variable 
depending upon the variability of associated factors. 

6-01.03 Data. - The specific kinds of data required 
for detailed thermal-budget analysis are rarely available to the 
hydrologist ooncerned with project basins. B.1 necessity, he must 
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use the ordinarily available data for determining snowmelt runoff 
in hydrologio studies. The most generally available data are 
daily maximum and minimum temperature s , humidi ty measurements and 
surfaoe wind speeds; less frequently are found stations having 
oon tinuous tem:pera ture, humidity, and wind reoords J and few and 
far between are stations having solar radiation or even duration 
of sunshine reoorders. Oooasionally, hourly oloudiness data may 
be obtained from nearby airway stations. 

6-01.04 Scope. - This ohapter inoludes a disoussion 
of index theory, the relative im:portance of the various indexes 
with respect to varying degrees of forest cover, and index-loss 
relationships during clear-weather spring melt. Preliminary 
analyses with laboratory data demonstrate the technique of index 
evaluation and degree of accuracy of the regression function that 
oan be achieved with oomplete information on shortwave and longwave 
radiation, albedo, snow cover, and hourly data on air and snow
surface temperatures, relative humidity, and wind. Seoondary 
analyses demonstrate the effectiveness of daily temperature, 
humidity, and wind data when used as convection and condensation 
indexes. As an illustrative example, snowmelt runoff ooefficients 
are derived for the ~oise River at Twin Springs, Idaho. A 
separate seotion deals with the general effectiveness of 
temperature indexes only. Finally, general basin snowmelt equations 
applicable to rain-on-snow and rain-free situations are presented. 

6-02. INDEXES FOR THERMAL-BtJDGET COMPONENTS 

6-02.01 General. - Known physical laws and established 
empirical relationships governing the water and heat economy of the 
snowmelt-runoff process form the basis for the derivation of 
snowmel t-runoff indexes. The water balance and thermal budget have 
been disoussed in detail in chapters 4 and 5, but will be reviewed 
briefly as needed for development of the theory, assumptions, 
derivation, and application of snowmelt indexes. The heat transfer 
processes whioh are of primary importance in producing snowmelt 
are radiation (shortwave and longwave) and convection of sensible 
heat and moisture in the atmosphere (commonly termed convection 
and condensation). Heat transfer from rain and underlying ground 
are secondary and are considered only briefly. Appropriate indexes 
for each of the primary heat transfer processes will be discussed 
in the following paragraphs. 

6-02.02 There is no universal index for describing 
accurately the snowmelt-runoff regime for all areas. Index 
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coefficients vary with local conditions of weather, time, snow 
condition, vegetation and terrain, being limited in applioability 
to the specific area, time of year, and weather conditions for 
which they are derived. Index studies carried out in the Snow 
Investigations have been concerned primarily with conditions of 
so-called "clear-weather melt." (The term clear-weather as used 
in this conneotion refers to periods of no precipitation but 
places no restriction on the extent or density of cloud cover.) 
Before proceeding to the discussion of indexes, a brief review 
of the water balanoe for clear-weather melt periods will be made. 

6-02.03 The general equation for runoff is written 
as the sum of the terms of the water balance (see chapter 4). The 
water balance for rain-free periods during active spring melt iSI 

Q=M-L (6-1) 

where S. is generated runoff, ! is snowmelt, and ~ is loss. The 
main assumptions which permit index-analysis of equation (6-1) 
are: that loss is equal to evapotranspiration, and that 
evapotranspiration is estimated by the same indexes that describe 
melt. The assumption for the active melt period that all loss is 
in the form of transpiration requires that all initial losses for 
conditioning the snowpack for runoff (see chapter 8) and 
satisfying soil-moisture deficits have been met over the entire 
basin area. All transitory storage in the soil and underlying 
rocks is assumed to be accounted for through use of generated 
runoff values derived by use of average empirical flow recession 
curves (see Res. Note 19). Daily values of runoff so determined 
become the dependent variable for the index equations. The 
condition of no loss to deep percolation on the three laboratory 
basins is predicated on the water-balance studies presented in 
chapter 4. The CSSL Lower Meadow lysimeter has an impervious 
subdeck upon which melt water is collected, thereby eliminating 
the possibility of loss by percolation into underlying soil or rock. 

6-02.04 During periods of local climate, when 
advection of heat and moisture into the basin is at a minimum, 
there appears to be a fixed proportion of available energy used 
for transpiration and melt in forested areas. Reference is made 
to the discussion on the thermodynamics of evapotranspiration 
for WESL contained in the Supplement to Research Note 19 and 
paragraph 4-C5.17 , where it was shown that evapotranspiration 
water loss under this condition represents about 10 percont of 
the melt. 
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6-02.05 Shortwave radiation. - The importance of 
shortwave radiation in the melt budget for direct evaluation of 
snowmelt depends, for the most part, on areal extent and density 
of forest cover. In densely forested areas direct observations 
of Bolar radiation are not essential as a snowmelt parameter since 
80 to 90 percent of the incident radiation energy is absorbed by 
the forest. In densely forested areas verY little of the shortwave 
energy passes through the forest canopy to the snow surface, and 
the energy stored in the forest is released to the snow by longwave 
radiation, convection, and condensation. In open and partly 
forested areas, however, shortwave radiation is highly important, 
having increasing importance with decreasing forest cover. If 
no observations of shortwave radiation are available, estimates 
should be made by extrapolation from nearby stations, by means 
of the atmospheric depletion technique, such as described in 
Technioal Bulletin 5 and Research Note 3, or where duration of 
sunshine data are available, from the chart adapted from Hammon, 
Weiss, and Wilson -21 shown in figure 3, plate 6-1. The last
mentioned is the most recent and apparently most accurate 
technique. The authors report a coefficient of correlation of 
0.97 and a standard error of 36 ly/day for observed versus 
estimated insolation. Independent application of the ohart to 
Boise, Idaho, data for the months of May and June 1955 yielded 
the same degree of association (R = 0.97), which is equivalent 
in the present sample to a coefficient of determination, ~ of 
0.94, with a standard error of estimate, s ,of 40 ly!day. The 
method requires knowledge only of the ~ duration of 
sunshine and, with date, latitude, and a seasonal oorrection 
factor (tabulated on the chart), Yields in 8 steps the estimated 
value of insolation for the day. 

6-02.06 Diurnal temperature range is a fair index of 
solar radiation in heavily forested areas, acoounting for 65 peroent 
of its varianoe in UCSL during the spring of 1941 (see fig. 1, 
plate 6-1). The degree of assooiation is less for the partly 
forested CSSL, as shown in fig. 2, plate 6-1, where there was only 
50 peroent determination for data recorded in the spring of 1954. 
Unfortunately, the poorer correlation with temperature exists where 
radiation is important and most needed, namely in partly forested 
or open areas. Studies of variables affeoting maximum temperature 
at CSSL indioate that within that environmest over snow, the daily 
maximum air temperature inoreases about l.d F per 100 ly increase 
in inoident radiation; decreases about 1.2 F per mph wind speed 
increase at the one-foot level; and increases about 0.15°F per 
degree F increase in lO,OOO-foot level temperature. Maximum tem
perature*by itself, then is a poor index of solar radiation, its 
magnitude reflecting variations associated with other processes. 

* As measured over snow. 
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The minimum temperature is also sensitive to surface wind 
conditions, and increasing wind tends to prevent the minimum 
temperature from falling as low as on calm nights. Accordingly, 
wind tends to decrease the spread between maximum and minimum 
temperature. Also, any change in airmass between times of 
minimum and maximum temperature would affect the spread between 
them. In general, diurnal temperature range is not as adequate 
for estimating shortwave radiation as duration of sunshine data. 

6-02.07 Longwave radiation. - Unlike shortwave 
radiation, longwave radiation is important for all degrees of 
forest cover. The net effect of longwave exchange on melt does 
vary with the degree of forest cover and this variation must be 
taken into account in the design of an index for the longwave 
component of the thermal budget. As discussed previously, the 
net effect of longwave exchange in the open is usually negative, 
constituting the principal mode of heat loss from the snow 
surface. In densely forested areas, on the other hand, there is 
practically no longwave loss to the night Sky, and the snow 
exchanges longwave radiation mostly with the forest canopy. Both 
snow and forest radiate as pure black bodies, and since the 
temperature of the forest canopy is generally above freezing 
during periods of active melt, the forest canopy radiates more 
longwave energy to the snow than the snow is emitting by virtue 
of its own temperature (which cannot exceed 320F). Thus, under 
dense forest the net exchange is nearly always positive in the 
direction of the snow, and the snow-surface temperature is rarely 
below freezing during the melt period. With a fixed snow-surface 
temperature, the radiation exchange between the snow and forest 
canopy may be described by the temperature of the forest canopy 
only. For index purposes an approximate linear relation has been 
adopted. (See fig. 1, plate 6-2). With the assumption that air 
and forest canopy have the same average temperature, the index for 
longwave radiation exchange is simply the temperature of the air. 
The use of air temperature as a 10ngwave index is ideally suited 
to densely forested areas but is inadequate as a simple index for 
open areas. 

6-02.08 Convection. - The relative importance of 
convection as a heat transfer process at open sites has been a 
controversial subject and i~ difficult to evaluate from direct 
observation. The eddy conduotivity studies appear not to have 
adequately separated sensible heat transfer from effects of 
radiation and oondensation, and greater importance is consequently 
assigned to convective transfer than may actually be the case. 
In regression analyses of the 1954 CSSL lysimeter data, only five 
percent of the variance of the 1ysimeter runoff was explained by 
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the convection parameter. In the same study, omission of the 
convective parameter resulted in a negligible decrease of 
accountable variance, demonstrating the relative weakness of 
convective heat transfer from air to snow at an open site. An 
explanation for this weakness is that the melt contribution due 
to sensible heat transfer is so small as to be nonsignificant 
with respect to contribution of the other heat-transfer 
processes (namely radiation). For forested areas, on the other 
hand, the convection parameter has greater importance, since it 
indexes the combinod heat-transfer processes of convection and 
longwave exchange in the forest. Since both longwave exchange 
and convective transfer are temperature functions, they may be 
combined as shovm in fie;ure 1, plate 6-2. The index used for 
convective transfer (X~) is a parameter consisting of the product 
of temperature differerlce and wind: 

(6-2a) 

where Ta is air temperature, Tb is snow surface temperature or 

temperature base, and!. is windtravel. Where hourly data are 
available, best results are obtained with a parameter for the 
day, computed from the sum of the hourly parameters for the 
twenty-four hour period from sunset to sunset. When hourly 
temperatures and winds are not available, as is generally the 
case in practice, daily maximum or daily mean temperature, and 
a daily index of wind may be substituted with some loss of 
accuracy. In this case, the base temperature, Tb is evaluated 
statistically by methods disoussed in paragraphs- 6-03.19 to 
6-03.21, and the function is used in equation 6-2a as a product 
of wind and air temperature. Investigations have shown that the 
general effectiveness of maximum and mean temperatures vari~s 
from area to area and even from season to season within a single 
area. Therefore, either maximum temperature or mean temperature, 
1/2 (max + min), mey be used for the daily index. Investigations 
of a daily wind index have included total 24-hour wind travel 
(sunset to sunset) and l2-hour daytime wind travel (sunrise to 
sunset). For CSSL, daytime wind travel was found superior to the 
24-hour wind, and thus was also used in the UCSL studies. There 
are other indexes of wind which may be useful, but which have not 
been evaluated as yet, such as 24-hour winds for some ~eriod 
other than sunset to sunset, (say midnight to midnight), 
instantaneous wind speed at a specific time of day, etc. The 
temperature base for the daily convection parameter may be 
computed from the regression analysis as will be shown later in 
paragraph 6-03.20. 
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6-02.09 Condensation. - As with convection, the 
condensation parameter for the open site is relatively unimportant 
compared with radiation. It was found in a study of the 1954 
CSSL lysimeter data, that less than 3 percent of the lysimeter 
runoff variance was lost to the accountable variance when the 
condensation parameter was omitted. (The net decrease in account
able variance with omission of both the conveotion and 
condensation parameters was still less than 3 percent.) The 
importance of the condensation parameter, however, incroases with 
the presence of forest oover. In CSSL, where effective forest 
cover is approximately 30 percent of the basin area, nearly 
40 percent of the runoff vnxiance was lost to the accountable 
variance when the condensation parameter was omitted. The form 
of the condensation parameter (X

4
) iSI 

(x4) = (e - e ) v a 8 
(6-2b) 

where e is vapor pressure of the air, e is vapor pressure of a s the - snow surface or a derived - vapor pressure base, 
and v is wind travel for the time interval represented by mean 
e and e. Hourly values of the vnriables oonstituting the 
~ ~ condensation parameter yield better results than a 
daily index. However, the only daily condensation indexes 
tested on laboratory data have been (1) with WBSL datal maximum 
vapor pressure for the day, (2) with CSSL datas vapor pressure 
at 1800, the most consistent hour of daily CSSL maximums, and 
(3) with UCSL datal vapor pressure at 1400, the most oonsistent 
hour of daily UCSL maximums. As in the case of the convection 
parameter, bases are derived statistically whan daily values are 
used. There are also other possible condensation indexes that 
might prove worthy of investigation, such as maximum or mean 
dewpoint temperature, etc. 

6-02.10 Summary. - The following table summarizes 
the relative importance and proper selection of thermal-budget 
indexes of clear-weather melt, as determined fram statistical 
studies of daily clear-weather snowmelt runoff at the snow 
laboratories, for varying degrees of effective forest covers 
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Forest environment 

Heavily Partly 
Thermal Budget Forested Forested Forested Open 

Component Areal Area, Area, Area, 
VrnSL UCSL CSSL Lysimeter 

Effective forest cover 9~ 85~ 30% Ocfo 

Absorbed shortwave N -lQ/ N -lQ/ S - Y S - Y 
radiation 

Longwave radiation 
N -1Q.I -1£} ~ S - ~ exchange in open N S -

Longwave radiation 
-y exchange in forest S S -y N -1/ N -lQ/ 

Convective heat exchange 
S -1/ s - 2! s - 2! N - §/ from atmosphere 

Heat of condensation or 
evaporation by moistur. 
exchange between atmos-

S -1/ s - y S - Y N - 2/ phere and snow surface 

S = Significant clear-weather melt index 
N = Non-significant clear-weather melt index 

Adequately indexed by convection parameter 
Observe directly or estimate by index relationship of Bolar 
radiation and snow albedo 
Observe directly or estimate by minimum temperature and 
airmass-temperature index 
Daily or hourly convection parameter, excluding wind 
Daily or hourly convection parameter, including wind 
Daily or hourly convection parameter, including wind; may be 
omitted in active shortwave radiation melt periods 
Daily or hourly condensation parameter, excluding wind 
Daily or hourly condensation parameter, including wind 
Daily or hourly condensation parameter, including wind; may 
be omitted during periods of active shortwave radiation melt 
Non-existent or negligible heat-transfer process 
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The most striking defioiency in the above table is the lack of 
an index for longwave radiation exchange in the open. Although 
air temperature has been found to be a fair index of downward 
longwave radiation, the variability of the snow-surfaoe 
temperature at an open site does not permit air temperature alone 
to act as an acceptable index of longwave exchange between snow and 
sky. It was fO\ll'1d, however, in preliminary studies on the partly 
forested CSSL, that measured longwave radiation in the open was 
a significant variable in the estimation of Castle Creek runoff. 
It was fUrther found that substitution of incident shortwave 
radiation for net longwave exchange in the open gave an equal 
level of determination from estimation of Castle Creak runoff. 
For runoff from an unforested site, however, incident shortwave 
radiation was found nonsignifioant as a Bubstitute for longwave 
exohange in the open. For open and partly forested areas, long
wave exohange in the open is an essential part of the thermal 
budget. If longwave exohange in the open is not measured, as 
will most often be the caee, it should be estimated. An 
empirical method for estimating longwave exchange in the open 
in the Boise River basin ie presented in figure 1, plate 6-2. 

6-02.11 Figure 3, plate 6-2 illustrates graphically 
the relative importance of radiation, oonvection, and condensation 
paramete:rs in explaining the varianoe in daily rtmoff values, at 
Mann C:reak, WESL; Skyland Creek, UCSL; Castle Creek, CSSL; and 
the Lower Meadow lysimeter at CSSL, which have a relative 
effeotive forest oover of 90,85, 30, and 0 percent respectively. 
Effective forest cover is defined as the percent of the ba.sin 
effectively shielded from direot radiation to the sky (both 
longwave and shortwave), based on an a'Verage in time and space 
for the active melt period. In the case of UCSL, the radiation 
term is absorbed shortwave and explains practically none of the 
varianoe in runoff, while longwave radiation exchange is adequately 
indexed by the oonvection and condensation parameters. The 
radiation term at CSSL for both Castle Creek and the 1ysimeter is 
a1lwave net exchange, as measured by the non-selective radiometer. 
The increasing importance of an adequate radiation index for 
decreasing extent of forest cover is shown by this diagram. 

6-03. EVALUATION OF INDEXES FOR CLEAR-WEATHER MELT 

6-03.01 General. - The preceding seotion defined the 
components of basin heat exchange in terms of thermal budget 
indexes for olear-weather periods. In this seotion there are 
described the analytical techniques used to evaluate the index 
coefficients and their relati'Va strengths for different areas, 
as determined from laboratory data. 
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6-03.02 Analytical procedure. - The general form of 
the snowmelt runoff equation in terms of heat indexes is 

• • + b. X. + 
~ ~ 

• • • + c 
(6-3) 

where I is generated snowmelt runoff, the Xi's are the independent 
variables (indexes), and b. 's are the -- associated 
coefficients found by ~ regression, and c is the regression 
constant. The symbols and units associated with the indexes used 
in equation 6-3 are given in the following table: 

Vari
able 

y 

Description 

Daily generated volume of snow
melt runoff, depth over snow
covered area 

Daily total shortwave radiation 
absorbed by snow in the open 

Longwave radiation loss in the 
open or daily total incident 
shortwave radiation in the open 

Convection parameter = daily 
maximum temperature multi
plied by 12-hour vnnd travel, 
0600-1800 daily 

Symbol Unit 

Q 

I net 

Rnet 

or I. 
~ 

in. 

1y 

ly 

T v °Fmi max 12 

Condensation parameter = vapor T
DA

V12 °Fmi 
pressure at a specified time, 
.b multiplied by l2-hr wind 
travel (0600-1800 daily)(t = 1800 
for CSSL; t = 1400 for UCSL) 

12-hr wind travel, 0600-1800 daily 

Daily maximum temperature 

Vapor pressure at time, .b or 
max. v.p. (t=1800 for CSSL; 
t=lOOO for UCSL; daily max. 
vapor pressure WBSL) 
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T max 

e max 

mi 

rob 

Index for 

Shortwave 

Longwave 
exchange 
in open 

Convection 
and long
wave ex
change in 
forest 

Condensation 

Temp. & v.p. 
bases 

Convection 
and LWex
change in 
forest 

Condensation 

<1rA 
r",~ 



(Continued) 

Variable 

c 

Description 

General term for any of the above w.riab1es with 
appropriate subscript (i = 1 - 7) 

Coefficient of any of the above variables to give 
runoff; determined by regression analysis 

A constant whose value is the magnitude of runoff 
given by any regression equation when all X. = O. 
(Alsol a constant whose value is the magnitude 
required for the regression equation to give the 
mean value of the dependent varia.b1e when means 
are substituted for all Xits.) 

B,y following a planned sequence of dropping, adding or substituting 
different hydrometeorologic variables and repeating the regression 
analysis with different combinations, a set of regression equations 
is obtained with different regression coefficients for any one 
variable. The chango in magnitude of regression coefficients for 
the same bydrometeorologic variable from one regression equation 
to another shows how these coefficients compensate for the 
presence or absence of one or more of the other variables. 
Differenoes between coefficients of determination for the various 
regression equations measure the relative effeotiveness of the 
variables which have been dropped, added, or substituted. Thus, 
the analytical schedule set up in the following table was 
designed to provide a systematic procedure for answering speoific 
questions as to relative effectiveness of the bydrometeorologic 
variables used: 
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Runoff 
FUnction 

(1 •••••• * ... * ... * ... * ... * ............ . 
2 •••••••••• * ... * ... * ... * ............ . 
3 •••••• * ..•.... * ... * ... * ............ . 
4 •••••••••••••• * ... * ... * ............ . 
5 •••••• * ... * ............... * ... * .... . 
6 ...•...•.• * ............... * ... * .... . 
1 .......... * ............... * ........ . 
8 .•..•............•.....•.. * ... * .... . 
9 ••.••• * ... * ........................ . 

10 ...... * ............................ . 
11 •••.•••••• * ........................ . 
12 •••.•••••••••• * ....... * ............ . 
13 •••••••••••••••••• * ... * ............ . 
14 .......................... * ........ . 
15 .............................. * .... . 

(See table on page 202 for definition of variables 
~ through x.,.) 

Questions relative to each function are listed below, with 
question numbers corresponding to function numbers listed aboves 

(1 ) 

(6)(1)(8) 

What is the accuracy of runoff estimated from the 
important variables: radiation, convection, and 
condensation? 

What is the effect on the accuracy if radiation is 
omitted, and runoff is estimated only from convection 
and condensation parameters? (for use where 
radiation data are unavailable.) Does incident 
shortwave radiation add anything to the accuracy? 

What is the effect on the accuraoy of (1) if wind is 
omitted frOID the oonveotion and condensation 
parameters? (For use where wind data are unavailable.) 
How important is wind speed in the relationship? 

What is the effect on (5) if radiation is omitted and 
runoff is estimated from temperature and vapor pressure 
only? 

Row well can runoff be estimated from shortwave 
radiation onl~, omitting the convection and 
condensation parameters? 

How well does each of the variables by itself estimate 
runoff? 
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Not all functions listed in the above table were evaluated for 
each basin or for all years for any basin. It became readily 
apparent, after analysis of the 1949 data for ucst that, as 
expected for a densely forested area, Bolar radiation was 
unimportant as a runoff index in this basin. Consequently, all 
of the funotions involvine absorbed shortwave radiation were 
omitted from the analyeis of the 1950 data, sinoe albedo 
information for this year was incomplete as well. Incident 
radiation was carried in a few of the 1950 regression functions 
with the ~e laok of effectiveness demonstrated by the 1949 
data. Regression coefficients and measures of accuracy are 
summarized in tables 6-1 to 6-4 and disoussed in subsequent 
paragra llhs. 

6-03.03 Daily indexes of snowmelt. - Analyses of 
the 1954 1ysimeter and Castle Creek runoff data have demonstrated 
that beat results are obtained when firsthand observations of the 
important melt index variables are available and when hourly data 
are used in the computation of the convection and oondensation 
parameters. The main consideration in the selection of snowmelt
runoff indexes is to reduoe as muoh as possible variations for 
representation of basin amounts, from measured values, both in 
space and time. When considering looation o~ index stations, 
proximity to the melt zone and representativeness of the station 
must be balanced against quality o£ d.a ta.. At the snON labore. tories 
this was no problem beoause measurements of meteorologiC variables 
were made within the drainage area of the laboratory, and index 
stations were selected on the basis of known quality of reoord. 
However, to evaluate the effect of time variation, convection and 
condensation were oomputed first b~ hourly parameters and seoond 
by daily parameters. In the case of clear-weather melt in the 
open, as measured by the lysimeters, errors in estimating 
oonvection and condensation by daily parameters are diffioult 
to deteot sinoe radiation is the prime variable for an open eite. 
For Castle Creek, on the other hand, the over-all determination 
is sensitive to the kind of parameter used tor conveotion and 
condensation (hourly or daily) because these heat-transfer 
prooesses represent a significant portion of the total melt. The 
following table lists ooefficients of determination obtained from 
analysis of 1954 data. 

Convection and condensation 
parameter 

Hourly values 
Daily val ues 

Total determination, D 

Lower Meadow 
Lysimeter. CSSL Castle Creek.CSSL 

.97 .94 

.95 .84 
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For the densely forested WBSL, where both temperature and vapor
pressure parameters (without wind) are used to represent the melt 
process, maximum daily, mean daily, and mean daytime values are 
about equally good in estimating snowmelt runoff. This reflects 
the relatively small variance of winds in a heavily forested area. 
In general, it may be stated that daily parameters may be used 
for estimating snawmelt runoff, but with some loss of reliability 
for partly forested areas, or for open areas when melt by 
shortwave radiation is small. 

6-03.04 Regression analysis of' laboratory data. -
General relative effectiveness of various parameters was discussed 
in paragraph 6-02.10. It is not desirable herein to make 
comparisons of' all combinations of variables and areas. Instead 
only those comparisons will be made which emphasize the role of' 
a particular index in the area f'or which it is derived. First is 
presented a general discussion of the effectiveness of melt 
parameters for the lysimeter and for each of the laboratories, to 
illustrate variation of the relative importance of melt indexes 
with varying amounts of forest. This is followed by a more 
detailed discussion of the magnitude of the regression coefficients 
for the radiation and condensation-convection parameters. Also, 
the statistioal derivation of temperature and vapor-pressure bases 
is discussed. 

6-03.05 Unforested site (Lower Meadow lysimeter, CSSL, 
1954). - Statements concerning the effectiveness of the various 
parameters for an unforested site are based on regression analyses 
of the 1954 lysimeter data (Research Note 25). Regression 
coefficients, constants, and measures of accuracy for this site 
are presented in table 6-1. The following information for various 
functions, extracted from table 6-1, provides oomparative data on 
coefficients of determination from which it is possible to assess 
the relative importance of the melt parametersl 

Eq. No. 
Table 
(6-1) 

(1 ) 
(5) 

(3) 

(4) 
(9) 
(J:O) 

Independent Variables 
1954 Lower Meadow Lysimeter, CSSL 

Allwave radiation, convection, condensation 
Convection, condensation (omits allwave 

radiation) 
Allwave radiation (omits convection and 

condensa.tion) 
Shortwave radiation only 
Maximum air temperature only 
Mean daily air temperature only 
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Coef'f'. of 
Determina

tion 

.97 

.46 

.94 

.65 
.23 
.08 



Comparing equation (1) with equations (3) and (5), it can be 
readily seen that omission of allwave radiation (5) results in 
loss of more than half of the explained variance of equation (1), 
whereas omission of convection and condensation (3) results in a 
negligible loss. This comparison clearly demonstrates that 
allwave radiation is the controlling variable for the melt regime 
at an o~en site. It can be further seen by comparing (3) and (4) 
that approximately 30 percent of the acoountable variance 
erplained by allwave radiation is lost when the longwave component 
of allv~ve radiation is omitted. For the best estimates of snmvmelt 
runoff from an open area, then, it is imperative to have good 
estimates for both shortwave and longwave radiation. When allwave 
radiation measurements are not available, estimates of the shortwave 
and longwave components must be made. Shortwave radiation may be 
indexed b.1 duration-of-sunshine data as explained earlier in 
paragraph 6-02.05, and appropriate albedo estimates may be 
applied to give estimates of absorbed shortwave radiation e%change. 
Minimum air temper~tures in conjunction with an upper-air 
temperature index (as will be described later in connection with 
the Boise River melt indexes) may be used to provide estimates of 
longwave .radiation exohange. Convection and condensation parameters 
without radiation are inadequate for estimating olear-weather melt 
in the open, while air temperature*alone is totally inadequate, as 
shown by the poor determination where maximum or mean daily air 
temperatures are used. 

6-03.06 Partly forested area (Castle Creek, CSSL). -
Conclusions concerning the relative importance of thermal-budget 
indexes in the estimation of snowmelt runoff from a partly 
forested area are based on regression analyses of clear-weather 
data from three years of re~ord at CSSL. Results of these 
analyses are presented in table 6-2. Equation 1 on that table, 
derived from data for 1954 utilizing hourly convection and 
condensation parameters and measured longwave and shortwave 
radiation exchange in the open, is presented as a basis of 
comparison for other equations. Generalizations as to the 
effectiveness of individual melt parameters for this type area 
(30~ effective forest cover) oan be made by comparisons of 
coefficients of determination for each equation. For areas 
of this type, adequate representation of melt processes for 
both the open and forested areas should be inoluded in the melt 
indexes, and the problem is therefore more complex than for 
either open or completely forested areas. For Castle Creek, 
the radiation melt indexes represent mainlY the melt in the open, 
while the convection-condensation parameters represent melt both 
in the forest and in the open. There are interactions between 
the two whioh would not necessarily be accounted for in a 

* As measured over snow 
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strictly rational approach but are contained in the regression 
coeffioients in the statistical approach. Deductions made from 
regression analyses are therefore mainly limited to showing the 
effectiveness of various parameters in estimating melt for the 
periods under analysis. The magnitudes of regression coefficients 
for the individual parameters can be rationalized only for those 
equations containing indexes for all thermal-budget components 
with hourly parameters for convection and condensation. Also, 
it is shown that the relative effectiveness of individual 
parameters varies with the melt conditions for each year. Even 
with these limitations, however, some interpretations concerning 
relative importance of the variables may be made. 

6-03.07 ~fuen all indexes of thermal-budget components 
for Castle Creek are used, the coefficient of determination is 93 
percent for two of the three years, and 84 percent for the third, 
(see equations 1, 3, and 5 in table 6-2). This indicates that 
the complete thermal-budget index accounts for all but about 10 
percent of the variance of snowmelt runoff from this partly
forested area. The importance of radiation in the snowmelt 
runoff equation is shown by a loss of determination ranging from 
about 10 to 45 percent where allwave radiation in the open is 
omitted. Omission of the open-area longwave index represents a 
loss of determination of melt ranging from 3 to 10 percent. 
Convection and condensation parameters by themselves show a total 
determination of between 47 and 83 percent, while shortwave 
radiation by itself accounts for 22 to 71 percent of the variance 
of daily melt in individual years. Daily temperature and vapor
pressure parameters without wind account for between 14 and 67 
peroent of the variance. Maximum temperature alone is an erratic 
melt index for Castle Creek; it has practically no correlation with 
daily runoff during 1954, but it explains about 50 percent of the 
runoff variance in the 1952 and 1951 clear-weather periods of the 
present study. General effectiveness of temperature alone is 
discussed in section 6-06. 

6-03.08 Forested area (Skyland Creek, UCSL). - The 
relative importanoe of thermal-budget indexes of melt for a 
forested area were tested on Skyland Creek, UCSL, for clear
weather periods in 1949 and 1950. Lodgepole pine forest with 
trees ranging to 50 feet in height covers about 90 percent of the 
area, and the average canopy density of the forested area is 
estimated to be 80 percent, with a resultant effective forest 
cover of 85 percent. Table 6-3 lists the results of the 
regression analyses of snowmelt runoff for Skyland Creek. The 
following tabulation summarizes the relative effectiveness of 
individual parameters for 1949, the year for which a complete 
analysis was performed: 
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Equation No. 
lTable 6-3) 

2 

4 
7 

10 
12 

6 

14 

Independent variables 
(Skyland Creek, UCSL t 1949) 

Aba. shortwave radiation, convection, 
condensation 

Convection, condensation 
Incident and absorbed shortwave 

radiation 
Convection 
Condensation 
Maximum temperature, 1400 vapor 

pressure 
Maximum temperature 

Coef.ficient of 
Determination 

0,89 

0.90 
0.29 

0.73 
0.48 
0.60 

0.54 

Note that oonvection-oondensation parameters excluding shortwave 
radiation in equation 4 adequately indexed the melt, aince they 
inolude the effect of longwave radiation exchange in the forest. 
Apparently, in equation 2, neither absorbed nor inoident shortwave 
radiation contributed significantly to the determination of melt. 
Maximum temperature and 1400 vapor pressure without wind, in 
equation 6, shows the damaging effect o.f omitting wind from the 
convection and condensation parameters, which in 1949, caused the 
determination to drop from 90 to 60 percent. In 1950, however, 
the decrease in determination was less pronounoed when wind was 
omitted from the melt equation (see table 6-3). Maximum 
temperature alone provided a fair index of melt in both years, 
the determination ranging from 54 to 62 peroent. In general, 
it is seen that for this type of area, accurate determination of 
melt quantities requires parameters which include the effect of 
wind, to express convection and condensation, but that maximum 
temperature alone may be used to provide a ~air estimate of 
daily melt if it is impractical to obtain the necessary data on 
wind and humidity for a more complete evaluation. 

6-03.09 HeaviLY forested area (Mann Creek, WESL). -
Analyses on four separate periods of clear-weather snowmelt runoff 
data for Mann Creak, WBSL, provided the basis for determining the 
relative effectiveness of malt parameters for a heavily forested 
area. Bere, the forest consists of large trees (predominantly 
Douglas fir whose heights generally range from 150 to 200 feet) 
and has an estimated effective cover of 90 percent (see plate 2-9). 
No measurements of solar radiation were obtained at WESL because 
of its expected minor importance in the direct melt process at 
this location, but observations of Bolar radiation obtained at 
Medford, Oregon (approximately 100 miles south of the laboratory) 
were tested in the melt equation and were found to be non
significant in the estimation of runoff. Longwave radiation 
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between the snow and forest, convection, and condensation are the 
three primary processes of direct heat transfer to the snowpack. 
Parameters involving air temperature and vapor pressure thus 
adequately index snowmelt at WBSL. Wind was not a regularly 
measured variable at WBSL, but an index of wind by use of 
upper-air data did not provide a significant improvement in the 
determination of melt. The following tabulation summarizes the 
effectiveness of the melt parameters shown in table 6-4; the mean 
determination for the four periods was obtained by weighting the 
values for the separate periods by the number of observations in 
each sample. 

Equation Nos. 
(Table 6-4) 

1-4 

5-B 

9-12 

13-16 

Mann Creek WBSL 
Independent variables 

Maximum daily temperature and 
vapor pressure 

Mean daily temperature and 
vapor pressure 

Maximum daily temperature 

Mean daily temperature 

Mean coefficients 
of .determination 

0.79 

O.Bl 

0.71 

0.61 

The above summary shows that either maximum or mean daily combined 
temperature and vapor pressure parameters are about equally 
effective in estimating snowmelt runoff at WBSL, but that there 
is a loss of 10 to 20 percent determination by omission of the 
vapor pressure term. It also shows that for estimating snowmelt 
at WBSL without vapor pressure, maximum temperature provides a 
better estimate than mean temperature. 
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6-03.10 Summary of laboratory melt indexes. - The 
following tabulation presents a comparative summary of the 
coefficients of determination showing the effeotiveness of the 
primary melt parameters used in the study, for eaoh of the four 
environments studiedt 

s ummary 0 f Eff ti eo veness 0 f 11 It Ind e exes 

Snowmel t parameters used 
in multiple linear regressions 

s:: c Conveotion and 
(J) 

~ condensation 
Labora.tory II) g Air 

Coeffioients 0 Wind Wind Temp. > and 1~ 
II) Q incl. axel. only of 

environment I> .1"'1 Determination 
~ ~ ~~ o 0 
A't'i J U)~ ~~ ro . . . . 

• .r! oM t 'd I> '0 ~ IDrd ~'t1 g s:: S ~ ~~ en as 0 0 CD 
~p:: 0 «:.) «:.) «:.) ::;r 

(1954) 
Open Sites :x :x x x .97 
Lower x x .95 
Meadow x .65 
lysimeter, x x .46 
CSSL x .23 

x .08 

l{l954)(1952)(1951) 
Pa.rtly .x .x x x .93 
forested .x :x x .90 .65 .90 
a.real :x x .47 .59 .83 
Castle :x x .14 .58 .67 
Creek, CSSL x .51 .22 .11 

:x .01 .54 .58 

1{l949 )(1950) 
Forested x x :x .89 
area: x x .90 .81 
Skyland x :x .60 .17 
Creek, UCSL x .23 

x .54 .62 

Heavily 
(1951)(1950)(1949)( 

:x x .80 .77 .93 
forested x .70 .72 .73 
areas MAnn x .65 .61 .64 
Creek. WBSL ~pril May May 
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6-03.11 Radiation ooeffioients for unforested sites. 
Greater oonfidenoe in statistioa1 teohniques is inspired when 
regression ooeffioients oan be shown to agree favorably with 
"expeoted values" estimated from rational oonsiderations only. 
Of the variables employed in these analyses, radiation lends 
itself most readily to the derivation of rational ooeffioients. 
For example, the rational radiation melt ooeffioient would be 
obtained from an expression involving the latent heat of fUsion 
of ioe, (80 oal/gm), and the free-water oontent of the snow (fp ). 
Thus a snawpaOk having a free-water oontent of 3% (as in Researoh 
Note 25) would require 80 x 0.97 x 2.54 = 191 langleys per inoh 
of melt. The expeoted melt ooeffioient for inohes of melt per 
langley is the reoiprooal of 191, or 0.00508. Regression 
analysis of the 1954 lysimeter data yielded a radiation melt 
ooeffioient of 0.00541, whioh is only 7 peroent larger than the 
expeoted rational value. It should be noted here also that the 
regression value is subjeot to systematic errors in the data 
traoeable to oalibration of the radiation instruments, oalibration 
of the lysimeter orifioe, and the assumed lysimeter area. The 
rational value depends on the assigned free-water oontent, whioh 
itself is subjeot to experimental error. To illustrate how 
relatively small errors may affeot the results, it can be demon
strated that systematio errors of approximately two peroent in 
all variables could have made rational and regression ooeffioients 
identioal. Also, the rational value was derived on the basic 
assumption that the lysimeter snow surfaoe is horizontal; 
approximately 4 peroent inorease in the rational faotor would be 
expeoted due to the slope of the lysimeter. Errors of this order 
of magnitude are reasonable in the light of adjustments made in 
the original data and olearly demonstrate the remarkably olose 
agreement between the rational and regression ooeffioients. Sinoe 
the oalibration of the instruments may vary from year to year, it 
should also be borne in mind that oorresponding variations may be 
expeoted in derived regression ooeffioients. 

6-03.12 The 1954 lysimeter data are again oited to 
demonstrate how inoident shortwave radiation aots as a substitute 
for the longwave loss and why its ooeffioient is negative. The 
following are values of ooeffioients derived for ~o funotions, 
one oontaining allwave radiation, and oonveotion-end-condensation 
parameters and the other oontaining absorbed shortwave radiation, 
inoident shortwave radiation, and conveotion-and-oondensation 
parameters. The only differenoe is that in the seoond funotion 
incident shortwave radiation has been substituted for the longwave 
lose oomponent of allwave radiation in the first. 
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(1) Regression coefficient, allwave radiation 0.00541 

(2) Regression coefficient. abeorbed shortwave 0.00669 
radiation (r t) 
Regression ne ooefficient, inoident -0.00128 
shortwave radiation (Ii) 

At first glance, the coeffioiants of the second function do not 
appear to be compatible with the first. However, the ~o terms 
comprising allwave radiation melt (MQ) in the second funotions 

(6-4a) 

can be reduoed algebraioally to 

M~ ; 0.00541 (I t - 0.24 a I.) 
y ne ~ 

(6-4b) 

where the quantity in parentheses is the estimate of allwave 
radiation from absorbed and incident shortwave, for a snow 
surface albedo, a. The over-all ooefficient of determination 
for the second fUnction (2) is less than that for the first, 
due to the imperfect relation between incident shortwave radiation 
and longwave radiation 10SB. However, the resulting regression 
coefficients obtained from either function are identical. The 
above computation thus explains the apparently high coefficient 
obtained for absorbed shortwave radiation and aocounts for "the 
minus sign assooiated with the coefficient for inoident radiation, 
and further demonstrates the validity of using absorbed and 
incident shortwave radiation as indexes of allwave melt. However, 
as will be shown later, the use of inoident shortwave radiation 
as a separate index produces undesirable effects which mey offset 
the gain in determination. 

6-03.13 Radiation coefficients for partly forested 
areas. - The previous discussion has been concerned with radiation 
m~lt regression ooefficients for an unforested site. The next 
problem to be considered will be examination of the behavior o~ 
the radiation melt cooffioient when the regression is performed 
for runoff from e partly forested area, namely Castle Creek basin, 
with 30% effective forest cover. Regression equation 1, table 6-2, 
shows that the absorbed shortv~ve radiation melt coeffioiont was 
0.00312 for the entire basin. This value appears reasonable when 
considering the amount of bare area in the open during the melt 
period. 
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6-03.14 Selection of radiation parameter. - Referring 
again to the summary of regression coefficients listed in tables 
6-1 and 6-2, and rewriting the radiation coefficients for the 
combined radiation parameter as described in 6-03.12, comparisons 
may be made of functions containing absorbed and incident shortwave 
radiation and of functions containing only absorbed shortwave 
radiation. Convection and condensation parameters (adjusted for 
temperature, humidity and wind at one foot) are included to 
illustrate the relative effect of the presence or absence of 
incident shortwave radiation on theml 

CENTRAL SIERRA SNOW LABORATORY 

REGRESSIOn COEFFICIENTS 

Conv. Condo Condo Coeff 
Radiation (T -T )v Conv. (e -9 )v ofDet a s Ratio a s D 

I t- kaI. k ne ~ 

Lysimeter 1954 0.0054 0.24 0.00044 6.82 0.0030 0.92 

Castle 1954 0.0036 0.28 0.00038 6.84 0.0026 0.94 
Creek 

1952 0.0042 0.63 0.00023 8.26 0.0019 0.15 

·1951 0.0031 0.49 0.00018 9.44 0.0011 0.93 

I net 
Lysimeter 1954 0.0041 0.00040 8.00 0.0032 0.89 

Castle 1954 0.0028 0.00035 8.00 0 .• 0028 0.90 
Creek 

1952 0.0029 0.00029 8.28 0.0024 0.65 

1951 0.0022 0.00030 8.33 0.0025 0.90 
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It can be readily Been that the convection and condensation 
coefficients are in closer agreement among years for the function 
which omits inoident shortwave radiation. A reason for the more 
extreme variation among convection and condensation coefficiante, 
when shortwave inoident is substituted for longwave loss in the 
open, is that incident shortwave is an index of longwave radiation 
in the open. By itself, shortwave incident explains only about 
~elve percent of the variance of the longwave lOBS, but with 
convection and condensation, the explained varianoe is about 54~. 
Thus, the conveotion and condensation parameters take on the 
additional fUnction of contributing to the estimation of longwave 
exchange in addition to their normal job of indexing convection 
and condensation melt. The net effect of this double duty is 
felt in the magnitudes of the convection and condensation 
coefficients, which no longer bear the same relation to one 
another as in the caSe of the complete thermal budget index. Due 
to the relatively weak determination of longwave loss by incident 
shortwave, convection and condensation, there is a large sampling 
variation in the regression coefficients for these variables when 
they are used as a substitute for longwave lOBS. This accounts 
for the erratic variation of '~II and the unstable ratio of the 
conveotion and condensation coefficients in the upper portion of 
the above table. In view of these effects, it is doubtful that 
the coefficients of any one of the years for the function including 
inoident shortwave radiation would be satisfactory for other years. 
Consequently, it appears better to sacrifice some of the degree 
of determination in individual cases for the better over-all 
agreement among the other coefficients by omission of shortwave 
incident radiation. It is emphasized that such comparisons are 
possible only because of the precision afforded by the use of 
hourly data in the convection and condensation parameters. 

6-03.15 Radiation coefficients for densely forested 
areas. - As mentioned earlier in the disoussion of the regression 
analysis schedule, shortwave radiation in a densely· forested area 
is nonsignificant. It appears that the longwave component, which 
is essentially a temperature function in dense forest, io 
adequately described by the convection parameter. In the analysis 
of the 1949 data at UCSL (85% effective forest cover) addition of 
maximum temperature as a separate independent variable reduced the 
convection parameter by 30% but had no effect on the condensation 
parameter and no effect on the ovex-all coeffioient of determination 
for the function. The same treatment of the 1950 UCSL data showed 
the addition of maximum temperature as a separate variable to be 
non-significant and to have no effect whatever on the coefficients 
for the convection and condensation parameters. Reasons for this 
will be discussed under relation of wind effects to the convection 
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and oondensation parameters in later paragraphs. It is mentioned 
here to emphasize that in densely forested areas where it is 
expected that longwave radiation will be important and shortwave 
radiation unimportant, results of regression analysis are 
compatible with thermodynamio oonsiderations. 

6-03.16 Condensation and conveotion. - Parameters 
for convection and condensation are generally discussed together 
since they are both jointly associated with wind travel. 
Although in the past it has been thought by some investigators 
that convection and condensation parameters are sufficient to 
describe melt, work of the Snow Investigations has demonstrated 
that this is so only for limited conditions of weather and 
vegetative cover. The only situations where convection and 
condensation adequately describe the thermal budget are those 
where the direct influence of solar radiation on melt is inhibited 
either by dense forest canopy or by dense cloud oover such as may 
occur during storm conditions. The importance of heat exchange 
by longwave radiation exchange likewise must be assessed for 
specific conditions, and consideration should be given as to the 
adequacy of a convection parameter to index longwave exchange. 
Snow Investigations studies have been concerned primarily with 
olear-weather melt to assess the relative importance of conveotion 
and condensation in areas having different degrees of forest 
cover. Examination of ooefficients of determination for three 
regression funotions answers the questions. 

1. What is the best that can be done with all three 
variables? 

2. How well do convection and oondensation by themselves 
explain melt runoff? 

3. How well does radiation alone explain the melt-runoff 
without the aid of the convection and condensation 
parameters? 

The angwers to these questions may be seen in the following 
table which summarizes coefficients of determination for regression 
analyses on three areas having different degrees of forest cover 
as shown a 
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Function 

Effective (lJ (2) 0) 
Year Area forest Rad, Conv. Rad. 

cover, conY, condo (w/o conv. 
percent condo (w/o rad.) condo ) 

1954 Lysimeter* 0 91 .46 .94 
1954 Castle Cr.* 30 ·90 .55 "80 

1949 Skyland Cr. ** 85 .89 .90 .29 

* Allwave net radiation and hourly convection-condensation 
pa.rameters used. 

** Daily values of convection-condensation parameters and daily 
absorbed shortwave radiation. 

Examination of the relative magnitudes of the coefficients of 
determination for the open area in the above table shows that the 
function suffers a serious loss of determination without radiation 
and suffers hardly any if radiation is used without conveotion 
and oondensation. This is strong evidence of the unimportance of 
the oonvection and condensation parameters in open areas where 
radiation is the controlling variable. It is important to bear 
in mind, however, that these results apply to clear-weather 
conditions only. In open areas the situation could be easily 
reversed during stormy or overcast conditions when convection and 
condensation, combined with longwave radiation, might well become 
more important than shortwave radiation. The coefficients of 
determination for the lysimeter and Castle Creek were obtained 
from functions including allwave radiation and hourly convection 
and condensation pa.rameters to emphasi~e the effect of radiation 
and to give the convection and condensation parameters the best 
possible advantage in the open and partly forested categories. 
In the forested category (Skyland Creek basin, UCSL) neither 
allwave radiation nor hourly convection and condensation 
parameters were available. In this case, however, absorbed 
shortwave radiation and daily convection end condensation 
parameters adequately demonstrate the importance of convection 
and condensation relative to radiation. In Skyland Creek basin 
the presence or absence of indexes of radiation had essentially 
no effect on the coeffioient of determination, but omission of 
convection and condensation parameters caused the relation to 
suffer a serious loss of determination. This clearly demonstrates 
the inadequacy of radiation alone as a melt index in a forested 
area. For the forested category then, conveotion and condensation 
parameters b,y themselves explain all of the accountable variance 
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in clear-weather snowmelt runoff. It is to be remembered, however, 
that for any degree of forest cover during clear weather, solar 
radiation is the primary source of heat supply, and consequently 
it is important in thermal budget analyses for all areas. 
Statistical analyses, on the other hand, relegate solar radiation 
to a place of no importance for forested areas because there is 
little detectable association between the day-to-day changes 
in radiation absorbed by snow in the open and the day-to-day 
variations in generated snowmelt runoff. 

6-03.17 Regression coefficients for convection and 
condensation. - Coefficients obtained in multiple regression 
analyses vary both with magnitude and kinds of indexes used for 
the various oomponents of the melt budget. Different values of 
convection and condensation coefficients are obtained, for 
example, when daily parameters are substituted for the hourly 
parameters of the preliminary analyses. Coefficients are 
influenced by the presence or absence of other variables such as 
radiation and wind, and the partioular index used for these. For 
example, the magnitudes of the lysimeter convection and 
condensation coefficients were different when the shortwave and 
longwave components of radiation were substituted as separate 
independent variables for allwave radiation. The wind index 
(12 hr wind, 24 hr wind, etc.) will also affect the magnitude of 
the regression coefficients. An effort was made to apply the 
same indexes of convection and condensation to each of the areas 
studied, but as work progressed, it became apparent that the 
1400 vapor pressure would be more representative for UCSL than 
the 1800 vapor pressure used in the CSSL analyses. More specific 
differences in magnitudes of derived coefficients are attributable 
to height of wind measurement, (UCSL: 31 feetJ CSSL: 1 foot in 
1954, 50 feet in 1951 and 1952). Even if the power law for 
temperature and wind variation with height as used at CSSL did 
apply in UCSL (doubtful because of the greater density of forest 
cover~ coefficients would still be expected to differ by virtue 
of the differing elevation ranges of the two areas and the 
different locations of the index stations in their respective 
areas. Regression coefficients for the lysimoter (unforested 
site) represent melt occurring at a point (lysimeter area = 600 
sq. ft.) olose to the index station (150 feet from lysimeter to 
Station 3) and thus are not called upon to integrate the thermal 
budget of an entire basin several square miles in area as is the 
case for the other categories of forest cover. The other 
categories, part forest, forest, and dense forest exhibit varying 
quantities of transpiration loss and this loss is taken into 
account by the regression coefficients, while such is not the 
case for the lysimeter, where loss by evaporation from the snow 
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surface is accounted for by the condensation parameter. All 
these considerations are possible sources of differences among 
derived coefficients. Nonetheless, it is to be expected that 
convection and condensation melt quantities will retain the same 
relative proportions in a given area, from year to year for 
anyone function. To make such comparisons, the following table 
summarizes convection and condensation coefficients derived for 
the 1ysimeter, Castle Creek and Mann Creek and shows, in addition, 
the ratio of the condensation coeffioient to the conveotion 
coeffioient in eaoh case, for equations involving hourly 
parameters. Convection and condensation coefficients for UCSL 
are excluded from the table because the rosults were obtained 
with daily parameters only. 

Equation Coefficients Ra.tio 

La.boratory Year No. Table Conv. Condo cond./conv. 

Lysimeter, 1954 (1 ) 6-1 .00011 .00105 9.5 
CSSL 

Ca.stle 1954 (1) 6-2 0.00018 0.00148 8.2 
Creek, 

1954 (7) 6-2 0.00024 0.00187 7.8 
CSSL 

1952 (9) 6-2 0.00012 0.00097 8.1 

1951 ( ll) 6-2 0.00011 0.00089 8.1 

Mann 1951 (5 ) 6-4 0.024 0.085 3.5 
Creek, 

1950 ( 6) 6-4 0.036 0.112 3.1 
WJ3SL 

1949 (7) 6-4 0.039 0.094 2.4 

1949 ( 8) 6-4 0.048 0.147 3.1 

The consistency of the ratios of condensation to convection, for 
each environment, leads to confidenco in proper weightings of the 
condensation and convection parameters by the statistical analysis. 
Differences in the ratio among areas are mainly due to the dual 
role of the convection term in indexing the effect of longwave 
beat exohange in the forested areas. In section 6-4, in conneotion 
with the derivation of a general expression for snowmelt during 
rain-on-snow, the effect of longwave radiation is separated from 
the convection paramoter and the proportional effects of 
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oondensation and conveotion show remarkable consistency between 
laboratories. Direot comparisons of regression coefficients as 
shown above can be made only when hourly parameters of oonveotion 
and condensation are used, and where the melt resulting fram 
direct shortwave radiation is adequately indexed by a separate 
variable for open areas. 

6-03.18 Wind. - Assessment of the importance of wind 
in the heat transfer processes involving convection and 
condensation has been based on the results of regression analyses 

_ in which wind travel was either used jointly in the convection 
. and condensation parameters or omitted entirely. The following 
table shows coefficients of determination from analyses with 
daily parameters for the partly forested and forested areas 
(Castle Creek, CSSL; Skyland Creek, UCSL). Radiation has been 
excluded to emphasize the effect of the presence or absenoe of 
wind on the coefficients of determination. The following 
coefficients of determination are abstracted from Tables 6-2, 
and 6-3: 

Area Table Eq.No. Independent variables Coeff of 
Determi-
nation 

Castle 
Creek 
CSSL, 

(13) 1954 6-2 Convectio~ condensation 0.41 
(including wind) 

" 6-2 (16) Convection, condensation 0.14 
(excluding wind) 

Skyland 6-3 (4) Convection, condensation 0.90 
Creek (including wind) 
UCSL, 
1949 

" 6-3 (6) Convection, condensation 0.60 
(excl uding wind) 

From the coefficients of determination in the above table it is 
apparent that exolusion of wind from the regression function 
results in a serious loss of determination. The loss of 
determination by excluding winds for individual periods is a 
function of the variance of wind within the period. For periods 
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other than the ones shown above, the loss of determination by 
omission of wind is less. Admittedly the oonvection and 
condensation parameters by themselves are waak for the partly 
forested category (Castle Creek, CSSL) but they are considerably 
weaker without wind than wi th it. By induction we may inf'er 
also that the joint effect of wind will be important for 
estimation of conveotion and condensation melt at open sites. 
Analyses made on densely forested area (Mann Creak, WBSL) did 
not fully assess the importance of wind for this category of 
foreet cover, for two fundamental reasons. First, although 
laboratory observations of wind were not available, surface 
winds in a dense forest are apt to be small and have little 
variance due to the stilling effect of the dense forest canopy 
on air movement. Therefore, although it is not conclusive, it 
may be said that wind is relatively unimportant £or the 
estimation of clear-weather snowmelt runoff from densely 
forested areas. Secondly, in preliminary correlations, upper-air 
winds were found non-significant. 

6-03.19 Temperature and vapor pressure bases. - The 
question of what base to use for convection and condensation 
parameters haa long been a matter of conjecture. Thirty-two 
degreos has been a commonly used base but with no more justification 
than that it is the temperature at which ice melts. A melt index 
involving maTjmum ai~ temperature alone would obviously need a 
base greater than 32 F. by reason or the diurnal temperature 
variation. Where air temperature is indexing sola.r radiation 
melt, however, the temperature base tends to be well below 32°. 
Variation o£ basin to station temperature (as, for example, when 
the temperature station is above or below the mean basin 
elevation), causes a displacement of the temperature base. 
Rational bases may be deduced for mean temperatures and, in the 
absence of other criteria will give acceptable results. If, 
however, regression analyses are being performed to evaluate 
melt-runoff ooefficients, it is not necessary to rationalize or 
choose the base in advance. The base which is appropriate not 
only to the index station, but to the index itself (mean 
temperature, maximum temperature, etc.) with or without wind 
data may be computed from the derived constants of the regression 
equation. 

6-03.20 Statistioally derived bases for parameters 
excluding wind. - The concept of statistically derived bases was 
originated for studies of olear-weather melt in WBSt, as presented 
in Research Note 19. The general regression function for that 
a.rea is 

( 6-5a.) 
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where Q is the daily generated Mann Creek snowmelt runoff in 
inches~ over the snow-covered area of the basin, cnd T and e 
are the temperature and vapor pressure respectively at ~ ~ 
Sta tion 6 in the Mann Creek basin. The ooeffioients !. and ~ and 
the bases Tb and eb were to be evaluated by regression. B.y 
expanding - - equation 6-5a, the following is obtained: 

Q = AT + Be - (ATb + Beb ) gen a a (6-5b) 

Now, if the regression of Q on T and e is computed by the 
t hn Ren the-a a to bt ° d usual least squares ec ique, -- equa ~on 0 a~ne 

will be 

Q = AT + Be + c gan a a (6-5c) 

Having derived regression constants, !, ~ and £. in 6-5c, it is 
a matter of simple algebra to find Tb and eb in 6-4b by writing 
the equation: 

(6-6a) 

which may be solved (by trial and error because of the non
linearity of the relationship between air temperature and 
saturation vapor pressure) to find a value of Tb and the 
corresponding saturation vapor pressure,~, - which will 
satisfy equation 6-6a. --

6-03.21 Statistically derived bases for parameters 
including wind. - Having developed the concept of derivation of 
bases from regression constants, as described in the preceding 
paragraph, it is a relatively simple matter to amplify the 
technique to apply to parameters which include wind, as in the 
follOwing function: 

Q = A(T - Tb)v + B(e - eb)v + c gen a a (6-7a) 

If, as before, we expand the right hand member, 

Q = AT v + Be v - (ATb + Beb)v + c gen a a ' 

where the quantity in parenthesis may be lumped into a single 
constant, Q, the coefficient of~. Thus, for parameters 
containing wind, the least squares analysis is performed in the 
regression of runoff on Ta' ea , and!J to obtain the coefficients 
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!., band £. As before, Tb and eb are obta.ined by trial solution 
of 

(6-6b) 

with the important difference that, in this case, .2.. (big "C") is 
the derived coefficient of the wind term and not the regression 
constant, ~ (little I'e") as in the case of no wind. In the case 
wi th wind there will also be a regression constant, £., which is 
the Y-intercapt and an integral part of the regression equation. 
It is emphasized that, in order to compute coefficients and bases 
correctly when convection and condensation parameters have wind 
as a factor, wind must be carried as a separate independent 
variable in the regression function. It is also important, 
however, to discard the wind term in writing the final regression 
equation, if the computed bases are written into the parameters. 
The coefficients for wind have been included in tables 6-1, 6-2, 
and 6-3, where appropriate, only to provide complete information 
on derivation of the bases. 

6-04. ESTDJA TES OF SnOWMELT DURING RAIN 

6-04.01 General. - Evaluation of snowmelt during rain 
represents a special condition for which certain simplifying 
assumptions can be made in the snowmelt equation. As in the case 
for clear-weather snowmelt, the form of the equation is dependent 
somewhat upon the type of area to which it is to be applied. 
Heat transfer to the snowpack during rain involves the following 
basic oonsiderations in application of indexes: 

1. Shortwave radiation is relatively unimportant and can be 
evaluated as a constant amount. 

2. Longwave radiation exchange between forest or low clouds 
and the snowpack may be adequately indexed linearly by air 
temperature. 

3. Air is assumed to be saturated, so that air temperature 
(combined with wind) may be used to index both convection and 
condensation melt. ~ assuming a linear relationship between air 
vapor pressure and dewpoint, for the range normally experienced 
under these conditions, a linear expression of convection and 
condensation melt may be assumed as a function of air temperature 
and wind. 

4. Wind is important and should be evaluated for open or 
partly forested basins. On heavily forested basins, however, 
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wind variation is so reduced beneath the forest canopy that an 
aver~ge VT.Uld condition may be assumed, thereby eliminating the 
wind variable. 

5. Rain melt may be evaluated simply as a function of 
rainfall intensity and air temperature. 

6. Ground melt is unimportant and may be estimated as a 
constant amount. 

7. Water lost by evapotranspiration is negligible. 

6-04.02 Melt rates during rain may be detormined 
from clear-weather melt coefficients derived for the laboratories 
by applying conditions set forth in the preceding paragraph and 
evaluating separately the convection-condensation melt for the 
basin. These coefficients integrate basin characteristics and 
conditions of measurement for the particular laboratory to which 
they apply, but they may be used as a guide for general application 
to other basins. Coefficients of convection-condensation melt 
derived for the Lower Meadow lysimeter at CSSL are directly 
applicable to open areas. Adjusted coefficients for WBSL may 
be applied generally to heavily forested areas. Coefficients for 
partly forested areas may be estimated for the specific conditions 
of exposure and instrumentation. 

6-04.03 In the following paragraphs a generalized 
snowmelt equation for computing point or basin snowmelt during 
rain is developed from theoretical considerations of heat transfer 
and derived coefficients of convection-condensation melt. 
Separate melt equations are presented for areas having different 
forest cover. For basin application, the general equation must 
be interpreted in terms of average conditions, considering the 
areal distribution of each variable. The basin may be divided 
into sub-areas or elevation zones in computine the snowmelt, but 
cognizance should be given to variability of forest cover and 
exposure to wind in each sub-area. 

6-04.04 Project basin coefficients for heat indexes 
can be derived from analysis of rain-free melt data by methods 
set forth in section 6-03 for the snow laboratorios, and extended 
to rain-on-snow conditions, with due consideration for particular 
type of environment involved. Such a procedure gives indexes of 
snowmelt runoff for a particular basin and condition of observation. 
When it is impractical to derive basin coefficients, a generalized 
rational equation must be used. 

6-04.05 Coefficients of melt during rain at 
laboratories. - Melt coefficients during rain were derived from a 
combination of statistically and rationally determined melt 
coefficients for clear-weather melt, by separation of terms in 
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the therma.l budget. For this condition, melts by lonr:wave 
shortwave radiation exchange, as well as rain melt and ground 
melt, are treated "adequately from theoretical general equations 
or assumed average rates of enorgy transfer. Conveotion and 
condensation resulting from turbulent exchange of energy between 
the atmosphere and the snowpeck is an important source of melt 
and ~UBt be ev&luated for the speoific condition of environment. 
Comparative ooefficients of convection and condensation melt for 
varying environments are presented from the conveotion
condensation coefficients derived rationally for the lysimeter, 
and from statistically derived coefficients for the lysimoter, 
Castle Creek at CSSL and llfann Creek at w:aSL. 

6-04.06 Convectian-condensation melt ooefficients. -
The ba.sic equation for convection-condensation melt set forth in 
chapter 5 may be simplified and reduced to e function involving 
air and dmvpoint temperatures andnwind, on the assumption of 
linear var~ation ofovapor pressure and dewpoint for the range 
be~e8n 32 F and 50 F, and for a constant snow surface temperature 
of 32 F. The equation may be written in the general form 

M = K (v) (AT + BTd - 32) ce a (6-8a) 

where M is convection-condensation melt, v is the wind opeed, 
ce -T --- and Td are the air and dewpoint temperatures, K is the 

~ point or --basin coefficient of convection-condensation 
melt, and A and B are the effective respective weights of air 
temperature and dev~oint temperature in producing convectian-
C ondensa tion melt. The stun of !. and B is unity, and in the oase 
of saturated air, air temperature and dewpoint are equal, so 
that the expression becomes 

M = K (v) (T - 32) ce a (6-Bb) 

The ooefficients~, !J and !have been evaluated for the 1954 
observations at Lovrer Meadaw lysimeter, CSSL, on the basis of 
the rational coefficients presented in chapter 5, as well aa 
for statistical weightings of the data, in which net 1 ongwave , 
net shortwave, and hourly parameters of convection and condensation 
were evaluoted separately in a multiple linear regression analysis. 
Coefficients of oonvection-condensation malt for Castle Creek ~re 
derived for the 1954 melt period by statistical waightings using 
the same parameters as for the lysimeter. For Castle Creek, tha 
longwave radiation exchange in the forest was indexed by the 
convection parameter. The longwave portion of the convection 
parameter coefficient was separated by utilizing the ratio of 
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longwave exchange to combined longwave and convection in forested 
areas of 0.72, as derived in Research Note 11, (see figure 2, 
plate 6-2) and applying this ratio to the area of forest canopy 
effective in longwave radiation exchange for CSSL, estimated to 
be 30%. For example, the convection parameter coefficient for 
CSSL in 1954 was 0.00018 (equation 1, table 6-2). With 30% of 
the basin forested and 72% of combined longwave and convection 
representing longvmve exchange in the forest, the longwave-in
forest part of the convection coefficient is 0.72 x 0.30 x 0.00018 
or 0.00004 and the true convection amount is (0.00018 - 0.00004) = 
0.00014. With convection isola~ed in this way, it is possible to 
compare relative proportions of convection and condensation for 
Castle Creek with those for the lysimeter. The manner in which 
this is accomplished is illustrated by the following computation. 
Having isolated the convection coefficient as described above, an 
expression for convection and condensation melt may be written 
(equation 1, table 6-2): 

M = 0.00014 (T - T )v + 0.00148 (e - e)v (6-9a) ce a s a s 

Converting the condensation coefficient for usa with dewpoint in 
OF instead of vapor presst~e in millibars (multiply vapor pressure 
ooefficient by 0.34), 

M = 0.00014 (T - T )v + 0.00050 (Td - T)v (6-9b) ce ass 

By factoring the sum of the convection' and condensation coeffi
cients, the following is obtained: 

M = 0.00064 (0.22T + 0.78Td - T )v ce a s (6-9c) 

which shows that 22% of the combined convection-condensation melt 
is due to convection and 78% due to condensation. The coefficient 
0.00064 is for hourly melt amounts for winds at 1 foot and 
temperatures at 10 feet above the snow surface. The coefficient 
must be multiplied by 24 for daily melt amounts and divided by 
1.9 to correct winds to the 50-foot level. The corresponding 
coefficient is 0.008, which is the value shown in the table below 
for 1954 Castle Creek with net shortwave and net longwave as the 
radiation variables. It should be remembered that wherever net 
longwave is included as a separate variable, it represents only 
longv~ve radiation exchange in the open and should be distinguished 
from longwave exchenge in the forest indexed by the convection 
parameter described above. Since there is no forest on the 
lysimeter, the convection coefficient derived for the open site 
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is a pure convection coe£ficient and the above technique for 
separation o£ longwave in the £orest does not apply in that case. 
The convection-condensation coe£ficionts are presented below for 
CSSL, elevation 7200 feet msl, with measurements of temperature 
and de~oint at the 10-foot level and wind at the 50-foot level 
at the Lower Meadows (see figure 3 (b) plate 6-2) 

Radi-
ation 
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CONVECTION-CONDENSATION MELT RATES, CSSL, IN/DAY 

M = K(AT + ETd - Tb)v ce a 

DA TA (METHOD) K* A 

1954, Lysimeter (Rational) 0.0084 0.20 

1954, Lysimeter (Statistical) 0.0058 0.24 

1954, Ca.stle Creek (Statistical) 0.0080 0.22 

1954, Castle Creek (Statistical) 0.0104 0.23 

1952, Castle Creek (Statistical) 0.0102 0.22 

1951, Castle Creek (Statistical) 0.0093 0.22 

* Values of K for M in inches per day in equation 6-8b. - ce 

B 

0.80 

0.76 

0.78 

0.77 

0.78 

0.78 

It is seen that ooefficients derived independently show remarkable 
consistency. In the upper part of the table it may be seen that 
the convection-condensation melt rate (K) for Castle Creek is 
represented closely by the rationally derived convection
condensation melt rate for the lysimeter, which seems reasonable 
considering the exposure to wind of the Lower Meadow in comparison 
with the Castle Creek basin as a whole. This concept is further 
supported by comparisons in the lower portion of the above table, 
which represents resl'1ts of three clear-weather melt periods from 
different seasons (1954, 1952, and 1951, equations 2, 5, and 7 in 

227 



table 6-2). The 1954 coe££icients have been adjusted £or use with 
winds measured at the 50-£oot level, (in 1952 and 1951 recorded 
50-£00t winds were used in the derivations), longwave loss in the 
open is not a variable in the regression model £or the lower 
portion of the table, but its average effect is felt through 
interaction with other variables and in the regression constant, 
which is remarkably uniform among the three years. Here the melt 
rate £or convection and condensation is slightly higher than was 
obtained from the 1954 data when longwave loss in the open was 
included in the regression function. This difference may be 
attributed to possible calibration errors in the shortwave and 
allwave radiation instruments. (Net longwave radiation exchange 
was not separately measured but was computed as the difference 
between allwave and shortwave radiation observations). Thus the 
estimate of longwave loss in the open may be in question and the 
higher melt rates should be used as a guide when extrapolating to 
areas similar to Castle Creek. 

6-04.07 Mean daily temperatures and vapor pressures 
were used in deriving total melt coefficients at WBSL. There, 
however, wind effects are greatly reduced because of the heavy 
forest which covers nearly the entire basin. Although no 
continuous wind measurements were obtained at WESL, attempts to 
improve determination of melt by adding wixld parameters were 
unsuccessful, and the degree of determination without wind was 
consistently high. Therefore, it was concluded that convection 
and condensation within heavy forest are adequately represented 
by an average wind amotmt, implicit in the total coefficient of 
melt. Coefficients of convection and condensation melt, shown 
in table 6-4, derived from mean daily ai_ temperatures and vapor 
pressures, provide a means for determining the basin coefficients 
of ~ ~ and B in equation 6-8a, modified by exclusion of the 
wind term, which can be compared with CSSL coefficients. The 
longwave exchange between the snow and forest was subtracted from 
the temperature coefficient. Values of ~ ~ and ~for Mann 
Creek, VffiSL, are tabulated be10w for each of the four periods 
studied, vnth adjustments for h3ight of measurement of temperature 
and vapor pressure to 10 feet above the snow surface: 
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CONVECTION-CONDENSATION MELT RATES, WESL, IN/DAY 

M = K (AT + BTd - Tb) ce a 

Period K* A 1l Tb 

April, 1949 0.043 0.22 0.78 31 
May, 1949 0.039 0.26 0.74 33 
May, 1950 0.048 0.22 0.78 )0 
April, 1951 0.036 0.20 0.80 29 
Mean 0.042 0.22 0.78 31 

* K for melt rates expressed in inches per day. 

Adjusting the melt coefficients a.bove to a theoretical 320 F 
the mean daily conveotion-condensat1on melt for Mann Creek, 
is 

base, 
WBSL, 

(6-9d) 

where M is expressed in inches per day. (see figure 390, plate 
6-2) ~ The tabulation of ooefficients above shows the stability 
of the relationship between the relative weights of convection 
and condensation melts, expressed by the coeffioients A and B. 
The proportional weights given in the preceding paragraph for 
CSSL, although at a different elevation level, are in general 
agreement with WESL. The magnitude of the coefficient X for the 
heavily forested WESL corresponds to an average wind of
approximately 5 miles per hour at the 50-foot level, or between 
2 and 3 miles per hour at the I-foot level. This is a re~sonable 
order of magnitude for conditions in the forest. 

6-04.08 Shortwave radiation melt. - Snowmelt by 
shortwave radiation, M ,is relatively unimportant during periods rs of rain-on-snow. --- Studies of incident radiation during 
these periods show that it is reasonable to assume a constant 
daily average of 40 ly for an open area with an average albedo of 
the snow surface of 65 percent. The resulting net snowmelt is 
0.07 inch per d~. For forested areas it may be less, depending 
on the areal extant and density of forest cover. 

6-04.09 Longwava radiation malt. - Longwave radiation 
durinff periods of significant precipitation can be adequately 
esti~ated by the theoretical exchange of blackbody radiation 
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between the snow surface and the forest canopy or low clouds. 
During storm conditions, turbulent mixing in the lower layers 
of the atmosphere establishes an equilibrium between air 
temperature measured at the normal instrument height and the 
temperature of the forest or low clouds. When the cloud base is 
less than 1000 feet above the ground, air temperature lapse rate 
corrections may be ignored. A linear relationship of net longwave 
radiation exchange closely approximates the theoretical exchange 
expressed by equation 5-12. The net melt by longwave radiation 
for rain-an-snow conditions, expressed in terms of air temperature 
and with a snow surface temperature of 320 F is 

0.029 (T - 32) a (6-10) 

where M 1 is melt in inches per day resulting from net longwave 
~ radiation exchange, and T is the air temperature in a degrees F. 

6-04.10 Rain melt. - Snowmelt by the transfer of heat 
from rain, as discussed in chapter 5, may be expressed in terms 
of average daily rainfall rate and free air temperature as in the 
foIl awing equatton& 

M = 0.007 P (T - 32) p r a (6-11) 

where M is the daily snowmelt from rain, P is the daily 
~ precipitation in inches, and T ~ is the air 

a temperature in degrees F. 

6-04.11 Ground melt. - Snowmelt from ground heat, M , 
may be estimated at 0.02 inch per day (see section 5-10). -K 

6-04.12 Generalized convection-condensation melt 
equation. - It was shown in paragraph 6-04.06 that for saturated 
air, convective melt is only approximately 20 percent of the 
total convection-condensation melt, as shown by the value of the 
coefficient A determined from both rational and statistical 
evaluations for several different conditions of environment. It 
was explained in chapter 5 that convective heat transfer is a 
function of air density, and that differences in convective heat 
due to elevation may be expressed as an elevation or pressure 
function. The magnitude of the elevation correction for 
convective melt, in terms of total convection-condensation melt 
for saturated air, is relatively small, and for an elevation 
difference between sea level and 7,000 feet, the correction 
represents only 5 peroent of the total melt. Considering the 
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accuraoy of the ov~ll melt coeffioient, the elevation correction 
for conveotive melt is not warranted. The ooeffioients derived 
for the laboratories, therefore, may be applied without regard 
to elevation differences. The following generalized equations 
represent oonveotion-condenaation melt in inches per day during 
rain, for varying environmentsl 

(1) for melt at a point in the opens 

Y = .0084 v (T - 32) oe a (6-l2a) 

(2) for basin melt from open or partly ·forested areasl 

M = (k) .0084 v (T - 32) 
08 a (6-12b) 

(3) for heavily forested areasl 

M = .045 (T - 32) 
09 a ( 6-13) 

whese Ta is the temperature of saturated air at the 10-foot level 
in F,-- ~ is the wind speed at the 50-foot level in miles per 
hour, and ~ is a basin constant, oonsidering the conditions of 
measurement with respeot to average basin topographic 
characteristios and exposure to wind. Conversion to different 
observation levels of temperature and wind from those specified 
in the above equations may be acoomplished aocording to the power 
law variation explained in chapter 5, with the reservation that 
the exponent ~ may vary from one area to another. Inoreased 
turbulenoe due to rain should tend to increase M • Experiments 
are needed to determine the effeot of rain on ~ both the 
temperature and wind profiles near the surfaoe. 

6-04.13 General equation for total basin melt during 
rain. - Components of melt may ncrw be oombined to form a general 
equation for total basin melt during rain. Since total melt, ~ 
is expressed b.Y the relationship, 

(6-14) 

the terms may be combined for environmental conditions aa follawsl 

(1) for open or partly foreated baain areas, 

M ; (0.029 + 0.0084kv + 0.007P ) (T - 32) + 0.09 
r 8. (6-l4a) 
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(2) for heavily forested areas, 

M = (0.074 + 0.007P )(T - 32) + 0.05 r a (6-l4b) 

where M is total daily snowmelt in inches per day, T is the 
temperature of saturated air at the 10-foot level i~ degrees F, 
v is the wind speed at the 50-foot level in miles per hour, P 
is the rate of precipitation in inches per day, and k is the~ 
basin constant as defined in the previous paragraph.- The value 
of k varies from about 0.2 for densely forested areas to slightly 
over 1.0 for exposed ridges or mountain passes. It is emphasized 
that total basin melt can be computed from the above equations 
only by use of values of wind and temperature which are 
representative of average conditions over the snow-covered area 
of the basin or by integration of melts computed from 
representative zonal averages of temperature and wind. 

6-05. PROJECT BASIN APPLICATION 

6-05.01 General. - Previous sections of this chapter 
have dealt with analyses of laboratory data to demonstrate the 
essential elements of the thermal budget and the kinds of 
meteorological data required for snowmelt indexes in drainage 
areas having various degrees of forest cover. While coefficients 
derived in these analyses are strictly applicable only to the 
areas for which the investigations were made, the basic prinCiples 
which have been demonstrated may be used to establish clear
weather snowmelt-runoff relations for other areas. A study of 
this kind has already been made for a densely forested area and 
published as Supplement to Research Note 19 (North Santiam River, 
Willamette Basin, Oregon). This seotion will deal with 
investigations for a project basin in the partly forested 
category, namely, Boise River basin above Twin Springs, Idaho. 
Evaluation of basin snow cover and a hydrograph reconstitution 
for this stream will be discussed in chapters 7 and 9. 

6-05.02 Basin characteristics. - The Boise River 
above Twin Springs, Idaho, drains an area of 830 square miles in 
the upper watershed of the Boise River. Situated in the Sawtooth 
Mount~ins, the area has deep valleys, steep slopes, and narrow 
shal'p-top ridges. It ranges in elevation from about 3000 to 9000 
feet. The stream system and instrumentation are shown in figure J, 
plate 9-5. Forest cover consists principally of conifers which 
are estimated to have a shading effect on 30% of the basin area. 
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Practically the entire runoff of the Boise River is contributed 
trom headwaters areas,-1/ and spring floods on this river result 
primarily from melting snow. Consequently, it is of paramount 
importance for optimum use of storage in Boise River reservoirs to 
have a reliable and acourate technique of estimating the basin's 
snowmelt contribution to spring runoff. 

6-05.03 Scope. - Exploratory analyses for selecting 
indexes best suited to this basin are limited to study of clear
weather days in May and June 1955. Final indexes selected on 
the basis of the 1955 study are used for independent derivation 
of a olear-weather snowmelt-runoff equation for the 1954 season 
and for the combined data of both seasons. Selection of the 
Boise River basin and the 1955 and 1954 melt seasons in particular 
for this application was based primarily on the availability of 
snow-cover information from several aerial reconnaissance flights 
over the area during these seasoBs, performed by personnel from 
the Walla Walla District Office of the Corps of Engineers. 

6-05.04 Mel~ components. - It will be recalled that 
the primary thermal budget components affecting snowmel t in a 
pa.rtly forested area are shortwave radiation, longwave radiation 
loss in the open, convection, and condensation. The following 
paragraphs will discuss the data available for estimating each of 
these components in the Boise basin. The analysis shows that 
available humidi~ data did not satisfy the requirement of a 
condenaation-melt index; that maximum temperature alone served 
as a better conveotion-melt index than a temperature-wind 
product; and that an estimate of longwave loss in the open from 
700 mb and surface minimum temperatures significantly improved 
the overall runoff estimate. 

6-05.05 Snowmelt runoff. - By application of a 
standard recession curve to the continuous disohargo hydrograph 
of the ~oise River above Twin Springs, separation of daily 
generated snowmelt-runoff amounts was aocomplished after the 
manner described in Research Note 19. Number of available clear 
days and hydrograph base flow are shown for each season in the 
following tables 

Month and year 

May - June 1955 

Apr - May 1954 

Clear days 

26 

21 
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Daily runoff quantities were expressed in inches depth on the 
snow-covered portion of the basin. These runoff amounts were 
used as the dependent variable in all regression analyses of 
this section. 

6-05.06 Area of snow cover. - The estimation of 
areal extent of snow cover was based on aerial reconnaissance 
flights in 1954 and 1955. Day-to-day variation of the snow
covered area was determined as part of the material in chapter 7 
and is fully discussed therein.. In general, the estimate of 
snow cover appears to be too high at the start of the 1955 period 
of study and too low at the end. If this is actually the case, 
the computed values of runoff (depths over snow-covered area) are 
too low at the beginning and too high at the end. The net effect 
of this error would be to cause derived melt coefficients to be 
too high, resulting in melt estimates that are too high in the 
early part of the period and too low at the end. These errors 
are clearly seen in the reconstitution of the 1955 hydrograph in 
chapter 9. No refinements in snow cover were made, however, for 
derivation of the melt coefficients, since the primary purpose 
of this study was the demonstration of the method. The present 
results, even as a first approximation, show that the parameters 
used explain a large portion of the runoff variance and are 
superior to those obtained with a temperature index alone. 

6-05.07 Shortwave radiation. - Pyrheliometric 
observations of incident shortwave radiation were available at 
Boise. These were used for the computation of absorbed shortwave 
radiation in conjunction with estimates of snow albedo based on 
decay curves of albedo versus age of snow surface (figure 4, 
plate 5-2) by methods described in Technical Bulletin 6, taking 
into account the occurrence of new snowfalls during the period. 
Albedo versus time is shown in plate 6-3, figure 1. 

6-05.08 Longwave radiation. - Net longwave exchange 
within the forested portions of the basins is considered to be 
adequately described by the temperature index. Longwave loss in 
the open, however, was estimated (for the latter stUdies) from a 
graphical relationship as shown on figure 2, plate 6-3. It is 
emphasized that this relation was devised expressly for the Boise 
basin study and is not intended for eenerel application. Time 
limitations do not permit deteiled analyses for the establishment 
of a universally applicable relation of this kind. The parameter 
for net allwave radiation in the open was obtained by adding 
together absorbed shortwave rediation and estimated longwave loss. 
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6-05.09 Convoction and condensation. - Required data 
for convection and condensation parameters ares 

1. Convection - ffican or IDuimum tempere.ture and daytime wind. 
2. Condensation - mean or some instantaneous dewpoint (or 

vapor pressuxe) and daytime wir.d. 

In this study, temperature records were available for· five 
stations in or near the basin (Boise, e1. 2842; Idaho City, el. 
3940; Lowman, el. 3794; Atlanta Summit, e1. 7590; and Bald 
Mountain, 61. 8700)~ Humidity and wind records viera available 
only at Boise. The data selected for trial convoction and 
condensation parameters were: Boise maximum temperature; Boise 
mean daytime dm7Point temperature (average of 1100 and 1700 
observations); and BoiGe mean daytime wind (average of 1100 and 
1700 observationo). 

6-05.10 Analytical procedure. - The followine 
paragraphs will show the variables which wero tested in regrossion 
analyses for estimation of Boise River snov~elt runoff and will 
present some of the i!ltermediate results to demonstrate the 
process by which the final results were achioved. The follmring 
variables were tested for use as indexes of components in the 
thermal budget of this basin; the table shows the combinations of 
tbese variables which were studied and the coefficient of 
determination cooputed for each cO!:lbinationl 

~ Absorbed shortwave radiation, ly 

X
2 

Incident shortwave radiation, ly 

X3 Convection parameter (T • v), (T and v at 
Boi~e, in OF and in mph~~espeotiv~!J) 

X
4 

Condensation parameter (T
d

• v) 

(Td = mean Boise daytime dewpoint~ average of obs. 
at 1130 and 1730 MST, in OF) 

l1ean Boise daytime wind, v (average of obs. at 
1130 and 1730 MST, in mph) 

Boise maximum temperature, (eqs. 1-10), Idaho 
City maximum temperature (eq. 11); OF 

Boise 700 mb tem~erature (0800 MST), °c 

~ :::::fevations in feet above m. s.1. 
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Eq. 
No • 

~o 

Boise 700 rob dewpoint (0800 MST), °c 

Longwave loss in open (estimated from Boise 
700 rob temperature and Idaho City minimum 
temperature), ly 

Estimated allwave radiation (~ + X
9

), ly 

D 

..... * ...•... * ... * ... * ........................ 0.82 
· ............ * ... * ... * . . . . . . . . . . . . . . . . . . . . . . .. 0.82 
..... * ....... * ....... * ........................ 0.83 
............. * ....... * ......................... 0.82 
..... * ........................................ 0.58 
· .... * . . . . . . . * . . . .... * ....... * ... * . . . . . . . . . . .. 0 • 87 
..... * ................... * .................... 0.86 
......................... * .................... 0.75 
..... * ................... * .•......... * ........ 0.89 
......................... * ............... * .... 0.89 
· ........................ * ............... * . . .. 0.86 

6-05.11 Sequence of analyses. - The table of the 
previous paragraph shows not only the different combinations of 
variables tested, but also the sequence jr order of progress from 
one function to the next. The first four equations demonstrated 
that convection and condensation parameters alone were as good as 
convection and condensation parameters with absorbed and incident 
radiation added. Furthermore, the convection parameter alone, in 
equation 4, v~s as good a determinant of the snowmelt runoff as 
any combination shown by the first three equations. Without the 
condensation parameter, shortwave radiation and convection were 
slightly better than the convection parameter alone (eqs. 3 and 4). 
However, the first order relation of runoff to absorbed shortwave 
radiation had a determination of 0.58 (eq. 5) approximately the 
same order of ma~itude as obtained for the partly-forested 
laboratory area (Castle Creek, CSSL). The weakness of the 
radiation variable in the presence of the convection parameter 
indicates interaction of radiation and local climate at a valley 
station where the ground is bare of snow. 

6-05.12 Upper air indexes. - Of the first five 
derived equations, equation 3 was best with a coofficient of 
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determination of 0.83. The question or how much improvement 
could be gained by addition of 700 mb temperatures and dew 
points waB answered in equation 6. (D = 0.87) Rere, both 
absorbed shortwave radiation and the 700 mb temperature wero 
nonsignificant, while the oonvection parameter continued to be 
highly significant, and the 700 mb dewpoint was acceptably 
significant. The coefficient of the 700 mb dewpoint had a 
negative sign, indicating that it was not performing the desired 
index function, namely that of representing condensation melt. 
For this reason, 700 mb d~oint was dropped as a condensation 
index. Thus, even though this function (eq. 6), improved notice
ably over equation 3, it was decic~Q to abandon the condensation 
index, and to further explore modifications of equation 3 by 
omission of wind from the convection parameter and by addition 
of an estimate of longwave radiation loss in the open. 

6-05.13 ~. - Equation 7 was set up wi"!;h a view 
to examining the relative importance of wind in the eonvection 
parameter. This function, equation 7, contained only two 
independent variables, absorbed shor~ave radiation and Boise 
maximum temperature, and had a coefficient at determination 
o~ 0.86 as contrasted with equation 3 which had only 0.83. With 
omission of wind, absorbed shortwave radiation became highly 
significant, apparently due to a lesser degree of depandence 
be~an absorbed radiation and maximum temperature at Boise than 
between radiation and the convection parameter (x~ ; product of 
maximum temperature and wind). This appears reasl:Snable for a 
valley station where the air temperature is not measured over 
snow. The importance of absorbed shortwave radiation in 
equation 7, is emphasized by equation 8, whioh shows that Boise 
maximum temperature without shortwave radiation is far less 
eflective than with it. Although tbere is little difference in 
over-all e~fectiveness between equation 4 (which uses the Boise 
max temp-wind product) and equation 7 (which omits wind but 
includes absorbed shortwave radiation), the latter is favored 
because rationally it is better suited to the ~eneral theoretical 
thermal budget of the area. It is well to bear in mind, hcrwever, 
that a temperature-wind index may be better than temperature 
alona in situations where radiation estimates are desirable but 
not available. 

6-05.14 Longwave radiation in the open. - Thus far, 
all components of the thermal budget have been acoounted for, with 
the exception of longwnve loss in the open. Examination has been 
made of absorbed shortwave radiation, convection, and condensation, 
with decisions to retain absorbed shortwave radiation, to disc~rd 
Boise wind from the conveotion parameter, and, for lack of adequate 
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data, to abandon completely the condensation index. The only 
remaining component which has not yet been examined is longwave 
rc.dia tion exohange in the open. Since longwave loss in the open 
has been demonstrated by laboratory studies to be a major 
component o£ the thermal budget for this kind o£ area, attention 
is now focussed on examination o£ indexes £or this component. 

6-05.15 A graphical relation £or estimating longwave 
loss as a £unction o£ 700 mb and minimum sur£ace temperatures was 
devised, using Boise upper-air data and Idaho City minimum 
temperatures. Construction of the chart is based on the concept, 
that, £or a given airmass condition, minimum temperature is a 
function o£ the amount of nighttime cooling by longwave radiation. 
There£ore, the temperature condition of the airmass, as indexed 
by the 700 mb temperature, may be combined with the minimum 
nighttime sur£aoe temperature to represent the total nighttime 
loss by longwave radiation, which in turn may be used to represent 
the loss £or the 24-hour period. Sur£ace winds also a£fect minimum 
temperatures, but inclusion of a wind parameter in the chart £or 
the Boise River basin was not required. Idaho City (rather than 
Boise) minimum temperatures were used in order to provide a more 
representative index o£ local climate in the basin. The adopted 
relation for this study is shown in figure 2, plate 6-3. It is 
again emphasized that this relation was specially derived as an 
expedient for this particular study and may not be applicable to 
other areas without modification. 

6-05.16 The effectiveness of the longwave loss index 
as estimated from 700 mb and minimum surface temperatures when 
tested in equation 9 Cn = 0.89) showed a significant improvement 
over equation 7. Since the coefficients for absorbed shortwave, 
and the longwave-loss index derived in equation 9 were nearly 
equal, the longwave-loss estimate was combined with absorbed 
shortwave to give an estimate of net allwave radiation effective 
in producing snowmelt. This estimate was tested in equation 10 
with a coefficient of determination of 0.89 (equal to that for 
equation 9). Equation 10 represents the final result of this 
series of analyses and explains all but approximately ten percent 
of the variance of clear-weather snowmelt runoff from the Boise 
River basin above Twin Springs, Idaho. Daily runoff estimated 
from this equation is plotted against observed runoff in figure 3, 
plate 6-3. 

6-05.17 Regression equations for 1955 and 1954. - To 
assess the universality of application of the snowmelt equation 
derived for this basin from 1955 data (eq. lOa, table 6-5) a 
similar derivation was made with data fro~ the 1954 season and 
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with data of both seasons combined. 1954 and, 1955 s~elt 
runoff coefficients are, in clos4l agreement. All .coe£f_i.ents, 
and sta tis-tical measur.$ of accuracy are shown in tabl.6-5. 

; 6-05.18 For the purpose of reconstitution: of 
streamfloW' h$drograph (presented , in chapter 9), a melt equation 
was derived, with Idaho City maximum temperatures rather than 
Boise maximum temperatures (eq. 11, table 6-5) because Idaho City 
is at a higher elevation and is nearer the basin, and because 
Idaho City minimum temperatures had been used for the estimation 
of longwave radiation loss in -the open. The coefficient of 
determination, however, was lower than that for the case where 
Boise maximum temperatures were used. 

6-05.19 Summary. - This section has presented an 
investigation of clear-weather snowmelt runoff from the Boise 
River basin above Twin Springs, I~aho. The basin is partly 
forested and suitable indexes were applied to represent the 
thermal-budget components of melt essential to this category of 
forest cover. It was found that allwave radiation was an essential 
item in the melt budget of the area; that a combination of 
temperature and wind at a valley station was less effective than 
temperature alone; that condensation is not adequately indexed by 
any presently available data; and, incidentally, that a quite 
satisfactory estimate of longwave radiation loss from snow in the 
open could be made from 700 mb temperature and st~face minimum 
temperature. The final melt equation, (lOc, in table 6-5) is 

Q ; 0.00238 G + 0.0245 (T - 77) 
gen max (6-15) 

where Q is daily generated snowmelt runoff of Boise River 
above ~ Twin Springs, Idaho in inches over snow-covered area, 
G is estimated daily net allwave radiation exchange (snow and 
Sky) in the open, in langleys, and T is Boise daily maximum 
temperature, in degrees F. The highmax temperature base of 77°F 
reflects the adjustment necessary in using data from a valley 
station bare of snow. The equation explains 90 percent of the 
runoff variance and gives runoff estimates that are correct 
within 0.11 inch of the observed daily values of generated runoff, 
approximately 67 percent of the time. 

6-05.20 This example of the Boise River was primarily 
intended to illustrate the method of approach and the kind of 
problems which confront the hydrologist seeking to establish 
snowmelt nllloff r~tes for project basins. The problems are as 
follows: 
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(1) Determination of physical characteristics of the basin 
with regard to topography, forest cover, soil, and ground-water 
conditions. 

(2) Separation of daily increments of snowmelt ~off by 
hydro~aph analysis. 

(3) Availability of adequate meteorological data for basin 
representation of air temperature, humidity, wind speed, and 
allwave radiation. 

(4) Determination of snow-surface albedo. 
(5) Evaluation of snow-covered area. 

6-05.22 To the hydrologist accustomed to using 
degree-day indexes for estimating snowmelt, the procedures 
presented thus far in this chapter may seem complex and 
cumbersome. It is important to bear in mind, however, that the 
best indexes of snowmelt are those which describe as closely as 
possible the thermal budget of the drainage area ooncerned. The 
degree of closeness sought and the availability of data both 
influence the choice of method. There are situations in which it 
is desirable to use a temperature index only. The followine 
section deals with the applicability and effectiveness of 
temperature data alone as a snowmelt index. 

6-06. TEMPERA TURE INDEXES 

6-06.01 General. - In many areas where snowmelt is 
an important factor in runoff, air-temperature measurements are 
the only data available from which snowmelt can be computed. 
Moreover, air temperature is a simple index of snowmelt, and, 
as was demonstrated in the preceding section, is the best single 
index of snowmelt for forested areas. For these reasons, 
temperature indexes are the most widely used method of computing 
snowmelt. Much work has been done in relating snowmelt amounts 
to temperature indexes; the most commonly used index is degree
days above freezing, that is, mean daily temper~ture in excess 
of 32oF. Mean temperature is usually taken as the mean of the 
daily maximum and minimum temperatures, those two measures of 
temperature being generally available. The 320 F base follows 
from the idea that most snov®elt results directly from the transfer 
of sensible heat from the air in excess of 32oF. Vfuile it is now 
known that air temperature is not the primary cause of snowmelt 
in most areas, 320 F is still a good average base value for use 
with mean temperatures. The use of a time period of one day 
results frma the diurnal pattern of snowmelt; in most areas each 
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day's melt may be identified by a drop in the dischar~hydrogreph 
associated with considerable reduction or even cessation of melt 
during the night. Time periods other than one day have been used 
under special circumstances with appropriate temperature indexes 
of degree-half days, degree-hours, etc. Also temperatures other 
than mean daily temperature are used for temperature indexgs 
(e.g., maximum daily temperature), and bases other than 32 Fare 
often used. These other tamperatures, temperature bases and time 
periods will be examined later. For the moment, only the common 
index of degree-days above freezing will be oonsidered. 

6-06.02 Point melt rates. - Whereas snowmelt runoff 
is determined from hydrograph analysis, as in the preceding 
sections, snowmelt or snowpack ablation rates are determined ~rom 
the analysis of snow survey data. This is done by noting the 
ohange in water equivalent on the snow course (or point within 
the snow course) over a period of several days, and relating it 
to the accumulated temp~-ature index during the period. The 
period selected should be long enough and have a chan&e in water 
equivalent large enough to make the errors of measurement small, 
relative to the total ohange in water equivalent. Where data 
from the entire snow course are used, oare must be taken that all 
points remain snow oovered. If any of the points become bare, a 
leeser melt rate than aotually occurred is indicated. 

6-O6.0} It should be noted that snowmelt defined in 
this manner--the change in water equivalent of the snowpack--may 
dif~e~ from the melt equivalent of the haat supply to the snowpaok 
at the snow surface, especially early in the snowmelt season. 
Before the paok has been thoroughly ripened, some of the melt 
water from the snow surface may refreeze within the pack and still 
more may go to satisfy the liquid-water-holding capaoity of the 
paok (see chapter 8). Furthermore, the snaw-surfaces albedo 
deoreases as the season progresses. Assuming a temperature inde~ 
to be a good indioator of heat supply, then a changing relation
ahip between the index and snowmelt is indicated while the 
snowpaok is being ripened and snow-surface albedo is changing. 

6-06.04 Early investigations of temperature indares 
of snowmelt were mostly concerned with point melt rates. In 1914, 
Rorton-2} performed experiments wherein cylinders of snow were 
cut from the snowpack and melted under laboratory-controlled 
temperature conditions. He found the melt rate to be about 0.04 
to 0.06 inch of water per 24 hours for each degree above 320 F 
for the conditions of the experiment. In 1931, Clyde ~ performed 
similar experiments and determined average melt rates of 0.05 to 
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0.07 inch per degree-day above freezing. However, these laborator~ 
experiments are not representative of actual melt conditions, 
since the radiation exchange was certainly not typical of field 
conditions. In addition, since the snow samples stood on a table 
in the l~boratory, the air which became cooled by contact with the 
snow could drain away and be replaced by warmer air, as pointed 
out by Horton in subsequent article.-1/ This condition does not 
exist over snowfields where the air cooled by the snow tends to 
stagnate over the snow surface. Due to this effect alone, a 
smaller degree-day factor than those cited above, would be 
indicated; however, the inclusion of allwaveradiation would 
indicate a larger factor. 

6-06.05 Clyde~ also determined spring snowmelt 
rates from a field study made at Gooseberry Creek, Utah, over a 
period of 17 days. Using snow-course data, he related the change 
in water equivalent to degree-days and arrived at a degree-day 
factor of 0.054 inch per degree-day using mean daily temperatures 
above freezing. Church-l! compared snowmelt at Soda Springs, 
California with the "mean of temperatures above freezing during 
month" (equals one-half mean maximum temperature above 320 F for 
month) and arrived at a degree-day factor of 0.051 inch per 
degree-day. His data were for the month of April and covered the 
years 1936 through 1941. The foregoing facto'CS represent melt 
rates per degree-day only for a given site ar~d for a specified 
time of year. Obviously, there must be a considerable variation 
in point melt rates at different sites within a basin during the 
same period, and also a variation in the relationship with time 
of temperature indexes and point melt rates at a given site. 
Degree-day factors derived for just one site and for a single 
melt season are of limited significance in determining basin 
snowmelt. A more firm basis for the relationship between 
degree-days and point melt rates can be had from an analysis of 
the data from a single snow course over a number of years and 
from the analysis of a large number of different oourses having 
different exposures. Such an analysis has been made using the 
considerable snow course data from the three snow laboratories 
for their years of operation. Mean degree-day faotors for all 
the years of record of each snow course were computed. Also, a 
mean degree-day factor was determined for each of the snow 
laboratory basins for all of the years of record by averaging all 
snow courses within the basin. These data are summarized in the 
table below: 
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Laboratory 

CSSL 

UCSL 

WBSL 

Mean 

* inches 

POINT MELT RATESs DEGREE-DAY FACTORS* 

(Based on mean daily tempera tuxe)" 

Maximum Minimum 
Melt Station Melt Station All 

.128 .066 

.131 .054 

.108 .026 

.122 .049 
of melt per degree-day above 32e F. 

Mean 
Stations 

.106 

.090 

.060 

.085 

It is emphasized that the factors given in the table above are 
mean values for the several years of operation of each of the 
laboratories. Individual values for ~ach year and for within-year 
periods exhibited a wide range of values for the individual snow 
courses. Deviations of the individual degree-day factors from 
the mean factor, computed for each snow-course, showed the more 
sheltered sites to have more constant factors. This bears out 
findings of the previous section on statistical determination of 
snowmelt indexes, which showed temperature indexes to be more 
accurate in determination of snowmelt in more heavily -forested 
areas. With regard to the degree-day factors for the maximum 
melt atations, it is pointed out that these factors are greater 
than those that would be observed at a horizontal, unforested 
site. Each of the maximum stations had a decided southerly 
exposure in addition to being unforested. As regards the minimum 
melt stations, the considerable difference in the magnitudes of 
these factors ~ be attributed to differences in forest cover. 
The WBSL site was especially conducive to low melt rates, being 
in a small clearing surrounded by high and dense trees. Vlliile 
solar radiation was effectively excluded from the Site, longwave 
radiation loss from the snowpack was not reduced to the extent it 
would be under a solid forest canopy. The mean all-station factor 
for each of the laboratories represents an average in time as well 
as spaoe. The mean degree-day factor gives a higher melt rate 
than the true melt rate over the laboratory area since they are 
for snow courses, which, on the whole, are in more open areas 
than the mean forest cover for the basin. The temperatures used 
in computing the degree-day factors were daily maximum and minimum 
values as determinod by mercury-and-alcohol thermometers at the 
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headquarters stations of each of the l~bor~tories. A fixed 
l~pse-r~te correction of 30 F per 1000 feet was used to adjust 
this temperature to the elevation of the snow course being 
considered. Changes in water equivalent were means for the entire 
snow course, all points reoaining snow coverod throughout. 

6-06.06 Temperatures. - While daily mean temperature 
is the most commonly used index of snowmelt, many other 
temperature indexes have been tried in an attempt to improve the 
index relationship (see Snyder,-2/ p.24). Most of these are 
based on d~ily maximum and daily minimum temperatures because of 
the wide availability and simplicity of Us€ of these measures. 
Daily maximum temperature by itself, has been extensively used by 
the Snow Investigations as an index of snowmelt. When used by 
itself, maximum temperature has been found to be a more accurate 
index than daily mean temperature, and, in addition, is even 
simpler to use. Tabulated below are degree-day factors relating 
point snowmelt amounts to daily maximum temperatures in excess of 
32oF. The factors are based on the same data used in computing 
the degree-day factors of the table of paragraph 6-06.05. 

POINT MELT RATES: DEGREE-DAY FACTORS* 

(Based on maximum daily temperature) 

Maximum Minimum Mean 
Laboratory Mel t Station Melt Station All Stations 

CSSL .054 .02) .045 

UCSL .041 .020 .035 

WBSL .060 .015 .034 

Mean .052 .021 .038 

* inches of melt per degree-day above 320 F. 

The factors given here are roughly half those based on mean daily 
temperature. No general concl~sions can be drawn regarding the 
relative accuracy of the two indexes even with the extensive data 
used in this study. The wide scatter in computed melt rates for 
individual snow courses obscured the relative effectiveness of 
the temperature parameters in computing melt. 
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6-06.07 It would seem that some measure of possible 
nocturnal snowpack heat deficit should appear in the temperature 
index, yet it is felt that the inclusion of minimum temperature 
at a.n equal weight wi th maximum tempera. ture gives undue emphasis 
to this effect. On the other hand, the use of maximum 
temperature only, excludes this effect entirely. The use of an 
index such a.s (2T + T in)/3 would seem to offer a. superior 
index to ei ther m~ m maximum or mean temperature. However, 
in view of the slight difference in goodness of fit between 
maximum and mean temperatures, it appears unlikely such a 
refinement is warranted. Temperature indexes based on wet-bulb 
or dewpoint temperatures have also been suggested as being 
superior to dry-bulb temperatures. From the correlations 
presented in section 6-03, it may be seen that air temperature 
is a better index to snowmelt runoff than is vapor prossure. In 
viaw of the approximate linear relationship be~een dewpoint and 
vapor pressure over the limited ranges of these variables 
ordinarily encountered over melting snow, it follows that 
dewpoint temperature alone is not as good an index of snowmelt 
as is the dry-bulb temperature. Still another temperature index 
of snowmelt that has been considered is upper-air temperature. 
In favor of its use, it is argued that this is a temperature 
truly representative of the basin as a whole. being unaffected 
by local influences. However, studies by the Snow Investigations 
have shown that for small-to-moderate-s'1zed drainage basins, 
u~per-air temperatures by themselves are not sensitive-enough 
indioators of heat supply to represent melt variations adequately. 
Upper-air temperature variation is small compared to the daily 
variat~on of snowmelt. Much of the heat energy which goes to 
produce snowmolt is generated and consumed within the surface 
layers of the atmosphere and thus is not manifest in the upper-air 
temperature. It ma~ be that for larger basins (greater than, say, 
10,000 square miles), this may prove to be an adequate index, 
since the sensitivity required in smaller basins is not so 
important here. 

6-06.08 Temperature bases. - The 320 F base used so 
far in this section is the most commonly used temperature base. 
While its use stems largely from a lack of knowledge concerning 
bases and their variations, it is, nevertheless, a good average 
base value for mean temperature indexes. Where maximum 
temperatures are used, higher bases and somewhat lower degree
day faotors are generally indicated. The tendency is for the 
melt to become more independent of the temperature index as the 
~ount of cover decreases. The tempera. ture bases end degree-day 
factors for the point melt rates of this section, are given in 



figure 1, plate 6-4 for the extremes of fo·' ",t oover. The graphs 
in this figure were determined by plotting -th.:. :point melt data as 
functions of the average temperatures (both mean and maximum) for 
the period, for both open and forested snow courses, from data 
representing all three laboratories for several melt seasons. 
There is, of course, wide variation in melt rates between periods, 
because air temperature alone does not adequately represent the 
entire melt process, particularly for open sites. The curves do, 
however, represent the average relationship between air temperature 
and snowmelt during the active spring snowmelt period, for the 
extremes of forest cover. It should be noted that the temperature 
base decreases with decreasing forest cover, which conforms to the 
statistically-derived temperature bases described in section 6-03. 
The increase in temperature bases when maximum temperatures are 
used instead of mean temperatures should be noted. There is also 
a change in the degree-day factor. The below-freezing temperature 
bases for open sites do not necessarily indicate that snowmelt 
occurs with air temperatures below 32oF, but rather that there is 
included in the melt equations an average component of melt 
(principally solar radiation) which is independent of air 
temperature. Because of this, the melt equations are applicable 
only to average springtime melt for conditions as experienced at 
the snow laboratories and only for the approximate range of 
temperatures shown on the diagrams. 

6-06.09 Basinwide snowmelt. - So far this section has 
been restricted to the consideration of point melt rates. 
Basinwide snowmelt rates pr~sent further complications. For one 
thing, variations in areal snow cover complicate the problem, 
while at the same time the progressive retreat of the snowline 
results in a change in the mean elevation of the snow-covered 
area. In addition, only a part of the snow-covered area may be 
contributing to snowmelt and the southerly exposed open areas 
become bare of snow first, leaving the more sheltered areas to 
produce the last of the snowmelt. As a result of these 
complications, basinwide snowmelt is most difficult to evaluate. 
Vlliile apparent point melt (ablation) rates can be determined 
from snow survey data and basin snowmelt runoff from hydrograVh 
analysis, there is no single satisfactory measure of basinwide 
snowmelt. The mean change in water equivalent of all snow 
courses within the basin, in itself, is not adequate even for 
such densely-sampled basins as those of the snow laboratories, 
since snow courses are gene~ally located in olearings and have 
higher than average basin melt rates. In order to evaluate 
basinwide snowmelt properly, it is necessary that a complete 
water balance be made for the area such that the snowmelt can be 
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determined relative to the other oauses of runoff. Moreover, it 
is necessary that the areal extent of the sn~ck be known. The 
climatological data of ohapter 2, the water balance of chayter 4, 
and the snaw-cover depletion data of chapter 7, for each of the 
three laboratory basins afford the opportunity for such a 
determination. A study of basin~de snowmelt was made, based on 
these data using all of the years of record at each of the three 
snow laboratories. ]es1n~de snowmelt amounts corrected for 
areal snow cover, were related to temperature indexes (both mean 
and maximum temperatures), the temperatures being corrected to the 
mean hei~t of the snow-covered area by means of a standard lapse 
rate of 30 F per 1000 feet. Results are given in the table below o for the standard temperature base of 32 F. Monthly values for 
the months of April and May only are given. During June the areal 
extent of the snow cover was not well enough lmown to permit 
accurate computation. 

BASINWIDE SNOWMELT RUNOFF. DEGREE-nAY FACTORS * 

:Basin Mean temperature Maximum temperature 
April May April May 

CSSL .089 .100 .024 .043 

UCSL .037 .072 .010 .031 

WBSL .039 .042 .021 .025 

* ~ches of melt over the snow-covered area per degree-day 
above 32oF. 

The values given in the above table are mean values for the 
several years of record at each of the laboratories. They 
reflect the general decrease in melt rates with increasing 
forest cover and also show the increase in the melt rates as the 
melt saason progresses. Since, on the average, some of the heat 
transferred to the snowpack during April goes to ripen the pack, 
the resultant melt for this month is less than for subsequent 
months. Other things also influence this change in factor with 
time; they will be discussed in a subsequent paragraph. For 
comparison with the above, reference is made to a study of 
basinwide snowmelt by Horton.-1/ He found melt rates varying 
from 0.088 to 0.058 inches per degree-day (moan temperature 
greater than 320 F) for thinly forested and fully forested areas in 
western Pennaylvania during March and April. 
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6-06.10 Using temperature bases for snowmelt, 
appropriate to the degree of forest cover as previously discussed, 
degree-day factors for basinwide snowmelt were also computed for 
the three snow-laboratory areas. These were as fo11owsa 

BASINWIDE SNOWMELT a TEMPERATURE BASES AND DEGREE-DAY FACTORS * 

Mean temperature Maximum temperature 
Basin Base Degree-day factor Base Degree-day factor 

of April May of April ~y 

CSSL 26 .036 .062 29 .020 .038 

UCSL 32 .031 .012 42 .109 .064 

WBSL 32 .039 .042 42 .046 .046 

* 1nches of melt over the snow-covered area per degree-day above 
indicated temperature base 

The same average temperature base was used for both months for 
each of the laboratories since the variation with time in the 
base value is slight. As before, the temperatures were corrected 
to the mean height of the snow-covered area. 

6-06.11 Degree-day facto~s. - In the foregoing 
paragraphs of this section, degree-day factors for both point 
and basinwide melt rates have been given. The variation in 
these factors with density of forest cover and wi.th time has 
been shown. Here the reasons for the variations will be discussed 
and some general conclusions will be drawn concerning them. 
Regarding the increase in the degree-day factors for basinwide 
snowmelt from April to May, it is to be pointed out that this 
increase is largely fictional, the result of using monthly means 
in the computation. The typical April has alternate periods of 
snowmelting and deposition of new snow (cf. tables 4-1, 4-2, and 
4-3). Even though corrections are made for additions of snow in 
computin~ the total ablation for the month, in each instance of 
new snowfall, this snow must first be ripened before it can be 
melted. Considerable heat is thus consumed which ~ou1d otherwise 
go to produce snowmelt, and the resultant degree-day factor is 
accordingly lowered. During May, the occurrences of new snowfall 
are much less frequent; hence the degree-day factor is higher. 
If only periods of ~ctual melting were considered, rather than 
mont~ly tot~ls, the difference between the degree-day factors 
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for the two months (ApriJ and lmy) would be much less. This ~as 
done in the determination of degree-day factors for point melt 
rates for sn~ Y~o~~ to be ripe. Only periods of active melt 
between two snow surveys were used in arriving at the degree-day 
fac tors. As a. resul t, there was no apparent seasonal increase it) 
these factors. While it would seem that there should be some 
increase due to the increasing quantities of solar radiation 
through the season, apparently this increase was adequately 
reflected by the temperature index. This is discussed in the 
next paragraph. 

6-06.12 The place and method of air temperature 
measurement has a secondary effect upon the variation of the 
degree-day factor with time. If temperatures are measured at or 
near the basin outlet, as is quite often the case, it is usual 
for the ground to become bare in the vicinity of the temperature 
station fairly early in the melt season when considerable snow 
cove~ still remains on the basin. This change from snow-covered 
to snaw-free ground results in a measureable increase in air 
temperature over what i~ would have been, had the ground remained 
snow covered throughout. This effect is further heiehtened if 
temperature measurements are made at a fixed level with respeot 
to the ground surface. As the melt season progresses, the height 
of the temperature measurement with respect to the snow surface 
increases until the ground is bare of snow. Because of the usual 
inversion over the snov~ack, this results in a greater increase 
in temperature with time than would have bean the case had no 
snow existed or had the thermometer remained at a fixed height 
relative to the snow surface. In this situation, the additional 
temperature gain tends to offset any actual seasonal increase in 
the degree-day factor. For temperature index stations that remain 
snow-free throughout the melt season this effect iG, of course, 
non-existent. 

6-06.13 The causes of the normal increase in the 
degree-day factors with time are (1) increasing ripeness of the 
8no~ack, (2) decrease of snow-aurface albedo t (3) depletion 
of snow cover, (4) increase in insolation, (5) increase in 
percentage of sheltered snow-covered area, and (6) the increase 
in tbe mean elevation of the snow-covered area. These are even 
more important in l~rger basins having considerable ranges in 
elevation than in the examples of the snow laboratories. Failure 
to make adjustment for these variations results in a net 
decreasing degree-day factor with time. If corrections are made 
for the effects of snow-cover depletion and mean elevation of the 
snow-covered area, such minor effects as the increase in 
insolation and the progressive increase in shelter of the 
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residual snow cover es the melt season progresses, tend to cancel 
one another, making for a more constant degree-dey factor for 
basinwide snowmelt. 

6-06.14 The usual temperature increase through the 
melt season suggests an empirical scheme which may be used to 
approximate the observed increase in degree-day fectors with time 
as the melt season progresses. If, for example, the degree-day 
factor is taken as K(Ta - Tb f , then 

M = K(Ta - Tb)(n + 1) (6-16) 

The value of ~may be determined from analysis of snowmelt data. 
Thio form of the melt equation has been used, with good results, 
in several studies of melt rates, using n = 0.25. Not only does 
it approximate the seasonal increase in degree-day factors 
through the seasonal temperature increase, but it allows also for 
such decreases in the factors as usually follow springtime frontal 
passages. While the decrease in degree-day factors may be, 
physically, the result of the high albedo and thermal quality of 
newly-deposited snow, they are empirically reflected in the 
degree-day factor in consequence of the usual colder airmass 
following the frontal passage. At the present writing, this 
method has not been extensively tested, and it is not known 
whether it is generally applicable to the computation of snowmelt. 
Consequently, it should be used only in the sense in which it is 
presented here, namely, as an empirical device for increasing the 
degree-day factor with time in situations where such an increase 
has been shown to exist. 

6-06.15 Snowmelt runoff. - Actually, as was pointed 
out previously, measurements of basinwide snowmelt are not 
ordinarily available. Lacking a water balance, all that are 
available for most basins are point melt rates and basin 
snowmelt-runoff rates. Hence, for a measure of basinwide melts, 
recourse is usually made to basin snowmelt runoff. For large 
drainage basins, it is impossible to separate daily increments 
of flow for purposes of analysis as was done in the preceding 
section of this chapter for the small laboratory areas and the 
moderate sized Boise River basin above Twin Sprines, Idaho, where 
a marked diurnal snowmelt rise and fall made identification of 
daily melts possible. For large basins it is possible to determine 
the snowmelt runoff per degree-day by plotting double mass curves 
of snowmelt runoff as a function of degree-days. This technique 
was used by Snyder-2/ in studies of the Susquehanna River Basin, 
by Miller""§! in the Missouri River Basin and by Wilson.!.Q/ for 
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Gardiner River, wyoming. Inasmuch as observed mean daily runoffs 
rather than the actual daily generated runoff are accumulated, 
during periods of increasing flows, too flat a curve results and 
too Iowa degree-day factor, while during periods of receding 
flows the reverse 1s true. Periods of sub-freezing temperatures 
result in irregularities in the curve since the reoession of the 
runoff values oontinues even though no temperature index values 
are accumulated. However, if the melt season is taken as a whole, 
such irregularities are slight and the general relationship 
between snowmelt runoff and the temperature index is readily 
apparent. Corrections must be made in the runoff hydrograph, 
of course, for any rainfall runoff that occurs. As an example of 
the double-mass curve approaoh to the determination of the 
degree-day faotor for snowmelt runoff, computations of the 
factor were made for the 1949 snowmelt season at the UCSL. Both 
maximum and mean temperature indexes were used; the previously 
determined temperature bases were used. The results are given 
in fi~ea 2 and 3 of plate 6-4. Shown on each of the figures 
iSI (a) the snowmelt runoff in inches over the basin (not 
corrected for contributing area) as a function of the unadjusted 
temperature index; (b) the snowmelt runoff in inches depth over 
the contributing area as a function of the unadjusted temperature 
index; and (c) the snowmelt runof£ corrected for contributing 
area as a function of the temperature index adjusted to the mean 
height of the contributing area. 

6-06.16 The foregoing method of double-mass curve 
analysis was presented only as an illustrative example of the 
method, giving data for one year only from one of the snow 
laboratories. Other years and other laboratories were not 
analyzed because the relationships between the temperature indexes 
and the snowmelt runoff have already been determined by the 
statistical studies of the preceding sections of this chapter. 
The two approaches in computing degree-day factors for anowmelt 
runoff for this one year at the UCSL gave results which are in 
close agreement. In this analysis, as in the basinwide snowmelt 
analysis based on the monthly water balance data, it is to be 
emphasized that the early-season melt rates are of little 
signifioance, reflecting as they do the frequency and quantity of 
new snowIall. Moreover, in the case of snowmelt runoff, 
additional snowmelt water goes to satisfy soil moisture and 
depression storage (pondage) requirements early in the melt 
season; this fact fu~ther affects the relationship between 
the temperature index and the snowmelt runoff. 
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6-01. SUMMARY - THE GENEBALIZED BASIN SNOWMELT EQUATION 

6-07.01 Basin snowmelt coefficients are most 
accurately determined by statistical analysis of past runoff 
records correlated with appropriate indexes of snowmelt. 
Statistically derived coefficients relate snowmelt to the 
conditions of observation of meteorologic variables at fixed 
points, give proper weight to features of the physical 
environment of the basin (i.e., percent of forest cover, slope, 
orientation, loss, etc.), and allow relatively unimportant melt 
processes to be indexed by major melt parameters. The application 
of statistically derived coefficients from daily snowmelt runoff 
records is particularly suited to short-term streamflow forecasting, 
for cases where adequate past record is available for study and 
reconstitution. LOgically, the coefficients so derived apply 
only to the conditions for which they were developed. For many 
cases~ particularly in connection with design floods, it is 
impractical to derive basin melt coefficients, and a general 
snowmelt equation is required. In order to meet this requirement, 
the rational analysis of snowmelt presented in chapter 5 may be 
combined with the statistical weightings of the variables 
developed in this chapter to arrive at simplified general 
snowmelt equations which are applicable to all conditions of 
environment over project-sized basins. The general solution for 
snowmelt during rain on snow, as described in section 6-04, serves 
as a guide to a more general snowmelt equation applicable to 
rain-free conditions. The principal requirement of the general 
equation is to express snowmelt in terms of ordinarily available 
meteorologic data which most reliably represent the physical 
processes of melt. Simplifyine assumptions which are well 
within the accuracy of the derived melt coefficients may be 
applied in order to obtain a workable snowmelt formula. 

6-01.02 The following equations for rain-free 
periods have been developed on the basis of the above-stated 
requirements, for varying conditions of forest environment: 

Heavily forested area: 

M = 0.074 (0.53T~ + 0.47TJ) 

Forested area: 

M = k(0.o084v) (0.22T' + O.78Td')+O.029T' a a 
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Partly foreated area: 

M ::: k' (1 - F)( 0.0040 I.) (1 - a) + 
l. 

k(0.0084v)(0.22~~ + 0.78Tl) + F(0.029T~) (6-19) 

Open area: 

wheret 

M 

T' 
a 

T' 
d 

v 

M = k'(O.00508 I.) (1 - a) + (1-N)(0.02l2T' - 0.84) 
1. a 

+ N(0.029T') + k(O.0084v) (0.22Tt + 0.78Td') (6-20) c a 

ia the snowmelt rate in inches per day. 

is the difference between the air temperature 
meagured at 10 feet and the snaw surface temperatura, 
in F. 

is the difference between the dewpoint temperature 
measured at 10 feet and the snow surface temperature, 
in F. 

is the wind speed at 50 feet above the snow, in miles 
per hour. 

is the observed or estimated insolation (solar 
radiation on horizontal surface) in langleys. (See 
figures 4, 5 and 6, plate 5-1.) 

a is the observed or estimated average snow surface 
albedo. (See figures 3-4, plate 5-2 for estimating 
albedo of the snow.) 

k' is the basin shortwave radiation melt faotor. It 
depends upon the average exposure of the open areas 
to shortwave radiation in comparison with an 
unshielded horizontal surfaoe. (See figure 6, plate 
5-1, for seasonal variation of k' for North and South 
250 8101>e8.) 

F is an estimated average basin forest oanopy cover, 
effective in shading the area from solar radiation, 
expressed as a decimal fraction. 
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T' c 

N 

is the difference between the cloud base temperature 
and snow surface temperature, in of. It is estimated 
from upper air temperatures or by lapse rates from 
surface station, preferably on a snow-free site. 

is the estimated cloud cover, expressed as a decimal 
fraction. 

k is the basin convection-condensation melt factor, 
as defined in paragraph 6-04.12. It depends on the 
relative exposure of the area to wind. 

The melt coefficients given in the above equations represent 
daily melt amounts in inches. For those cases where a convection
condensation term with wind is included in the melt expression, 
it may be necessary to subdivide the day into smaller time 
increments where there is marked variation in both wind and 
temperature or dewpoint. The coefficients also express melt for 
a ripe snowpack (isothermal at cOe and with 3 percent initial 
free water content - see chap. 8). Except that they account for 
loss by transpiration from forested areas, the melt coefficients 
represent the actual melt of the snowpack averaged over a basin 
area, expressed as daily ablation in inches of water equivalent.' 
The equations are based on linear approximations between saturation 
air-vapor pressure and dewpoint, and also on lonewave radiation as 
a linear function of the temperature of the radiating surface. 
These approximations provide values which are close to the 
theoretical amounts for the range of temperatures and dewpoints 
experienced in snow hydrology, as shown in figures 1 and 5, 
plate 6-2. Functions involving air temperature and dewpoints 
are expressed as the difference between snow surface temperature 
and the value for a given level of observation. For a melting 
snowpack, subfreezing snow-surface temperatures are experienced 
usually only as the result of nighttime cooling in open areas 
(see chapter 8). Therefore, except under this condition, the 
te~perature and dewpoint values are equal to increments above 
32 F. The following paragraphs summarize the derivation of the 
general melt equations. 

6-07.03 The snowmelt runoff equation for heavily. 
forested areas directly evaluates melt by convection, condensation, 
and longwave radiation. Implicit in the relationship is an 
average wind (estimated to be between 2 and 3 miles per hour at 
the I-foot level) which is required for the transfer of heat and 
water vapor to the snow by turbulent exchange in the atmosphere. 
The air temperature term includes the evaluation of heat transfer 
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by longwave radiation and convection. The proportional effects of 
convection and condensation and their appropriate melt coefficients 
were derived as explained in paragraph 6-04.07. Direct melt by 
absorbed shortwave radiation is assumed to be equal to the basin 
loss of water by forest transpiration, as was explained in 
Research Note 19. 

6-07.04 The general melt equation for less densely 
forested areas is derived in a similar manner, except that 
convection and condensation are evaluated separately from 
longwave radiation in order to include a wind variable. The 
value of ~ the basin coefficient, depends on the conditions 
of measurement of wind with respect to the basin average, and 
its value is 1.0 for plains areas with no forest cover. It may 
be slightly greater than 1.0 for exposed mountain ridges, and 
for heavily forested areas it approaches a minimum value of 0.2. 
The 50-foot level wind value for forested areas is assumed to be 
the average wind in an open area resulting from the general 
airmass circulation prevailing at the time. 

6-07.05 For partly forested areas, a term for short
wave radiation exchange in the unforested portions is included in 
the melt equation. The theoretical melt coefficient for absorbed 
shortwave radiation melt is reduced from 0.00508 to 0.0040, to 
account partly for longwave radiation loss in the open and partly 
for 108s by evapotranspiration from the forest. The effective 
forest canopy cover, !J represents the average percent of the 
basin shaded by the forest from direct solar radiation, expressed 
as a decimal fraction. For partly forested basins, lon~vave loss 
in the open is considered to be adequately expressed by the 
reduction of the shortwave radiation melt coefficient for the open 
portions of the area. 

6-07.06 The expression for snowmelt in open areas 
becomes more complex because of the requirement for direct 
evaluation of longwave radiation exchange. Incident shortwave 
radiation is presently observed at approximately 90 stations in 
the United States. For areas where observations are not available, 
shortwave radiation may be estimated by duration of sunshine or 
diurnal temperature rises. Longwave radiation, on the other hand, 
is not regularly measured, and although many expressions have 
been developed to evaluate it from both surface and upper-air 
meteorologic data, they are mostly too complex or cumbersome to 
incorporate in a generalized melt expression. From observations 
of longwave radiation made at CSSL, it has been found that for 
the condition of clear skies, the downward longwave radiation from 
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the atmosphere over snow oan be expressed simply as 0.75 of the 
theoretical blackbody radiation corresponding to surface air 
temperature measured at instrument height. The limited variation 
of the water-vapor content of the air usually experienced over 
snow, does not produoe significant changes in downward longwave 
radiation. Therefore, in the general melt equation, ~th clear 
skies (N equal to 0), the net longwave radiation lOBS is expressed 
simply as a linear function of the surface air temperatura. The 
net longwave radiation exchange for cloudy skies is expressed as 
the theoretical blackbody radiation, as approximated by a linear 
relationship, for the difference in temperature between the snow 
surface and the aloud base; cloud base temperatures may be 
determined either from soundings made by radiosonde, or by 
applying appropriate temperature lapse-rate corrections to known 
surface air temperatures and cloud heights. Estimates of 
longwave exchange under cloudy skies by this method are considered 
to be realistic for low or middle clouds. Convection and 
condensation melt for open areas is estimated by a general equation 
as discussed in section 6-04. It is not considered necessary to 
evaluate the effects of elevation in the convection term (due to 
decreased air density with elevation), because of the relatively 
small order of magnitude of this oorrection in comparison with 
the other components of melt. 
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TABLE 6-1 

SUMMARY OF RESULTS OF REGRESSION ANALYSIS 

SNOWMEL T RUOOFF FROM UNFORESTED AREA 

Lower Meadow Lysimeter, CSSL 

1951. 

SNOWMELT RUOOFF COEFFICIENTS 

I:l Radiation Convection and Condensation REGRESSION STANDARD ERROR COEFFICIENT 

~ OF OF' 
CONSTAl!T ESTIMATE IlE'JEUo!INA TION 

z I R Convection Condensation llind l!ax!.mum Mean 0 DATA 
H net net parameter parameter temperature temperature E-< 
-< Shortwave Longwave '" fi!' 

\ X
2 X3 Base \ Base X X6 BaBe ~ 

flase c a D 
OF mb 5 or or y.x 

(1) 19SL hourly O.OOSw, O.ooW,S 0.00011 T 8 ~/ O.OOlOS es y -0.10 0.05 0.91 

( 2) daily 0.00617 0.00758 -0.000038 78 -0.001111 33.1 0.00139 o.n 0.07 0.95 

(3) daily 0.00747 -0.00183 11 0.00019 32 0.oooS6 6.1 -0.00939 0.31 0.111 0.67 

(4) daily 0.00576 0.006119 0.07 0.07 0.94 

(5) daily O.ooSoll -0.03 0.18 0.65 

(6) hourly 0.00060 T8 0.00n8 e s 0.37 0.211 0.46 

(7) hourly 0.0(>035 'T' 0.75 0.29 0.16 -s 

(8) hourly 0.00116 e 1.22 
a 0.30 0.09 

(9) daily 0.0334 22 -0.73 0.<'2 0.23 

(10) daily 0.0360 8 -0.31 0.29 0.08 

Notes: 
Definitions of variables an:I un:\. ta are given in paragraoh 6-03.02. 

-»' Incident shortwave radiation substituted for 10~wave radiation 10as in tne open • 

.21 T8 and 8 8 are temperature and vapor pressure of the snow surface. 

h M% • 1 • .4*: & WQJi3!J!i&!8Ua::::xu:c:;;:;s um:c 
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TABLE 6-2 

SUMMARY OF RESULTS OF REGRESSION ANALYSIS 

SNO'NMELT RUNOFF FROM PARTLY FORESTED AREA 

Castle Creek - CSSL 

1954, 1952, 1951 

SNOWlt':L T RllNOFF COEFFICIENTS 

Radiation Convection and Condensation 

!!i Ii i I net Index of Convection Condensation Maximwn 
.., DATA 10ngwaV8 p&rlll!1eter pArlll!1eter wtnd temnerature 
a Shortwave 108s in open 
~ .. 
:::0 o · \ X

2 X3 Base \ Bllse X X6 Base 
'" OF 5 IIlb CF 

(1) 19,4 hour~, 0.00312 0.C1Ol56 .J/ 0. OCX)l6 Ta 0.00148 e s 
(I-a) 1954 hourly 0.00462 -0.00101 0.00026 1s 0.00179 e s 
( 2) daily 0.00508 -0.00116 0.00038 37 0.00116 7.5 -0.02 )14 

(3) 19,2 hourI, 0.00686 -0.00264 0.00009 13'4 0.00079 a 8 

(4) daily 0.00643 -0.00291 0.00(1) 0.00053 6.6 -0.00774 

(5) 1951 hou:I, 0.00466 -0.00154 0.00006 Ta 0.00062 e., 
(6) daily 0.00550 -0.00220 O.ooooB 26 0.00055 5.1 -0.00506 

( 7) 1954 hourly 0.00265 0.00024 T., 0.00167 ea 
(8) daily 0.00242 0.00026 35 0.00113 6.9 -0.01686 

(9) 1952 hourly 0.00289 0.00012 1a 0.00097 8S 

(10) daily 0.00108 0.00023 36 0.00050 7.6 -0.01247 

(11) 1951 hourI, 0.00224 0.00011 T8 0.00089 e s 
(12) daiI, 0.00113 0.00020 31 0.000R7 6.0 -O.onL9 

---'--1--- ---1----- --- 1----.. 

(13) 1954 daily O.(l(lOSl 36 o.oolhl 7.2 -0.02635 

(14) 1952 daily 0.00030 41 0.00035 8.6 -0.01525 

(15) 1951 daily 0.00037 33 0.00099 6.4 -0.01656 

(16) 1954 daily 0.01154 6 

(11) 1952 daily 0.023 27 16 

(18) 1951 daily -- f---._-
0.02239 27 

. ~ --.----

(19) 1954 daily 0.00315 

(20) 1952 daily O.CX)l79 

(21 ) 1951 daily 0.00382 -.- f--. 

(22) 1954 daily 0.00029 38 -0.01111 

(23) 1952 daily 0.00032 44 -0.01422 

(24) 1951 dai ly 0.00042 42 -0.01757 

(25) 1954 daiI, 0.00100 1.2 -0.00120 

( 26) 1952 daily 0.00051 9.9 -0.00503 

(27) 1951 daily 0.00133 4.0 - il .00534 

( 26 ) 1954 dally 0.01049 22 

( (9) 1952 daiI, 0.02739 17 

(30) 1951 daiI, 0.0)045 30 

Note.,1 
Definitions of variables and unita aro given in P8xagu.ph 6-03.02. 

-lI Measured Rnet (equal to Gnat - Inet) io used rather than ita index, Ii i n equation 1. 

REGRESSION STANDARD ERROR COEFFICIENT 
OF OF 

CONSTANT ESTIMAN DETERMINATION 
1800 vapor 
pressure 

X Base s 
7 y.x 

mb c 0 

I 
-0.13 0.06 0.93 
0.05 0.05 0.94 
0.36 0.09 0.B4 

! 0.37 0.15 0.75 
! 0.76 0.18 0.62 

0.26 0.10 0.93 
0.27 0.10 0.92 

--
-0.22 0.07 0.90 
-0.11 0.11 0.72 

-0.21 0.18 0.65 
0.32 0.17 0.64 

-0.19 0.11 0.90 
-0.;>3 0.13 0.86 

-0. 22 0.15 0.47 

0.74 0.17 0.59 

0.06 0.15 0.63 
. - -

0.04757 1.9 -0.16 0.20 0.14 

0.04467 2.9 -0.51 0.16 0.58 

0.06403 4.8 -0.91 0.20 0.67 
-

0.06 0.15 0.51 

0.)6 0.24 0.22 

! -0.44 0.19 0.71 
----

0.53 0.21 0.04 

0.74 0.16 0.54 

0.34 0.21 0.64 

0.52 0.19 0.20 

1.24 0.25 0.18 

0.L3 0.30 0.31 

0.02 0.21 0.01 

- 0.1.6 0.16 0.54 

-0.91 0.23 0.56 
-

:;1 • • 
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~ 
z 
0 
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D 

~ 

(1) 

(2) 

(3) 
(4) 

(5) 
(6) 

(7) 

(8) 

(9) 
(10) 

(11) 
(12) 

(13) 
(14) 

(15) 
(16) 

Note: 

Radiation 

\ 
I Index of Convection net DATA 10ng"a"", parameter 

Shortwave 1086 in open 

~ X
2 I) Base 

of 

19l.9 daily 0.00056 O.COOl.l 0.00028 41 

19l.9 daily 0.00004 0.00029 41 

1950 daily 0.00040 39 
19l.9 daily 0.00029 42 

1950 daily 
1949 daily 

19l.9 daily 0.00380 -0.00169 

19l.9 daily 0.(01)0 

1950 daily 0.00048 56 
1949 daily 0.00037 54 

1950 daily 
19l.9 daily 

1950 daily 
1949 daily 

1950 daily 
1949 daily 

A • 
TABIE 6-3 

SUHKARY OF P.ESULTS OF REGRESSION ANALYSIS 

SNOWMELT RUl«lFF FROM FORESTED AREA 

Skylond Creek - UCSL 

1950, 1949 

SNOWMELT RUIllFF COEFFICIEN'l'S 

ConvectioD and Condensation 

CondeDsation MllXimlDl 
par.""ter Wind temperature 

\ Base I X6 Base 
mb 5 OF 

0.00155 B.B -0.02521 

0.00ll.1 R.6 -O.02l.20 

0.00128 8.0 -0.025)6 
0.00139 ~.9 -0.02UU1 

0.0}629 36 
0.01962 38 

-0.02647 
-0.02015 

0.00176 -0.OOl.69 
0.00220 6.5 -0.01425 

0.0425l. 43 
0.02l.91 W. 

Defir.ittons or variable. and unit. ere given in paragraph 6-03.02. 

-

REGRESSION STANDARD ERROR COEFFICIENT 
OF OF 

CONSTANT ESTIMATE IErERMINATION 
1400 Tapor 

pre 88ure 

X Base s 
7 mb c y.x D 

0.11 0.07 0.61l 

0.15 0.07 0.89 

0.27 0.17 0.81 
0.16 0.07 0.90 

0.078l.9 7.2 -1.87 0.19 0.'17 
0.07225 7.6 -1.28 0.13 0.60 

0.36 0.18 0.29 

0.15 0.18 0.23 

0.52 0.25 0.59 
0.22 0.11 0.73 

0.28 0.31 0.)6 
0.)9 0.15 0.48 

-1.84 0.2l. 0.62 
-1.02 0.14 0.54 

0.ll641 0.03 0.32 0.J1 
0.lU076 3.6 -0.50 0.17 0.35 



TABLE 6-4 

SUMM)~Y OF RESULTS OF REGRESSION A~ALYSIS 

SII()\oIMELT RUII()FF moM HEAVILY FORESTED AREA 

Mann Creek, flBSL 

1951, 1950, 1949 

SII()WMEL T RUII()FF CCEFFICIENTS 
<>: ... REGRESSIOII STANDARD ERROR COEFFICIENT 
~ Marl mum Max. Vapor Mean ~an Vapor OF OF 
:z: DATA '!empe rature PreSl'lure Tempereture PreSl'lure CONSTANT ESTIMATE DETERMINATIOII 
a 
H 
f-< .... 

16 BalMl x., Base X6 Base X
7 

9a88 D ~ C II g OF mb OF mb y.x 

(1) April 1951 0.027 )6 0.045 7.2 -1.30 0.14 0.77 

(2) May 1950 0.0)1 )5 0.070 6.9 -1.57 0.12 0.t!0 

(J) May 1949 O.O.J) )7 0.057 7.5 -1.54 0.14 0.87 

(4) April 1949 0.027 )4 0.094 6.6 -1.5) 0.16 0.74 

(5) April 1951 0.024 29 0.085 5.) -1.15 0.1) 0.80 

(6) Hay 1950 0.0)6 )0 0.112 5.6 -1.70 0.18 0.77 

(7) May 191t9 0.0)9 )) 0.094 6.) -1.88 0.10 0.93 

(8) April 1949 0.048 )1 0.1h7 5.8 -2.34 0.11t 0.80 

(9) April 1951 0.034 38 -1.29 0.16 0.70 

(10) May 1950 0.038 35 -1. )3 0.19 0.72 

(11) May 1949 0.030 37 -1.11 0.19 0.73 

(12) April 1949 0.031t 35 I -1.19 0.17 0.70 

(13) April 1951 0.040 30 -1. 20 0.18 0.65 

(14) May 1950 0.(4) 28 -1.20 0.2) 0.61 

(15) May 1949 0.044 31 -1. 36 0.22 0.64 

( 16) April 1949 0.051 JO -1.53 o.n 0.49 

Note, Definitions of variables and unit" are given in paravranh 6-0).02. 



TABLE 6-5 

SUMMARY OF RESULTS OF REGRESSION ANALYSIS 

SNOWMELT RUNOFF, IDISE RIVER 

above Twin Springs, Idaho 

1955, 1954 

SNOWIIELT RUNOFF COEFFICIE!/Tf\ 

.1:1 
Radiation Convec tion and Condensation 

EQUATIuN 

Ioe t 
Ii 

LW 10S8 
Gnet Convection Condens8 tion 

!.'UI!BER Allwav. 
Indax oC in open 

~+~ parameter p«l"8JIIOter 
Shortwave 100gwave C(T700 ,TDI1n ) 

los. in open 

\ 12 ~ ~O X) Xl. 

(1) 0.001?) 0 .oc1024 0.00245 0 .00005 

( 2) 0.(0)1) -0.00024 

0) 0.0015) 0.002)4 

( 4) 0 .00)0) 

(5 ) 0.00451 

(6 ) 0.00102 0.00268 

( 1 ) 0.002)9 i 
(8 ) I 

( 9) 0.0023 7 0.00228 

.(10.) 0.(02)) 

.(10b)1954 0.002n 

,.(10e) '54&55 0 . 002)8 

(l1U/ 0 . 00227 
-- -- -- -

Note.: 
Definition. of variables and unit. are given in 08.ragrapll 6-05.10 

....!I All equation. Cor 1955 data unle.s othendse indicated • 

..1/ ,'or recon8UtuUon or h;Ydrograph in Chap. 9. (16 , Idaho City l1ax. Temp. ) . 

In 10., n • 26; in lOb, n • 14; and tn lOc, n • 40. 

Maximum 700 mb 
lIi nd 

Temp. Temp. 

Xs X6 X
7 

-Q.16) 

-0.195 

-Q.158 

-Q.196 

0.0124 

0.0274 

0.0)75 

0 .0200 

0.rJ2)6 

0.0267 

0.0245 

0.0267.11 

REGRESSION STANDMiD COEFFICIENT 
ERROR OF OF OETKR-

CONSTANT ESTHV.'l'E HINATION 

Tamperature 
Dewpolnt Base OF 

18 Tb c • y.x D 

66.5 -0.)1 0 .16 (\ . 82 

67.0 0.11 0 .16 0 .~2 

67.4 -Q.17 0.15 0.8) 

6l..7 0 .11 0.16 0.82 

---- -0.86 0 . 24 0.58 

-0.0150 66.1 -0.)0 0.14 0.A7 

8).5 -2.29 0.14 0.66 

62.4 -2.34 0.19 0 .75 

81.4 -1.6) 0.12 0 . 89 

76.7 -1. ~1 0 .12 0.89 

80.2 -2.14 0.10 0.87 

76.9 -1.139 0 .11 0.90 

75. 0 -2. 00 0.14 0 .86 
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CHAPI'ER 7 - AREAL SNOW COVER 

7-01. INTRODUCTION 

7-01.01 General. - The area of snow cover has long been 
recognized as a prime variable in many applications of snow hydrology. 
Systematic observations of snow cover, however, have been generally 
lacking. Hydrologists have therefore resorted to empirically derived 
relationships between snow cover and runoff, assumed distributions of 
snowpack water equivalent by elevation zones and assumed zonal melt 
rates, or snow-cover indexes from ground observations of parts of a basin. 
Because of the lack of direct observation of snow covered area, none of 
these methods could be verified. As a result, the area of snow cover 
has been used to compensate for errors in other hydrometeorologic elements. 
Direct observations of snow cover are important as a forecasting tool, 
both for volume and rate-of-flow forecasting. In recent years there 
has been increasing recognition of the importance of snow cover to 
efficient operation of storage reservoirs, and a number of Corps of 
Engineers offices have begun making aerial snow-cover surveys during 
the spring melt season as an aid in reservoir regulation. As yet, an 
insufficient length of record 1S available to permit generalizations 
from snow-cover data; rather, the present use of the data has been 
limited to evaluating conditions at a specific time and de7eloping 
observational t echniques. 

7-01.02 Definitions. - For the purpose of this report, the 
term snow cover refers to the extent of the ground area covered by snow, 
regardless. of the depth of snow or its water equivalent. It may be 
expressed in units of area, such as square miles, or as a percentage of 
either the total basin area or an arbitrary maximum snow-covered area. 
The term snowpack refers to the total volume of snow on a basin. Snow
cover accretion is the increase in snow cover, while snow-cover depletion 
refers to a decrease in snow-covered area. Accumulation of the snowpack 
is the net increase in basin snowpack water equivalent, usually expressed 
in inches, while ablation refers to a net volumetric decrease of the 
snowpack l'T2.ter e(~uiv2.1ent. 

7-01.03 Functional use of snow-cover data. - There are two 
principal uses of snow-cover data in snow hydrology. One is for obtain
ing a measure of the areal extent of snowmelt at a given time, for the 
purpose of hydrograph synthesis. This may be involved in establishing 
procedures for streamflow reconstitutions, short-term forecasts, or 
design-flood computations. The second use of snow-cover data is in 
connection with volumetric forecasts of seasonal runoff. Snow cover 
may be used as a variable in establi~hing tne volume of water stored in 
the snowpack, thus supplementing snowpack water-equivalent data from 
snow-course measurements, as was done in Research Note 22. In some 
mountainous regions, the area of snow cover may be used directly as an 
index of the water stored in the snowpack, as was done by Potts 21 and 
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Croft.2/ A particularly useful application of snow-cover data is in 
connection with forecasting runoff for reservoir regulation after the 
melt season is well underway. All early-season volumetric forecasts 
possess a residual error, and as the melt season progresses, the 
magnitude of this error becomes a larger percentage of the remaining 
runoff. After the basin is less than, say, 50 percent covered, snow
cover data is particularly useful for verifying or adjusting earlier 
forecasts of runoff. 

7-01.04 Requirements for hydrologic use. - In evaluating 
snow cover to meet the uses outlined above, there are three basic 
requirements to be considered: (1) the need for basic research on 
snow- cover accretion and depletion, and their relation to meteorologic 
and t 2rrain factors which cause variation in precipitation and melt; 
(2) the necessity of direct observation of snow cover on project basins; 
and (3) the preparation of indexes or derived relationships for estimat
ing the accretion and depletion of snow-covered area, for periods when 
observations are not available, or for design conditions. 

7-01.05 Basic research is needed in order to improve present 
knowledge of the factors affecting snow cover accretion and depletion. 
If all basins had systematic snow-cover observations regularly taken 
through the accumulation and melt periods, this requirement would be 
much less important. Snow cover would then be simply another measured 
quantity. At the present time, however, observations are limited, and 
estimates of snow cover must be made indirectly. 

7-01.06 The importance of obtaining direct observations of 
snow cover cannot be overemphasized. Subjective evaluations made from 
scanty and unrepresentative data are often misleading, because of the 
heterogeneity of basin areas and the complexity of the relationships 
between snow cover and its environment. The need for direct observations 
is three-fold. First, each basin has a characteristic pattern of snow
cover depletion, more or less consistent from year to year, which can 
be determined from direct observations of snow cover. A series of such 
observations over a period of years makes it possible to establish 
relationships for use when observations are not available. Second, 
such variations that do occur from year to year are so complex that 
they can only be determined by actual observation. Third, observations 
of snow-covered area, as measured quantity, are useful as a forecasting 
parameter for determining residual runoff volumes. 

7-01.07 Primary factors affecting snow-cover accretion and 
depletion. - The accretion of snow cover usually begins on the higher 
elevations of the watershed, and continues through the accumulation 
period until all or a part of the watershed is covered. The depletion 
of snow cover begins with the exposure of the first bare ground in a 
completely snow-covered basin or with the date of maximum basin snowpack 
accumulation in a partially snow-covered basin. There are large differ
ences between years in the length of accretion and depletion periods, 
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depending primarily upon the meteorological regime during the accumulation 
and melt seasons. 

7-01.08 During the accretion period, an elevation contour 
adequately defines the area of snow cover for small- to moderate-sized 
basins with relatively large ranges in elevation. This is due to the 
fact that the form of precipitation varies with elevation during indi
vidual storm periods, as explained in section 3-05, and the transition 
zone between areas of rainfall and snowfall is narrow. In addition, 
melt varies largely as a function of elevation during the winter period. 
Since solar radiation is at a minimum at this time, what little melt 
occurs is largely a function of air temperature, which in turn generally 
varies with elevation. The net result of these factors, then, is a 
fairly definite snowline during the accretion period. 

7 -01. 09 Snow deposition, as related to meteorological and 
terrain factors, is a prime variable affecting snow-cover depletion. 
The variability of snow accumulation is discussed in chapter 3. During 
the accumulation period, the variations in the snow depths over basin 
areas show the combined effects of the terrain and meteorological 
factors. These factors include atmospheric circulation and airmass 
character during precipitation, opportunity for modification of airmasses, 
and large- and small-scale topographic influences. All of these influ
ence the variations of snow depth from one point to anothe~ which in 
turn will affect the depletion of snow cover during the melt period. 

7-01.10 Snowmelt is the second prime factor affecting snow 
cover depletion. The meteorological and terrain factors causing varia
bility of melt rates over a basin may act in entirely different ways 
from those affecting the deposition of snow. The principles involved 
in the variation of melt rates with respect to meteorological conditions, 
forest cover, and exposure to radiation are discussed in chapter 5. During 
winter, the melt rates over a basin are generally fairly uniform within 
a given elevation zone, and the amount of melt is usually small. During 
the spring and early summer there is wide variability to melt, due 
primarily to exposure; elevation effects are of lesser consequence. A 
definite snowline elevation does not exist during the melt period. Snow
cover depletion, therefore, reflects the variable influence of both the 
deposition and the melt of snow. The terrain influences on each are 
independent and should be considered separately. 

7-01.11 In general, the seasons of heaviest snow accumula
tion have the longest lasting snow covers and those of lightest snowfall 
have the shortest. The interactions between meteorologic and topographic 
features determine the patterns of snow cover for individual cases. 
These factors are too varied and too complex to permit a practical general 
f ormula for assessment of snow cover from independent meteorological and 
topographic observations. Instead, a relatively simple empirical formula 
or chart f or individual basins is needed to relate snow cover to readily 
observed data, Basin snow-cover depletio~snowpack ablation, and runoff 

261 



are all the integrated effects of the same basic factors. Consequently, 
"depletion-ablation" or "depletion-runoff" curves may be constructed 
for a given basin if adequate and dependable data are available. The 
relationship may be improved by the introduction of a parameter such as 
the ratio of initial depth to areal snow cover, the initial basin snow
pack water equivalent, or the ratio of snowpack water equivalents at low 
and high elevation snow courses. Using these relationships, one can 
determine the area of snow cover. Conversely, if a snow-cover survey is 
made, basin snowpack water equivalent or remaining runoff can be deter
mined. These relationships can also provide the means for reconstructing 
the snow-cover depletion for years of historic floods of large magnitudes 
and establishing snow-cover criteria for design. 

7-01.12 Organization of material and methods of approach. -
The first part of this chapter deals with methods of obtaining direct 
observations of the snow-covered areas and summarizes generalizations on 
the accretion of snow cover. Then, observations of snow-cover depletion 
at the snow laboratories are used as a basis for discussing: (1) the 
relationships between snow-cover depletion, snowpack, ablation, and 
runoff; (2) the influences of terrain on snow cover. Finally, methods 
are given for using snow-cover data in forecasting residual runoff and 
in hydrograph synthesis. 

7 -02 . METHODS OF OBSERVING SNOW COVER 

7-02.01 General. - Systematic and complete observations of 
snow-covered area have been obtained only in recent years. Consequently, 
observational techniques for the collection of snow-cover data are not 
as standardized as those for many other basic hydrologic data. Also, 
the determination of snow-covered areas from the ground is extremely 
difficult, especially for rugged mountainous headwater areas, where 
routes of communication are generally lacking. The increasing use of 
aircraft for snow-cover observations has, however, made headwater areas 
readily accessible to both visual and photographic observations. In 
general, the following methods have been employed to obtain snow-cover 
information: 

(1) Ground reconnaissance, utilizing prominent vantage 
points and transmountain highways to observe and map areas of snow, 
and also to define the elevation of the snowline when possible. 

(2) Ground photography of selected sections of the drainage 
basin from fixed reference or vantage points. 

(3) Aerial photography, either vertical or oblique. 

(~) Aerial reconnaissance, from high- or low-level' flight, 
supplemented by photographs, maps, sketches, and snowline elevation 
observations. 
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7-02.02 Ground reconnaissance. - Reliable determinations of 
the snow-covered area based on visual observations from the ground 
require considerable compete~ce. No check or evidence exists to support 
the subjective opinions of the observer. The coverage cannot be as 
complete as coverage from aerial surveys because of obstructions, such 
as forest and hills, to the field of vision. In addition, the travel 
to satisfactory vantage points make ground observations expensive and 
time consuming. These limitations of ground reconnaissance surveys are 
more serious during the ablation than during the accumulation period. 
During the accumulation season, the use of ground reconnaissance is 
practical, since snowline elevations in mountainous areas are satis
factory indexes of snow-covered areas. In many basin~, transmountain 
highways provide access tr~ough a range of elevations thus making pos
sible the determination of the average snowline by automobile reconnais
sance. Such observations may be made in conjunction with regular early
season snow-survey measurements. After the onset of the melt season, 
however, ground observations of snow cover are not recommended as a 
means of determining basin snow cover. 

7-02.03 Simultaneous and independent observations of snow
covered areas by ground observation and aerial photographic methods 
were made at CSSL during the 1947 melt season. Comparison and analysis 
of these observations are presented in Appendix I to Research Note 16. 
Assuming the aerial photography analysis to give the correct snow cover, 
ground estimates of snow cover were found to be too high early in the 
season and too low later in the season. Estimates of snow cover made 
from high vantage points were found to be more reliable than those made 
from lower, inferior view points. On some of the sub-areas, the ground 
estimates of snow cover were as much as 50 percent less than those 
determined by aerial photography. For over half of the basin, however, 
the estimate from ground survey was within 15 percent of the value 
determined from the aerial photographs. From this experience, it is 
concluded that estimates from the ground should be made from high points 
whenever possible. Care should be taken not to bias the results to favor 
the more readily observable open areas in preference to wooded or more 
obscure areas. This results in overestimates early in the season and 
underestimates late in the season. 

7-02.oh Ground photography. - Ground photographs are gen
erally used as indexes of areal snow cover rather than measures of the 
total snow-covered area. Actual snow-covered area can be determined 
by relating these photographic indexes to actual snow-cover amounts 
determined by other means. Potts SI has utilized ground photographic 
methods for providing a direct index to snowmelt runoff on the middle 
fork of the South Platte River in Colorado, by-passing the determination 
of areal snow cover. Miscellaneous Report 1 describes a procedure for 
establishing a snowline index from horizontal ground photographs of the 
Sierra Nevada in the vicinity of CSSL. Panoramic photos were taken at 
a site at about the SOOO foot level near Emigrant Gap, California. 
The procedure consisted essentially of obtaining a master photograph, 



on which were located prominent features of the landscape with their 
elevations. A considerable portion of the 40 sq. mi. drainage area of 
the South Fork of the Yuba River is visible from this site. Between 
8 March and 21 June 1948, thirteen series of panoramic photographs were 
taken from the site, and snowline indexes from elevation zones and 
exposure sectors were determined for each series. The index was used 
for the purpose of correlating snow cover to measurements of water 
equivalent of the snowpack and runoff. 

7-02.05 In 1950, the U. S. Weather Bureau established a 
snow-cover investigations unit, for the purpose of estimating the extent 
of snow cover in the Columbia River basin, to be used in connection with 
seasonal and short-term streamflow forecasting. A report of the 
activities of this unit was made at the annual Cooperative Snow Investi
gations Conference of 1 April 1952, and at the Western Snow Conference 
in 19S3. 1/ The principal method used by this unit to estimate snow 
cover has-been by ground photographs from key stations. A photographic 
record is currently being accumulated from which indexes of snow cover 
may be determined. The photographs are taken periodically through the 
melt period by cooperative observers and using standardized photographic 
procedures. 

7-02.06 The standardized procedure used by the snow-cover 
unit to photograph selected portions of a basin from fixed vantage 
points, for the purpose of establishing an index of snow cover, consists 
of: 

(1) Selecting photographic stations. 

(2) Preparing a master panoramic view of the watershed 
from each station. 

(3) Dividing the master photograph into convenient exposure 
sectors. 

(4) Identifing and determining elevation of prominent 
landmarks on the master photograph. 

(5) Photographing the progress of snow-cover depletion from 
each point. 

(6) Determining the average snowline in each exposure 
sector and assigning a snow-cover index value to each snow-line 
elevation. 

The procedure is subject to considerable personal judgment and requires 
experience in taking the photographs and evaluating the snow line. A 
disadvantage is that some areas are obscure, and also there is great dis
tortion with increasing distance from the camera, so that the use of a 
uniform grid system is not practical. An additional disadvantage of the 
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method of ground photographs is that for routine observations a consider
able time is required before the pictures are ready for analysis. Since 
these photographs provide only an index of snow-covered areas, if actual 
basin snow cover is desired, results must be correlated with simultaneous 
observations of the actual cover. The method does have the advantage 
of being inexpensive and of providing records to supplement personal 
judgment. 

7-02.07 Aerial photography. - Aerial photography is an 
exact method of determining the area of snow cover. It furnishes a 
permanent record which can be analyzed at any time, and information 
which can be transferred to basin maps for evaluation of the true cover. 
Aerial photographs are taken both vertically or obliquely. Their use 
varies from a supplement to visual observations to a complete and pre
cise delineation of the snow-covered area. The principal advantages of 
aerial photographs are: (1) a record is obtained which may be preserved, 
and from which detailed analyses may be made of true snow-covered area; 
(2) remote regions which are not accessible to ground surveys may be 
covered by air; and (3) through use of stereo-pairs, determinations of 
snow cover and surrounding terrain elements may be made from which the 
two may be correlated. Aerial photographs have been used primarily for 
special studies of snow cover on small basins. Their application to 
larger basins for operational use, however, is subject to the following 
limitations: (1) the large number of photographs required to cover 
such basins; (2) the high cost of operation of aircraft which can operate 
at high elevations; (3) the time required for photograph processing and 
evaluation; (4) the difficulty of interpretation of snow cover in 
forested areas; and (5) the near-ideal weather conditions required 
during periods when snow-cover observations are needed. 

7-02.08 Aerial photographs of snow cover were obtained for 
UCSL and CSSL, for the years listed in table 2-6 (chapter 2). Those 
for UCSL were vertical photographs, taken at flight levels ranging from 
13,000 to 17,500 feet and using aerial. mapping cameras. For CSSL, 
oblique photographs were obtained primarily by light aircraft not equip
ped for vertical photography. Data from these flights were used for 
detailed studies of snow-cover relationships. 

7-02.09 In the application of vertical aerial photographs 
for project-size basins, the most critical difficulty lies in the large 
number of photographs required to cover the basin. Flying at 10,000 
feet above the ground surface and using a 9 x 9 inch camera with an 
8.15 inch focal length, the total area covered by each picture is about 
4 square miles. If only one quarter mile overlap is provided for each 
picture, the effective area is 2.2 square miles per picture. For a 
10,000 square mile area, about 450 photographs would have to be taken, 
processed and interpreted. Even when photographing only the marginal 
zones of snow cover, a large number of pictures is required. 

7-02.10 Aerial reconnaissance. - The most feasible method 
for obtaining timely and accurate estimates of snow cover is aerial 
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reconnaissance. Unlike the data from aerial photographs, the reconnais
sance snow-cover information is available to the hydrologist as soon as 
the flight is completed. The probable small increase in accuracy would 
not warrant taking aerial photographs, particularly when special skills 
for processing and interpreting them are not generally available. The 
cost of aerial reconnaissance using light aircraft is less tnan ground 
reconnaissance, considering the difference in time required. Its cost 
is far less than that for obtaining complete coverage by aerial photo
grammetric methods. While suitable weather conditions are required 
for aerial reconnaissance, these requirements are considerably less than 
for aerial photos. The principal disadvantages of the method are: 
(1) evaluation is subjective and results cannot be verified, and (2) it 
is dependent to some extent upon weather conditions. Observing snow 
under the forest is difficult, regardless of the basic method used, 
whether from ground or air. Supplementing aerial reconnaissance with 
oblique aerial photos provides continuity between observations and aids 
in verifying subjective observation. 

7-02.11 Various Corps of Engineers offices, including 
Sacramento, Portland, Seattle, Walla Walla, and Omaha districts, have 
made regular observations of snow cover by aerial reconnaissance for use 
in flood evaluation and reservoir regulation. The methods used have 
varied, depending upon the areas involved, aircraft available, weather, 
and preference of those making the flights. In general, two procedures 
have been used successfully. Both consist basically of observing 
snow-covered areas and plotting them on a topographic map. In one case, 
flight altitude is maintained 4000 to 5000 feet above the highest ridge 
lines, thus enabling the observer to obtain a fairly broad view of the 
basin as a whole. The other method is to fly in the canyons approximately 
at the elevation of the snowline. The high-level flight requires better 
conditions of ceiling and visibility, which often limits the time that 
observations may be made; however, more comprehensive definition of the 
snow-covered area may be made from high-level flight. Also in some cases 
mountain ranges may be too high to permit the use of light planes in the 
high-level flight procedures. Early in the season when snow generally 
covers a large portion of the basin, only the lower portions of the 
basin are exposed and there is less variability of the snowline. At 
such time, low-level flight may be preferred. Whenever cloud conditions 
prevent flying over mountain ridges, low-level flight must suffice. A 
hand level is sometimes used to maintain the flight level at the approxi
mate snowline elevation so that altimeter readings can be used to measure 
the height of the snowline. When it is impossible to fly the entire 
basin, a system of sampling the elevation of snowline on various aspects 
and areas may be used to evaluate an average basin snowline. This in 
turn may be applied to an area-elevation curve to determine the snow
covered area. When viewing heavily forested areas from low-level flight, 
the line of sight being more or less horizontal, it is difficult to 
determine snow cover under trees. Viewing the area vertically gives a 
better opportunity to estimate snow cover under those conditions. Snow
free patches, well within the snow-covered are~ often occur on steep 
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slops. These ar \~ as appear relatively large when viewed horizontally or 
obliquely; actually, they may represent negligibly small areas on a 
horizontal projection. A detailed report on aerial recommaissance of 
snow cover in the Kootenai and Flathead basins by the Seattle District 
office is contained in Technical Bulletin 15. 

7-02.12 The following general recommendations are made for 
conducting aerial snow-cover reconnaissance surveys: 

(1) Trained personnel who know the basin hYdrologic char
acteristics should make the survey. 

(2) The observer should be familiar with landmarks through
out the basin, and ground features should be identified continually 
during the flight. 

(3) The snowline should be identified as to elevation or 
location and plotted on the base topographic map. 

(4) Where spotty or patchy fringe areas of snow cover exist, 
an average snowline sho"ld be estimated and plotted. 

(5) Aerial snow-cover reconnaissance flights should be 
scheduled to coincide with ground snow-course surveys, insofar as 
possible. 

(6) Aerial snow-cover surveys should not be made immediately 
after a new snowfall. 

(7) Supplementary photographs should be taken which will 
show progress of snow-cover depletion in a given area from flight
to-flight. Photograph points should be established which are 
easily recognizable. Pictures should be taken from the same point 
each time, at a specific altitude. Areas photographed should show 
both northerly and southerly slopes. 

(8) Low-level flights should be made at the snowline level 
and this level plotted on the topographic map. 

7-02.13 The interpretation of the snow-covered area from 
aerial reconnaissance surveys is made by planimetering the areas of snow 
on the basin map. As an independent check, average snowline data may be 
applied to area-elevation curves, but this latter method is less reliable. 
Where basin coverage is not complete, area-elevation relationships must 
of necessity be used. For this purpose; the average snowline should be 
carefully weighted to reflect the various conditions of exposure through
out the basin. 



7-03. SNOW-COVER ACCRETION 

7-03.01 Although a simple method for quantitative evaluation 
of snow-cover accretion has not been developed, a few qualitative state
ments may be made concerning the processes involved. Broadly speaking, 
there are two types of areas to be considered, namely, mountainous 
regions and open plains. For mountainous regions, as was explained 
earlier, the area covered with snow during periods of accumulation 
varies primarily with elevation. Reference is made to section 3-04 for 
a discussion of elevation effects on snow accumulation. While there may 
be large variation in the depth of snow because of meteorological and 
terrain effects on snow deposition, the amount of melt during the 
accQ~ulation period is small and generally is not sufficient between 
storms to expose the lightly covered areas. The elevation of the snow
line, therefore, is primarily a function of the form of precipitation in 
individual storms, and accordingly is dependent upon elevation. 

7-03.02 On wind-swept open plains, snow-cover accretion may 
be irregular because of drifting. In such areas, the elevation range 
is small and the effect of elevation on accretion is usually negligible. 
The variation in snow cover in this case is a complex function of 
meteorologic conditions, primarily of wind, temperature, precipitation, 
and the sequence of these events, superimposed on small-scale terrain 
irregularities. The relative magnitudes of these effects have not been 
determined separately. 

7-03.03 In some mountainous regions, the combined effects 
of steep slopes, high wind, and lack of forest may result in local 
patches of snow-free ground in an area which is generally snow-covered 
during the accumulation period. Usually, the relative magnitude of 
these areas is small when considered with respect to the drainage basin 
as a whole. 

7-03.04 The effect of forest on snow accretion is to cause 
greater uniformity of cover than would occur in bare areas. The effect 
of forest on snow accumulation may be considered analogous to its effect 
on snowmelt, in that it tends to "level out" the variability of meteoro
logic processes. In the case of snowmelt, forest influence permits the 
use of temperature to index the radiation melt process. For snow accu
mulation, a uniform forest stand provides a means for distributing snow 
more equitably with regard to the rest of the terrain features and 
minimizes the variability of deposition in locations of abnormally high 
winds or steep slopes. 

7 -04. SNOW-COVER DEPLETION AND ITS RELATION TO TERRAIN 

7-04.01 General. - The factors affecting snow-cover deple
tion are extremely complex and include the interrelationships between 
terrain and meteorologic conditions during snow deposition, as well as 
during melt periods. It is not feasible to attempt evaluation of snow 
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cover depletion by rational procedures. Rather it is necessary to 
derive empirical relationships Hith readily observed data for the 
purpose of determining snow cover for individual basins. Not only do 
these relationships vary from basin to basin but, with regard to snow
cover depletion on a particular basin, each year has its peculiarities, 
resulting primarily from the meteorological differences during the 
accumulation and melt periods. Therefore, a precise quantitative 
definition of snow-cover depletion applicable to all areas and to all 
years is not possible from the limited observations which are available. 
It is, rather, the intent of this section to present a qualitative 
evaluation of the processes of snow-cover depletion and their relation 
to terrain. These are based primarily on observations at the snow 
laboratories. Later sections of this chapter deal with snow-cover 
depletion as related to ablation of the snowpack and accumulated runoff. 

7-04.02 Analyses of snow-cover depletion in relation to 
terrain have been made on the basis of snow-cover observations at CSSL 
and UCSL (as reported in Research Note 16). The results of the analyses 
contained in Research Note 16 are summarized in the following paragraphs. 

7-04.03 Analysis of the 1947 season at CSSL. - A detailed 
analysis of snow-cover depletion during the 1947 season at CSSL was 
accomplished by subdividing the basin into twenty topographic units 
of homogeneous character, as shown on figure 2, plate 7-1. The percent 
snow cover was determined for each unit from analysis of aerial photo
graphs of the entire basin which were made that year. Several flights 
were made from which the progress of depletion could be determined. 

7-04.04 The 1946-47 season at the CSSL was deficient in 
snowfall; the snowpack water equivalent was less than 70 percent of 
normal. The melt season was warm and free of storms from 10 April until 
the end of May when most of the snow was gone. Consequently, the 
determination of snow cover during the melt period was not complicated 
by new-fallen snow from spring storms. The initial streamflow rise 
commenced on 10 April, and the snowmelt contribution of runoff term
inated early in June. The peak discharge occurred on 1 May. In general, 
the continuous nature of the melt season made it ideal for the study of 
snow-cover depletion. 

7-04.05 Depletion of snow cover, 1947, at CSSL. - A gener
alized description of the progress of depletion of snow cover during 
1947 is as follows: 

a. On 31 March snow cover was substantially complete over 
the entire basin, with minor exception of some steep slopes on Castle 
Peak. 

b. At the middle of April, cover was still high, averaging 
about 92 percent over the basin; bare areas had appeared on high parts 
of Castle Peak and on the south side of Andesite Ridge. 
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c. At the end of April, cover averaged about 80 percent. 
Bare spots that had appeared in the middle of April were larger, and 
snow cover in Uhlen Valley was also partly broken up. In the other 
areas little change in extent of snow cover had occurred. Most of the 
topographic units still had more than 60 percent snow cover, and in the 
upper basin there was a large block of units with more than 90 percent 
cover. 

d. At the middle of May, snow cover averaged 37 percent 
over the whole basin, but the dispersion was quite large. In two topo
graphic subdivisions, mostly in the upper part of the basin on both sides 
of Willow Valley, snow cover exceeded 90 percent. On the other hand, 
eight subdivisions, chiefly south-facing slopes in both upper and lower 
basins, were nearly bare. Figure 7, plate 7-1, shows the areal distribu
tion of snow cover on 30 April and 15 May, when the average basin snow 
cover was 79 percent and 37 percent respectively. The similarity of 
patterns on the two dates may be noted. The relatively stationary 
status of the units with above average snow and the rapid depletion of 
units that were initially below average in cover result in an increase 
of dispersion. 

7-04.06 The sequence of depletion for 1947 is illustrated 
in figure 6, plate 7-1. This diagram shows for each topographic unit 
the number of days after active melt had begun before a snow cover of 
60 percent was attained. It presents, therefore, a measure of the rates 
of snow-cover depletion for various c6nditions of terrain. Seven of the 
units reached 60 percent snow cover within 25 days, while two of the 
units required in excess of 50 days to reach 60 percent cover. The 
shortest time was 13 days for the steep, south-facing slopes of Castle 
Peak, while the longest time was 60 days for the sheltered north slopes 
of Andesite Ridge. Figure 5, plate 7-1 illustrates schematically the 
sequence of snow-cover depletion for an unforested area with relatively 
steep north- and south-facing slopes. For the CSSL, the windward slopes 
face south and the leeward slopes face north. As a result of local 
topographic influences the accumulation of snow is greater on north than 
on south slopes (see chapter 3). Also, since melt rates are greater on 
south-facing slopes, the combined depletion effect results in south 
slopes going bare well in advance of other areas. North slopes, with 
their greater accumulation and reduced melt rates, exhibit the opposite 
effect. 

7-04.07 Topographic influences. - Watersheds differ from one 
another in topography and orientation with respect to exposure to the 
flow of airmasses and to solar radiation and other factors affecting 
deposition and melt. The differences cause variation in depth of snow 
and in the duration of the melt season between basins. Even within a 
watershed, local differences in topography exist which cause variability 
in the accumulation and melt of the snowpack, and consequently in the 
snowpack ablation and snow-cover depletion. In relatively flat areas, 
such as open meadows and valleys or in plains regions, the snow cover 
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tends to remain in tact for a relatively long time until it becomes 
quite shallow. It then exhibits a rapid change as large areas of thinned 
snow become bare simultaneously. This tendency is characteristic of all 
snowpacks of uniform depth subject to uniform melting rates. In mountain
ous areas, on the other hand, there is wide variability in the snow-cover 
depletion with area. Yet, for a given area, the depletion pattern is 
remarkably similar from year to year. A characteristic effect of topo
graphy is manifest in the appearance and development of bare patches, 
which appear at the same sites and grow in nearly identical patterns each 
year. 

7-04.08 Orientation. - The basic considerations of the effect 
of slope orientation on snow-cover depletion were mentioned in paragraph 
7-04.06. The following tabulation, based on CSSL data for the 1947 
season, shows the progress of depletion of snow cover as a function of 
slope orientation: 

DEPLETION OF SNOW COVER WITH RESPECT TO ORIENTATION, CSSL, 1947 

Percent of 
Orientation Percent of area snow covered basin area 

31 Mar 30 Apr 13 May 16 May 

N 100 83 76 57 4 
NE 100 82 72 69 5 
E 100 87 76 75 8 
SE 98 74 37 22 18 
S 99 67 32 25 27 
SW 100 74 35 27 15 
w 100 79 58 38 13 
NW 100 83 69 56 10 

The plotting of the above data in figure 3, plate 7-1, illustrates the 
progressive decrease in snow-covered area for the various orientations 
relative to one another. In extreme, the rate of change of snow-cover 
depletion is from two to three times greater for south slopes than for 
north slopes. (Actually the depletion rate tends to be least in the 
northeast octant, which reflects the greater deposition of snow on the 
lee side of local barriers during the southwesterly atmospheric circula
tion accompanying storms, as well as the reduced melt rates on northerly 
slopes.) Strictly speaking, slope orientation should not be evaluated 
without also considering the steepness of slope. Very flat slopes of 
north and south orientation would tend to be quite similar in depletion 
characteristics while steep north and south slopes would be markedly 
different. The effect of steepness will now be examined. 
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7-04.09 Steepness. - In general, the accumulation of snow 
varies inversely with the steepness of slope, as was pointed out in 
chapter 3. For the CSSL, the fact that most steep slopes are for south
erly orientation also results in greater melt rates. The combined 
effect of below average snow depths and high melt rates causes snow 
cover to deplete at a fast rate on these steep slopes. Separate evalua
tion of the relationship between depletion and steepness of slope is not 
practicalftum CSSL data, because of the interrelationship between 
steepness and orientation. 

7-04.10 Elevation. - The data from CSSL are inadequate to 
relate depletion with elevation, because the entire basin is within the 
headwaters area of the Sierra Nevada. The range in elevation is small 
and other topographic influences at these high elevations obscure the 
effect of elevation. Data from WESL presented in chapter 3 showing the 
variation in slope of the snow-wed~with time reveal the nature of 
depletion in that type of area. As was pointed out in paragraph 3-04.06, 
the slope of the snow-wedge increases through the accumulation period, 
but after active melt is under way, there is little variation in melt 
with respect to elevation, resulting in a nearly uniform decrease of the 
snowpack water equivalent with elevation. Under these conditions, the 
depletion of snow cover with respect to elevation is a function almost 
entirely of the variation in snow accumulation, and only slightly of 
the variation in melt. When considered over large ranges in elevation 
(sea level to, say, 10,000 feet) elevation is of course the most impor
tant Single topographic variable in its effect on depletion of snow 
cover. 

7-04.11 There are several compensating factors affecting 
variation of melt with elevation. What melt occurs during the accumula
tion season is largely a function of elevation. Solar radiation melt 
is small, hence air temperature mainly determines the amount of melt. 
During the late spring melt season, however, solar radiation is the 
prime source of energy for melting snow. 

7-04.12 Figure 4, plate 7-1 shows the snow cover-elevation 
relationship for various dates of observation for CSSL during 1947. This 
diagram illustrates the depletion of snow cover with elevation and shows 
that the relative magnitude of depletion in the various elevation zones 
was greatest in the upper and lower portions of the basin, and least in 
the mid-elevation zones. The effect of topographic features other than 
elevation obscured any quantitative evaluation of elevation effect on 
depletion. 

7-04.13 Forest. - It is difficult to evaluate quantitatively 
the effect of forest on snow-cover depletion. Studies from CSSL show 
little relation between forest and depletion, but the results were 
obscured by the effect of more significant terrain parameters. Figure 1, 
plate 7-1 is an aerial mosaic showing the distribution of the forest 
at CSSL. It was shown in chapter 4 when considering the interception of 
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snow by the forest crown that the accumulation of snow under dense forest 
may be less than 80 percent of that in adjacent open areas. Factors 
affecting melt in various-sized forest openings have been discussed in 
chapter 5, and in general, melt rates are highest in large clearings 
and decrease to a minimum in small clearings protected from sunshine by 
the surrounding trees. In a broad sense, the effects of forest on 
accumulation and melt tend to balance each other, so that the depletion 
rates would be similar in magnitude. It has been observed in the heavily 
forested WBSL that the last remaining snow patches are in the small forest 
clearings, which again shows the integrated effects of above-normal 
accumulation and reduced melt in these locations. 

7.04.14 Kittredge 4/ performed an exhaustive study on the 
influence of forest on snow in the central Sierra Nevada using observations 
made over a period of seven years. Measurements included profiles of 
snowpack water equival~nt~ under various densities and species of forest, 
made at various times through the snow season. Those conclusions from 
the study directly pertinent to snow-cover depletion are quoted below: 

Ill. From 13 to 27 percent of the seasonal snowfall was 
intercepted by the forest canopies. 

"2. The maximum water equivalents· of the total snow on the 
ground or the amounts of water in storage in the snow are larger in red 
fir and in the cutover stand with large openings than in the clearings, 
and smallest in dense fir and ponderosa pine stands. The dates of maxi
mums in the forested areas are usually later than in the open areas. 
Maximum water equivalents in the cutover mixed conifer and in a few 
other areas, for some years, vary inversely with the crown coverage 
within a 20-foot radius. 

"3. T he effect of trees on the south side of the large 
clearing on the water equivalents of the snow was to maintain greater 
storage not farther to the north than the height of the trees, as com
pared with the smallest amounts at greater distances where melting was 
more rapid. 

"1+. Openings between the crowns showed average maximum 
accumulations of 1 to 5 inches water equivalent larger than did areas 
under the crowns. 

11 5. The first exposure of bare ground varied from March 
28 to May 5 between extremes in different forest types, and more than 
60 days in different years in the same type. 

n6. The average date of disappearance of the snow varied 
from April 17, in the old ponderosa pine, to June 1 in the red fir, and 
by about 2 months between extreme seasons. 
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"7. The date of disappearance of the snow varied inversely 
to the crown coverage within a 20-foot radius in the cutover mixed 
conifer area, and in some other types in certain years. 

"8. The average duration of the snow cover varied from 117 
days, in the ponderosa pine, to 160 days in the red fir area. 

"9. The percentage of area covered by snow decreased after 
the first exposure of bare ground by from 4.4 percent per day, in the 
red fir area, to 17.2 percent in the lower meadow. 

"10. The rates of melting tended to be lower under the crowns 
than in openings, and lower in openings than in the large clearing, per 
unit change in the independent variable in each case, but the influence 
of trees in retarding melting was quite small." 

7-04.15 Snow- cover depletion, UCSL. - To illustrate the 
process of snow-cover depletion in an area of non-uniform deposition of 
snow, successive aerial photographs of the progression of depletion 
within the Blacktail Hills, UCSL, are shown on plate 7-3, for 1946 and 
1947. The area shown in each photograph is slightly over one square 
mile. The growth of bare areas is apparent during successive periods 
of melt. The wind-swept ridge of the Blacktail Hills possesses little 
forest and conditions are favorable for low deposition and high melt of 
snow. The ridge becomes bare of snow early in the season, but on the 
lee side (northeast), snow remains much later in the season. These 
photographs illustrate the uniformity of depletion patterns between the 
two years ~946 and 1947) which serves to give confidence to the use of 
index relationships for estimating snow cover in mountainous regions. 
Plate 7-2 is an aerial photograph of the entire UCSL, taken on 2 May 
1946, showing approximately the mid-season condition of snow-cover 
depletion on the basin. Also outlined on this photograph is the area 
of the Blacktail Hills contained in the successive photographs of plate 
7-3. Notice the wide diversity of areas bare of snow for the various 
slopes within the basin. 

7-04.16 Effect of diversity of terrain on snow-cover 
depletion. - The preceding paragraphs have discussed the variability of 
snow-cover depletion caused by each of the primary terrain factors. The 
integrated effect of all these factors on a basin area determines the 
rate of snow-cover depletion. The greater the diversity of terrain, the 
longer will be the time of depletion of snow cover. Areas having uniform 
conditions of accumulation and melt will exhibit rapid changes in snow 
cover from the time the first areas become bare to the condition of 
complete loss of snow. 
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7-05. SNOW-COVER DEPLETION VS. ABLATION OF THE SNOWPACK 

7-05.01 General. - The preceding section described in 
general terms the variation of snow cover depletion with major terrain 
factors, in order to show the fundamental processes involved in snow-cover 
depletion. For the practical determination of snow-covered areas, however, 
it is necessary to determine average relationships between basin snow cover 
and commonly observed data. One such usable relationship is that with 
ablation of the snowpack, or as a step further, accumulated runoff. 

7-05.02 Figure 1, plate 7-4 is a schematic diagram illustrat
ing basic differences in the character of snow-cover depletion-ablation 
relationships of deep snowpacks. Curve A represents the conditions for 
heterogeneous basins, where snow accumulation and melt are affected by 
topograpr~c variability. Beginrdng with the time the basin first begins 
to go bare, the area of snow cover decreases quite uniformly with 
ablation of the snowpack, resulting in a curve which is slightly concave 
downward. The reverse curvature near the bottom of the curve is caused 
by the few remaining deep drifts which last long after the major portion 
of the original snow-covered area has gone bare. Curve A is typical 
of mountainous areas of western United States. Curve B shows the rate 
of depletion on a homogeneous basin, where large amounts of snow are 
uniformly distributed over the area, and where melt rates are relatively 
uniform. Here, the snow-cover depletion with respect to ablation is 
slow at first and then suddenly increases. This type would be expected 
in the plains regions. 

7-05.03 Depletion vs. ablation, CSSL. - Depletion-ablation 
relationships are shown in figure 2, plate 7-4 for several of the 
homogeneous topographic units of CSSL for the 1947 melt season. Also 
shown in the figure is a curve representing the basin as a whole. 
Curves for each of the units lie above the one for the entire basin and 
show that for areas of homogeneous character, there is a trend for a 
more pronounced "knee" in the curve as discussed in the preceding 
paragraph. When an area has a large variety of slope facets, as in the 
case of the basin as a whole, the curvature becomes less pronounced. 

7-05.04 Figure 3, plate 7-4, shows the depletion-ablation 
relationships for four years at CSSL for the basin as a whole. Data 
for 1948, 1950, and 1952 are less complete than those for 1947. It is 
seen that the curve for 1947 lies below that of the other three years. 
This is accounted for by the fact that the relationship is begun on 
1 April at which time the 1947 snowpack was relati 1rely less than in 
the other years. Because of this fixed starting date, the curvature 
in the relationship is greater for years of above-normal snowpack 
accumulation while for years with below-normal snowpack the curvature 
is less than it is for normal snowpack conditions. Beginrdng the 
accumulated ablation-snowcover curves at 98 percent cover regardless of 
date, these curves are all similar in shape. 
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7-05.05 The difference between accumulated ablation of the 
snowpack and accumulated runoff represents the net effect of losses 
(evapotranspiration and soil-moisture increase) and ground-water and 
other basin storage. Figure 4, plate 7-4, indicates the 1947 CSSL 
snow-cover depletion as a function of accumulated runoff as well as 
accumulated ablation of the snowpack. The displacement of the runoff 
curve to left of the ablation curve is due to losses and storage. (In 
the case of CSSL, storage is relatively small in proportion to the total 
runoff. ) 

7-06. SNOW-COVER DEPLETION VS. RUNOFF 

7-06.01 General. - Relating snow cover to observed runoff 
during the active melt period provides a convenient method for estimating 
snow-covered area continuously through the melt season. Snow cover 
may be related directly to observed data, or a mathematical function 
may be used to express the relationship. Data from Research Note 16, 
showing the relationships at the laboratories and a few miscellaneous 
basins, are presented to illustrate the general character of the rela
tionships. Runoff may be accumulated commencing either from (1) the 
time of initial rise in streamflow, (2) the time of maximum snowpack, 
or (3) an arbitrary date, such as 1 April. It is also useful to 
accumulate historical runoff data from the end of the snowmelt runoff 
season, backward through the melt period, and thus relate snow cover 
to "future runoff." All values of accumulated runoff should be corrected 
for spring precipitation (either rain or snow) so that the relationships 
will express conditions resulting from the initial snowpack and thus 
will be more consistent from year to year. 

7-06.02 Examples of depletion vs. runoff relationships. -
Figure 5, plate 7-4 shows curves of snow-cover depletion as a function 
of accumulated runoff from snowmelt for the period 1 April through 31 
July for the CSSL basin, Skyland Creek at UCSL, St. Louis Creek in 
Fraser Experimental Forest, Colorado, 11 and for Kings River, California. 
These curves reflect the effects of snow-cover depletion, ground-water 
storage, losses, and the magnitude of the snowpack in individual years. 
Similar curves could be constructed on the basis of generated rather 
than actual runoff, and thereby eliminating the effect of storage. For 
the cases shown, runoff from CSSL is the least affected by storage 
(the curves are displaced farthest to the right). Skyland Creek at UCSL 
and St. Louis Creek at Fraser Experimental Forest possess longer times 
of storage delay to runoff, and accordingly their curves are displaced 
to the left. 

7-06.03 Figure 6, plate 7-4 shows the snow-covered area 
(in percent of initial snow cover) plotted against future runoff (in 
inches over area initially snow covered). As would be expected, there 
is wide divergence in amount of future runoff associated with a given 
snow cover early in the season. When snow-covered area is high, the 
future runoff depends principally upon the water equivalent of snowpack; 
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as the melt season progresses, the lines converge to indicate future 
runoff is largely a function of remaining snow cover. Such empirical 
relationships suggest the possibility of forecasting from direct observa
tion of snow cover the remaining volume of snowmelt runoff after the 
melt season is under way. 

7-06.04 Mathematical expression for snow-cover depletion. -
In the absence of observed data, snow-cover values may be obtained from 
a theoretical snow cover-runoff curve, (Research Note 19). The general 
expression used to relate snow cover to generated runoff is as follows: 

., 

As = 1.0 - (~Qgenr ( 7-1) 

where As is the fractional portion of the basin area which iSS10W 

covered, Qgen is the generated runoff relative to the total seasonal 

runoff from the initial snow-covered area, and n is an exponent express
ing the characteristic basin snow-cover depletion with runoff. For 
basins which are initially 100 percent snow covered, the runoff summation 
begins when the basin first begins to go bare. Runoff is expressed in 
terms of generated flows, and hence, storage effects are not pertinent. 
The value of n reflects the diversity of terrain effects on snow-cover 
depletion. In the case of WBSL, where a snow wedge adequately defines 
the variation in the snowpack water equivalent with elevation, a value 
of n = 2 gave reasonable values of snow cover. The curve for the value 
of rr = 2 approximates closely the condition of a uniformly ablated snow 
wedge for a basin with a typical S-shaped area-elevation relationship, 
and with snowpack water equivalent proportional to elevation above the 
snowline. A smaller value of n would be expected in areas of greater 
diversity of terrain. In plains regions with uniform deposition of 
snow and melt, the value for ~ may be 3 or more. Figure 7, plate 7-4, 
illustrates the rate of snow-cover depletion for various values of n in 
equation 7-1. It is pointed out that these mathematically expressed 
curves do not account for the reverse curvature which appears near the 
end of season in some basins, as illustrated by curve A, figure 1. 

7-07. METHODS OF ESTIMATING SNOW COVER FROM INDEXES OR DERIVED 
RELATIONSHIPS 

7-07.01 General. - In the derivation of design floods and 
in seasonal-runoff or rate-of-flow forecasting, it is necessary to 
evaluate the area of snow cover for the particular melt sequence. In 
some such procedures, the area of snow cover is implicitly evaluated 
by another variable which is related to snow cover. For example, many 
procedures for forecasting seasonal runoff from snow-course data do not 
account for the area of snow cover directly, but derived relationships 
between snow-course water equivalent and runoff implicitly include the 
average relationship between area of snow cover and snowpack water 
equivalent. However, since there is variability in the relationship 
between snowpack water equivalent and snow cover, the average relationship 
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can at best only approximate the true volume of water stored in the 
snowpack. 

7-07.02 The most reliable estimate of snow cover is one 
made from direct observation, as described in section 7-02. In many 
cases, however, such observations are not feasible, and estimates must 
be indirectly made from other observed data. Also, once a sufficient 
period of record of snow-cover observations have been obtained and 
related to other data, the frequency of making snow-cover observations 
can be reduced, and snow-cover estimates can be made more quickly and 
more economically by indirect relationships than by direct observation. 

7-07.03 In estimating snow cover from other observed data, 
derived relationships are used in two ways. One is in obtaining a single 
estimate of snow cover at a specific time and the second is for estimating 
day-to-day changes in snow cover. Methods used for determining snow
covered areas are listed below under these two categories: 

A. Methods of estimating snow cover at a specific time. 

1. Index relations of snow cover to fixed ground or 
aerial observations, or photographs of snow cover at a point or 
series of points. 

2. Use of snowline observations and area-elevation 
relationships. 

3. Relation of snow cover to point measurements of snow. 

a. Water equivalent measurements. 
b. Snow depth measurements. 

B. Methods of estimating changes in snow cover. 

1. Empirical relation of snow-cover depletion to 
accumulated runoff. 

a. Curves derived graphically from observed data. 
b. Mathematical equation. 

2. Relation of snow-cover depletion to temperature or 
some index of melt. 

J. Use of current precipitation and temperature data 
to establish areas of new snow, within the accretion or depletion 
period. 

4. Subdivision of basin into elevation zones or homo
geneous sub-areas. 
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7-07.04 Indexes of snow cover. - Methods of observing snow 
cover, from a point, either on the ground or from the air, have been 
described in section 7-02. The quantitative evaluation of basin snow 
cover using point observations as indexes, required simultaneous observa
tions of the index and of basin snow cover until a relationship has been 
established between the two. Average snowline elevations may be used 
with area-elevation relationships to determine snow cover in mountainous 
regions, particularly during the accumulation period, but care should be 
exercised in their use during the melt period. 

7-07.05 Snow course measurements of snowpack water equiva
lent at one or more snow courses may be related to snow cover as a 
simple function. Obviously, snow courses selected for use in this 
relationship should be those on which snow remains for the longest 
possible time. The principal deficiency of the method is that such a 
simple correlation does not account for variation in slope of the snow 
wedge. In Research Note 22, the area of snow cover of the North Santiam 
River basin above Detroit Dam was expressed as a function of the ratio 
between the snowpack water equivalents of two snow courses at different 
elevations. Only one season's snow-cover observations were available, 
however, so the reliability of the method on this basin cannot be 
assessed. Snow-depth observations are useful primarily in defining the 
times that areas become bare of snow for given locations and elevations. 
Care should be taken in selection of the point(s) to secure representa
tiveness of basin conditions, both with regard to snow deposition and 
melt. In the West, snow-course measurements are made at monthly or 
bimonthly intervals, so that their use is limited to the times of 
observations. Snow-depth measurements at weather observation statio~s 
are available daily during the period of snow cover. 

7-07.06 Estimates of basin snow-cover depletion. - A 
knowledge of the change in snow cover between times of observation 
during the melt period is required for many snow-hydrology problems. 
The most feasible method is to assume snow cover to vary with some 
continuous function, such as runoff, time, or a melt index. Section 
7-06 described relationships between snow-cover depletion and accumulated 
runoff, based on snow-laboratory observations. The procedures have been 
used by the Seattle District on the Kootenai and Flathead River basins, 
as described in Technical Bulletin 15. The available observations are 
insufficient, however, to derive general relationships for these areas. 
Empirical relationships in graphical or mathematical forms may be used 
to relate snow-cover depletion to runoff according to methods set forth 
in section 7-06. The use of a time function alone to express depletion 
is not too reliable because of the variations in melt (and hence deple
tion), with time. A simple index of melt, such as degree days, may be 
used to evaluate depletion, but the use of accumulated generated runoff 
is considered to be more practical because (1) it integrates all factors 
affecting melt, (2) it is simpler to use than melt indexes, and (3) it 
is readily available. 
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7-07.07 During the period of snow depletion, snow-cover 
estimates may be improved by use of current temperature and precipitation 
data. The purpose is to delineate areas of shallow new snow which con
tribute little to runoff. Once the areas covered by new snow are 
evaluated the time required to melt the new snow in order to re-establish 
the snow-cover depletion rate of the old snow can be determined. 

7-07. 08 A different approach to the determination of snow
caver depletion is that of subdividing a basin area into zones of equal 
elevation. Beginning with an assumed or known distribution of snowpack 
water equivalent with elevation, values of snowpack water equivalent are 
determined for each zone. By maintaining an inventory of snowpack accu
mulation and ablation, the depletion of snow on successive elevation 
zones is determined. The principal difficulty of the method is in the 
evaluation of precipitation distribution with elevation, particularly for 
heterogeneous areas. A refinement of the method is to assume a non
uniform distribution of snowpack water equivalent within a given zone. 

7-08. APPLICATION OF SNOW-COVER OBSERVATIONS TO BOISE RIVER BASIN 

7-08.01 General. - Of recent years, the Walla Walla District 
of the Corps of Engineers has determined the area of snow cover on 
various drainage basins within their district by means of aerial recon
naissance. Some of this information has been used by the Snow Investi
gations in studies of daily snowmelt and streamflow for the Boise River 
near Twin Springs, Idaho (D.A = 830 sq. mi.). Results of those studies 
are presented in chapters 6 and 9. The importance of snow cover in 
these studies led to a detailed analysis of snow cover on the Boise River 
basin during the 1954 and 1955 melt seasons. These analyses are 
described in this section. 

7-08.02 Description of 1954 and 1955 seasons. - The snowpack 
on 1 April was above normal in 1954 and somewhat below normal in 1955. 
During April, 1954, melting conditions prevailed and light precipitation 
fell, principally in the form of rain. April, 1955, on the other hand, 
was characterized by below normal temperatures and above normal precipi
tation, thereby resulting in a large increase in accumulation of snow. 
The major portion of the snowpackablation occurred during May of both 
years. In 1954 the last few days of May and the first half of June were 
cold and wet, thereby retarding the melt of the remnants of the snowpack. 

7-08.03 Progression of snow-cover depletion. - Plate 7-5 
presents the results of the aerial observations of snow cover on the 
Boise River basin above Twin Springs, Idaho, during the 1954 and 1955 
melt seasons. Principal streams and elevation contours are shown on 
each of the basin maps to convey a general idea of the topography. 
Fi gure 3 on plate 7-5 shows the location of hydrometeorological stations 
within the basin and in the surrounding area. Plate 7-6 shows the hydro
meteorological events for each of the two years, including estimated 
basin precipitation (both rain and snow are shown separately), mean 
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daily temperature at Atlanta (elev. 6000 ft msl), daily discharge 
hydrographs for Boise River near Twin Springs, Idaho, for the period 
Harch through June, and snowpack water equivalents for snow courses 
within the basin or adjacent areas for those dates for which records 
are available. Also shown are the observed snow-cover data, plotted on 
the same time scale. For times between observations, the 1955 values 
are interpolated by means of the snow cover-generated runoff relation
ship (corrected for subsequent precipitation), shown in figure 3, plate 
7-6. For 1954, estimates of snow cover between observations were made 
by drawing a smooth curve drawn through the four observed points thus 
defining the snow-cover depletion only in a general way. Precipitation 
and temperature data, between dates of observation, suggest significant 
deviations between the actual cover and that shown by the snow CO'Ter
time curve. 

7-09. SUMMARY AND CONCLUSIONS 

7-09.01 Snow-cover info~ation is, like temperature or heat 
supply, an important hydrometeorological element. Snow cover is a 
factor in all hydrologic problems which involve basin snowmelt. At 
present systematic snow-cover surveys are being made in a number of 
basins. Despite the complexity of the variables affecting the snow
cover depletion, the hydrologist is able to approximate the snow-covered 
area between snow-cover surveys using available hydrometeorological data. 

7-09.02 The recession of snow cover is very slow early in 
the melt season compared to ablation of the snowpack or runoff. Since 
areas of homogeneous heat supply exhibit uniform melt rates, the snow 
cover depletes gradually to a thin layer. A sudden increase in depletion 
then takes place. In years with very deep snow, a large amount of snow
depth reduction or runoff takes place before the appearance or substan
tial enlargement of the snow-free areas in the basin. The principal 
factors affecting the snow-cover depletion are the variations in snow 
deposition and variations in snowmelt, both of which are affected by 
terrain features, including orientation, steepness of slope, elevation, 
and forest cover. The snow-cover depletion-runoff patterns vary between 
basins in accordance with the difference in topography and ground-water 
character. Variation is also expected within each watershed from year 
to year on account of differences in the snowpack accumulation at the 
onset of the snowmelt runoff season • . 

7-09.03 During the winter accumulation period the determina
tion of the snow cover is relatively simple and accurate; the snowline 
is well defined and coincides with an elevation contour. The area
elevation curve is used in determining the snow-covered area. In the 
absence of snowline or snow-cover surveys, a current snow-course survey 
may be used to determine snowline elevations. The water equivalent
elevation curve, even though poorly defined, will indicate the average 



elevation below which no snow exists on the drainage basin. The snow
covered area, as of the date of snow-course curvey, can be determined 
from the area-elevation curve or from the snow chart, shown in figure 
1, plate 4-2 of chapter 4. The snowline elevation subsequent to the 
most current snowline survey can be estimated by reducing tbe snow 
wedge at the time of the survey, by an amount proportional to heat 
supply, or by lowering the snowline elevation if subsequent precipita
tion, in the form of snow, caused the snowline to advance to a lower 
elevation. 

7-09.04 During the active melt season, the determination 
of an average snowline is not dependable because the snowline is not as 
well defined as in the accumulation period. The lower portion of the 
snow wedge is quite ragged or patchy for 1000 feet or more in elevation. 
In general, this ragged zone is higher on southerly slopes than it is 
on northerly slopes. It is less patchy and lower in a heavily forested 
area than on an open slope of same exposure. During the period of 
active melt season, the use of an average snowline elevation for deter
mining the snow-covered area can be considered only a rough approxima
tion. The most dependable basin snow-cover estimates are made from 
aerial reconnaissance surveys. Snow cover between surveys is determined 
in accordance with runoff and with the meteorological events affecting 
new snow cover. A characteristic of snow-cover depletion is the 
definite pattern in which snow depletes from year to year on a given 
basin. As a result of this year-to-year uniformity, only a few sites, 
representative of the topography of the watershed, need be observed as 
an index to snow cover. 

7-09.05 The determination of snow-covered area by means of 
established "cover-runoff" or "cover-ablation!! curves is accomplished 
from analysis of historical data. If accumulated runoff is plotted in 
percentage of the season's total from beginning of the appearance of 
the effective spring melt at the stream gaging station, the curves will 
tend to be close together and serve as guide for the extrapolation of 
the snow-cover recession for the melt season considered. Undoubtedly 
"cover-mass" relationships can be improved if a parameter such as the 
initial basin snow cover is used. The relation between snow cover and 
"future runoff" provides a method for estimating residual runoff. 
Forecasts based on those relationships are particularly useful in 
connection with regulation of reservoirs near the end of the filling 
period. 
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CHAPTER 8 - EFFECT OF SNOWPACK CONDITION ON RUNOFF 

8-01. INTRODUCTION 

8-01.01 General. - The storage effect of the snowpack 
is important in the evaluation of both the volume and the time 
distribution of runoff. For equal melt values and losses, 
generated runoffs may not be the same because of the snowpack 
condition. An initially "cold" (sub-freezing) snow will freeze 
a certain amount of liquid water entering it and thereby raise 
the temperature of the snow to the melting point. An additional 
amount is required to satisfy the liquid-water-holding capacity 
before the snow will release any water by gravity. If, however, 
the entire snowpack is already saturated and conditioned to yield 
water, all inflow will pass through the pack to the ground 
without depletion; the time delay depends mainly on the depth of 
snow, the resistance to flow, and the rate of inflow. In order 
to assess the snowpack condition and its effect upon runoff, it 
is necessary first to understand the changing character of the 
snowpack and the processes of heat and vmter-vapor transfer 
within the pack. Special experiments on the storage and transit 
of liquid water in the snowpack at CSSL, although somewhat meager 
and inconclusive, furnish information which servesae a guide to 
solution of problems involving storage and travel time of water 
in the snoWI'ack. 

8-01.02 The physical properties, which affect the 
liquid-water retention and detention capacities of the snow, 
continue to change from the time of deposition to melt. Even 
during the active melt season the proportions of ice, liquid 
water, and air are not constant. Likewise, the permeability and 
diffusivity of the snowpack to heat, air, and water are 
continually changing. 

8-01.03 Character of the snowpack. - Snow is a 
precipitate. Ice crystals are formed in the atmosphere at 
temperatures below freezing by sublimation of water vapor on 
hygroscopic nuclei. Many different types of crystals form, 
depending on the shape of the nucleus, the rate of sublimation, 
and the turbulence of the air. An excellently illustrated 
discussion of the relation between snow crystal types, forms, 
m~ss, rate of fall, and crystal habits is found in Snow Crystals 
by Nakaya.1!I Because of the usual dendritic structure of these 
crystals, new-fallen snow is generally of low density. With 
time, however, the sno~~ack undergoes a changer the original, 



delicate crystals of snow become coarse grains, and the density 
of the pack increases. There is no definite time at which the 
change takes place from crystalline forms characteristic of 
new-fallen snow to coarse grains in the snowpack. The crystalline 
Rtructure of the snow, as used in this chapter, is a general term 
referring to classification of either the snow crystals themselves, 
or the snow grains resulting from metamorphism of the snowpack. 
The change from a loose, dry, and subfreezing snowpack of low 
density to a coarse, granular, and moist snowpack of high density 
is spoken of as "ripening" of the snowpack. A "ripe" snowpack 
is said to be "primed" to produce runoff (barring temporary 
ponding due to resistance to flow or inadequate channel capacity). 
A ripe snowpack is not necessarily homogeneous; it is generally 
striated with ice planes and ice lenses. Density of the snowpack, 
which is an easily measurable element, appears to be a singla 
variable that integrates fairly well the effect of the other 
physical properties of the snow. It has been used for defining 
the affinity of the snow for water, as well as the thermal 
properties of snow. Knowledge of the factors affecting the 
metamorphism of the snowpack will facilitate the understanding 
and solution of the heat transfer, the liquid-water storage, 
and transmission problems in snow hydrology. 

8-02. METAMORPHISM OF THE SNOWPACK 

~02.0l General. - The ohange in the character of 
the snowpack has been studied at length in conneotion with the 
use of snow as an engineering material. No consideration will 
be given here to variation in such structural qualities as 
hardness, strength, or trafficability. The hydrologist's concern 
with the metamorphism of the snowpack is primarily limited to the 
function of the snowpack as a deterrent to runoff. The 
presentation in this section is intended to give the hydrologist 
a limited summary of the effects of the metamorphism of the 
snowpack as regards its role in the hydrologic cycle. 

8-02.02 Factors affecting the metamorEhism of snow. -
Time is the princip~l factor to be considered in the metamorphism 
of snow. The several physical processes contributing to 
metamorphism of snow ares (1) heat exchange at the snow surface 
by radiation, convection, and condensation; (2) percolation of 
melt or rain water through the snowpack; (3) internal pressure 
due to the weight of the snow; (4) wind; (5) temperature and 
water-vapor variation within the snowpack; and (6) heat exchange 
at the ground surface. The effects of these processes which are 
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of hydrologio importance ares (1) change in density as the result 
of ohange in orystal forms and displacement of the crystalline 
particles with respect to one another; (2) formation of ice planes; 
(3) change in air, wate~ and heat permeability and diffusivity; 
(4) ohange in l1quid-water-holding capacity; and (5) cbange in 
temperature of the snowpack. 

8-02.03 Structure of the snowpaok. - As eaoh new 
layer of snow is deposited, its upper surface is subjected to 
weathering effects of radiation, rain and wind, the under-surface 
to ground heat, and the interior to the aotion of the percolating 
water and water vapor. As a result, the anowpaok is stratified, 
showing distinct layers of individual snow-storm deposits. Early 
in the season a granular layer is formed at the ground surface 
when the ground is unfrozen. 

8-02.04 The change in the form of the snow crystals 
is believed to result from sublimation (evaporation from and 
condensation onto crystal surfaces) and from the action of 
percolating water.-1I~ Due to temperature differences t air is 
in continuous motion within the snowpack, carrying with it heat 
and water vapor. This activity results in rounding off of snow 
orystals and growth of some at the expense of others. The 
ciroulating air (saturated with water vapor) tends to equalize 
the temperature and vapor pressure within the snawpack. 
Impermeable ice planes deflect but do not prevent the movement 
of the air, just as they deflect o~ impede the downward 
percolation of water. The areal extent of such impermeable 
planes is not great. Observations of percolation paths made at 
the three snow laboratories, using fuchsine dye to trace the 
water, indicate many weaknesses in the seemingly impermeable ice 
planes through whioh air and water can pass. As a result of the 
flow of air and water in the snowpack, the pack tends to become 
homogeneous with respect to temperature, liquid-water content, 
grain size, and density, as the season progresses. 

8-02.05 Nocturnal snow crust. - During the melt 
season, on clear nights, a relatively shallow BUraaCe layer of 
the snowpaCk generally cools considerably below 0 C due to 
outgOing longv~ve radiation; the liquid water will freeze, but 
below this surface layer, the anow remains at OOC and liquid 
water continues to drain, until the remaining liquid water in 
the pack equals the liquid-water-holding capacity_ The combined 
effect of air and heat diffusion causes the surface layer to 
cool each night to a depth of about 10 inches. There is a change 
in the crystalline structure of the surface layer due to this 
alternately freezing and thawing effect. 



8-02.06 Air permeability of the snowpack. - It was 
pointed out in the preceding paragraphs that the circulation of 
air within the pack is partially responsible for the snow metamor
phism. Measurements reported by Bader and others -l/ show that 
air permeability varies widely within the snowpack and with time, 
just as the crystalline structure and porosity do. An important 
function of this moving air is the transportation of water vapor 
from high to low-temperature areas. As a result, ice lenses and 
ice planes will increase in size, and .some crystals will grow at 
the expense of others. 

8-02.01 Flow of moisture. - The relative magnitudes 
of moisture moving in snow in the fcrm of water vapcr and that 
moving in liquid form by capillary action have not been determined. 
Experiments conducted by Hadley and Eisenstadt -11 on thermall~ 
actuated moisture migration in granular media app~ar to indicate 
that the movement of moisture by vapor diffusion in the direction 
of heat flow in snow may be insignificant compared to the 
capillary movement of liquid water. Section 8-05 deals with the 
measurement, storage and movement of liquid water in snow, which 
is of particular hydrologic significance in evaluating the effect 
of the snowpack on runoff. 

8-02.08 Density of new-fallen snow. - The density of 
new-fallen snow varies widely with the size, shape, and type of 
snow crystals, as well as with the temperature, humidity, and wind 
speed of the air through which they fall. The two primary factors 
are air temperature and wind. Diamond and Lowry -21 correlated 
the density of new snow as measured at CSSL with surface air 
temperature and found an average increase in density of 0.0036 glcc 
per degree F increase in surface air temperature at the time of 
deposi tion. Figu.re 4, plate 8-1, shows ._ plot of their data 
relating density of new snow with surface air temperatures. 
Rikhterigj reported densities of new-fallen snow varying with 
surface wind, and ranging from 0.06 for calm conditions to 0.34 
for snow deposited during gale winds. Changes in density of 
new snow are rapid and variable during the first few hours after 
deposition. Therefore, daily measurements of density reflect 
considerable variability due to the varying time of deposition 
and settlement conditions during the 24-hour period. For 
practical use, an assumed average density of 0.10 glcc for 
converting depth of new snow to vmter equivalent, from once-daily 
measurements, will suffice in most cases for an average measure 
of precipitation. 
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8-02.09 SnO!Eack density characteristics. - The 
average density of a basin snowpack varies widely with space and 
time. Generally speaking, the average pack density increases 
with time, declines slightly with each new snow, but regains its 
former density soon thereafter with the settlement of the new 
snow. This is illustrated in figure 1, plate 8-1, by the daily 
density graph for an accumulating snowpack at WESL headquarters. 
The depth of the snow increased almost continuously from 1 inch 
on 4 December 1949, to 165 inches on 15 January 1950, during which 
time the mean daily air temperatures were below freezing. On 
12 January a deep pit v~s dug and densities at various levels were 
observed. As shown in figure 2, th6 densities varied from 0.07 
glcc for the new-fallen snow at the surface to 0.38 glcc near the 
bottom of the pack. Wind, melt, and rain augmented the rate of 
settlement of new snow. The striated structure of the snowpack 
was caused by the succession of new snow layers on the more dense 
snow of greater age upon which they were laid. In general, the 
density of the pack varies directly with depth, but there is 
considerable variation as a result of individual ice lenses, ice 
planes, and buried snow crusts. 

8-02.10 Snow;pack density Changes. - Rapid settling 
and compacting of the snowpack begins immediately following 
deposition, and then continues more slowly throughout the 
accumulation period into the ablation period. The change in 
form and displacement of individual particles within the snow 
matrix cause the settlement. The volume of voids gradually 
decreases from a maximum value when snow is newly deposited to 
a minimum amount during the melt season, and approaches zero 
whenever ice is formed. There are several physical processes 
contributing to settlement through change in crystal form and 
displacement, as follows: (1) ~ercolation of melt or rain water 
which freezes with the pack; (2) plastic deformation of the snow 
matrix~ from weight of overlying snow causing reduction in voids; 
and (3) transport of water vapor due to temperature and vapor- . 
pressure gradients and convection of air within the snowpack. 
The relative importance of the processes varies with the temperature 
and precipitation conditions, as well as the original snow condition, 
and, to a considerable extent, to the length of time that each 
process has been operating, jointly or singly. 

8-02.11 Continuous observations of snowpack conditions, 
CSSL, 1952-1953. - During the 1952-53 water year at CSSL, SIPRE 
performed observations of snowpack conditions, as outlined in 
paragraph 2-07.04. These observations provided a continuous 
record of depth and time distribution of the crystalline structure, 



temperature, density, and the horizons of the principal layers of 
the snowpack for the entire season of snow accumulation and 
ablation. Isopleths of temperature and density and the positions 
of the settling-meter markers (see paragraph 2-07.05) are plotted 
in figure 4, plate 8-2. Daily values of incident and reflected 
shortwave radiation, maximum and minimum temperature, precipitation 
in forms of both rain and snow, and mean daily outflow of Castle 
Creek, are plotted for the same time period. Selected vertical 
profiles of crystalline structure, temperature and density are 
shown for the same period on figure 1, plate 8-3. Inspection of 
these diagrams shows the nature of change of the snowpack 
condition with respect to time, and the accompanying meteorological 
conditions producing the change. Special attention is drawn to 
the rain-on-snow condition which occurred on 8-9 January 1953 and 
was reported on in Research Note 18. Approximately 4.8 inches 
of rain fell within a 40-hour period, with air temperatures 
averaging nearly 400 F. While the temperature condition of the 
snowpack changed abruptly with the onset of rain and melt, the 
change in density was very slight. The settlement of the 
individual snow layers, as marked by the settling-meter measure
ments, proceeded uniformly at its slow rate through the storm 
period, unaffected by the several inches of liquid water passing 
through the snowpack. 

8-02.12 Application to snow hydroloe:Y,. - While the 
study of snOVl metamorphism is complex and there is much to be 
understood about the processes of change, yet in hydrologic 
application, problems concerning the physical nature of the 
snowI>ack can be resolved by evaluation of its "cold content" and 
the retentivity and permeability of liquid water within the 
snow-ice matrix. The temperature of the pack may be determined 
by direct meesurement, obviating the evaluation of heat flow 
into or away from the snovrpack prior to the runoff period. The 
amoun t of liquid Via ter existing in the snowpack at a specific 
time may also be determined by actual measurement, but where such 
measurements are lacking, estimates must be made on the basis of 
limi ting conditions and prior history of the snovrp2.ck. 

8-02.13 Summary. - Only the highlights of the complex 
phenomenon of snow metamorphism, pertinent to the storage effect 
of the snowpack on . the Clmount and time distribution of the runoff, 
are mentioned. Reference is m2.de to de Quervain,...4/ Hughes,.Jij 
and TIader-l/ for more complete information on the metamorphism of 
snow. It vms stated that metamorphic processes begin at the point 
of snow origin end continue until the snow has disappeared. Even 
during their fall, the individual snow crystals grow together and 
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break apart before hitting the ground. Compaction and settling 
begin immedi~tely at a very rapid rate and follow a decay type 
of function with respect to time as shorm in fieure 4, pl~te 8-2. 
Besi<!cs compaction, the snowpack lJ.ndercoes crystalline 
transformation by the processes of sublimation, meltine and 
refreezing. To determine the storace potentie.l of .:t natural 
snovrpcck ~.nd the tre.nsmission rate of wa.ter, one must appraise 
the stage of metamorphis~ of snmv. At present the aggregate 
effect of metr:.morphism on runoff can best be defined by the 
depth, density, temperature and liquid water content of the 
na. turo.l snmvpack at a partlcul£.r de. te and on the march of the 
previous v/ee.ther to v/hich the snow was subjected. Factors 
neithor measured nor experimentally determined must, of 
necessity, be assumed in order to effect a reasonable solution 
of water storage ~nd transmission problems in snoVi hydrology. 

8-02.14 As a result of the combinod action of those 
factors, the snow:rClck becomes more compact, striated, and granult:.r 
as the season proEresses. Finally it reaches a "ripo old. aee" in 
spring, when only the upper surface under60es appreciable changes~ 
as manifested in the formation of the nocturnal snow crust and 
daytime thaw. Ripeness of snO'l.'1 should not be defined SOlely by 
its density. In snow hydrolot~, ripeness is associ~ted vnth the 
readiness of the snov~ack to tran~mit and discharge liquid water 
entering at it~ surface, regardless of season or density. For 
hydrologic purposes, therefore, snow is considered to be ripe 
when it contains all the v~ter it can hold a£ainst eravity, 
i.e., when it is primed. 

8-03. REA T ~SFER WITHIN rIlE SNOVlP ACK 

8-03.01 General. - One of the processes involved in 
conditioning the snowpack to produce runoff iu transmission of 
heat within the snowpack. DurinG the sprine melt season, the 
pack is normally o.t a temperature of OOc, except for the 
nocturnal crust layer, and whatever heat is applied. at the 
surface is converted to melt. During the winter, on the other 
hand, the pack is often sub-freezing, and heat must be tr~nsferred 
downwarc from the surface and upward from the ground to meot the 
thermal deficiency before appreciable runoff may occur. The 
transfer of heat may be accompli3hed by conduction, convection and 
diffusion of air and water vapor within the snowpack, Ol~ percolation 
and refreezing of liquid water from surface melt or rainfall. In 
hydroloBio application the total heat deficit of the sno\vpack ~ay 
be treated as c.n ini tial 105s tha"t must be satisfied before runoff 
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occurs. Accordingly the processes of heat transfer are incidental 
to the evaluation of the total heat deficit. A general background 
in the theory of heat exchanBe wi thin the snO\vpack is useful, 
however, in evaluating observed conditions of sno'wpack temperature 
and assessing expected changes. 

8-03.02 Thermal properties of snov/. - The transmission 
of heat by Gnow depends on its thermal properties, which are: 

(1) the latent heat of fusion, which is the heat 
energy per gram of snow required for change from solid to liquid 
state without change in temperature. The latent heat of fusion 
for snow may be equal to or less than that for ice, depending 
upon the amount of liquid water in the snow. 

(2) thermal quality, which, as defined in paragraph 
5-01.05, is the ratio of the heat necessary to produce a given 
amount of water from snow to the amount of heat required to produce 
the same quantity of melt from pure ice at 320 F. 

(3) specific heat (c ), which, in c.g.s. units, is 
p 

the heat in calories required to raise the temperature of one 
gram of snow one degree centierade. 

(4) heat conductivity (kc ) or heat permeability, 

which is a measure of the time rate of heat transfer. It is 
expressed as calories transmitted through 1 cc of snow in 1 sec 
when the temperature difference between ~o opposite faces is 10 C. 

(5) diffusivity (kd ), which io related to the 

specific heat and thermal conductivity as follows: 

where ro is the density of the snow. Note that~c is the heat 

capacity or the specific heat by volume (cal!cc;i;g C). 
Diffusivity may also be called the temperature conductivity of 
the snow, because, it is the temperature change in degrees 
centigrade that occurs in one second, when the temperature 
gradient is 10 C!cm for each cm depth. 
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8-03.03 Experimental work. - Differences in the stage 
of metamorphism of the layers of a natural snowpack make the 
determination of ita thermal properties exceedingly diffioult. 
Specifically, the factors affecting the thermal conductivity and 
diffusivity of snow are: (1) the structural and crystalline 
character of the snowpaok, (2) the degree of compactiont (3) the 
extent of ice planes, (4) the degree of wetness, and (5) the 
temperature of the snow. Erperimental work shows that density is 
a satisfactory index of the thermal properties of the snow shown 
in the following tablel 

Density, ;0 Specific heat, ~ Conductivity, kc Diffusi-- - vity, kd By By Ace. t-o Aco. to Aec. to 
weight volume ~ondra t ' eva Abel's Ja.nsson -

g/ee ca1/gtC cal/cc/oC eal/cm2/oC/cm/sec °C/cm2/sec 

1.000~Water) 1.0 1.0000 0.00130+ 0.00130 
0.900 Ice) 0.5 0.4500 0.00535+ 0.0119 
0.540 0.5 0.2700 0.00246* 0.00162+ 0.00911 
0.500* 0.5 0.2500 0.00205* 0.00170* 0.00095* 0.00820* 
0.440* 0.5 0.220 0.00167* 0.00132* 0.00089* 0.00760* 
0.365* 0.5 0.1825 0.00110* 0.00091* 0.00075* 0.00603* 
0.351* 0.5 0.1755 0.00087* 0.00084* 0.00072* 0.00494* 
0.340* 0.5 0.1700 0.00075* 0.00079* 0.00070* 0.00441* 
0.330* 0.5 0.1650 0.00070* 0.00074* o. (·0068* 0.00422* 
0.250 0.5 0.1250 0.00042* 0.00053+ 0.00336 
0.130 0.5 0.0650 0.00011* 0.00029+ 0.00169 
0.050 0.5 0.0250 0.00002* 0.00010+ 0.00080 
O.OOl(Air)+ 0.24 0.00006+ 

+ From Beskow -11 pp. 108, 118. 
* From Kondrat'eva lQ} pp. 10, 12. 
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From observations at CSSL, as reported in Technical Report 3, the 
relation between heat conductivity and density of snow was computed 
by linear regression to be 

Kondrat'eva !Q/ suggests the use of 

kd = 0.0133;0 

kd = 0.0165;0 

andk 
c 

and k c 

0.0068f
2

, fort<0.35 g/cc; and 

2 
0.0085~ , for~>0.35 

2 For 0.14~<0.34, Abel's gives k = 0.0068~ • c 

For 0.08<~<0.50, Jansson gives k = 0.00005 + 0.0019~ + 0.00~4. 
c 2 

For 0.10(~<0.60, Devaux gives k = 0.00007 + 0.007~ • c 

Attention is called to the fact that experimental work on thermal 
properties of the snow has been generally conducted with homogeneous 
dry snow, often after subjecting it to artificial compaction to 
attain density variation. In contrast, the natural snowpack 
consists of several snow layers of varying thicknesses and of 
different character (resulting from the seasonal snow storms), 
separated by ice planes. 

8-03.04 Volume of air space. - The air space and the 
absolute porosity of the snow may be computed by considering a 
unit volume of snoVl, in which 

P = I ;<> 1 - 1.09 ~ (8-1) 
0.92 

Here P is the portion of voids or air space in the unit volume 
considered and ~is the density of snow. The large percentage 
of air (with very low heat conductivity, 0.000057) in the 
sno~~ack makes the snow a good insulating material. Even for 
extremely cold weather, the heat transmitted through the snowpack 
is small. The density of the pack reaches its maximum value in 
late melt season and seldom exceeds 0.55 g/cc. During the 
accumulation period, the density may be as low as 0.05 glcc 
for a cold new snow and as high as 0.35 glcc for the pack as 
a whole. Thus the snow layers may contain 95 to 62 percent 
air by volume during the accumulation period, or as little as 
40 percent during the melt season. 
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8-03.05 Theory of heat flow. - In a natural snowpack 
the heat-transfer phenomenon is complicated by the simultaneous 
occurrence of many heat-exchange processes. As a result of 
temperature differences, air transports heat and water vapor by 
convection within the snowpack. Upon ~eaching a cold surface, 
some water vapor condenses and yields its heat of vaporization 
~approximately 600 cal/g). The transport of warm air is 
greatest when the temperature decreases upward. If, on the other 
hand, temperature decreases with depth, convection of air within 
the pack is suppressed. Due to the low heat conductivity of 
snow, the amplitude of the temperature wave diminishes rapidly 
with depth below the snow surface. Rain and melt water freezes 
within the cold (sub-freezing) layers and warms the pack by heat 
of fusion (80 cal/g). These two processes tend to change the 
conductivity and diffusivity of the snow throughout the pack and 
influence the heat transfer rates. The surface layer of the pack 
is subjected to heating and cooling effects of shortwave and 
longwave radiation, convection, and condensation, in amounts 
shown in chapter 5; ground heat flows upward, causing a reduction 
in the cold content of the snow~pack or melting it at the bottom. 
Ground melt is also discussed in chapter 5. Furthermore, the 
absorption and transmission of heat by snow vary with the 
topography of the drainage basin and with the character of the 
individual layers of the snowpack, just as the structure, the 
liquid-water content, the porosity and the temperature of the 
snow vary. Thus, the ever-changing physical and thermal 
properties of the basin sncw~ack together with the variation in 
weather make the theory of heat flow in snow much more complicated 
than that for homogeneous solids. Variations in the composition 
and density between layers are of such magnitude that only 
average values of thermal properties can be used in the application 
of the fundamental heat flow principles. That is, a homogeneous 
snov~ack (isotropic solid) of small depth is assumed, the tempera
ture-time curve for any level or in any direction in the pack is 
considered to be straight or sinusoidal, and at any instant the 
temperature curve has the shape of a damped \vave. None of these 
assumptions is strictly valid. The snowpack is a crystalline and 
anisotropic solid, in which certain directions are more favorable 
for conduction of heat than others. The temperature wave is 
complex; the character of snow varies from layer to layer, and 
the liquin water content varies with time and temperature. 
Therefore, the theoretical heat flow computations yield results 
which are little more than of qualitative significance. Even 
though the magnitude of heat flow in snow is probably smaller 
than the errors of some observations and assumptions used in 
hydrologic studies, a knowledge of the fundamental principles of 
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heat exchange processes within the snowpack is of great value to 
the hydrologist. Recognition of the order of magnitudes and time 
lag of heat flow will enable him to make proper allowances. Some 
special hydrologic problems may require the application of the 
fundamental principles of heat flow, approximate as they may be. 
A brief review of these principles is presented in the -following 
paragraphs. 

8-03.06 A temperature gradient is established 
within the snowpack as the result of heat transfer at the surface 
layers. The temperature gradient is defined as the change in 
temperature per unit change in depth. Thus, the slopes of the 
temperature-depth curves, shown in figure 1, plate 8-3, represent 
the temperature gradients. A straight temperature-depth 
relationship indicates that the inflow and outflow of heat for 
any layer are equal. A curved relationship indicates a change 
in gradient or unequal inflow and outflow, with consequent 
changes in the temperature of the layers. 

8-03.07 Temperature gradients in the snowpack are 
more pronounced in winter than in spring. When the snowpack 
reaches an isothermal condition at oOe, molecular conduction of 
heat ceases, and heat enerGY is spent in melting the snow. But 
the coolin~ effect of the nocturnal radiation (particularly for 
open sites) still remains an ef~ective factor in setting temperature 
gradients within the top 2 to 15 inches of the snov~ack. It is 
apparent that the solution of heat transfer problems requires 
knowledge of (1) density of the snow, (2) temperature gradients in 
the snowpack, and (3) thermal properties, including specific heat, 
conductivity, and diffusivity for the given snow condition. 

8-03.08 Inasmuch as the hyd-ologist is only indirectly 
concerned with heat transfer within the snowpack, the relative 
importance of the subject in applied snow hydrology does not warrant 
inclusion herein of detailed derivations of heat transfer equations. 
Reference is made to Wilson 121 and Kondrat'eva !Q/ for description 
of conductive heat flow equations for the snowpack. 

8-03.09 Applying Fourier's expression ...lI to a 
snowpack of oOe whose surface is suddenly cooled to and is 
maintained at _looe, Wilson demonstrated how slow the diffusion 
of heat is through the snow and how the temperature varies with 
depth and time after the sudden cooling. The following 
tabulation lists the change of temperature that would occur at 
three levels of an initially isothermal snowpack whose density 
is 0.20 and k is 0.0003, as computed by Wilson for the sudden 

c ::e- 0 change from 0 to-IO C at the surface: 
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Time in 

hours 

1 
4 
8 

24 
48 

10 em 
depth 

-0.7 
-2.2 
-3.9 
-6.4 
-7.8 

T t l..'n °c ampera Ul'e 

25 em 
depth 

0.0 
-0.3 
-0.7 
-2.2 
-3.8 

50 em 
depth 

0.0 
0.0 
0.0 

-0.4 
-1.1 

8-03.10 Temperature distribution in nooturnal snow 
crusts. - It was pointed out that nooturnal snow crusta occur on 
clear ni6hts during the melt season. The depth of penetration of 
the sub-freezing temperatures has been computed theoretioally by 
methods presented by Beskow~, to be about 13 inohes. The 
depth ghould be considerably smaller than this, chiefly because 
of the latent heat supplied by refreezing of melt water and to e 
small extent the conveotion and condensation heat from air 
flowing onto the cold surface layer. In view of these facts one 
may assume (in this case) that the magnitude of the maximum depth 
of penetration of the cold wave or of the frost line is approxi
mately 10 inches. Observations of snow temperatures in the crust 
layer were made in oonnection with the operation of the lyeimeter 
at CSSL during May, 1954. A plot of snow temperatures against 
depth and time are shown in figures 2 and 3 of plate 8-3, showing 
the progress of cooling through a typioal night with clear Skies, 
and the subsequent warming with the onset of energy input from 
solar radiation. 

8-04. THE SNOWPACK TatPERATURE 

8-04.01 General. - The external factors affecting 
the flow of heat to the snowpack have been desoribed in chapter 5, 
and the processes of heat transfer within the paok were disoussed 
in the preceding section. The resulting variations in snowpaok 
temperature affect the water-storage potential of the Bnowpack 
and with it the runoff from snowmel t or rain. Muoh of the winter 
and early spring surface melt is stored in the snowpack, contri
but1ng little or nothing to runoff. The amount of liquid water 
lost to runoff because of the col~ content is a function of the 

o snow temperature below 0 C. It accounts for the gradunl increase 
in ablation of snowpack per unit of heat absorbed or in degree-day 
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factor. Obviously, snow temperature must be considered in 
hydrologic problems involvin~ early season runoff. Unfortunately, 
it is not yet a regularly observed element, and no simple 
relationship is available for estimating it from independent 
data. Generally, snowpack conditions are observed by digging a 
pit, but an approximate temperature, moisture, and structural 
profile of the pack can be obtained by use of the Mt. Rose sampling 
tube, Weston metallic thermometers and visual observations of 
the core, as illustrated in plate 8-10. 

8-04.02 Laboratory observations. - Continuous 
observations of snowpack temperatures made at CSSL and UCSL 
provide a basis for estimating the range in temperature to be 
expected and the variations that occur through the season. Data 
for the 1948-49 water year for these two areas were seleoted to 
show the variation of the temperature profile of the snowpack 
with time. The isotherms o£ snowpack temperature are plotted on 
plate 8-4, as a time function, for both CSSL and UCSL for the 
1948-49 water year. Daily values of maximum, minimum and mean 
air temperatures are also plotted on the same time scale. The 
snow and ground temperatures for specified levels above and 
below the ground surface are shown on plate 8-5 for the same 
period. The previously referenced snow structure data at CSSL 
for the 1952-53 water year, shown on plates 8-2 and 8-3, indicate 
the snowpack temperature variation and gradients for that year. 
Inspection of these charts reveals the nature of the temperature 
gradients of the snowpack and how they change with time and 
weather. 

8-04.03 The cold content of the snowpack. - The 
hydrologist is primarily interested in the temperature and 
density profiles of the snowpack and how they affect the cold 
content of the snow, for the evaluation of runoff potential in 
the winter and early spring months. The cold content is 
de£ined as the heat required per unit area to raise the 
temperature of the snowpack to OOC. It is convenient to express 
it in inches of liquid water (produced at the sur£ace by either 
rain or melt) which, upon refreezing within the pack, will warm 
the pack to OOC. The relationship may be expressed as 

W = fDT s ( 8-2 ) 
c 1bo 

where W is the cold content in equivalent inches of liquid 
c 

water,--;o is density in glcc, D is the depth in inches, and 
T is the average snowpack (or snow layer) temperature deficit 

s 
below OOC. 
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8-04.04 As a means of estimating the cold content of 
the upper 24 inches of the snowpack from current temperature 
data, the empirical relationship shown on figure 1, plate 8-6 
was derived on the basis of deep pit observations at CSSL. This 
diagram relates the cold content of the upper two feet of the 
snowpack to the average temperature of the preceding 3 days. It 
is assumed that the temperature of the snowpack below the upper 
two feet changes slowly, and the cold content for the lower 
layers can be estimated from previously obtained snow temperature 
data. 

8-04.05 The cold content of the crust layer 
represents the only deficiency of heat in the snowpack during 
the active melt season. The penetration of cold from nocturnal 
cooling has been discussed in paragraph 8-02.05. A cold content 
of about 0.1 inch is an average value for nighttime crust formed 
under clear skies in the open. The liquid-water deficiency (to 
be discussed later) developed in the surface snow layer by virtue 
of the refreezing of its free water, represents an additional 
amount of about 0.15 inch of melt, so that the daily average 
water equivalent of total heat deficit in the crust layer to 
produce runoff is about 0.25 inch of melt. This deficit is 
approximately 15 percent of the average daytime energy input for 
clear weather sprine-time melt in the open, and must be supplied 
each morning before there can be an appreciable contribution to 
runoff. Knowledge of the order of magnitude of the snow-crust 
deficiency is of value when results of a snowmelt study must be 
interpreted with respect to errors of observations, assumptions, 
and omission. Reference is again made to figures 2 and 3 of 
plate 8-3, which show the progressive cooling of the crust layer 
during a typical clear night at CSSL, during the active melt 
period. In plate 8-9, the amount of daytime energy expanded to 
balance this deficit is illustrated. 

8-05. LIQUID WATER IN SNOW 

8-05.01 Movement of water in snow. - Water moves 
within the sno\vpack in both the vapor and liquid phase. While 
the movement of water vapor is important to metamorphism of the 
snowpack (see paragraph 8-02.04), the order of magnitude is low 
in comparison wi th 1 iquid water transport. Liquid water moves. by 
gravitational and capillary forces in all directions. After the 
snow reaches its liquid-vmter-holding capacity, the downward 
movement is dependent entirely upon gravitational force. 
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8-05.02 Conditions of liquid water in the sngggack. 
The snow is said to be dry when its temperature is below 0 C. 
At 0 C, the degree of wetness depends on the availability of 
liquid water and the liquid-\vater-holding capacity of the snowpack. 
Winter rains or melt may bring the snowpack to its liquid-water
holding capacity commensurate with the stage of metamorphism of 
the snow. Subsequent weather will change the character of the 
snow and with it the liquid-water-holding capacity. Generally, 
however, the snow is cold and dry in winter. The forms in which 
liquid water exists in the snowpack are: 

(1) ~ygroscopic water, which is adsorbed as a thin 
film on the surfaces of the snow crystals, and unavailable to 
runoff until the snow crystal has melted or changed its form. 

(2) capillary water, which is held by surface tension 
in the capillary spaces around the snow particles. Capillary 
water is free to move under the influences of capillary forces, 
but it is not available to runoff until the snow melts or the 
spacing between crystals changes. 

(3) gravitational water, which is in transit through 
the snowpack under the influence of gravity. It drains from the 
pack and is available for runoff. 

8-05.03 The hydrologist is concerned with both liquid 
water content, f , (as determined by actual measurement of liquid 

--12.. " water in the snowpack) and the liquid-water-holding capacity, f , 
..J2. 

which is defined as the maximum am01.mt it can hold against gravity 
at 2, given stage of metamorphism and density. 'rIle difference 
between the two quantities represents the amount of liquid-water 
storage capacity (in excess of the cold content of the pack) and is 
termed the liquid-water deficiency, f'. Liquid-water content in 

...ll 
excess of the liquid-water-holding capacity represents a condition 
where liquid water excesses are flowing through the pRck. The 
amount of liquid water is expressed in percent by weight. The 
total liquid-water-holding capacity of the snoilJllack can be 
integTated over a basin area, through use of snowpack date 
representative of various elevation zones or areas. 

8-05.04 DeteTrnin~tion of the liquid water in the 
::mow;pack. - The temperature of the snowpack limits -I;he requirements 
for determination of liquid-water content. If the temnerature o ~ 

of the snow is below 0 C, the snow is dry, and no measurements for 
liquid-water content are necessary. The liquid-water-holding 
ca.pacity of the snow of certain character is determined from 
measurements of its liquid-water content after drainage of the 
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excess gravitational water. The most commonly used method for 
measuring the liqUid water is the calorimetric method, by use of 
the thermos bottles as calorimeters, as outlined in Technical 
Report 1. Other methods include measurements of electrical 
capacitance in a parallel plate condenser having snaw as its 
dielectric ~, by differences in snow compaction !!I, or by use 
of a centrifuge. 

8-05.05 Vfuile calorimetry is commonly used to 
measure liquid-water content, it is an indirect method. The 
state or degree of dampness is described by the thermal quality 
of the snow, which is defined in paragraph 8-03.02. Both liquid 
water and thermal quality are usually measured in percent by 
weight. The complement of the thermal quality (for thermal 
qualities less then 100 pet) is the percentage of water in the 
snow matrix. Thermal qualities in excess of 100 percent indicate 
no liquid water in the sn~7 and temperatures below OOC. The 
percentage above 100 percent is proportional to the cold content 
of the snow:Pack. 

8-05.06 Observations of thermal Suality at the snow 
laboratories. - 1~e thermal quality of the snow at the snow 
labora.tories ViaS determined. by the calorimetric method. Thermal 
qualities ranged from 80-110 percent. Generally low thermal 
quality values wero obtained during times o~ high melt when 
samples of snow contained melt \~.ter in transit or in excess of 
the liquid-,\,/3.ter-holding capacity of the snow. rlleasurements 
generally were taken randomly, with sampling inadequate to 
represent completely time, areal, and depth variations; hcw/ever, in 
l:ay 1948, observations Vlere made at CSSL at four-hour intervals, 
over 0. period of tVIO days when 2.ctive melt vm.s in progress, for 
six layers in the sno~ack. The results of , these observations 
are sho"m in figure 4, 'pla,te 8-7, along with hydrometeorological 
elements preceding and during the measurement period. Illiile 
there is considerable variability due to errors in measurement, 
the diurnal fluctua tiOll in thermal Cl.uali ty (and hence liquid-wa -ter 
content) in the various snoVi layers is well defined. The dr:linage 
of liquid V/2. ter through the p2-ck is shovm by the time displacement 
of the maximum and minimum velues in the lower layers. Also, it 
should be noted that after nighttime drainage, liquid .ater for 
the :pacl~ <:,s [~ vihole averaged ~bolJt .3 percent, but that maximum 
values of 10 percent occurred during the day from the effect of 
,'/3"ter in transit. The diurn~1 fluctuation in density during these 
observations is also shoml on thiD di~src:,m and appears to be 
closely rcl2,ted to changes in liqu.id weter. 
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8-05.07 Qualitative field tests .• - The calorimetric 
method is not vrell sui ted for field determine. tion of the liquid
wQter content of the snow. A qualitative evaluation of liquid 
water can be had by the "wetness test",W wherein the observer 
notes the character of the snow, cools his gloves to snow 
temperature, squeezes a sample and records the appearance and 
the degree of compaction when pressure is released. His notes will 
show the snow "dry" when a snowball cannot be made; "moist" when 
liquid water is not obvious but a snowball can be made; "wet" vlhen 
liquid water is visible; and "slushy" when water drains out of 
the snow with slight pressure. Noting the elevation and exposure 
of the site, the temperature, density, date, and hour of the day 
may be of great value in evaluating the seasonal and areal varia
tions in the vletness of the snowpack. Exposure is an important 
factor in the primine of the snowpack by surface melt. Snow 
surveys at eSSL show that the snov~ack on southerly exposed areas 
reaches its liquid-water-holding capacity about 15 days earlier 
~nd for the same date about 1500 feet higher in elevation) than 
northerly exposed snow. 

8-05.08 Variability of liquid-water-holding capacity.
~ost of the available thermal quality data for the snow laboratories 
was obtained during the active melt period at one site, when the 
sno~ack density .vas relatively high and often included water in 
transit through the snov~ack. A considerable number of the thermal 
quality observations at the snow laboratories represent results of 
triQls for acquiring speed and consistency, and cannot be considered 
adequate for analysis. Furthermore, pertinent and associated 
information on the density and character of the snow were not 
always recorded. Consequently, the thermal-quality data from the 
laboratories are inadequate for precise analysis of the liquid-\v.ater 
content of the snow. The basin.vide variability cannot be evaluated 
except in a general way, and only approximate percentages can be 
recommended :for use in hydrology. A snowpack at oOe has a liquid
water-holding capacity of approximately 2 to 5 percent by weight, 
depending on the density and depth; the mass of ice layers; the 
size, shape and spacing of snmv crystals; and the degree of 
channelization and honeycombing. It is difficult, if not 
impossill1e, to evaluate the individual influence of eacb of these 
factors on the liquid-water-hold.ing capacity of a basinsnowpack. 
Therefore, the liquid-water-holding capacity of snow may be 
related to density. As shovm in figure 6, plate 8-7, the affinity 
of snow for liquid water increases with inoreasing snowpack density. 
Unfortunately, the number of thermal-quality determinations for 
snow of less than 40-percent density is insufficient to indicate 
if the decrease in liquid-water-holding capacity with decreasing 
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snow density continues for very low snow densities. Additional 
measurements are required to determine the liquid-water-holding 
capacities in this range. 

8-05.09 An approximation of the liquid-vmter-holding 
capacity of snow can be obtained from the heat-balance equation 
for the surface lay~r during clear nights in sprinc. This layer 
begins to cool at the snow surface just before sundovm and 
continues for approximately 12 hours. The frost line reaches a 
maximum depth at about 0600 hours. The difference between total 
heat loss and the maximum cold content represents the heat gain 
from freezing of liquid water (not in trandt) in the snowpack. 
The computed liquid water content for the snow crust as shown 
in the previously referenced observations at CSSL (plate 8-3) 
would be approximately 4 percent, which agrees with thermal 
quality determinations for 1i'luid vmter in a pack after drainage. 

8-05.10 Recommended liquid-vmter-holding capacities. 
Experiments on liquid-via ter-holding capacity of snow are limited. 
Nearly all are for spring snow of densities above 35 percent, 
while densities of winter snoVlpacks usually range from 10 to 35 
percent. In this range, no observations of liquid-water-holding 
cauacities are available. From the results of observations of 
th~rmal quality shovm on plate 8-7, and from Gerdel' s study of 
transmission of wnter through the snow, -2/ be~-een 2 to 5 percent 
by weight is recommended for the liquid-"mter-holding capacity of 
snow. Additional observations are required to establish the 
rela tionship between snow density and liquid-wp. ter-holdine 
capacity. 

8-05.11 The 1ack of information on the capacity of 
the snCWI to retain liquid vmter against ETavity, as a function of 
some index of the stage of metamorphism, constitutes a major gap 
in knowledge of the storage effect of the snow on runoff. 
Streamflow forecasts require estimates of the basin snow 
temperatures and probable liquid-water content of snow at various 
elevations. These estimates cannot be made vnth confidence unless 
systematic observations of these snov~ack conditions are made or 
computed from empirical relations based on adequate experimental 
data. 1~e above range of values is presented as a guide for use 
where observations are lacking . 

8-05.12 It is pointed out that the liquid-vmter
holding capacity of snow, a s discussed in the preceding 
parag:raphs, represents conditions where free drainage of the 
snov~ack is assured. In flat areas, horizontal drainaGe through 
channels is impeded by the lack of sufficient slope. Thus, 
portions of the snowpack in foothills and flat lands may hold 
liquid water far in excess of that for mount~inous areas where 
free drainage is rapid. 
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8-06. TRANmrrSSION AJ."m TRAVEL TIME OF WATER THROUGH THE 
SNOWPACK 

8-06.01 General. - The condition of the snowpack 
determines the amount of storage and the rate of downward 
movement of water. The temperature, size, shape, surface area, 
and spacing of the snow crystals, channelization stage, and melt 
and rainfall intensities control retention and detention of water 
as it moves downv~rd through the snowpack. Since many of these 
factors are continuously changing, neither the storage nor the 
rate of movement can remain constant. The time of travel of 
water in unprimed snow may be considerable, particularly when the 
snow is striated with ice planes which are flat or concave upward. 
By the time water reaches the ground surface, a wa~er course is 
established in the snowpack. After this, the travel time is 
relatively short, being primarily a function of the snow depth. 
The time of travel through the established water courses in the 
snowpack continues to vary, because, under the action of the 
percolating water, the crystalline structure of the snov~ack 
continues to change, and erosion and more extensive channelization 
progresses, with the consequent release of some liquid water held 
against gravity. 

8-06.02 Experimental work. - It is impossible to 
estimate quantitatively the variation in travel time of water 
through a natural snov~ack except in a general way, using 
laboratory experiments a.s guide. Electric snow-moisture meters, 
such as Gerdel used in CSSL, are probably the best method at 
present for qualitatively determining the travel tj~e of v~ter 
through the snowpack. Figure 5, plate 8-7, illustrates the 
results of his tests and show the rate of drainage of water 
through three layers of the snowpack. The following table 
summarizes Gerdel's results on the transmission of water through 
snow.~ 
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(eft 
Tr?.lls-

Li~uid water content** Duxation of Snow Probe Water mission 
density spacing applied rate* Initial Peek End observation 

g/ce in in in/min pet :pct pet min 

0.35 25 2.0 1.1 4.0 16.2 5.5 19 
0.35 41 2.0 1.1 1.4 9 . .3 1.1 19 
O. 7 0.8 0.9 3.8 6.2 1.1 18 
0.40 17 0.5 3.7 4.1 6.2 1.7 18 
0.46 6 2.0 12.0 6.0 10.7 5.1 48 
0.46 12 2.0 16.0 4.0 9.8 0.9 48 
0.46 18 2.0 18.0 4.0 10.3 0.9 48 
0.46 6 2.0 24.0 5.0 10.3 2.6 35 
0.46 12 2.0 24.0 2.9 10.3 0.7 35 
0.46 6 2.0 24.0 J.O 10.3 2.0 35 

* Computod from time interval between peak flow and spacing of 
capicitor probes. 
** Interpolated from calibration curve derived from capacitance 
readings and calorimetric measurements on three or more snow semples, 
collected during each experiment. 

In general, it is seen from Gerdel'a work that the transmission 
rate increased with increasing densities. This may reflect the 
effect of changing structure of the snowpack as the season 
progresses, rather than a direct relationship to density. Horton~ 
theorized transmission rates in snow on the basis of voio. spaces, 
as is done for other porous medi~and according to his theory, 
transmission ra tas through snow \'1ou1d increase markedly for 
decreasing densities. This is in direct conflict with results 
obtained from Gerdel's experiments. 

8-06.03 The depth of penetration of water. - In a 
snov~ack of uniform texture, the depth of penetration of v~ter 
varies directly with the amount of water entering the snowpaek 
and inversely with the storage deficiency. The latter is a 
function of the snow temperature and the liquid-water-ho1d.ing 
capacity. For instance, for a cold snow, 

t (1 + m) 
D =(T r f 1\ \ 

~ 160 + 1& ) 
(8-J) 
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in which D is the depth of penetration in inches; i and m are the 
- r -

rain and nelt intensities in inches per hour; t is the duration in 
hours; t' is the density of snow in 5/CC; T is the temperature of 

-- s 
the snow in °c belovi freezing; and f II is the liquid-wa ter-holding 

...£. 
capacity of the snow in percent. For a moist snow, T = OOC, and 

s 
if the liquid-v~ter deficiency is ~, then 

D 
leo t (i + m) 

r 

r ft 
p 

(8-4) 

For a completely primed SnOW1\ack, where ft = 0, the entire depth 
p 

will be penetrated regardless of the magnitude of water entering 
the snowpack. 

8-06.04 Method of travel. - Storage of water begins 
at the snow surface where melt (or rain and melt) enters the snow
pack. The priming or conditioning of the snow (to pass water 
through it) begins with this surface layer, which is generally 
hO!!lOgeneOtls. The conditioning of the snovipack progresses 
dovmward in a path of least resistance from one layer to another. 
Upon meeting an ice plane, the water flows over the surface until 
a weak point allows part or all of the water to enter and spread 
in the layer below. In this zigzag manner water finally reaches 
the ground surface. The phenomenon is illustrated in figure 3, 
plate 8-1, for a cold, unripe snow. Depending on the slope, 
curvature, and degree of impermeability of the ice planes which 
separate different layers of snow deposits, water may reach the 
ground surface before the entire sno\vpack is saturated or 
conditioned to yield runoff. That is, some cells in the snow 
matrix may not yet have become accessible to the conditioning 
action of the infiltrating water when runoff appears. 

8-06.05 Examples of time of travel. - The lysimeters 
at CSSL provided an opportunity to study transmission of water 
vertica.lly through the snovipack. In Research Note 4, rates of 
outflow from artificial spriru~ling of the snowpack at the 
headquarters lysimeter were determined and storage delay within 
the snov~ack was evaluated by means of distribution graphs. 
Research Note 18 describes the effect of storage and transmission 
of ~~ter through the snow for the natural rain-an-snow occurrence 
of 8 January 1953, at the same lysimeter. Clear-weather melt 
studies for the 1954 season at the Lower Meadow lysimeter also 
provide factual data on delay to runoff by the snow, through evalu
ation of the diurnal fluctuation of heat supply to the snow surfaces. 
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8-06.06 The rain-on-snow event described in Research 
Note 18 provided an excellent opportunity to study both storage 
and transmission of liquid water in the snowpack. A rain of about 
4.9 inches, augmented with melt of 1.9 inches, entered a cold and 
dry snov~ack in a period of about 2 days. Plate 8-8 shows a mass 
curve of the vrnter balance of the snowpack for the storm period. 
The snowpack at the beginning of rain was 84 inches deep, with an 
average density of approximately .31 e/cc, a water equivalent of 
26.7 inches, and an average temperature of -3.00 C. The liquid 
water required to vmrm the pack to OOC and supply the liquid-vmter
holding capacity were computed to be 0.8 in. Rain and melt in 
excess of this amount was available for runoff. Delay to runoff 
of the liquid-water excess is illustrated by inflow and outflow 
hydrographs shown on figure 4, plate 8-9. At the headquarters 
lysimeter, the time delay through the snowpack was about 2 hours. 
A plot of outflow for the Lower Meadow lysimeter is superimposed 
on the same graph. The runoff deficiency at the Lower Meadow 
lysimeter in the early part of the storm was due to the 
configuration of the ice planes, causing an indeterminable part 
of the water to flow outside the lysimeter boundaries until 
channels of flow through the ice planes were developed. 

8-06.07 The lysimeter outflow for daily melt 
contribution during rain-free perjods is shown in figures 1-3, 
plate 8-9, for clear, partly cloudy, and cloudy days. Here, 
inflovT at the surface is computed by energy-transfer equations 
as described in chapter 5. Observed outflows show the net effect 
of time delay to runoff caused by the snowpack. Liquid-water 
deficiency in the crust layer, due to nighttime heat loss, must 
first be satisfied before water is available for runoff the next 
day, and it is indicated by shading on the diagram. The time of 
peak flow is displaced approximately 3 hours in these cases. Here, 
the snowpack depth averaged about 48 inches for conditions in 
figures 1 and 2 and 40 inches for figure 3. Densities averaged 
0.50 g/cc. 

8-06.08 A study vms made of time of diurnal peak 
discharges in Castle Creek, CSSL, to determine changes in peak 
lag time resulting from varying snowpack conditions. From 5 years 
of study, it was determined that early in the melt season, (usually 
about 1 May), Castle Creek peaks daily at about midnight, but the 
peak advances to about 1700 hours after a week or two of active 
melt and occurs at about this hour for the remainder of the season. 
While the time of peak discharge is a function of both natural 
basin storage and the storage effect of the snowpack, the change 
in peaking time is caused primarily by change in snowpack conditions. 
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In hydrologic studies, after the melt season has progressed for 
a relatively short period, changes in travel time caused by change 
in snowpack conditions are not significant, and the use of an 
average storage time is justified. 

8-06.09 The February 1951 rain-on-snow analysis for 
Mann Creek, VffiSL, described in Research Note 24, is discussed in 
chapter 9. Vlliile the study was complicated in the initial part 
of the storm by precipitation in the form of both rain and snow, 
by storage of snow and liquid water in the trees, and by 
uncertainties of melt computations, fairly definite evaluation 
can still be made of the effect of the snowpack on runoff. In 
generel, the lag time between peak inflow and outflow increased 
about 2 hours from that which would occur for bare ground 
conditions. The snow depth averaged about 5 feet. Appraisal of 
the storage effect of the pack is shown in plates 9-1 and 9-2. 

8-06.10 Horizontal drainage. - Where horizontal 
drainage is inadequate (as in the Great Plains, in contrast to 
mountainous regions), the delay to runoff caused by the snowpack 
may be much larger than that required for the vertical transit 
of water through the pack alone. Unfortunately, adequate 
information on horizontal flow rates and the stage of metamorphism 
of the snowpack is not available. 

8-07. STORAGE POTENTIAL AND TI:ME DELAY TO RUNOFF 

8-07.01 General. - The preceding sections have 
considered separately the processes involved in conditioning 
the snowpack to produce runoff and the methods for evaluating 
amount of storage of liquid water that results from a given snowpack 
condition. This section deals with the problem of combining 
amounts numerically, for the purpose of applying the theory to 
project basins, and estimating the time and storage required to 
prime the snowpack for given rain or melt rates and snowpack 
conditions. In formulating storage and time delay it is assumed 
that the snowpack is homogeneous; the storage is a direct function 
of the cold content and liquid-vmter deficiency; and the total 
time delay is a function of the rate of inflow. It is therefore 
assumed that the total storage potential of the snowpack must be 
satisfied before runoff oocurs. Actually, the pack is not 
homogeneous. Some water will appear at the bottom of the pack 
before the entire pack is primed. The storage potential in the 
snowpack decreases gradually as the percolating water disintegrates 
the ice planes shielding the cold cells. 
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8-07.02 The storage potential of the snowpack is the 
sum of its cold content (expressed in inches of liquid water) and 
its liquid-vmter-holding capacity. These amounts are small 
relative to the total energy required to melt the snowpack, and 
constitute an initial loss before runoff occurs. The energy 
required to condition the pack, in percent of the energy required 
to melt it, is 

T 
E=~ 1.0 

II 

+ f 
p (8-4) 

where E is equivalent energy to condition the snowpack in percent 
of' melt energy, T is the average snoVi temperature below zero, in s 
°C, and f II i.s theliquid-water-holding capacity of the snowpack 

....P.. 
in percent. Thus, with an average snowpack temperature of -5°C, 
and liquid-water-holding capacity of 3 percent, the total energy 
required to condition the snowpack is only 6 percent of that 
required to melt it. This energy is normally supplied during the 
transition between the accumulation and melt periods, so that its 
effect on flows during the active spring melt season may be ignored. 
In the winter, however, the magnitude of storage potential in the 
snowpack may be an appreciable part of the runof~ quantity, 
depending upon snowpack condition. An example is presented in this 
section to show how to estimate the storage effect over a basin. 

8-07.03 Basic data requirements. - The condition of 
the snowpack can be determined by direct observation, augmented 
by estimates based on day-to-day variations in the meteorologic 
regime. In mountainous areas, elevation differences must be 
taken into account, and sampling points should adequately represent 
all elevations within the basin. Time frequency of sampling is 
dependent upon knovm conditions of the snowpack. Information 
required is temperature, depth, density, liquid-water content 
(when applicable), and structural characteristics such as 
crystalline types and locations of ice planes. Plate 8-10 Sh~IS 
the type of information as obtained during January 1952 on the 
west slope of the Sierra Nevada along U. S. Highway 40. Various 
elevations ranging from 3000 feet msl to 6900 feet msl were 
sampled by means of digging snmvpits, in order to assess the 
storage potential of the snowpack in the Yuba and American River 
basins. Also shav-m on the plate is a method for determining the 
temperature and structural profile of the snav-.rpacl:: by use of a 
Mt. Rose snow sampler and Weston bi-metallic thermometers. A 
means of estimating snow temperatures in the top 2 feet of the 
sno\vpack from air temperatures of the preceding 3 days is shovm 
in figuro 1, plate 8-6. 
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8-07.04 Formulas for computing runoff delay. - In 
order to evaluate the storage of liquid water and time delay to 
runoff in a given elevation zone, basic storage equations are 
presented. The cold content may be represented by the equivalent 
liquid water requirement, 

W 
W T 

o s 
c=~ 

(8-5) 

where W is the liquid water in inches to raise the temperature 
c 

of thelPack to Ooc, w o is the initial water equivalent of the 

and T is the average snowpack temperature 
s snowpack in inches, 

in °c below zero. 
heat, the time in 

NegleCting the small amount of warming bg rain 
hours, t , required to warm the pack to 0 C is o 

t c 
W T 

o s 
160 (i + m) 

r 

(8-6) 

where i is the rainfall intensity and ~ is the melt rate in 
r 

inches-p9r hour. Additional storage of liquid water to satisfy 
the liquid-vmter deficiency may be expressed as 

(8-7 ) 

where Sf is the water stored and :i is the liquid-water deficienc~ in 

percent. The time required to store Sf may be represented by t f 
as follows: 

t Sf 
f = -:--~- = 

i f m r 

f' (w f w ) poe 
100 (i f m) 

r 
(8-8) 

The total storage potential of liquid water not available for 
runoff is 

S = W + Sf P c (8-9) 

where S is "permanent" storage, in that it is not available for 
....l2.. 

runoff until the sno.vpack is melted. Transitory storage 
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constitutes an additional delay to runoff. Initially, the transitory 
storage up to the instant runoff began would be 

(i f m) 
St = .=D __ ..;;:r __ _ (8-10 ) 

where St is the transitory storage in inches, Q is the snowpack depth 

in feer-and v is the transmission rate in ft/hr. The time (in hours) 
t 

is simply 

t D t = v t 

(8-11) 

so that 

St 
W 

0 
(i f m) =f' v r 

t 

(8-12) 

and, since D = Wo/ e 
tt 

W 
0 

= (l v t 

(8-13) 

Total storage of liquid water before appreciable runoff occurs is 

S = W f Sf f S c t 
(8-14 ) 

or, adding (8-5), (8-7), and (8-12), and assuming W is c 
negligibly small in comparison with W , 

0 

rT f' (i f 
m) J S _ W _s_ -.£..... f r 

- 0 160 f 100 (l V 
L- t 

(8-15) 

The time required to produce runoff is 

(8-16) 

or 

(8-17) 
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After runoff has begun, the delay caused by transitory storage in 
the snowpack is negligibly small in comparison with the usual 
magnitude of natural basin storage times. As the inflow continues, 
and the drainage channels within the pack become more efficient in 
transmission of water, there is an indeterminate amount of 
previously withheld water which is released to runoff. The actual 
magnitude of this effect is unknown and represents a gap in basic 
knowledge. 

8-07.05 Example of storage potential evaluation. - The 
data shown on plate 8-10 provide the basis for a numerical example 
of storage potential of the snowpack over a basin, summarized from 
an analysis contained in Technical Bulletin 17. Through use of 
principles set forth in the preceding sections of this chapter, the 
storage potential of the snowpack is evaluated fo~ each of 5 
elevations and is expressed as inches depth of inflow from rain 
and melt required before runoff appears at the bottom of the 
snowpack. From assumed rates of rainfall and snowmelt, the time 
reauired to condition the snmvpack to produce runoff is computed. 
Table 8-1 lists values of snov~ack conditions, liquid-water 
deficiencies and assumed rates of rainfall and snowmelt, from 
which components of storage and time delay are computed step by 
step and combined to shaw the total effect of the snowpack on 
runoff. The general equations for computing each value are shown 
in the table. 

8-07.06 For this example, the total storage of water 
within the snmvpack before runoff appeared from the bottom of the 
snowpack varied from 0.08 inches at 3000 feet msl to 2.86 inches 
at 6900 feet msl. For an assumed rate of rain plus melt of 0.12 
inch per hour, the corresponding total time delay before water 
was available for "runoff ranged from 0.7 hour to 24 hours. For a 
snovvpack about 15 feet deep, after the initial storage requirement 
of water within the snowpack has been satisfied, additional inflow 
from rain or melt will pass through the snowpack with a maximum 
time of transitory storage (t ) of 4 hours. The average time s 
delay of transitory storage for the basin as a whole would be 
less, and accordingly, may usually be ignored when considering 
the magnitude of total basin storage time. 

8-07.07 The variation of the storage potential with 
elevation, for this oxample, is shown by Cl~e A, figure 2, 
plate 8-6. Curve B in the same figure illustrates the variation 
with respect to elevation of the elapsed time from beginning of 
rain and melt before appearance of flow at the bottom of the 
sno\vpack, for the assumed inflow rate of 0.12 inch per hour. Both 
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curves are expressed in terms of unit sno.vpack water equivalents, 
from data contained in lines 25 and 26 of table 8-1. These 
curves apply only to conditions for the illustrative example. 
Similar curves can be derived for assumed or observed anowpack 
conditions and for unit rates of inflow. B.Y combining such 
curves with area-elevation data for a given basin, a general 
solution for a given snowpack condition can be made. 

8-07.08 Total basin storage potential. - In addition 
to the storage potential of the snowpack itself, storage of water 
in the soil beneath the snowpack and ponding caused by the presence 
of a snowpack should be considered in assessing the total basin 
storage potential. In many cases, the soil has reached its liquid
water-holding capacity in advance of runoff-producing rain or melt, 
particularly for areas where fall and early-winter rains normally 
saturate the soil in advance of the major snowpack accumulation. 
In such cases, the soil remains at or near liquid-water-holding 
capacity through the winter season. Even for this type of area, 
however, below normal early-season rainfall may cause a soil 
moisture deficit which might be carried over through the winter 
period. The effect of ponding resulting from the presence of a 
snowpack is important for areas with relatively flat slopes, such 
as in meadows or plains. Vlliere ponding occurs, the time delay to 
runoff is increased, and the duration and total amount of 
infiltration increased as well. The relative magnitude of the 
effect of ponding is dependent upon the percentage of area on 
which ponding is likely to occur. 

8-08. SUMMARY AND CONCLUSIONS 

8-08.01 General. - The effect of varying snowpack 
conditions on runoff from either rainfall or snowmelt is one of 
the basic considerations of snow hydrology. Divergent opinions 
exist as to the storage effect of the snowpack. They range from 
considering the snowpack to be a vast "sponge" capable of retaining 
large quantities of liquid water, to the assumption that storage 
in the snowpack is negligible in any basin study. Actually, 
there are times when either viewpoint may be correct, and there is 
no generalization which is universally applicable. The important 
consideration is that the actual snowpack condition be evaluated 
in order to properly assess its immediate storage potential. 
Winter runoff, in particular, is affected by the snowpack condition. 
In the active spring melt period, on the other hand, within the 
first week or two of melt, the snowpack becomes fully conditioned 
to produce runoff so that daily melt or rainfall quantities pass 
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through the pack virtually without loss, except for the minor 
effect of the nocturnal crust layer. The storage potential 
within the snawpack, therefore, should be considered in connection 
vath winter or early spring runoff from a rain-on-snow situation. 
In order to evaluate the storage potential of the snowpack, it is 
necessary to understand: (1) basic changes in the character of 
the snowpack thro~gh its metamorphism and the processes that cause 
the changes; (2) heat and water vapor transfer within the snawpack 
and their relation to meteorologic variables; (3) the cold content 
of the sno,~ack; (4) the liquid~Nater-holding capacity of the 
snowpack; (5) liquid-water transmission rates; (6) the determination 
of basinw~ide snowpack character and evaluation of changes between 
observations; and (7) methods of analyzing snowpack condition and 
inflow rates on basin areas for estimating the net effect of the 
snowpack on runoff. 

8-08.02 SnoW])ack character. - The basin sno'wpack 
consists of individual snow crystals, ice planes and communicating 
air spaces, which mayor may not contain liquid wa.ter. Tho volume 
of air space is at a maximum in a new-fallen snow. This volume 
decreases very rapidly a.t first, then gradually reaches a minimum 
at the end of the season. 1~e rate of settlement and compaction 
of the pack is primarily a time flmction of several processes 
causing changes in form and displacement of crystals within the 
sno\vpack. An important function of the air in the snow matrix 
is the transportation of heat and vmter vapor from high to low 
temperature areas. This activity resultc in rounding off of the 
snow crystals and growth of some at the expense of others and 
tends to reduce the depth of penetration of cold into the snowpack. 
Impermeable ice planes deflect but do not prevent the movement 
of the air vTithin the snow. 

8-08.03 Conditioning of the snowpack. - In general, 
during the winter period the snowpack loses heat to the atmosphere 
and gains heat from the ground, resulting in the establishment of 
a thermal gradient va thin the pack. (For deeg snow:packs, the 
temperature at the ground surface is usally 0 C). The snov~ack 
continues to remain cold (sub-freezing) until the melt and 
rainwater and the diffusion of heat cause the snow temperature to 
rise to the melting point. Liquid water entering a cold snowpack 
freezes within the pack, becomes part of it6 end incre2.ses the 
temperature wi thin the snowpack. Snovl at 0 C vTill impolillc1 
additional water on crystal surfaces and in air spaces a s 
hygroscopic and capillary water. Such water (held against 
gravi ty) also becomes part of the snoyip3.clc and is retained until 
the snow has melted. Pockets or cells of snow which are cold 
and dry may exist in an otherwise 'wet snowpacl< as the resul t of 
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ice planes which have not yet disintegrated to allow the snow to 
become fully conditioned. The conditioning of the snowpack from 
surface \v.ater progresses downward in a path of least resistance 
as one layer after another is completely saturated and yields 
water to the layer below. Neither the retentivity or 
permeability of the snow is constant. Therefore, the transmission 
rates and vmter storage capacity of the snow vary with the 
character or the stage of the metamorphism of the individual snow 
layers. Except for density, no other characteristic of the 
snov~ack element is regul~rly observed in a project basin. 
Therefore, density must be used as an index of the general 
character of the snow as it affects storage. 

8-08.04 Evaluation of basin snovffiack storage 
potential. - The storage effect of the snawpack for drainage 
basins in mountainous regions may be approximated by dividing 
the basin into homogeneous topographic units or elevation zones. 
In the lower portions of the basin, the snowpack may be in 
condition to yield any rain and melt that may enter the pack. At 
hieher levels the sno~ack may be at OOC but may possess a 
llquid-v~ter deficit. At still hieher levels the snowpack may 
be cold and dry, a condition for optimum storage of liquid water. 

8-08.05 Direct evaluation of storage potential of 
the snowpack requires observations of depth, density, water 
equivalent, temperature, moisture content, and character of nn~'~ack 
for representative areas or zones of elevation3 vnthin a basin. 
Such observations are best made by digging snowpits, but cores 
from snow sample tubes may be utilized. PreCise field determina
tions of liquid-water content of snow are difficult to obtain, but 
wetness tests may provide qualitative data. Changes in the 
conditions of snowpack temperature and moisture, subsequent to the 
time of observation, may be determined on the basis of meteorologic 
variables. 

8-08.06 Evaluation of the snowpack condition for 
representative zones may be obtained by direct observation or 
from estimates, and the storage potential and corresponding time 
delay to runoff may be evaluated on the basis of the example 
outlined in section 8-07. Combining amounts in each elevation 
~ne, in conjunction with area-elevation relationships, gives the 
total basin storage effect of the snowpack. The time and 
frequency with which such evaluationa are necessary, varies with 
the changing conditions of the snowpack. In the active spring 
melt period, time delay to runoff from storage of liquid water 
in the snowpack may be ignorod. 

315 



8-08.07 A snowpack 180 inches deep, with 35 percent 
density, and an average temperature of _50 e, would store about 
4.0 inches of liquid water before water would become available 
for runoff. This represents a near-maximum amount of storage 
for the mountains of western United States. In mountainous areas, 
slopes are usually sufficient to effect horizontal drainage of 
the snov~ack, and ponding of water within the snowpack is generally 
minor. In plains areas, however, large amounts of water are 
frequently ponded within the sno~~ack as the result of choking of 
horizontal drainages by snow. The condition of soil moisture is 
an additional factor affecting runoff and should be evaluated in 
the total basin storage potential. 

8-08.08 A major deficiency in the adequate assessment 
of storage potential is the lack of observational data on the 
basic snowpack characteristics involved. In general, snowpack 
temperatures and liquid-water content are not observed as 
hydrologic elements in project basins, and until such time as 
they are, the hydrologist must base his estimates of storage 
delay on experience and judgment. Additional basic research is 
also required on metamorphism of the snov~ack, as applied to 
hydrology, in order to understand better the processes affecting 
the changes of the snov~ack condition • 
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TABLE 8-1 

S'IORAGE roTENTIAL OF THE SKlWPACK 21 JANUARY 1952 ~ 

UNE I '!EM 

1 Initial snov depth 

2 Initial snov densi ty 

3 Initial snowpack water equivalent 

4 Initial snow temperature 

5 Percentage liquid water holding capacity 

a. Before drainage 

b. After drainage 

6 Ini tial liquid water content of snow 

1 Air temperature 

8 Snowmelt 

9 Rainfall 

10 Inflow 

11 Water equi vslent of cold content of snow ...1/ 

12 Time required to raise snow te~erature to OOC 

13 Water equivalent when snow reaches oOe 

14 Liq1lid water holding capacity 

15 Liquid vater deficiency 

16 Time required to contain liquid water equal to capaci ty 

11 TraTel rate of water in a primed snow 

18 Time of travel through snovpack.21 

19 Trans! tory storage (vater in trans! t) in snowpack 

20 Total storage time from beginning of rain to appearance of runoft 

2l Total l'ltorage in snowpack when runoff appears 

a. From rain 

b. From melt 

22 Liquid water present in snow iCen runoff appears 

23 Snowpack water equivalmt \tIen runoff appears 

24 Total water deficiE'ncy at beginning of rain (include!! cold cont.ent) 

25 Storage t1~ 

26 Average water deficiency 

21 Watar released to rmoft by the decrease in storage potential 

American River Basin, California 

6900 

172 

0.28 

48.5 

-3.0 

3.0 

2.0 

o 

5.0 

0.04 

0.08 

0.12 

0.91 

1.6 

49.4 

1.48 

1.48 

12.] 

43 

4.0 

0.L8 

23.9 

2.86 

1.91 

0.95 

1.96 

51.4 

2 . )9 

0.493 

0.Ou9 

0.u9 

6000 

161 

0.30 

48.3 

-2.5 

).0 

2.0 

o 

5.0 

0.04 

0.08 

0.12 

0.13 

6.1 

41l.8 

1.L6 

1.46 

12.2 

43 

3.1 

0.L4 

<>2.6 

2.71 

1.81 

0.90 

1.90 

51.0 

2.19 

o.LJ68 

0.045 

0.L8 

ELEVATION 

5000 

98 

0.3B 

37.2 

o 

3.0 

2.0 

o 

5.0 

0.04 

0.08 

0.12 

o 

o 

31.2 

1.]2 

1.12 

9.3 

40 

2.5 

0.30 

11.8 

1.42 

0.94 

0.48 

1.h2 

37.1 

1.12 

0.]11 

0.031 

0.37 

4000 

58 

0.36 

20.9 

o 

3.0 

2.0 

0.63 

6.0 

0.05 

0.01 

0.12 

o 

o 

20.9 

0.63 

o 

o 

0.18 

0.J8 

O.ll 

0.01 

0.81 

21.0 

o 

0.012 

o 

0.21 

3000 

25 

0.40 

10.0 

o 

2.0 

o 

0.20 

6.0 

0.06 

0.06 

0.12 

o 

o 

10.0 

0.20 

o 

o 

0.1 

0.08 

0.1 

0.08 

0.04 

0.04 

0.28 

10.0 

o 

0.010 

o 

o 

~ See figure 2, plate 8-6 for basinwide variation j n the storage potential. 
-:1/. The tAlrms "cold content" and "h;!at deficiency" are synonymous, OoC being the referoncl! t.emperat,ure. 
Y Change in ~owpRck depth and water equivalent during pOlning period 1s tgnored in items 18 through 27. 

This omission iB within the .accuracy of the approximationll. 

UNIT 

1n. 

g/cc 

in. 

pct. 

pct. 

in. ' 

in./hr. 

in./hr. 

in./hr. 

in. 

hr. 

in. 

in. 

in. 

hr. 

in./hr. 

hr. 

in. 

hr. 

in. 

in. 

in. 

in. 

in. 

in. 

hr./in. 

tn./in. 

tn. 

SYM'OOL 

D 

111 

W 
c 

S 

p 
r 

M 

w 

EQUIVALENT 

J» D 

1r t m 

-WoTel l60 

W/(i r f m) 

Wo t Wc 

t (W ~ W )/100 
p 0 c 

Sf + Wt 

Sf / (i t 111) 
r 

D/v
t 

tt (ir + m) 

tc + t f + tt 

Wc + Sf t St - Wf 

t i 
r 

t m 

Sf + \ 
w + S 

o 
I 

Wc + Sf 

t / w o 

'ff / W 
') 

" " "'0 (fP1 - fp~ 

REMARKS 

Observed 

Observed 

AIlSUlllBd 

Forecast 

Est. from temp. forecast 

Forecast 

Line 8 • Line 9 

Line 11 / Line 10 

Line 3 t Line II 

Line 13 x Line 5a/l00 

Line 14 • Line 6 

Line 15 I Line 10 

Line 1 / Line 11 

Line 18 x Line 10 

Line 12 + Line 16 + Line 18 

Line 11 t Line 14 t Li~ 19 - Line 6 

Line 20 x Lil'll 9 

LirE 20 x Line 8 

Line 1h + Line 19 

Line 3 t Line 21 

Line 11 + Line 15 

Line 20 / Line 3 

Line 24 / Line 3 

(Line Sa - line Sb) x Line 3 
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SNOW PACK, WBSL 

JANUARY 1950 

FIGURE 2 

/. Observof/ons mode of heodquorft"rs, SIation I-A, 
WBSL (EI.4Z30), during p erIod of' s now accumu
lalion, D ecember and January, ;949-50. 

Z. During period shown, oir lernperofure was continu
ously be/ow freezing except for very short periods, 
and preoiplfofion was entirely in the rorm of'snow. 
Mel t otthe air-snow interf'oce would be negligible. 

3. Errect or ground melt is assumed to be negligible 
for the period shown. 

4_ Variation or overage densify was computed from 
the summafion or doily incoremenfg or prec /piia fion 
cafch ot Stolio(1 1-8, adjusted to the woterequiva
len! of the snow stoke compuiecl 'rom the mean 
atensily or snOw on 12 January. 

5. The meon density 01' new snow for the period 
5 January through 18 Jonuary. computed !rorn 
doily snow board measurements or water equivalenf 
and depth, is 0.09 gm/cmJ. On the basis or overaqe 
temperatures dur ing the r~,..,.,a"nder or fhe storm 
per/ods . the over oge. crensity Of n ew I'allen snow 
is estimated to be 0,/1 gm/cm' ror fhe enlirt!' 
period. 

6. During this storm period, the overage precipitofion 
cotch at Ihe snow stOKe wOS obout 115 % or the 
catch ot the snow boord. 
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SCHEMATIC 
THE FLOW 

DIAGRAM ILLUSTRATING 
OF WATER WITHIN THE 
SNOW PACK 

FIGURE 3 

NOTES' 

I. Ice planes and bonded crysfals of' varying thickness 
~nd permeability are usually rormed during clear 
weather befw~en snowstorms os a re$ulf of' mel! 
wafer rerreezing during the nl9hf and a/so as a 
resulf or sublt"rnofion process wifhin fhe snow pock. 
Crusts maya/so form ('rom lhe action or w ind, and 
cooling of' sur{"oce - snow matrix by evaporation .. 

2. "Cold" cells of' temperoture be/ow melting point 
continue fo exisf in the snOW pock bt!*fween ice 
planes and wafer courses untii fhe ice planes 
have disintegrated and ollowed the percolating 
wafer to reach these cells or surricienf heat has 
penefrated fo raise the temperature fa 0" C. 

3. Capil lary water is stored (1ear the ground and obove 
the ice piane>s and in smoll voids between Snow 
crystals. In addition water is also held against 
Brovity On snow particles by adhesion or surroce 
l ension. 
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AIR TEMPERATURE, of 

DENSITY OF NEW FALLEN SNOW 

FIGURE 4 

NOTES I 

I. Densify m eosurernenl's were mode by SIPR£ person
nel at C SSL h eadquarters (EI. 6900). Air tempera
tures were fok~n at about fhe lime or density meaSure
ments af 4 reef above snow surface. 

2. Times or accumulation of' snow bef'ore observoNon were 
variable ond were always less than 24 hours. The 
overage time was probably in the range befween 6 
and 12 hours. The resuitsl therefore-, cannot be 
app lied dlrec:fly to the usually observed 24-haur 
snowra/ls. 

.], Variability is a lso introduced Into the above relaflan
ship os the result Of varyin9 rates 01 snow accumu
lation which have no! been considered. 

SNOW INVESTIGATIONS 
SUMMARY REPORT 

SNOW HYDROLOGY 

DENSITY AND STRUCTURE OF 
WINTER SNOWPACK 

Snow densifif?s /n grn / crn J on th is plofe 
or~ equi volent fo commonly used dens/I/es 
/n percenl, d/v/ded by 100 . OF~ I C £ OF D IV I SION ENGINEER, NORTH PACIFIC DIVISION 
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NOTES lor FIGI.II1£S 2 and.3. 
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·~;9ht. 
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FIGURE 3 - TEMPERATURE PROFILES NEAR S NOW SURFACE 
DURING NIGHT OF 12 -13 MAY 1954 
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:VOTES for FIG(JR£ I,' -

I. Average pack d~nsify defermined by verlical sarnplp wilh 
MI. l<oSfl sampler~ 

Z. Horizonlal density samples token w/lh 500 cc cyl/ndrica l 
samp le !ub~s 0 1 positions indica!lId thus: • . They o r e token 
In homogen ous horizons ond do no l i nclude ice loyers . 

3 . Tempera/ure in °C lalc~n w ilh Weslon b irnalt! /I/c diol 
Iherrnorn~/er$ af posili'ons indlcol ed Ibus : ,,'ur . 

d , aOc iso lhermo l condition or fhe snowpack continued orler 
I April except nighl /y cooling erreef of" Ihe slJrf'oee layer 
by fhll oulgo in g longwo v e roeli otion. 

S. Observal'ions made ot Lower M~odow, CSSL, unde-r dirgelion 
of' S IP R£ . 

6 . Only se/~c red obs e rvof/ons ore shown la illusfrof~ 
progress of' Change , olso .see Plote 8-1. 
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No les : 
J. Ternp,z rolvl"Vs wilhin ' btl Snow pock wq r~ InqosuF' 

a d on 0 I rq/!/s by TI'Hzrtnohms S V Sp<r ,.,c:lfZeT 0; 

dirFtzre n l hq;gr. ! s obo v lZ ground s urrOC" riZ and 
were recordqc;l fZ v ... ry f"d"'(! lZ n rn'-'H.J/(lS 01'1 0 

rzcoro'fZ.... c h or /. 

1 . Snow dep~;' waS nohzd usvol /J:j o n c e 0 d oy 
01 'he Inz //is , S no:.v depth 0; C SSL ortlZr J 
M orc;' /949 wos (Zsffmo / rz,d rro ," Ina do//y 
Sn ow sloke r fZ oo'if'lgs near 'he I r e l l/s. 

3. Fisurrz, 5 sr.ows fJHZ s;,il'l r',., ;/'e pos/fi of"l or 
TherrnOA{TJS of CSSL os of"!O Aprl/ 1949 w lVi!:n 
1" <2 pock was IZxeovo / ed ond I;"~ n e w },<2 /9 " ls 
were de/erm/ned. No suen ;n f"armol/or. /s 
o v o ilob/<2 ror UCSL . 

4. Eslimo/ed va lu e s. or'l: shown by dolled /ifltZ S . 

S. rn tZ ;so /A~rms snown r~pre:;~nl ovP. rog(l. o r 
doily max . ond m in. Iqrnpe r -:J i vrcs as obloined 
~I eoeh T/) tZ rmo ;'m le v e l w i !"' ,'n ,,..~ snow pock . 
TlltZ bZfYlperolurtZ poltern n¢Qr tht surrocfZ of" 
Inc snow is orr ccted by Ihv. d t'urno! potlern 
or Ine a ir temperature above II, ond s now 
sur r oce l emp eral ure dolo are no t ovoiloble 
!o show Ih e tem pera lur e vo r/o l t'or.s I)~or 
ihe Surfacer: . Tnq; f"/9urP.S snow Ine S/loso n o / 
trq nd or.d re/o tive/y ropid r e S p onse orsnow 
IfZrnp fZro lure 10 1"01 of" svrToee. oir. 
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FIGURE 2 - SNOW AND GROUND TEMPERATURES, CSSL 

No~es : 

I. Dolo ("or temperatur e va riation or va rious l e vels in s now 
p o ck .:Jnd g r ound obtain e d rrom Ther rnohrn d o lo for 
Stoli on 3 9 a t UC SL and S talion I at C SSL . 

2 . Snow d ept h s o n d oir lernp f'rotures ror f h/s p t?r i o d o s 
shown o n P late 8-4 . 

3. All t emperatures on fh ese r /gures Ore those recorded 0 1 
0700 o f" eacn day. 

4. Surface /o yer$ sho w lorger I c-rnpero lvr~ var ior;ol1 s with 
,r-esp ect 10 l im e . The amp /dude of' Ih~se var ia lions 
d lmin /s h e s wilh in creo s ing depth or s now !rorn t h e 
surroce. 

S. Wh e n the s now p ock reaches the isothermal condition 
ot 3 2'"F I fh~re may s l i/ / occur diur nal l e rnperofure 
v Oi lo l ion In the "crust " i oy er (ov erogin g obou t 6" in 
depth ) , whi c h f"re e z f?S b y nig/l t a nd thaws d u r ing t h e 
day. 
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AVERAGE OF PREVIOUS 3 DAILY AVERAGE TEMPERATURES,~ 

(FROM 5TA . 3, LOWER MEADOW, HYGROTHERMOGRAPH TRACE) 

COLD CONTENT AND MOISTURE DEFICIENCY 
(TOP 60 CM OF SNOW) 

FIGURE I 

Notes: 

I. The curves are based on weekly snow pit observations and 
temperature dolo at Lower Meadow fOr 1952-53 season. 

"" \oJ 
r 
u 
Z 

.,::. 
u . 
0 

0 
I-

~ 
0 
Z 

'" '" 
E 

0 
N 

~"" '" I-~ 

n. . o a. 
1-0 
".:£, 
Z .., 
~ d 
OJ 

0 
I-

a 
\oJ 

~ 
:> 
a 
\oJ 
a: 
a: 
\oJ 
I-
« 
~ 

2. Curve A -Used when preceding 3 days are generally overcosf. 

3. Curve 8-Used when preceding 3 days are generally clear. 

4. Below GO ern depth, Ihe snow pock temperature does not 
change appreciably belween observations. 

5. example: 
The average temperofure far the 3 days preceding the rain
fall is 27°F, and fhe weather is overcast. From CurveA, 
water required to raise the ternperature Of the top 24 
inches (fiOcm) Of snow pack to 32°F is 0.07 inches. The 
remainder Of the pock (60 inches) has a temperature Of 
approximately 29°F and a density Of 0.32 and requires 
0.22 inches Of water (: 60 x 0.32 x 0.5)( 1.7/80). Thus 
a lotal Of approximately 0.29 inches is required fa 
raise fhe tfE>mperatvre Of the snow pack fa 32 • F at 
fhis site. 

G. Symbols: 
Ps '" snowpack densily, 7..: Snowpack fernperoture 

l-

DRAINAGE AREA (FOR USE WITH AREA-ELEVATION CURVE) 

o 20 40 60 80 100% 
I 

ELAPSED TIME. BEGINNING OF RAIN TO APPEARANCE OF FLOW 
AT BOTTOM OF PACK, HRS/IN 01' SNOW WATER EQUIVALENT 

gO 0.2 0 . 4 0.8 0.10 

!'-
"i 
V 

" .. 
'f 
0 e: 

\oJ 6 II) 

'" '>, 
IL 

~ 0 
0 s 
0 

met 
!'-

~ 4 
(IJ 

I-« 
> 
w 
J 
\oJ 

~ 

3 
~~ 

e: 
II) 

2 
.... 
~ 

OL-________ ~~ ______ ~~ ________ ~--------~~------~ 
o 0.02 0.04 0.06 0.08 0.10 
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OF SNOW PACK 

ILLUSTRATIVE · EXAMPLE OF 
RUNOFF BY: SNOW PACK 

FIGURE 2 

DETENTION Of 
OVER BASIN 

Notes: 

I. Curve A represenls evaluation Of snow moisture def"iciQncy 
ave-r basin, as a f"unction Of elevation, in lerms of" unil woler 
eqvivolenf of" snow pock. 

2. Curve B rfE>presents time f"or woler fa reach bofforn of snow pock, 
Including lime required to snow moislure deFiciency and lime 
for tronsif Of woler Ihrough pack, on the basis Of on assumed 
rate Of inflow of lop Of pack of 0.12 Inches per hour, Including 
roin ond snOW mell. 

3. Data for Ihese curves derived frOm analysis Of 27 Jonvory 1952 
snow surveys along U.S. Highway 40, between Auburn ond Soda 
Springs, Colifornia, and opply only to thaf condilion. For olher 
localions and coridilions, similor curves can be conslructed 
from observofions of" snow chorocferistics which adequafely 
somple basin conditions, porlicularly wifh regard 10 elevation 
difFerences. 

4. Use of" 0 basin oreo:elevafion curve (such as hypolhelical one shown) 
ollows direct rfE>oding of" (I}snow-covered orea, (2) area of snowpock 
primed fa yield runorF direcfly wifhout sforoge, since femperoture and 
wafer-holding requiremenls are solisFied, (3) area Of snowpock of 32°F 
wilh moisture deficiE'ncy, Ihus requiring sforoge, ond{4} orea of snow
pock 01 <3Z OF, which will slore wafer to salisfy bofh femperoture and 
wafer-holding requirements beFore yielding runOfF. 
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No fils: 

I. Oofo !'or F igur,z 5 were cle tq;rrnineo' by Dr: '" W. G"rdel 
f"rom Ineosur,zf"('oenfs moolZ In Moy, 1948 of CSSL. See 
Tronsocf i ons, A"GU) June: J /954 ror dll.scr iption 01'" insfrLJ
rrHzn f and me/noels usOtd. 

2. De"si fy of" snow wos 0.46 grn/cm 4 befOr~ exp"rimenf. 

3. iernpll.rofure or liquid wofll.r ond snow pock of .32 0 F 
bll.f"ore oncl of't'll.r fZxperi mq,nf. 
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4e CRAPI'ER 9 -HYDROGRAPH SYNTHESIS 

9-01. INTRODUCTION 

9-01.01 General. The foregoing chapters of this report 
have been concerned with several specialized aspects of snow: the 
deposition and distribution of the snowpack and methods by which it is 
measured; the role of snow in the hydrologic cycle; the physical causes 
and practical indexes of snowmelt; variations in snow cover and methods 
by which it can be estimated; and the effect of the snowpack on the 
storage and routing of water. This report is not, however, concerned 
primarily with the study of snow itself; rather, it is interested in the 
hydrologic aspects of snow, and the effect snow has on the runoff from 
basins where snow exists. Consequently, it is only when the separate 
findings of the previous chapters are considered in relation to their 
effects upon streamflow that the purpose of this report. is realized. There 
are two aspects to be considered in the problem of determining runoff from 
snow-covered areas: one is concerned only with the total volume of 
snowmelt runoff; the other requires that the time distribution of the 
runoff also be determined. It is the latter aspect that is of concern 
in this chapter. The problem of forecasting the volume of runoff will be 
considered separately in chapter 11. In the determination of the time 
distribution of runoff from snow-covered areas there are, furthermore, 
two distinct types of hydrograph synthesis involved. One requires that 
the flow be determined only a few days in advance, current conditions of 
snow cover and streamflow being known. This type is used in river fore
casting and in the operation of reservoirs (see chapter 12). The other 
requires that the discharge hydrograph for an entire rain-on-snow event 
or the hydrograph for an entire snowmelt season be determined, with only 
the initial conditions of streamflow and snow cover being given. This 
type of hydrograph synthesis is most often used in the development of 
design floods (see chapter 10). Both types will be dealt with here. 
Moreover, flood hydrographs resulting both from rain-on-snow events and 
from snowmelt alone will be considered. These same problems have pre
viously been considered in a report by Snyder ~ which briefly summarizes 
much of the work of the Snow Investigations with respect to hydrograph 
analysis and synthesis. Before examining these specialized aspects of 
runoff from snow-covered areas, some basic considerations common to all 
shall first be examined. 

9-01.02 Basic considerations. - In any system devised for 
the synthesis of discharge hyarographs, whether for snow-covered or 
non-snow-covered areas, there is one paramount consideration: the 
system must be internally consistent. That is to say, each component 
of the synthesis must be determined in relation to all the other com
ponents. For example, in the determination of losses, the methods by 
which rainfall and snowmelt were determined playa most important part. 
An overestimation of either of these must result in a compensating over
estimate of losses. While the deliberate use of such compensating 
errors is not advocated, it must be realized that in a field such as 
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hydrology, where measurements are somewhat inexact to begin with and 
areal variations in the measured elements make accurate determination 
impossible, such errors are inherent in the basic data. Recognizing 
their existence, systems can be worked out to mitigate these effects. 
Many systems of hydrograph reconstitution currently in use give adequate 
results even though the magnitudes of some of the factors involved are 
obviously incorrect. Precipitation amounts may be uncorrected for gage 
deficiencies and for areal variation, resulting in much too low a total 
figure. Yet losses, determined as the difference between precipitation 
and runoff, may here be underestimated, bringing the system into balance. 
Likewise snowmelt amounts are often underestimated and compensated by 
an overestimate of the areal extent of the snow cover, the latter being 
the derived factor which makes agreement between snowmelt and runoff 
quantities. On the other hand, the fact that such systems can give 
suitable reconstitutions is not to argue that care should not be taken 
in determining the variables. The chief danger in any system in which 
the basic data are not a true representation of the physical facts is 
that the system may be applied to data outside the range for which it 
was developed. This extrapolation may produce results which are no 
longer rational: negative losses or greater than 100 percent snow cover, 
for example, may be required to bring the system into balance. Thus, 
while any system of hydrograph synthesis should be consistent within 
itself, it should at the same time be rational. All variables should 
be estimated as closely as possible and in a manner such that a balance 
is possible without undue juggling of the data. 

9-01.03 There are two general situations in which snow has 
an important effect upon streamflow. One is the discharge hydrograph 
that results from snowmelt alone or from snowmelt abetted by small and 
scattered amounts of rainfall. The snowmelt may extend over a period of 
several months, as it does in the mountainous drainage basins of the 
western United States, melt ing at Jl10dcrate r2.tes with only part of the 
total drainage basin contribu:"ing at ...:....l.j' one time, or it may last for 
only a few days, as is generally the case in the Great Plains area, and 
be characterized by more intense rates and basinwide melt. The other 
general situation where snow plays an important role is where an intense 
rain storm falls on a snow-covered area. Here the rain may be abetted 
by melting snow, thereby increasing its effect, or, on the other hand, 
it may be partially stored or detained by the snow cover, mitigating 
its effect. Both situations will be considered in this chapter. 

9-02. GENERAL APPROACH 

9-02.01 Elevation effects. - The synthesis of hydrographs 
which result from snowmelt or from rain-on-snow differ in several 
respects from those resulting from rain alone. For one thing, a drain
age basin cannot be considered simply as a homogeneous unit; the areal 
extent of the snow cover is involved. In snowmelt floods this limits 
the contributing area; in rain-on-snow floods, loss rates may differ 
markedly between the snow-free and snow-covered areas. Because the 
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snowpack exhibits its princlpal variation with elevation (see chapter 3), 
it becomes necessary to include, in some manner or another, elevation 
effects in any system of hydrograph synthesis for basins in which snow 
is a factor and which have a sufficient range in elevation to warrant 
it. This consideration of elevation is also pertinent in the determina
tion of form and intensity of precipitation--a problem not limited to 
snow-covered areas but frequently involved in rain floods in general. 
As was shown in chapter 3, the intensity of precipitation generally 
increases with increasing elevation, and it is more frequently in the 
form of snow at higher elevations that it is at lower elevations. Then 
too, snowmelt rates tend to decrease with increasing elevation as is 
subsequently discussed. In view of all this, the importance of eleva
tion effects in the synthesis of runoff hydrographs may readily be seen. 

9-02.02 There are two general approaches to the problem of 
compu~lng the runoff from snow-covered areas. They differ in the manner 
in which elevation effects are handled. The first method to be consid
ered consists simply of dividing the drainage basin into bands of equal 
elevation and computing the snowmelt, rainfall, and losses for each such 
elevation band separately; the net runoff from all bands is then combined 
to arrive at the net basin runoff. Such a method was used in the syn
thesis of discharge hydrographs for the Columbia River basin above 
McNary Dam. §/ Sufficient bands should be selected so as to smooth any 
incremental changes, as no finer sub-division is made than the elevation 
band as a whole. The entire band is considered to be snow-covered or 
not, the entire band to be effectively melting or not, etc. Bands may 
be determined either on the basis of equal increments of elevation or on 
the basis of equal areas. The former method is advantageous from the 
standpoint of melt and for~of-precipitation computations, since the 
temperature decrease with elevation may then be assumed to be uniform 
between bands. For this reason it is the more commonly used method; 
however, the use of equal areas is superior in almost all other respects. 
With the exception of the highest and lowest bands, however, both methods 
are generally similar due to the usual approximate linear relationship 
between area and elevation for intermediate elevations. 

9-02.03 The other general approach to determining runoff 
from snow-covered areas is to treat the basin as a unit, making correc
tions for the non-snow-covered area and other non-contributing areas 
(e.g., areas of no snowmelt and areas having precipitation in the form 
of snow during rain-on-snow storms). In this approach the assumption 
is usually made that the basin snow cover is depleted in a regular manner 
with elevation: the lowest portions of the basin are the first to become 
bare and the snow-cover depletion with time progresses regularly upwards. 
In the situation where low-elevation melt is taking place but no melt 
occurs at the higher elevations within the basin, even though they are 
snow-covered, only the area in the band between the IIsnowline" (average 
elevation of the lower limit of the snow-covered area) and the "melt 
line" (average elevation of the upper limit of snowmelt) contributes to 
to snowmelt runoff. In the case of rain-on-snow, the contributing area 
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for rainfall runoff has an upper limit at the elevation where the rain 
becomes snow. There may be three distinct elevation bands marked by 
different situations in rain-on-snow events: (1) an upper band where 
snow falls on a snowpack; (2) an intermediate band where rain falls on 
the snowpack; and (3) a lower band where rain falls on bare ground. 
The deviations of these bands may change with time making for a complex 
situation. This situation will be considered further in section 9-03. 

9-02.04 Areal effects. - In the foregoing the basin has been 
considered as a unit in an areal sense. Even when broken up into eleva
tion bands, portions of the basin having similar elevations were considered 
to have the same snowmelt, precipitation, snow cover, and losses. This 
is not always a good approximation, especially in the case of large 
basins covering a range of climatic factors. Temperatures may be con
siderably warmer, the snowline higher and the precipitation less for a 
given elevation in one part of such a large basin than in another. In 
such basins it sometimes becomes necessary to consider separately the 
several sub-areas having .different characteristics. Separate hydrograph 
reconstitutions may be made for each sub-area and these combined by 
proper streamflow routing techniques. Such was the approach used in 
the design flood determinations for the Gila River basin above Painted 
Rock Damsite in Arizona, an area of some 50,000 square miles. 3/ On 
the other hand, it is sometimes possible to treat such large basins as 
a uni; as was done for the entire Columbia River drainage above McNary 
Dam. 8/ By using average values of the several variables which include 
an areal sampling it is possible to arrive at mean runoff values which 
are adequate. This is possible since the large basin itself effectively 
averages out its extremes. 

9-02.05 Melt period. - Another important general considera
tion in the reconstitution of streamflow hydrographs for snow-covered 
areas is the melt period, and hence the routing interval, selected. 
Since snowmelt is diurnal in character, daily melt amounts are customar
ily computed for all but the smalle~ flashiest basins. However, as has 
been domonstrated in chapter 5, the daily snowmelt quantity is usually 
generated in something less than one-half day, the remainder of the day 
being a period of heat loss. In large basins where the runoff is rela
tively sluggish and no regular diurnal pattern is discernible in the 
discharge hydro gr aph , this fact is of small consequence. Daily melts 
may be routed using a daily time interval to get the resulting discharge 
hydrograph. For smaller, hydrologically-faster basins having a regular 
diurnal snowmelt runoff pattern, such an approach is not always adequate. 
Yet even here if it is not desired to reconstitute the diurnal fluctua
tion but only to reconstitute mean daily flows, a daily routing interval 
is adequate. On the other hanq where it is desired to reconstitute 
the diurnal rise and fall of the stream, routing intervals of twelve or 
eight hours may be used. All the melt is attributed to one of the 
periods, the other(s) contributing nothing to runoff except during 
periods of rainfall. In the case of rainfall, the shorter routing 
intervals (less than one day) are generally better suited to the recon
stitution of hydrographs because of the possible extreme variation in 
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precipitation rates with time. Such data are not always available, 
however. For large basins daily rainfall amounts are usually adequate. 

9-03. RAIN-ON-SNOW FLOOD HYDROGRAPHS 

9-03.01 General. - The methods used in the synthesis of 
flood hydro graphs which are predominantly the result of rain-on-snow 
are similar to those which are used for rain floods in general. In 
consequence of the high rates of rainfall encountered in these situa
tions, only direct runoff is explicitly considered; base flow rates are 
usually estimates since they contribute relatively little to the flow 
at or near the time of peak flow. Also, the relatively high rate of 
rainfall makes it the primary variable in the analysis; the added 
increment of snowmelt is considered more as an additive factor than as 
a primary variable. In rain-on-snow situations, the effects of the 
snowpack are twofold: (1) to add an increment of melt water to the 
rainfall and (2) to store and detain, in varying degrees, the melt and 
rain wat~generated. It is the latter effect that makes the reconstitu
tion of rain-on-snow floods most complex. Rain falling on a snowpack 
may be stored by the pack or pass through without depletion, depending 
upon the condition of the pack. A considerable quantity of rain water 
may be stored by a dry, sub-freezing, snowpack. Moreover, a deep 
snowpack that has previously experienced little or no melt or rainfall 
of consequence may add an additional increment of storage by virtue of 
its delaying effect upon runoff. Impenetrable ice planes within the 
snowpack may give a large horizontal component to the flow of water 
through the pack itself (along the ice planes seeking a pervious area). 
Then too, water may be perched above such impenetrable layers. In 
addition, such a snowpack effectively chokes or dams the natural surface 
drainage channels to high rates of flow. Thus a sudden occurrence of 
heavy rainfall on such a pack is quite effectively retarded. Delays as 
long as two days have been noted in situations where rain fell on such 
a snowpack. (This storage action of the snowpack is discussed in detail 
in chapter 8.) On the other hand, the snowpack may be quite pervious 
to the high rates of rainfall. Prior rains or melt may have caused it 
to become isothermal at 320F, may have satisfied its liquid-water-holding 
capacity, may have established percolation paths through the pack, and 
may have melted and scoured out adequate surface drainage channels 
beneath the snowpack. If such be the case, not only is there practically 
no delay in runoff as a result of the snowpack, but the snowpack may 
abet runoff by adding an increment of melt water. Even more important, 
its melt may have maintained the soil moisture and depression storage so 
that even those usual losses are reduced. Between the two extreme 
conditions cited above range an indefinite number of intermediate con
ditions. From the foregoing discussion, one important fact stands out: 
the condition of the snowpack has a dominant effect upon the initial 
basin discharge of a rain-on-snow event. Because of this, rain-on-snow 
floods are difficult to synthesize; some knowledge of the initial 
condition of the snowpack is mandatory. 
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9-03.02 Because of the general similarity of methods 
employed in the synthesis of rain-on-snow floods and rain floods in 
general, no actual synthesis of a rain-on-snow event will be made. 
Examples of some outstanding occurrences will be given, followed by a 
discussion of the principal factors involved in such events. Some 
problems pertinent to rain floods in general will be considered as well 
as those peculiar to rain-on-snow flood events. 

9-03.03 Examples. - Two outstanding examples of rain-on
snow floods occurred during the period of operation of CSSL, affording 
an excellent opportunity for study. One, actually a series of separate 
flood events, occurred in November-December 1950. Intense rains falling 
on a relatively shallow snowpack were abetted by melting snow. A record 
peak discharge estimated at 1200 cfs was observed from this small, 4-
square mile basin. Except for two of the flood waves (in the series of 
five) which were preceded by ~ew-fallen snow, little of the rain or melt 
water was stored by the snowpack; its action was rather to add to runoff 
by melt and by decreasing basin losses. Data on this flood series may 
be found in the Hydrometeorological Log for the 1950-1951 water year at 
CSSL. Analyses of the event at CSSL were made in Technical Bulletin 14 
and in Snow Investigations Miscellaneous Report 3. A reconstitution of 
this same flood event in the American River basin, California (adjacent 
to the CSSL area), is contained in the previously cited report by 
Snyder 19/. The other outstanding rain-on-snow flood at CSSL occurred 
in January 1953; it is described in Research Note lB. Here a consider
able amount of rain fell on a moderately deep and cold snowpack. About 
12 percent of the water supply was lost to runoff as a result of the 
snowpack and the runoff was delayed due to the damming and channel
choking action of the snowpack. Unfortunately, the flume used to gage 
runoff from the CSSL basin area was also choked by snow and no discharge 
record was available for ·the basin. A detailed analysis of the runoff 
from the headquarters lysimeter was made (see Research Note IB) to 
investigate the storing and delaying action of the snowpack. The results 
of this analysis are given in chapter B. 

9-03.04 WBSL was established primarily for the express 
purpose of obtaining data on rain-on-snow events; however, many of the 
storms for that laboratory involved both (1) rain and snow falling 
simultaneously at different elevations, and (2) partial basin snow covers, 
adding sufficient complications to make most cases not readily amenable 
to analysis. During February of 1951, however, a sequence of storms 
occurred in which the precipitation was almost entirely in the form of 
rain; moreover, the basin was virtually 100 percent snow covered. An 
analysis was made of this sequence in Research Note 24; the results of 
this analysis are presented in plates 9-1 and 9-2. No actual reconstitu
tion of the discharge hydrograph was made; rather a recession analysis 
was made of the hydro graph, separating periods of significant change and 
determining the water generated during the periods. Ten periods were 
thus defined (see Fig. 1, plate 9-1). Estimates of the water generated 
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.~ during each period were made by the techniques subsequently discussed 
in this section, and these amounts were compared with those from the 
recession analyses (see fig. 3, plate 9-2). 

9-03.05 Rainfall. - It is not the purpose of this paragraph 
to describe methods by which basinwide rainfall amounts may be computed. 
That has been done elsewhere in this report (see chapter 4). The prin
cipal concern here is in the manner in which rainfall amounts, once 
computed may be fitted into a comprehensive scheme for determining the 
resulting runoff. A few remarks regarding the determination of basin 
rainfall are fitting, however. It is often the case that inadequate 
consideration is given to the form of the precipitation; in many storms 
where rain is falling at the observation sites, the precipitation at 
the higher elevations is in the form of snow. This fact is often ignored 
and all precipitation is considered to be of the same form observed at 
the precipitation stations. A study has been made relating the form of 
precipitation to surface air temperature (see 3-02.03), and the data are 
presented diagrammatically in figure 1 of plate 3-1. It will be noted 
that with a surface air temperature of 34DF, the frequency of occurrence 
of snow is greater than is the frequency of rain; with an air temperature 
of 35°F the frequency of rain is greater than that of snow. Using this 
dividing line between rain and ~nnw and a standard lapse rate of 30 F per 
1000 feet (or, better, the pseudo-adiabatic lapse rate, since precipita
tion is occurring), it is possible to estimate surface air temperatures 
and hence form of precipitation at different elevations within the basin 
from the temperature stations usually found at the lower elevations. If 
the basin is sub-divided into elevation bands, it is a simple matter to 
estimate the temperature at the mean elevation of each band and hence 
the form of precipitation for the band. If the basin is being treated 
as a unit, corrections must be made for the portion of the precipitation 
that occurs in the form of snow. 

9-03.06 A correction for the variation of precipitation 
with elevation is a refinement that is seldom made in studies of rainfall 
runoff for snow-covered areas or otherwise. This is mainly because its 
inclusion in any scheme of hydrograph synthesis complicates it greatly 
while making little difference in the results. Usually basin rainfall 
may be determined by using a fixed ratio between it and the rainfall at 
some index station(s). However, when the precipitation changes from 
one form to another over large portions of the drainage basin and 
deficiencies in loss rates between snow-covered and snow-free ground 
also are important in the synthesis, (also an elevation function since 
snow cover varies with elevation), it may be that some consideration 
should be given to the variation of precipitation with elevation. The 
only practical method of accomplishing this is to use the elevation-band 
method and to relate normal precipitation in each band to the normal 
basin precipitation or directly to the normal for the precipitation 
index stations, thus determining a factor which then may be used to 
determine storm precipitation amounts in each band. 
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9-03.07 . Snowmelt. - The computation of snowmelt during 
periods of significant rainfall is a problem quite different from the 
computation of melt during non-rain periods. Because of the generally 
overcast conditions, solar radiation has but a minor role in the melt 
scheme; longwave radiation losses are smal~ and at times there is even 
a net heat gain from this source. Because of the turbulent conditions 
which usually accompany rainstorms, convection and condensation melts 
are relatively large. In addition, fairly high vapor pressures result 
from the high relative humidities encountered in this situation, tending 
further to increase condensation melt. This problem was considered at 
some length in chapter 6 and an equation was developed for the computa
tion of snowmelt during periods of rainfall. It is repeated here. 

M = (Ta - 32)(0.029 + 0.0084kv + 0.007Pr ) + 0.09 (9-1) 

where M is the total daily snowmelt in inches for open or partly
forested basins, Ta is the mean daily air temperature at the 10-foot 

level in degrees F, v is the mean daily wind speed at the 50-foot level 
in mph, Pr is the total daily rainfall in inches, and ~ is the basin 

constant-;xpressing its exposure to wind (see par 6-04.13). In applica
tion, this equation may be further simplified by several assumptions. 
For one, the variation of melt with wind speed may be ignored by consider
ing the wind to be constant. This assumption is especially suited to 
areas of heavy forest cover where the 50-foot level wind is relatively 
light and constant. Assuming, for example, as in chapter 6, a mean 
wind speed of about 5 mph, the foregoing equation becomes: 

M = (Ta - 32)(0.074 + 0.007 Pr ) + 0.05 (9-2) 

the convection-condensation term being combined with the term represent
ing long-wave radiation. 

9-03.08 Snowmelt, of course, occurs only over the snow
covered portions of the drainage basin. Moreover, it is possible that 
no melt may be occurring at the higher elevations within the basin at 
the same time the pack is melting at lower elevations. The resulting 
intermediate contributing area varies in time with both snow cover and 
temperature. As with rainfall, melt may be computed by elevation bands 
or by considering the basin as a unit and making corrections for non
contributing areas. A simple assumption which may be used in the 
synthesis of rain-on-snow events is to consider the melt as being uniform 
over the entire snow-covered area on which rain is falling (area having 
temperatures in excess of 340F) and to assume no melt in areas over which 
snow is falling. Further refinement than this is seldom warranted in 
rain-on-snow situations since snowmelt is usually a relatively small 
contribution to the total storm runoff, particularly for design floods. 

9-03.09 Losses. - Losses in rain-on-snow situations consist 
not only of water permanently lost to runoff by evapotranspiration, deep 
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percolation, etc., but also 01' water that is detained both by ~he snow
pack and by the basin itself. This is the more usual connotab.on of the 
term losses as used in rain storms in general, where the term losses 
implies water lost to direct runoff. It is distinct from the nse of the 
term in the s,rnthesis or reconstitution of hydrographs from snowmelt 
alone where only water that is permanently lost to runoff is included 
in th~ term (as will be discussed subsequently). Since in the s,rnthesis 
of rain-on-snow flood hydrographs, as with all rain flood hydrographs, 
the high rates of water generated result in high peak flows from direct 
runoff, the water dischargedmore slowly over a longer period by base 
flow is of little concern in the hydrograph synthesis, even though a 
considerable volume of water may be included in the base flow. Hence 
the water which goes to ~ke up the base flow is considered to be a 
part of the losses. 

9-03.10 Of primary importance in rain-on-snow events are 
the initial losses; that is, non-recurrent losses that need be satisfied 
only once at the start of a given rain-on-snow event. These losses may 
be further categorized as those which result from the basin itself. The 
former includes water which may be frozen within a sub-freezing snowpack, 
water which may be permanently held by capillarity and absorption within 
the pack, and water perched above impermeable ice planes or otherwise 
dammed by the snowpack. As was previously mentioned, it is the extreme 
variability of this loss that makes the reconstitution of rain-on-snow 
flood hydrographs most difficult. Such a loss may be non-existent in 
the case of saturated snowpack, isothermal at 320F, or may amount to 
several inches of water in the case of a deep and cold snowpack. More
over, this snowpack loss may be compounded by basin losses. Once snow
pack losses are satisfied, in the case of a sub-freezing snowpack, it 
still may be necessary to supply water to soil moisture and depression 
storage before appreciable direct runoff occurs. Beneath a melting 
snowpack, on the other hand, soil moisture and despression storage 
losses are generally satisfied, so that rain falling on such a pack not 
only suffers no losses within the snowpack but losses that usually exist 
even in snow-free areas are non-existent. It is because of this 
possible extreme variation in initial losses that a knowledge of pre
existing conditions of the snowpack and the basin is required in the 
synthesis or reconstitution of discharge hydrographs resulting from 
rain-an-snow. Methods of determining losses within the snowpack were 
discussed in chapter 8; other initial basin losses are considered in 
chapter 4. (Reference is made to Research Notes 4, 18, and 24 and to 
Technical Bulletin 17 for further and more detailed discussion of the 
storage effect of the snow cover.) 

9-03.11 After the initial basin losses are satisfied, still 
other losses to direct runoff continue; however, these losses are rela
tively constant in time and easy to evaluate. Evapotranspiration removes 
some water from the soi~ thus allowing further soil moisture loss. Some 
water percolates downward through the soil to the ground-water level to 
be discharged very slowly, for the most part subsequent to the period 
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of interest. Some water merely takes devious routes through the ground 
(inter-flow) not reaching the stream channel until after the period of 
interest. Yet all these are considered losses in the sense in which the 
term is applied to rain-flood hydrograph reconstitutions. It is to be 
pointed out that there is a difference between the losses previously 
enumerated and the ultimate disposition of the water involved. Water 
initially lost in the snowpack is released with the melting of the 
snow; water initially lost to depression storage may subsequently add to 
the soil moisture and to the ground-water storage, other water taking 
its place in filling the depressions; water held in soil moisture is, in 
turn, evaporated and transpired, mostly after the cessation of the storm 
event; and water which percolates to the ground-water table is discharged 
slowly over a long period. Methods of determining basin losses are many 
and varied and shall not be gone into here. Reference is made to an 
article by Snyder 17/ and to standard hydrology text books (e.g., Applied 
Hydrology 15/ and HYdrology Handbook !I) for a discussion of those losses 
and methods by which they are included in the over-all routing procedure. 
When losses are deducted from the total water generated (rainfall plus 
snowmelt) the residual is termed water excess. Methods by which this 
water excess is distributed to determine the resulting discharge hydro
graph will now be considered. 

9-03.12 Time distribution of runoff. - The incremental 
quantities of water excess (water generated minus losses), determined 
as explained in the. preceding paragraphs of this section, are translated 
into the resultant discharge hydrograph by any of the standard methods 
used in conjunction with rain floods in general. Unit hydrographs (or 
distribution graphs) and methods of storage routing are used. It is to 
be emphasized that here, as with all rain floods, the water excess 
routed consists only of that water that reaches the stream channels by 
the more direct routes and results in the high peak flow characteristic 
of rain floods. Water travelling by indirect routes is included in a 
base flow curve which is generally estimated. This approach is familiar 
to hydrologists and will not be considered further here. Reference is 
made to the manual, "Flood Control" 12/ and to chapter 5 (Flood-hydrograph 
analyses and computations 4/) and chapter 8 (Routing of floods through 
river channels 5/) of the Engineering Manual for Civil Works Construction 
for descriptions of standard methods of flood-hydrograph determination. 

9-03.13 A few general remarks regarding the routing interval 
to be used in determining rain-on-snow flood hydrographs follow. Since 
it is the rainfall that is of primary concern here, and not the snowmelt, 
the availability of rainfall data should determine the time periods 
selected. Thus if 6-hourly rainfall data are available from Weather 
Bureau stations, the routing interval should be made to correspond to 
these timffiof measurement. If only daily data are available from 
cooperative observers and these readings are made during the morning or 
evening, as is customary, then the routing period must agree with these 
measurements. Only where hourly precipitation data are available may 
the routing interval be selected as desired. Here it is usually 
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advantageous to subdivide the day into a fixed number of even periods 
beginning at midnight (e.g., 00-08, 08-16, 16-24 hours). The length 
of the periods selected should be short enough to adequately define the 
rapid rise and fall of the hydrograph yet should not be so short as 
to require unnecessarily detailed computations. Computations of snow
melt are made to agree with the periods selected for the rainfall 
determinations. 

9-03.14 A good example of the synthesis of a rain-on-snow 
event is contained in Design Memorandum No. 2 for Cougar Dam and Reservoir 
in Oregon 9/. The syntheses of standard project and maximum probable 
floods given therein make use of elevation bands and maintain inventories 
of snowpack water equivalent in each band to determine the areal extent 
of the snow cover. Snowmelt computations are based upon the equation 
given in this section. Plate 10-1 gives the results of the Standard 
Project Flood derivation; it is discussed further in chapter 10. 

9-04. SPRING SNOWMELT FLOOD HYDROGRAPHS 

9-04.01 General. - So far this chapter has been concerned 
with the synthesis and reconstitution of floods that result from rain 
falling on snow. As was previously pointed out, these flood events are 
for the most part like any other rain floods with only the added effects 
of the storage and the melt of the snowpack. In this section the 
synthesis of springtime snowmelt floods is to be considered. The methods 
used in the synthesis of these floods are markedly different from those 
used in rain-on-snow floods. Special techniques quite different from 
those used in rain or rain-on-snow flood synthesis are required in their 
synthesis. The Boise River basin above Twin Springs, Idaho will be 
used as an example to illustrate the points raised herein. This basin 
was selected as being typical of areas in which springtime snowmelt is 
of major importance. In chapter 6 snowmelt indexes were determined for 
this basin, one of which will be used to compute snowmelt for the sample 
presented here. In chapter 7 basin snow-cover relationships for the 
Boise River basin were determined which will also be used here. Reference 
is made to two other studies of snowmelt runoff for this same general 
area, by Summersett 20/ and Zimmerman ~ and to the Definite Project 
Report on Lucky Peak Dam, on the Boise River, Idaho, 11/ which are of 
interest to what follows. The 1955 melt season as a whole will be 
reconstituted on the basis of mean daily flows; also forecasts ' of mean 
daily snowmelt runoff, one, two, and three days in advance will be made 
throughout the season. In addition, reconstitutions will be made showing 
the diurnal variation of the snowmelt runoff for a portion of the season. 

9-04.02 In the mountainous areas of the western United 
States, the annual spring snowmelt flood results more from the sustained 
melting of deep snow packs over a long period of time than it does from 
high rates of generation of water. Continued melting over a period of a 
month or two results in a piling up of runoff as a result of slow 
recession until relatively high flood flows result even from the moderate 
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rate at which snow melts. For example, during the 1952 spring snowmelt 
season at CSSL, a peak discharge of 306 cfs was attained, which amounts 
to a flow of 77 cfs/sq.mi., for this small, 4-square-mile basin. Refer
ence is made to Technical Bulletins 4, 8, 9, and 10 for some early 
studies of the synthesis of mountain snowmelt hydrographs at CSSL. In 
most areas rain usually adds an additional increment to the basin 
discharge; however, it is of secondary importance to the snowmelt in 
these situations. While what follows in this section is concerned 
mainly with the spring snowmelt floods which result from the deep snow 
packs of the mountainous areas of the western United States, it is also 
generally applicable to other areas and other flood situations which are 
primarily the result of snowmelt, providing allowance is made for 
characteristics peculiar to the area. The northern Great Plains area, 
for example, often experiences large floods early in the spring from the 
comparatively rapid and simultaneous melting of the extensive but rela
tively shallow snow cover of that area. Elevation effects are non
existent here, as are forest cover effects. Runoff from the area is 
also frequently affected. by frozen soil. These characteristics of snow
melt in the plains area will be considered later in this section. 

9-04.03 Three approaches to the problem of synthesizing 
springtime snowmelt hydrographs from deep mountain snowpacks will be 
considered: (1) a rational approach wherein snowmelt, rainfall, snow 
cover, losses, etc., are evaluated separately and combined to arrive at 
the resulting discharge hydrograph; (2) the elevation-band method where 
separate computations of all elements are repeated for each band; and 
(3) a one-step method whereby snowmelt runoff is computed directly from 
a single diagram relating a temperature index and areal snow cover to 
snowmelt runoff. Other approaches using different combinations are of 
course also possible. Before considering these approaches, however, a 
discussion of some of the components involved is in order. 

9-04.04 Snowmelt. - Basic to the synthesis of snowmelt 
hydrographs is the computation of snowmelt itself. Snowmelt may be 
computed by any of the methods previously discussed in chapters 5 and 
6. For design floods the thermal-budget approach may best be used, 
while for operational forecasting some index method is probably better 
suited to the purpose. In chapter 6 analyses were made of snowmelt in 
the Boise River basin and thermal-budget indexes were developed relating 
snowmelt runoff to the parameters of air temperature, vapor pressure and 
radiation. One of these relationships is used in a reconstitution to 
be made later in this chapter. It is repeated below: 

M = 0.0267Tmax + 0.00227G - 2.00 (9-3) 

where M is the snowmelt runoff for Boise River above Twin Springs, Idaho, 
in in.7day, Tmax is the daily maximum temperature at Idaho City, and Q is 

the net radiation absorbed by the snowpack (including both absorbed shortwave 
radiation and net longwave radiation loss). Temperature indexes are the 
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most widely used method of computing snowmelt and snowmelt runoff. They 
are used in the elevation-band and the one-step methods described herein. 
A few remarks concerning them follow. 

9-04.05 In the computation of basinwide snowmelt or snowmelt 
runoff by temperature indexes, the temperature is usually adjusted to 
the mean elevation of the contributing area (see chapter 6). This pre
supposes a direct variation in melt rate with temperature and hence with 
elevation within a given basin. Now, from the thermal budget considera
tions of chapter 5, it would seem this implied decrease in melt rate 
with elevation is not strictly valid. While it is true air temperature 
and vapor pressure tend to decrease with increasing elevation, thus 
tending to reduce convection-condensation melt with increasing elevation, 
these melt components are but a part of the total melt. Solar radiation, 
the single most important source of heat in melting snow, tends to 
increase with increasing elevation due to the lesser scattering and 
absorption by the air at higher elevations. Yet a comparison of snow
melt rates at different elevations over a period of time indicates 
generally less melt at the higher elevations, especially early in the 
melt season. A partial explanation of these apparently contradictory 
statements may be had when the variation of albedo with elevation is 
taken into account. As a result of the greater frequency of new snow
falls at higher elevations of a basin, there is an increase in the mean 
albedo with elevation; it is primarily in consequence of this higher 
albedo at high elevations that the melt is reduced rather than as a 
direct result of the decreased air temperature. (Over extreme ranges, 
air temperature itself certainly also has an effect. Very little melt 
occurs with marked sub-freezing temperatures.) Thus for periods having 
no new snowfall and late enough in the melt season to assure a ripe 
snowpack of uniform albedo throughout a drainage basin, melt is largely 
independent of elevation. Practically, however, for the melt season as 
a whole, the delay in ripening, the higher albedo of the higher-level 
snow, and the decrease in air temperature and vapor pressure with 
elevation all result in decreasing melt rates with increasing elevation. 
This is allowed for in temperature-index melt computations by the lapse 
rate correction which thus represents average climatic characteristics 
more than an actual physical relationship between air temperature and 
snowmelt. 

9-04.06 In the computation of snowmelt and snowmelt runoff 
for use in hydrograph synthesis and in short-term forecasts of runoff, 
a high degree of accuracy is not ordinarily essential. Random errors 
which result from the imperfect relationship between various indexes and 
snowmelt are of small consequence. Since, in hydrograph synthesis, a 
given day's observed runoff is the integrated result of several days' 
snowmelt, these random errors tend to compensate one another. It is 
important, however, that no consistent errors or errors of bias occur in 
the computation of melt amounts. Melt amounts consistently too high or 
consistently too low cannot be self compensating. While adjustments in 
loss rates or areal snow-cover amounts can correct for incorrect melt 
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rates (as was previously discussed) such a procedure is not recommended. 
It is better that each factor in a snowmelt snythesis be a rational 
approximation of the actual event as it occurs in nature. Still more 
important, the relationship between snowmelt and the snowmelt index used 
should be consistent for all ranges of melt. An index that gives, 8ay, 
too high estimates of melt at low rates of melt and too low estimates 
at high rates of melt is not satisfactory. Assuming no such errors of 
bias to exist, random errors do not seriously affect either seasonal 
hydrograph synthesis or short-term forecasts. 

9-04.07 Units. - Snowmelt may be expressed in units of 
acre-feet, day-second-feet, inches or other measure of volume. If 
expressed in inches, it may be given in terms of either inches over the 
basin or inches over the snow-covered area. Because of the variation 
in snow-covered area, melt rates are usually given in terms of the latter; 
however, the computation of the discharge hydrograph requires that inches 
of melt be given for the basin as a whole. The use of inches over the 
basin is convenient in that it makes it possible to readily combine 
snowmelt and rainfall amounts (which are ordinarily given in those units) 
and to deduct losses. In addition, this unit is easy to visualize and 
to compare even for basins of markedly different size. For these 
reasons, it is used here and elsewhere in this report. The use of day
second-feet, while convenient in routing the generated runoff, is not 
amenable to the several other steps in the reconstitution. 

9-04.08 Snow-cover depletion. - The actual areal extent of 
the snow cover is often omitted in calculations of snowmelt runoff, the 
effects of varying cover being integrated with other factors in estab
lishing the relationship between melt rates and snowmelt runoff. In 
other cases it is included as a derived factor relating point melts to 
basinwide snowmelt or snowmelt runoff. Such practices are undesirable; 
in keeping with the objectives of this report--that only indexes which 
logically explain the physical phenomena be used--the effect of each 
important factor should be evaluated rationally wherever possible. In 
chapter 7, methods whereby the areal extent of the sno~ cover could be 
estimated were given. In addition, the depletion of the snow ·cover was 
related to other variables so that the areal cover could be estimated 
throughout the season. Two distinct problems exist in the determination 
of areal snow cover as a result of the different requirements of seasonal 
hydrograph reconstitutions and short-term forecasts of runoff. Seasonal 
reconstitutions require that, starting with a kno~initial snow cover 
(and depth-elevation characteristics), the increase and decrease in 
extent of cover for the remainder of the season be obtainable from 
regularly available hydrologic data. Short-term forecasts generally 
require only few determinations of areal snow cover from observed data 
and require little, if any, interpolation of snow-cover data. When the 
elevation-band approach to hydrograph synthesis is used, it is possible 
to maintain an inventory of the mean snowpack water equivalent in each 
band, thereby determining when the band becomes bare of snow. All new 
accretions of snow are added as well as melt amounts subtracted. This 
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approach is especially amenable to design flood computations; it will be 
discussed further in a subsequent paragraph. 

9-04.09 Rainfall. - Since there are few areas that do not 
have some rain during the spring snowmelt season, the inclusion of rain
fall in spring sno~elt flood hydrograph synthesis is usually necessary. 
The special problems encountered in the determination of basinwide 
rainfall amounts in mountainous areas have already been discussed 
previously (see paragraph 9-03.05) and little need be added here. Dif
ferences in the form of the precipitation (rain or snow) must be consid
ered here also. In addition, rainfall on bare ground and rainfall on 
the snowpack must be treated separately, In the case of springtime 
snowmelt, it is likely that a considerable portion of the basin (at the 
lower elevations) will be snow free, the portion increasing as the melt 
season progresses. In general, only the zone having rain-on-snow con
tributes appreciably to runoff, with both snowmelt and rainfall runoff 
occurring in this zone. Assuming, as is explained in the following 
paragraph, that all rain that falls on bare ground is lost, there is no 
contribution to runoff from the lowest zone. Moreover, since little or 
no melt occurs at elevations where snow is falling, the contribution 
from the top zone is practically nil • 

. 9-04.10 Losses. - The term losses, as used here, means 
permanent losses, that is, water which will never show up at the gaging 
station. This differs from the use of the term with respect to rainfall 
hydrograph studies where losses are usually considered to consist of all 
water that does not show up directly as runoff. The reason for this 
difference is that in the analysis of rainfall flood hydrographs much 
of the runoff is. found to be direct runoff. This runoff, being quickly 
discharged from the drainage basin, produces the sudden rise and sharp 
peak characteristic of most rain floods. While a considerable portion 
of the total rainfall runoff is also discharged by more indirect routes, 
this flow is relatively sluggish and is hence distributed over a long 
time interval. As a result, these rates of flow are very low cOMp~red 
to those of the direct runoff and, consequently, the "base flow" .:.= 
merely estimated in: rain-flood hydrograph analysis. Since at the time 
of peak flow, the base flow component is usually less than 10 percent 
of the total discharge, it is evident that even large errors in its 
estimation have little effect on the final result. No strict account
ing is kept of the rainfall that goes into losses and the water that is 
subsequently discharged as base flow. In the analysis of snowmelt 
flood hydrographs, on the other hand, such an approach is not applicable. 
As a result of the comparatively low rates of snowrnelt(as compared to 
rainfall), almost all of the snowmelt would go into losses should such 
a rain-flood hydrograph procedure be used. Little or no direct runoff 
would remain to produce a hydrograph peak; there would be only a base 
flow curve to be estimated. Obviously, snowmelt hydrograph syntheses 
require a different approach from those used for rain floods. 
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9-04.11 Since sub-surface flow is more important in snow
melt flood hydrographs than in rain-flood hydrographs, all water not 
permanently lost to runoff must be routed. Permanent losses consist 
basically of evapotranspiration and deep percolation. In addition, 
however, some melt water is lost to soil moisture recharge and depres
sion storage; it is eventually disposed of by evapotranspiration and 
deep percolation occurring subsequent to the melt season; hence it too 
is a permanent loss. The losses due to soil-moisture recharge and 
depression storage are not ordinarily recurring losses but constitute 
an initial loss at the beginning of the melt season only. After the 
initial loss is satisfied, only losses due to evapotranspiration and 
deep percolation remain. For this reason snowmelt losses are relatively 
simple to estimate when compared to losses from rain storms. Once the 
initial loss is satisfied at the start of the snowmelt season--soil 
moisture recharge and depressions filled--an equilibrium is reached 
between water available and losses. This condition prevails throughout 
the melt season. Since evapotranspiration is somewhat proportional to 
heat supply and deep percolation to available water (see chapter 4), 
losses may conveniently be included in the snowmelt index. When an 
index of snowmelt runoff is computed, it is assumed that losses are a 
fixed percentage of the heat supply and hence of the snowmelt. One 
fault in assuming a fixed percentage loss for snowmelt floods becomes 
apparent from a consideration of extreme melt rates. At extremely low 
melt rates all melt may be lost; on the other hand, it is unreasonable 
to suppose losses to keep increasing directly with melt rates up to 
their highest possible values. An alternative method (to a fixed per
centage loss) has been to use a constant loss rate for all ranges of melt. 
Here some critical snowmelt rate is required before any snowmelt runoff 
is realized and the greater the melt rate the higher is the percentage 
runoff. Still more logical than either of the foregoing is use of a 
curve combining the best features of the two: A fixed loss rate that 
must be exceeded by supply before any direct runoff results, with losses 
then increasing with increasing water generated until maximum loss rate 
is attained, beyond which losses are constant regardless of increasing 
water generated. 

9-04.12 Generated runoff. - Many different approaches have 
been used by hydrologists concerned with snowmelt runoff for determining 
the combined effect of snowmelt, snow cover, rainfall, losses etc., on 
runoff. As previously mentioned, these may be grouped into three general 
methods for determination of generated runoff: (1) Method A - a rational 
method wherein the basin is considered as a unit and adjustments are 
made for variations in melt rates, snow cover, form of precipitation, and 
losses; (2) Method B - the elevation-band method where the basin is sub
divided into elevation bands, each band being considered to have a 
uniform melt rate, be entirely snow covered or bare, have the same form 
and intensity of precipitation throughout, and have uniform losses· and 
(3) Method C - a one-step method where~ generated runoff is deter~ned 
directly from temperature index and snow-cover data. Each of these 
methods have something to recommend it; they will be discussed in detail 
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in what follows. To illustrate the methods, the drainage basin of the 
Boise River basin above Twin Springs, Idaho is used as an example. 
Particulars regarding each of these methods follow. 

9-04.13 Method A. - In this method the basin is treated as 
a unit; melt is computed in inches over the snow-covered area, to which 
is added the mean basin precipitation in inches. The sum is then 
multiplied ~ the contributing area (the percentage of snow-covered area 
below the freezing level) to arrive at the total water generated in 
inches over the basin. Losses are then deducted to arrive at the water 
excess. The device of combining snO'WIllelt and rainfall before multiplying 
by the percentage contributing area presupposes that all rain falling 
on bare ground is lost and that the dividing line between rain and snow 
is at the freezing level. Both of these are approximations that are 
sufficiently accurate for most areas of spring snow.melt prOviding no 
considerable amount of rain is involved. While this me~hod is essen
tially simple, there are a few complicating factors which should be 
pointed out. The temperature index is ordinarily corrected to the 
median elevation of the contributing area. This may be done handily 
with the aid of figure 3 of plate 9-3 where standard lapse rate curves 
of 30F per thousand feet are superimposed on an area-elevation curve 
of the Boise River basin (see figure 1, plate 9-3). From the temperature 
index, it is possible to determine the elevation of the freezing level. 
By assuming all of the snow-covered area to be above all of the snow
free area, it is possible to determine the mean lower limit of the snow 
cover, or the snowline from the basin snow-cover data. By bisecting 
the contributing area (area between freezing level and snowline), the 
median elevation of the contributing area is found. An example, using 
this method to reconstitute the spring 1955 snowmelt hydrograph for the 
Boise River above Twin Springs, Idaho, is given later in the chapter. 

9-04.14 Method B. - In this method the basin is subdivided 
into equal-elevation bands and snowmelt, rainfall, and losses are com
puted separately for each band. An example of such a subdivision is 
given in figure 2 of plate 9-3. Melt and rain are considered to be 
uniform throughout the band and the entire band is considered to be 
either snow covered or bare. For simplicity, temperature indexes are 
generally used to compute snowmelt, although other indexes could be 
used. Two variations of this method have been used. In one, rain and 
melt amounts are computed in terms of inches over the elevation band, 
the melts then being combined as a weighted average for the basin as a 
whole, the weighting being in accord with the proportionate share of the 
basin being contained within each band. In this method, a separate 
inventory may be kept of the snowpack in each band. In the other varia
tion, melt j.s computed from curves which automatically give melt in terms 
of inches over the basin as a whole. Whether or not the band is snow 
covered must be determined, in this case, from a separate snow-cover 
index. Such curves expressing snO'WIllelt in the various bands in terms of 
inches over the basin are shown in figure 4 of plate 9-3 for the Boise 
River basin above Twin Springs, Idaho. These curves reflect both the 
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area included in the particular band and the elevation of the band with 
respect to the temperature index station. They are based on an assumed 
melt rate of 0.1 inch per degree-day and must be multiplied by an approp
riate conversion factor. This variation of the basic method was origin
ally used by the Office, Chief of Engineers, in computing the spillway 
design flood for McNary Dam on the Columbia River. 8/ The other varia
tion whereby the melt in each elevation band is weighted and averaged 
and an inventory of snowpack water equivalent in each band is maintained 
has been used in the synthesis of the maximum probable flood for the 
Painted Rock Reservoir on the Gila River, Arizona. 11 

9-04.15 Method C. - This method makes use of a diagram which 
gives snowmelt as a function of temperature index and mean elevation of 
the snow line. Such a diagram for the Boise River basin above Twin 
Springs, Idaho is included as figure 5 of plate 9-3. (A similar diagram 
for computing monthly melt on the North Santiam River in Oregon is shown 
in figure 3, plate 11-4.) The diagram takes into account the contribut
ing area, assuming no melt from areas having temperatures below freezing 
and from snow-free areas. The method may be used to compute either 
snowmelt or snowmelt runoff. In the appendix to the Definite Project 
Report on McNary Dam, it is used in the former sense, while Linsley, 
in a discussion of the method, 14/ makes use of it to compute snowmelt 
runoff. Moreover, since LinSleY-relates it directly to observed 
(rather than generated) runoff, he found it necessary to include an 
auxiliary diagram to explain the apparent increase in melt rate through 
the melt season. In the example given in figure 5, a melt rate of 0.1 
inch per degree-day was adopted as a convenience. Hence the results 
from this diagram must be multiplied by an appropriate factor. As a 
rule, this method is more amenable to day-to-day forecasting than it is 
to computation of design floods although it may be used for either. 

9-04.16 Time distribution of runoff. - In the preceding 
paragraph, methods were presented whereby the water generated within a 
drainage basin during a given time interval could be computed. In order 
to determine the resultant discharge hydrograph, some method of distribut
ing these amounts of water with time must be employed. For snowmelt 
runoff hydrographs, the techniques employed in making time distributions 
of runoff are quite different from those used for rain-flood hydrographs, 
although the general principles are the same. Those techniques are 
described in what follows, along with a general discussion of the effect 
of the snowpack on the time distribution of runoff. 

9-04.17 The delay in runoff caused by the snowpack in areas 
of snow cover has been discussed in some detail in chapter 8. Methods 
whereby snowmelt or rainwater could be routed from the snow surface to 
the snow-ground interface were presented. It was shown that most of the 
rain falling on a subfreezing pack of low density would be absorbed 
within the pack and the time for the remainder to pass through the pack 
could be large. This same effect was also shown to apply to early 
season snowmelt, occurring before the pack was thoroughly ripened and 
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drainage channels had been established. Once the initial losses were 
satisfied--the pack isothermal at 320 F and liquid-water-holding require
ments met--the time delay to runoff caused by the snowpack became rela
tively small and constant. The time required for melt (or rain) water to 
percolate through the snowpack varies, of course, with the depth of the 
pack. Thus even thoroughly ripe packs show some variation with time in 
the time delay to runoff. This effect, which reduces the time delay as 
the melt season progresses, tends to be offset by the fact that, as the 
melt season progresses, the remaining snow cover becomes more and more 
remote from the basin outlet. Only in very small basins (the size of the 
laboratory areas) does the time delay becomes shorter as the melt season 
progresses. In larger basins no such change is discernible. In very 
large basins, it would seem the reverse should be true: the time delay 
should increase as the melt season progresses and the remaining snow 
cover becomes more and more remote from the basin outlet. It has been 
found, however, that in large basins where the travel time is large 
compared to time required for melt water to percolate through the snow
pack, there is no need to make allowances for variations in basin 
storage once the spring melt season is actively progressing. 

9-04.18 Two methods have been employed in reconstituting 
discharge hydrographs from given amounwof water excess for snow-covered 
areas. One employs the method of storage routing; the other makes use 
of the unit-hydrograph approach. Both methods give satisfactory recon
stltutions; however, -the latter is generally preferred because of its 
greater simplicity of computation. (Examples of reconstitutions made 
by both methods are given in the paragraphs which follow.) For large 
basins where no regular diurnalhydrograph rise as a result of snowmelt 
is discernible, or even for smaller basins where only mean daily flows 
are to be determined, the time distribution of melt is relatively simple 
and either of the foregoing methods may be employed. If, on the other 
hand, it is desired that the diurnal rise as a result of snowmelt also 
be shown, the unit-hydrograph method is definitely superior to that of 
storage routing. Considering first the situation where only mean daily 
flows are desired in the reconstitution, standard storage routing and 
unit hydrograph techniques may be used with a few modifications. 

9-04.19 The time distribution of snowmelt runoff by the 
storage routing method requires that the total runoff be separated into 
two components: surface runoff and ground-water discharge. (Interflow 
is included in these two to varying degrees depending upon the method 
of separation used.) Each component is then routed separately and the 
two added to determine the resultant streamflow. The surface component 
has a relatively short storage time while the time of storage for the sub
surface component is very long for most basins. If the unit-hydrograph 
approach is used, on the other hand, it is not necessary to separate the 
runoff into two components. The unit hydrograph used has an exceptionally 
long recession limb which effectually represents the slow subsurface 
and ground-water flows. The special techniques necessary in the deriva
tion and application of such snowmelt unit hydrographs are discussed in 
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section 9-05. Also contained in this section is a further discussion of 
the storage routing techniques in the synthesis of snowmelt hydrographs. 

9-04.20 This section has so far been concerned exclusively 
with snowmelt and snowmelt runoff in mountainous areas. Because of the 
effect of elevation on both snowmelt and snow cover, only rarely do 
mountainous drainage basins contribute melt from all levels simultan
eously. A more limited contributing area is usually found which decreases 
in areal extent and retreats to higher elevations as the melt season 
progresses. Moreover, these mountainous areas are generally forested 
to varying degrees, a fact that is of importance in the computation of 
snowmelt (see chapter 6). While the mountainous areas of the western 
United States were the particular concern of what has gone before, the 
relationships presented are also generally applicable to any mountainous 
area where snow accumulates in deep and lasting snowpacks. Such is not 
the case with the northern Great Plains area of the United States. 

9-04.21 Snowmelt in the Great Plains. - While snowmelt 
floods are of great importance in this area, they present a problem 
distinct in many respects from what has so far been considered. The 
snow cover is relatively shallow; snowmelt floods last but a few days. 
Due to the flat terrain and lack of forest cover, melting occurs practic
ally simultaneously over entire drainage basins and melt rates are higher 
than those ordinarily found in mountainous areas. Both these factors 
tend to produce high, sharp flood waves of the type characteristic of 
rain floods. In addition the ground beneath the snowpack is often 
frozen, which encourages surface runoff. The flat terrain and shallow 
stream gradients allow melt water to be dammed ~p for some time before 
being released with a rush. 

9-04.22 An extreme example of such a flood was the spring 
1950 flood on the Cannonball River near New Leipzig, North Dakota which 
is illustrated in figure 3 of plate 9-6. The general situation which 
produces these floods is described in the following excerpt from an 
unpublished report by K. A. Johnson (see Appendix II, No. 44): 

liThe plains area of the Missouri River basin may be described 
as predominantly rolling country with relatively few trees. The tempera
ture range is large with hot dry summers and cold winters. The snow 
accumulation season generally begins in December and extends through 
March. Although some melting generally occurs as a result of short 
warming periods during the winter months, the major portion of the 
snowmelt occurs in a period of 10 days or less during late March o~ 
early April. Flooding as a result of snowmelt does not occur every year, 
but it is the most prevalent type of flood for the western tributaries 
of the Missouri River down to the Nebraska-South Dakota State line. 

"When a flood potential does exist as the result of snow 
accumulation the following conditions are frequently found at the begin
ni~g,of the melt period: (1) moderate to severe drifting, (2) frozen 
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ground with top few inches likely to be quite moist, (3) layer of solid 
ice and/or granular ice crystals next to ground. Items (1) and (2) are 
almost always present but the existence of item (3) is likely to be 
quite spotty even though fairly widespread. As the temperature rises 
and melt begins, the snowpack increases in density and bare ground 
becomes evident in numerous cases. A layer of slush is likely to be 
found at the bottom of the remaining snow. Appreciable runoff into the 
streams is not likely to occur before these conditions are noted. Then, 
as warm temperatures continue, the ground becomes progressively free of 
snow cover, and runoff into the streams increases rapidly, continuing 
until the area is free of snow, with the exception of that part which 
is covered by deep drifts or protected from the melting factors." 

Meteorological conditions antecedent to ru1d during this flood are given 
in figure 1 of plate 9-6. Concerning this flood occurrence is the follow
ing quotation from an unpublished report by C. W. Timberman (see Appendix 
II, No. 38): 

"Description of Basin. The Cannonball River basin is located 
in southwestern North Dakota .and drain~ an area of approximately 4300 
square miles. The river ·flows in an easterly direction to enter the 
Missouri River about 45 miles downstream from Bismarck, North Dakota. 
The D. A. of the sub-basin above New Leipzig is approximately 1180 
square miles and is of predominantly rolling topography. Elevations 
range from about 2250 feet at the New Leipzig gage to over 3000 feet 
along the rim of the basin with scattered buttes extending up to 3300 
feet. Characteristic low bluffs occur along the stream channels. Very 
few trees grow in the area even along the main stream channels. 

"Climate. The climate is SUb-humid. Average annual precipi
tation is slightly over 15 inches, of which about 11 inches occur from 
April to September, inclusive. General rains with average depths of 
over two inches are rare. ,Amounts vary greatly from the normal. Snow 
accumulation during the winter is usually moderate. The mean annual 
temperature at Mott, North Dakota, is 4l.70F; normal mean for January 
is 10.2oF. Extreme temperatures vary between 114 and minus 470 F. 

I1Floods. Spring floods, caused by the melting of the winter 
snow accumulation, are the most frequent type and occasionally cause 
extensive damage. Summer rains causing extensive floods are rare. 
Average discharge over a nine-year period of record is 107 cfs at New 
Leipzig. The 1950 flood, the reconstitution of which is the object of 
this report, is by far the largest of record throughout the basin except 
possibly in some of the small headwater areas above the heavy 1950 snow
fall area. The preceding winter was one of the coldest of record while 
precipitation was considerably above normal. No appreciable runoff 
occurred from first week in December through the end of March because 
of the low temperatures. The melt that did occur during the winter is 
believed to have infiltrated into and saturated the upper layer of 
ground which subsequently was frozen into an impervious layer. From 23 
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to 27 March a severe blizzard occurred, with precipitation amounts 
ranging to over 3 inches of water content. From 7 to 10 April approxi
mately one additional inch (water content) fell. Warm temperatures 
during the first week of April over the lower portion of the basin 
resulted in approximately 100,000 acre feet of runoff passing the gaging 
station at Breien; however, no appreciable flow was evidenced at the New 
Leipzig or the Pretty Rock gaging stations, above which lay the heaviest 
accumulation of snow. At the end of the second week in April much 
warmer temperatures occurred (with maximums approaching 700F on 17 April) 
causing rapid melting of the entire snow cover, except the deeper drifts." 

9-04.23 Another basin in this area that has been extensively 
investigated is that of Spring Creek near Zap, North Dakota. It also 
experienced a severe flood in 1950 and again in 1952. These flood 
events, along with the pertinent hydrometeorological data, are illustrated 
in figures 1, 2, and 4 of plate 9-6 and discussed in the following 
excerpt from an unpublished report by C. A. Burgtorf (see Appendix II, 
No. 42): 

"Description - Spring Creek lies in west central North Dokata 
and is a tributary of Knife River which it enters about 40 miles above 
its mouth. Zap, North Dakota lies on Spring Creek about 11 miles up
stream from its confluence with Knife River. The drainage area above 
Zap is 545 square miles. The topography is predominantly rolling with 
very few trees and elevations ranging from about 1750 to 3000 feet. 

"Climate - The climate is relatively dry with a large tempera
ture range. The average annual precipitation is about 16 inches of which 
about 60 percent falls during the summer months. Snow usually accumulates 
through the winter months and melts off in March or early April. The 
major portion of the melt usually occurs during a period of less than 
ten days and often results in some flooding. Rainfall floods in the 
area are rare. 

"1950 and 1952 Floods - The two largest floods of record for 
Spring Creek at Zap occurred in 1950 and 1952. From snow surveys it was 
estimated that the water content of the 1950 snow cover at the beginning 
of the melt period was 2.5 inches and for 1952 was 3.4 inches. Discharge 
records show that the runoff from the principal melt period was 1.05 
inches in 1950 and 2.08 inches in 1952. The crest discharge in 1950 
was, 4580 cfs and in 1952 was 6130 cfs .... " 

9-04.24 The reconstitution of such plains area floods is a 
difficult procedure. For one thing, the lack of forest cover makes 
temperature and temperature-vapor pressure indexes of snowmelt generally 
unsatisfactory. As a result of rapid changes in albedo of the snowpack 
during such a flood event and the difficulty inherent in the estimating 
of albedo, the inclusion of radiation in a thermal-budget index is of 
questionable value. The initial condition of the snowpack and the 
underlying soil have most important, yet difficult to assess, effect 
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upon the resulting runoff. Akin to rain-on-snow events, the runoff is 
largely dependent upon snow and ground conditions, and because of the 
rapid rise in both these types of floods, this initial condition must 
be known. Unlike spring sno"WITlelt floods from the deep mountain packs 
where the pack is ripened and initial losses satisfied 10I'.g before peak 
flows are reached, the rapid rise immediately follows satisfaction of 
these losses. Rapid variation in the areal extent of the shallow snow 
cover serves to further confound the problem. The problem will not be 
dwelt on further here; no ready solution is known. Reference is made to 
the Definite Project Reports for Garrison, and Oahe and Fort Randall 
Reservoirs for attempts at practical solution. §/ 11 

9-05. TIME DISTRIBUTION OF RUNOFF 

9-05.01 General. - The time distribution of runoff from 
rain-on-snow events is customarily made using the methods applicable to 
rain floods in general: the unit-hydrograph method is commonly employed 
to distribute the water excess, the base flow being estimated. Because 
these methods are common to hydrology in general, they will not be exam
ined here. Of concern to this report are methods whereby the runoff 
from melting snow may be distributed into a discharge hydrograph. This 
problem is peculiar to the field of snow hydrology and little is said 
concerning it in the general literature of hydrology. For this reason, 
it shall be treated here in some detail. 

9-05.02 One thing that makes the time distribution of 
snowmelt water different from.that of rain floods is the difference in 
the rates of generation. In rain-flood control problems, since only 
relatively high rates of runoff are usually considered, it has been 
customary to deal only with the direct runoff in the unit hydrograph 
application, that is, the water that reaches the stream channels by the 
most direct routes. The other runoff--that which is more delayed in 
reaching the stream channels--is considered only as base flow, its time 
distribution being merely estimated. While a considerable volume of 
water may eventually be discharged as base flow (even exceeding the 
volume of the direct runoff), because of the relatively sluggish flow, 
compared to the direct runoff, it adds relatively little to the rate of 
flow at the time of peak flow. Thus even a large error in estimating 
the base flow component has relatively little effect upon the peak 
discharge. The total water generated, in the case of rain floods, is 
separated into water excess (direct runoff) and "losses" usually by 
means of an infiltration curve which gives infiltration rates correspond
ing to different accumulations of water generated. "Losses, II so defined, 
thus include much of the water ultimately discharged by the base flow 
curve. Usually no strict accounting is kept between the "losses" and 
the water discharged by the base flow curve. The unit hydrograph approach 
may be used for sno"WITlelt runoff hydrographs by routing separately the 
subsurface and surface runoff components. Also, storage routing tech
niques are applicable to the time distribution of runoff from sno"WITlelt. 
Both of these approaches will be considered. 
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9-05.03 Storage routing. - Storage routing, while most 
commonly associated with the routing of flood waves through river reaches 
or through reservoirs, may also be applied to the determination of dis
charge hydrographs from drainage basins. The rainfall and snowmelt 
water generated within the basin is the inflow to be routed; the hydro
logic characteristics of the basin are reflected in the time of storage 
used in the routing procedure. The following paragraphs will describe 
briefly the methods employed. No detailed discussion of storage routing 
in general will be given here, it being assumed the reader is familiar 
with the basic principles. 

9-05.04 In the solution of the general storage equation, two 
assumptions are commonly made: (1) that the storage is directly propor
tional to the outflow, S = ts(O); and (2) that the storage is a function 
of both inflow and outflow, S = K (xI + (I-x) 0). The former is termed 
reservoir-type storage, the assumption being that outflow and storage 
vary together. The latter assumption is the basis for the Muskingum 
system of flood routing; here it is assumed that the storage varies 
directly with a weighted inflow and outflow. (As x approaches zero, the 
conditions of reservoir-type storage are approached.) Simple reservoir
type storage is limited in application, since no allowance can be made 
for time of travel through a river reach or in a drainage basin. Inherent 
in the method is the fact that the peak of the outflow discharge hydro
graph always occurs at the time at which the outflow graph crosses the 
recessien limb of the inflow hydrograph. This follows from the fact that 
subsequent to this time outflow exceeds inflow and hence the amount of 
storage (and hence the outflow also) must decrease. This restriction 
does not hold for the Muskingum method of routing since here storage is 
also, partially, a function of inflow. This makes this method somewhat 
more flexible, allowing for a possible travel time for the flood wave. 

9-05.05 The storage routing approach has been used by the 
U. S. Weather Bureau River Forecast Center at Portland, Oregon for 
reconstitutions of spring snowmelt floods. Flood hydrographs for the 
Payette River basin, Idaho, have been determined by this method as 
reported on by Zimmerman. 21/ Briefly the method consists of separating 
the total water excess intO-two components: surface runoff and ground 
water. Each is then routed separately using different times of storage. 
These times of storage are empirically determined to give the best fit 
to historical data. The time of storage for the ground-water component 
is, of course, quite long compared to that for surface runoff. To 
facilitate storage routing in general, the U. S. Weather Bureau has 
developed an electronic routing analogue which solves the Muskingum 
routing equation. 13/ It is especially useful in reconstituting an 
entire season's snowmelt flood hydrographs. Basically the method is 
simple. Practically, the division of the runoff into the two components, 
the determination of the best storage times, and the relative weighting 
of inflow and outflow in determining the storage time for the two compon
ents, are more difficult. 
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9-05.06 Another method of storage routing, based on the 
reservoir-type storage equation, may also be used to determine outflow
hydrographs from drainage basins. This method consists of multiple-stage 
reservoir-type storage routing. That is, the inflow hydrograph is 
successively routed through two or more stages of reservoir-type storage. 
An example of this type of routing is given in figure 4, plate 9-7, which 
shows a rectangular inflow hydrograph routed through one, two, and three 
6-hour stages of reservoir-type storage. Also shown is the same inflow 
hydrograph routed through one 18-hour stage of reservoir-type storage. 
As may be seen, a unit-hydrograph-shaped outflow wave results from the 
square inflow wave. By this method any desired time of travel delay may 
be had by the proper selection of number of stages and times of storage 
for each stage. Moreover, by varying the times of storage between stages, 
an extremely flexible system of time distribution of runoff is obtained, 
capable of reconstituting discharge hydrographs from basins of widely 
differing hydrologic characteristics. The disadvantage of such a 
procedure is that the computations involved are laborious. Even one 
stage of reservoir-type storage requires a considerable amount of compu
tation; multiple stages make the computations even more formidable. 
Recently, however, an electronic analog has been developed which solves 
this type of storage routing (see Tech,Bull. 18). The analog permits 
the use of as many stages as desired with different times of storage in 
each stage if desired. In addition, this device makes it possible to 
vary the time of storage during the routing operation, a feature that 
further increases its flexibility. Multiple-stage routing is, of course, 
also possible for the Muskingum type of storage routing, and an electronic 
analog to solve this type of routing appears feasible. This type of rout
ing is discussed by Clark 2/ who also points out the expedient of trans
lating the inflow hydrograph in time and then routing it through a single 
stage of reservoir-type storage in order to simplify the computations 
involved. The use of multiple-stage routing in conjunction with the 
Muskingum method seems hardly warranted in view of the adequacy of the 
alternative approach of multiple stage storage-type routing. 

9-05.07 Unit hydrographs. - The unit-hydrograph approach to 
the time distribution of runoff has been the method most extensively used 
in connection with runoff from snowmelt. However, as was previously 
pointed out, unit hydrographs developed for snowmelt are not applicable 
to rainfall and vice versa. Yet the difference between a rainfall unit 
hydrograph and one for snowmelt for a given area is one of degree only. 
Base flow curves can be eliminated for snowmelt rllloff as for rainfall 
runoff; however, in the former case, the rate used to separate the two 
components of flow must be considerably less than in the case of rain
fall. No absolute division exists between water excess ffild losses. As 
a greater percentage of the total water available is considered to be 
water excess, the recession limb on the unit hydrograph increases in 
length and rate of flow and the base flow curve decreases its contribu
tion to runoff. On the other hand, as a greater quantity of water is 
considered to be losses and less as water excess in the infiltration 
curve separation, the unit-hydrograph tail shortens, and the unit 
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hydrograph approaches that used for rain-flood synthesis. At the same 
time the base-flow curve increases in magnitude, becoming progressively 
more difficult to estimate. It is because of tbis that the rethod given 
herein was devised: all water not permanently lost to runoff is distrib
uted by means of the snowmelt unit hydrograph. This asswnes a fixed and 
constant quantitative relation between direct and base flow, which also 
has certain wealmesses. No base-flow curve need be estimated; only the 
recession from the existing streamflow at the start of the reconstitution 
is added to the computed hydrograph. The exceptionally long recession 
limb of the resulting unit hydrograph poses a special problem in its 
application. This and other problems involved in the derivation and 
application of unit hydrographs will now be considered. 

9-05.08 Rainfall unit hydrographs may best be derived from 
a brief, isolated period of intense rainfall, falling at a uniform rate 
on a surface which has previously has its initial loss capacity satisfied 
so that the water excess rate is high and uniform. For snowmelt runoff, 
where the rate of water excess is low and is more or less continuous, the 
use of the S-hydrograph approach to the derivation of unit hydrographs 
for snowmelt runoff is appropriate. 

9-05.09 The S-hydrograph approach to the derivation of unit 
hydrographs 16/ is useful in many respects: (1) it provides a method 
of adjusting-rhe derived unit hydrograph for non-uniform rates of genera
tion of water during the period used in computing the unit hydrograph; 
(2) it provides a means of adjusting the observed period to the period 
desired for the derived unit hydro graph; (3) it provides a convenient 
method of adjusting the area under the unit hydrograph to unit volume; 
(4) it allows several unit hydrographs to be averaged in order to arrive 
at a mean unit hydrograph; and (5) it provides a method of seperating a 
given unit hydrograph into two unit hydrographs of unequal periods of 
generation. It is this last aspect that makes the S-hydrograph approach 
especially valuable to snowmelt runoff. The aspects enumerated above 
are considered in detail in Technical Bulletin 14; they shall be discussed 
only briefly here. 

9-05.10 Figure 1 of plate 9-7 shows an example of the use of 
an S-hydrograph in adjusting the unit hydrograph far non-uniform rates of 
generation of water excess. Suppose the hydrograph given by the solid 
curve results from the 6-hour period of non-uniform water excess illus
trated. If this pattern of water excess is repeated every six hours, the 
resulting hydrograph is likewise repeated, the total flow being given by 
the wavy solid curve. This curve was determined by repeating the observed 
hydrograph every six hours and summing its ordinates. A smooth curve 
drawn through the wavy one represents an S-hydrograph which results from 
a constant rate of water excess equivalent to the mean rate during the 
6-hour period (0.2 in./hr.). Expressing the ordinates of this curve in 
percent of its equilibrum rate, a percentage S-hydrograph results which 
is independent of the rate of water excess and reflects only the basin 
characteristics. From the percentage S-hydrograph, unit hydrographs of 
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any period may be derived as illustrated in figure 2 of plate 9-7. The 
equilibrim rate corresponding to the rate of water excess for the period 
selected ~s determined, and the ordinates of the S-hydrograph expressed 
relative to this rate. Differences in ordinates, (e.g., bc, b'c', bllc ll ) 

separated by the desired unit-hydrograph period (ab, a'b, a"b") define 
the unit hydrograph. 

9-05.11 In the application of the unit hydrographs of snow
melt runoff, the selection of the best unit-hydrograph period becomes a 
problem. The early portion of the unit hydrograph with its comparatively 
rapid changes requires a relatively short period in order that it be 
adequately defined, while with the long recession limb this would result 
in unnecessarily detailed computations. Here a longer period is better 
suited to the job. It is possible, for a single S-hydrograph, to define 
two unit hydrographs of unequal periods, a shorter period being used for 
the earlier, more rapidly changing portion and a longer period for the 
long, more slowly changing recession limb. This may be seen by reference 
to figure 3 of plate 9-7. Supposing it is desired to separate the 
S-hydrograph CDE at time D. If a horizontal line AB is drawn to intersect 
the curve CDE at point D, two S-hydrographs are thus defined: CDB and 
ADE. By taking incremental differences on these two S-hydrographs, it is 
possible to determine unit hydrographs of any desired period. For example, 
supposing a 3-hour unit hydrograph is desired for the portion to time D 
and a 6-hour unit hydrograph thereafter. Three-hour incremental differ
ences are thus determined for the first portion and 6-hour incremental 
differences for the latter, each being multiplied by the proper conversion 
factor. Such unit hydrographs are illustrated in figure 3 of plate 9-7 
along with the S-hydrographs from which they were derived. This example, 
however, is not representative of the actual situation, where a greater 
contrast in time periods would exist as well as a longer recession limb 
on the S-hydrograph. The example was chosen for clarity in illustrating 
the method of diversion rather than its representativeness of an actual 
situation. It is to be pointed out that the same water generated is 
distributed by both these unit hydrographs. No separation into two 
components, as was the case in the storage-routing approach, is necessary. 
In combining the two flow components resulting from the time distributions 
by the two unit hydrographs, flows corresponding to the finer time incre
ment are determined from the coarser by interpolation. 

9-05.12 By rainfall unit-hydrograph standards, the two unit 
hydrographs above are both predominantly for base flow. If it is also 
desired to distribute rainfall-type water excess, still another surface 
runoff unit hydrograph is required; however, the detailed base flow 
analysis just discussed is hardly warranted in this case. The method of 
rainfall unit hydrographs (with estimated base flow) is generally used. 
Finally, it is pointed out that the separation of water generated into 
two components is quite arbitrary; the important thing is that the unit 
hydrograph used to distribute the water excess and the method used to 
estimate the base flow be consistent with th e method of separation--a 
precaution that was previously discussed in connection with the synthesis 
of discharge hydrographs in general. 
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9-06. BOISE RIVER HYDROGRAPH RECONSTITUTIONS 

9-06.01 General. - To illustrate some of the methods of 
snowmelt hydrograph synthesis previously discussed, the example of the 
1955 spring snowmelt hydrograph rise on the Boise River near Twin Springs, 
Idaho is used. Melts for the period were computed by the thermal-budget 
index discussed in paragraph 9-04.04. They are shown diagramatically in 
figure 1 of plate 9-4 which also shows the pertinent meteorological data. 
One-, two-, and three-day forecasts of mean daily flow were made from 
these melt data (and gaged rainfall amounts), as well as reconstitutions 
of virtually the entire melt season. The reconstitutions and forecasts 
are discussed in the paragraphs which follow. 

9-06.02 Seasonal reconstitutions. - In figure 2 of plate 9-5 
the actual discharge hydrograph for the 1955 spring snowmelt season on 
the Boise River above Twin Springs, Idaho is given in terms of mean 
daily flows. Also shown on the same figure are reconstitutions made 
using the unit hydrograph of figure 3, plate 9-4 and by storage routing. 
The storage-routing reconstitution was accomplished by separating the 
total water excess into two components: 70 percent to direct runoff and 
30 percent to ground-water discharge. Both components were routed using 
multiple-stage reservoir-type storage routing, the direct runoff being 
routed by two 36-hour stages and the ground-water discharge by three 
10-day stages. Prior to the beginning of the reconstitutions on 1 May, 
several weeks of melt had occurred. Thus the pack was thoroughly ripe 
so that a constant melt factor could be used, and also all initial 
losses, both in the snowpack and in th~ basin, were satisfied. Recession 
flows, from the flow at the start of the reconstitution, were added to 
the flows determined by unit-hydrograph and storage-routing methods. 
(The recession flow curve for the Boise River basin is shown in figure 
2, plate 9-4.) In making the foregoing reconstitutions, it is assumed 
that the actual temperature sequence, basin snow cover, and precipitation 
are known throughout the season. The agreement between the actual dis
charge hydrograph and the reconstitutions is actually a test of how well 
the discharge hydrograph can be reconstituted from known hydrometeorolog
ical conditions. This is what is pertinent in the synthesis of design 
floods. It is not a test of ability in forecasting meteorological 
conditions. 

9-06.03 In figure 4 of plate 9-5, a portion of the 1955 
spring snowmelt hydrograph for the Boise River basin is snown in expanded 
time scale. Hourly flows are plotted and the diurnal variation in flow 
is apparent. This diurnal variation in flow was reconstituted using 
the 8-hour unit hydrograph of figure 3, plate 9-4. All snowmelt was 
assumed to have occurred during one 8-hour interval (1000 - 1800 hours), 
the other two such intervals having no water generated except in the 
instances where rain occurred during these times. While such a recon
stitution is seldom required, except possibly for very small drainage 
basins, it is included here to demonstrate that such reconstitutions are 
possible. 



9-06.04 Short-term forecasts. - The reconstitution of an 
entire melt season, or portion thereof, as in the preceding paragraphs, 
is usually made only in connection with design-flood determinations. 
More usual are short-term forecasts of runoff made for the operation of 
reservoirs and other purposes. Such forecasts are generally more 
accurate than are the predicted flows for the same days taken from a 
reconstitution of an entire season's runoff hydrograph. The chief 
reason for the better accuracy of short-term forecasts is that when 
short-term forecasts are made, the current streamflow is known and only 
the increment of flow above the recession from the known flow need be 
estimated. When an entire snowmelt season's hydrograph is reconstituted, 
all water generated from the beginning of the season through the day in 
question has an effect upon the discharge for a given day. Presented 
in figure 1 of plate 9-5 are the results of one-, two-, and three-day 
forecasts of runoff for the 1955 spring snowmelt season on the Boise 
River. These forecasts were made using the same basic data, and a 
distribution graph derived from the same S-hydrograph was used to make 
the seasonal reconstitutions. Actual values of temperature, vapor 
pressure, precipitation and snow cover were used in the examples given; 
however, these data would not be available for actual runoff forecasts, 
and forecast values would have to be used, introducing another possible 
source of error. Thus figures la, Ib, and lc represent what could be 
done in the way of one- to three-day forecasts, providing the forecasts 
of the meteorological conditions were correct. In making such short
term forecasts of runoff, the long recession flow of the unit hydrograph 
need not be run out; only as many days flow need be used as the length 
of the forecast. Thus there is a considerable saving in computation 
over that required to reconstitute an entire season. 

9-07. SUMMARY 

9-07.01 Two kinds of snytheses of runoff hydrographs are 
encountered in snow hydrology: (1) short-term forecasts and (2) the 
snythesis of an entire melt season or rain-on-snow event. The former is 
ordinarily used in the operation of reservoirs and in the making of stream
flow forecasts, while the latter is ordinarily involved in the determina
tion of design floods. With respect to the first kind of hydrograph 
synthesis, current conditions of streamflow, snow cover, etc., are known; 
only the increment of flow above the recession from the current flow 
need be estimated, and that only a few days in advance. Forecast values 
of meteorological parameters are required if the forecast period exceeds 
the lag time for the basin. With respect to the second kind of hydro
graph snythesis, an entire flood hydrograph must be determined with only 
the initial conditions of streamflow and snow cover known. The actual 
values of the meteorological parameters necessary to the computation are 
known in the case of the reconstitution of a historical flood, and the 
assumed parameters in th8 case of a design flood snythesis. 

9-07.02 Elevation has an important effect upon both snowmelt 
and precipitation excesses. Snowmelt rates vary inversely with elevation 
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as a result of the general decrease in net heat supply with increasing 
elevation. The form of the precipitation (rain or snow) is a function of 
air temperature and hence also of elevation, while the total quantity 
of precipitation also increases with elevation, due to the orographic 
effect. Snow cover ordinarily exhibits a marked increase with elevation, 
in consequence of the precipitation increase with elevation, the greater 
likelihood of it occurring in the form of snow with increasing elevation, 
and the greater melt rates at lower elevations. Consequently, basinwide 
snowmelt must first increase with increasing elevation as the snowline 
is approached and the areal extent of the cover increases, and then must 
decrease with the decreasing melt rates at the highest elevations over 
the virtually 100 percent snow-covered areas. Moreover, snow cover has 
an important effect upon the runoff which results from rainfall. Gener
ally speaking, very little runoff results from the usually light to 
moderate rains which fallon the snow-free portions of the basin, during 
the spring snowmelt season, while the percentage runoff is quite high 
for the snow-covered portions. During the winter season, however, this 
effect may be reversed, with the more intense winter rains producing 
considerable runoff from the snow-free areas, at the same time being 
stored to a greater degree over the snow-covered areas. In consequence 
of all these things, it becomes apparent that elevation must be consid
ered in any general scheme of hydrograph synthesis for snow-covered 
areas. 

9-07.03 There are two general methods by which elevation 
effects may be incorporated in a scheme of hydrograph synthesis. One is 
simply to divide the drainage basin into elevation bands and compute the 
water excess for each band separately--snow cover, precipitation, snow
ment and losses to be uniform over each band. The other method is to 
treat the basin as a unit, making corrections for variations in the form 
of precipitation, snow-covered area, melt rates, etc., with elevation. 

9-07.04 The basic components of any method of hydrograph 
synthesis are: (1) snowmelt, (2) rainfall, (3) losses, and (4) time 
distribution of runoff. Pertinent comments on each of these follow: 

(1) Snowmelt. - In general, the thermal-budget method of 
snowmelt computation is more amenable to design floods and the index 
method to the forecasting of streamflow. Because of the different 
meteorological conditions, different methods are necessary for the com
putation of melt during spring snowmelt periods and winter rain-on-snow 
events. (See sections 6-04 and 6-07.) 

(2) Rainfall. - In determining basin rainfall from preclpl
tat ion gage data, corrections must be made for gage deficiencies and form 
of precipitation. In separating out snowfall amounts, it should be 
remembered that gage deficiencies are commonly large in areas of snowfall. 
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(3) Losses. - The concept of losses is different for 
synthesizing rain-on-snow hydrographs and predominantly snowmelt hydro
graphs. Rain-on-snow synthesis uses the conventional rainfall-loss 
concept, wherein all water is considered tllosttl (to direct runoff) which 
is delayed in reaching the gaging station through varying degrees of 
subsurface flow, so that it contributes little to the hydrograph peak. 
Snowmelt snythesis considers only that water to be a tllosstl which is 
permanently stored in the snowpack (as free or refrozen water) or is 
permanently lost to runoff (by evapotranspiration and deep percolation). 

(4) Time distribution. - Either unit hydrographs (including 
distribution graphs) or storage routing methods may be used in the time 
distribution of runoff from snow-covered areas. Conventional rainfall
type unit hydrographs may be used for rain-on-snow events; special 
tllong-tailedtl unit graphs are used to distribute spring snowmelt excess. 
Storage routing is most amenable to spring snowmelt hydrograph synthesis 
Hhere the total water excess is divided into two (or more) components 
and routed separately using relatively short times of storage for the 
more direct component and relatively long times of storage for that 
water which is more delayed in reaching the basin outlet. 
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CHAPTER 10 - DESIGN FLOOD DETERMINATION 

10-01. INTRODUCTION 

10-01.01 General. - No general ~ll-inclusive rules 
of universal ~pplicability can be given for use in hydrologic 
design. Every basin, every stream, is an individual and separate 
problem unique in its flood-producing ch~racteristics. Each 
requires careful study to establish hydrometeorological rel~tion
ships by which estimates of prob~ble optimum conditions can be 
translated into the r~tes of streamflow (or volume of runoff) for 
the several different design requirements. Optimum conditions of 
weather, ground, and snowpack must be considered in combination 
to arrive at estimates of the basic flood r1agni tudes 'ilhich form 
the basis of design of projects. Observed floods usually reflect 
compensating variations in the several factors affecting flood 
runoff, so that the runoff rates and volumes are far below those 
that would result from more critical combinations of the factors. 
Statistical studies provide a means of estimating the m~gnitude 
of flood potential and average flood frequencies for streams 
having relatively long periods of record, particularly where 
records of flow for many streams in a region of reasonably comparable 
hydrologic and meteorolos-ic influences can be analyzed. However, 
because of the number and range of variation in independent variables 
involved in floods, and the wide range between flood magnitudes 
that would result from optimum combinations of critical flood
producing factors as compared with combinations generally observed, 
statistical analyses of actual stream flow records seldom, if 
ever, provide a reliable indication of extraordinary flood 
potentialities of a specific drainage basin. 

10-01.02 Basic flood estimates. - In Corps of 
Engineers practice, there are two classes of floods for which 
hydrographs are usually synthesized: (1) maximum probable flood, 
which is used primarily for the design of spill~~ys and appurtenant 
structures for virtually complete security of major projects 
~g~inst structural failure, and is defined as the flood discharge 
that may be expected from the most severe combination of critical 
meteorologic and hydrologic conditions that are reasonably possible 
in the region; and (2) standard project flood, which represents a 
"standard" against which the degree of protection finally selected 
for a project may be judged and wh~ch thus will serve as a basis 
for comparison with protection provided at similar projects in 
other localities. The standard project flood is defined as the 
flood discharge that may be expected from the ~ost severe combina
tion of meteorologic and hydrologic conditions that are considered 
reasonably characteristic of the Geographical region involved, 
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excluding extremely rare combinations. The standard project flood 
is based on less severe conditions than the maximum probable flood; 
in practice it has been found to be generally equal to 40 to 60 
percent of the maximum probable flood for the same basins. 

10-01.03 Design Flood. - The term design flood has 
been applied to the flood volume or peak discharge finally adopted 
for which full protection is being provided in a partioular project 
or section thereof. It may be either greater or less than the 
basic flood estimate, depending to an important extent upon flood 
characteristics, frequencies, and potentialities, and upon economic 
factors and other practical considerations. The preceding 
definitions of basic and design floods have been summarized from 
Civil Engineer Bulletin No. 52-8.~ More complete listings and 
definitions of design criteria for these floods may be found therein. 

10-01.04 The rational procedure. - The principal 
factors to be considered in determining the magnitude of design 
floods are discussed in chapter 5, "Flood-hydrograph analyses and 
computations," of Part CXIT of the Engineering Manual for Civil 
Works Construction.-2/ The rational procedure involves 
consideration of the optimum meteorologic and hydrologic conditions 
which are likely to occur simultaneously to produce maximum runoff. 
Rational determinations of design floods involving snow require 
knowledge and use of the combined effect of snow accumulation, 
snowmelt, and effect of the snowpack on runoff, as described in 
the preceding chapters. In general, the limited period of record 
of snow accumulation data precludes their use for application to 
design floods. The estimate of snow accumulation for a given 
design condition may, however, be based on a function of normal 
annual precipitation for cases where winter preCipitation is 
nearly all in the form of snow. Extrapolation of precipitation 
to design condition amounts is possible because of the many years 
of record of storm experience which are usually available. 
Snowmelt is determinable from thermal-budget indexes appropriate 
to the type of area and the specific flood condition. The melt 
coefficients may be derived from historical data or from 
generalized melt equations as presented in chapter 6. Since 
snowmelt is a direot function of thermal energy input to a 
basin, there are definite upper limits to the amount of heat 
exchange that may be experienced by radiative processes or by 
advection of heat by airmasses. The effect of the snowpack on 
runoff varies through a wide ran~e of conditions; the pack may 
be initially "primed" or "ripe" (conditioned to produce runoff); 
or it may be initially "cold" and dry. In addition to the effects 
of snow in the development of rationally derived design floods, 
other hydrologic factors must be evaluated, including rainfall, 
soil moisture recharge, ground water condition, and evapotranspira
tion loss. Also, the natural storage time of the basin as expressed 

354 



,.,; . 
i . . 

by such standard routing techniques as unit graphs or storage
routing procedures must be determined. Having determined the 
basin hydro-meteorological characteristics, it is then possible 
to maximize each variable on the basis of optimum runoff-producing 
conditions, combined with the optimum meteorological sequence, 
for the specified condition of design. 

10-01.05 Simplified design-flood estimates. - In some 
cases preliminary estimates of design floods or flood estimates 
may be required for minor engineering works which do not warrant 
a complete flood analysis by the rational procedure outlined in 
the preceding paragraph. For such determinations, the judgment 
and experience of the hydrologist is relied upon; short cuts and 
subjective analysis of the factors affecting runoff are used. 
Previously derived floods for areas of similar hydrologic character 
may be used as guides, as for example charts 1 and 2 contained in 
Appendix "M", Columbia River and Tributaries, ..iJ which show 
curves for estimating spillway-design-flood peak discharges 
resulting from snowmelt in the Columbia River basin on the basis 
of drainage area and normal annual precipitation. Many factors 
affecting runoff are not directly evaluated by these curves. 
For this reason, it is especially important that the hydrologist 
have a full understanding of the basin to which they are applied, 
in order to account for differences in conditions from those for 
which the curves were derived. Estimates so derived should be 
considered to be preliminary and/or approximate, subject to 
revision when and if more complete analysis is warranted. The 
use of historical streamfloVl data alone should not be considered 
as a basis of derivation for design-flood determinations (e.g., 
the arbitrary use of a multiplication factor applied to the 
maximum flood of record). For the short period of streamflow 
records normally available, there is little likelihood that a 
constant relationship between the maximum flood of record and a 
specific design condition exists. 

10-01.06 DeSign floods involving snow. - There are 
two general types of design floods involving snOWl (1) winter 
rain-on-snow floods, which are of relatively short duration and 
for which snowmelt usually constitutes the minor contribution to 
runoff; and (2) spring snowmelt floods, which are the result of 
the melting of the accumulated snowpack, are usually several 
months in duration, and for which rainfall is usually of lesser 
consequence. For both types of floods, the snowpack accumulation, 
snowpack condition, and snowmelt rates must be evaluated, plus 
all other factors affectine runoff. 

10-01.07 Factors in design flood derivation. - In 
the rational derivation of design floods involving snow, certain 
general procedures should be outlined and certain basic factors 
evaluated before detailed studies are begun. They are 
summarized as followsl 
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I. Review of general hydrologic features 

A. Location of drainage area with respect to major topographic 
features, airmass types, and general airmass circulation 
during storms and periods of melt. 

B. Physical characteristics of the watershed. 

1. Drainage area. 
2. Area-elevation relationship. 
3. Normal annual basin precipitation. 
4. Normal annual runoff. 
5. lJormal annual loss. 
6. Normal snovrpack accumulation and seasonal distribution. 
7. Soil conditions and seasonal change in soil moisture. 
8. Ground water geology and ground water storage. 
9. Vegetative cover. 

10. Artificial regulation of streamflow. 
11. Streamflow characteristics from analysis of past record. 
12. Natural basin storage time, with or without snow cover, 

expressed by unit hydrograph or storage-routing constants. 

II. Evaluation of specific conditions pertinent to winter rain-on
snow design floods, according to established design criteria. 

A. Initial snowpack characteristics. 

1. Snow-covered area. 
2. Snovrpack depth and water equivalent and distribution 

with respect to elevation (slope of snow wedge). 
3. Sn~lpack condition \vith respect to temperature, free 

v~ter, and density-elevation variation. 

B. Determination of sequence of meteorological factors 
affecting mel t. 

C. Selection of snowmelt rates (snowmelt indexes or 
generalized snowmelt equations appropriate to area and 
rain-on-snow conditions). 

D. Determination of rainfall. 

1. Time distribution. 
2. Total amount. 

E. Determination of loss and runoff conditions. 

F. Synthesis of all f~ctors affecting runoff into a design 
flood hydrograph. 
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III. Evaluation of specific conditions pertinent to spring 
snowmelt desi~ floods, according to established design 
criteria. 

A. Initial snowpack characteristics. 

1. SnoVT-covered area. 
2. Snowpack water equivalent and distribution with 

respect to elevation (slope of snow wedge). 
3. Albedo of snow surface (for areas with significant 

open areas). 

B. Determination of critical sequence of meteorological 
factors affecting melt. 

c. Selection of snowmelt rates utilizing thermal-budget 
indexes or generalized snowmelt equations appropriate 
to area. 

D. Evaluation of effects of rainfall at time of maximum 
snowmelt flood, considering changes in snowmelt conditions 
during rain. 

E. Determination of loss and runoff conditions. 

F. Synthesis of all factors affecting ~off into a design 
flood hydrograph. 

10-02. OPTIMUM CONDITIONS FOR DESIGN FLOODS 

10-02.01 General. - In the derivation of design 
floods it is necessary to consider the optimum runoff-producing 
conditions, with regard to: (1) the snowpack; (2) the meteorological 
sequence affectin0 melt and rainfall; (3) the effect of losses to 
soil moistlITe and evapotranspiration; (4) changes in ground-v~ter 
storage; and (5) time delay to runoff. The following paragraphs 
describe the derivation of optimum runoff conditions for maximum 
probable and standard project floods, in connection with both 
winter- and spring-type floods. 

10-02.02 0Etimum snov~ack conditions. - The three 
basic considerations of optimum snowpack condition are (1) water 
equivalent and its distribution, (2) areal cover, and (3) 
structural character. For spring snowmelt design-flood hydrographs, 
the structural character of the snowpack is unimportant (it is 
assumed the snowpack is isothermal at 320 F and saturated with free 
water). Generally, only the total water equivalent of the snowpack 
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and its distribution with elevation and area must be considered; 
for basins VQth significant open areas, snow-surface albedo must 
also be evaluated. For winter rain-on-snow floods, however, the 
stage of metamorphism of the snowpack must be taken into account 
as set forth in chapter 8. For winter floods, the total water 
eQuivalent of the sno,vpack may not be critical. The principal 
consideration for winter rain-on-snow floods is that possible 
storage of liQuid water in the snowpack must be satisfied before 
runoff occurs. 

10-02.03 For spring snowmelt design floods, the 
maximum possible snowpack water eQuivalent is generally based 
upon detailed studies of the potential total winter-season 
precipitation, with assumed percentages of total winter 
precipitation falling in the form of snow. The studies may 
relate maximum winter-season precipitation to size of drainage 
area and normal annual precipitation, as was done for the 
Columbia River basin by the Bydrometeorological Section of the 
U. S. Weather Bureau.-II From such studies the maximum winter 
snowfall for specific basins may be derived. The increase of 
the sno,vpack with elevation is determined on the basis of normal 
increase of precipitation with elevation. The snow wedge so 
derived represents the maximum possible flood-producing snowpack. 
For standard project flood conditions, the snowpack water 
eQuivalent determination is based on less severe conditions 
than that for the maximum possible and conforms to the maximum 
which is reasonably characteristic of the region involved. 

10-02.04 The initial snawpack condition for winter 
rain-on-snow floods is important both from the consideration of 
snowmelt and for storage and delay of liQuid water in the snowpack. 
For maximum probable rain-on-snow flood conditions, in some cases 
it may be assumed that sufficient water equivalent exists to 
provide snowmelt continuously through the storm period throughout 
the entire range of elevation. In other cases, a derived maximum 
snow wedge is required. Also for the maximum probable flood, it 
may be assumed in most cases that the preceding melt or rainfall 
has provided drainago channels through the snowpack and has 
conditioned it to produce runoff without significant delay, so 
that water excesses from rain and snowmelt during the storm period 
are immediately available for runoff. In unusual circumstances, 
however, especially where a significant portion of the basin is 
at high elevations, it may be necessary to ascribe snowpack 
storage and delay to a portion of the water excess (see discussion 
of liQuid-water-holding capacities of the snowpack in section 8-05.). 
Evaluation of this snowpack condition may be established on the 
bagis of meteorological events preceding the design storm. For 
standard project flood determinations, the storage and delay of 
liquid water in the snowpack should be evaluated for all ranges in 
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elevation, based on preceding meteorological events. The maximum
runoff condition in this case is one where there is (1) sufficient 
snow on the basin initially to provide melt contribution to runoff 
over the entire area for the storm period, and yet (2) a minimum 
depth of snow, especially at high elevations, to provide the least 
possible storage required in conditioning the snowpack to produce 
runoff. Thus the flattest possible snow wedge having sufficient 
snow to just equal the total melt at the lowest elevation in the 
basin, is the optimum condition forvdnter rain-on-snow floods. 

10-02.05 Optimum meteorological conditions. -
Meteorological conditions during both the pre-flood and flood 
periods affect design floods involving snow. Pre-flood conditions 
determine the snowpack soil-moisture and ground water conditions, 
as well as the recession flow. Rates of snowmelt and rates of 
rainfall during the flood period are governed by meteorological 
conditions. For spring snowmelt f!oods, the optimum condition is 
that in which winter snowpack accumulation occurs with no significant 
melt, followed by a cold spring with minimum snowmelt and continued 
increase in the snowpack, and finally by a sudden change to a 
sustained high heat input to the basin at a time when the seasonal 
energy input may be near maximum. Rainfall occurring near the 
snowmelt peak may be superimposed upon the critical snowmelt 
sequence to augment the maximum probable flood peak discharge. 
For standard project flood conditions, a similar but less severe 
sequence of snowmelt conditions may be assumed, which would be 
reasonably characteristic of the maximum for the region involved. 

10-02.06 During winter rain-on-snow design floods, 
the optimum meteorological sequence for the maximum probable 
flood requires sufficient water equivalent accumulation in the 
pre-flood period to provide active snowmelt for the entire flood 
period accompanied by heat supply and rainfall sufficient to 
condition the pack for runoff prior to the occurrence of the 
design storm. During the design storm period, maximum possible 
sno.vmelt rates commensurate with the meteorological conditions 
accompanying the rainfall are assumed. For standard project 
floods, the pre-flood meteorological sequence must be carefully 
analyzed, to determine the initial sno\vpack condition. Air 
temperatures may be such that part of the precipitation falling 
during this period will be in the form of snow in the higher 
elevations, and part in the form of rain in the lower areas. 
Separation of these effects must be made in order to arrive at a 
reasonable snowpack condition for the basin as a whole. During 
the period of the design storm, snowmelt rates are assumed which 
are reasonably near maximum for the region considering the meteoro
logical conditions accompanying the rainfall. 
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10-02.07 Meteorological factors which are pertinent 
to the computation of snowmelt for design floods are subdivided as 
follows: 

Type of area 

Ouen 

Partly forested 

Heavily forested 

Spring snowmelt 
design flood 

Incident radiation 
Air temperature 
De'vpoint temperature 
Wind speed 
Cloud cover 

Incident radiation 
Air temperature 
TIewpoint temperature 
Wind speed 

Winter rain-on-snow 
design flood 

* Air temperature 
Wind speed 
Rainfall 

* Air temperature 
Wind speed 
Ra inf'a 1 1 

* Air temperature Air temperature 
Dewpoint temperature Rainfall 

* Air temperature function accounts for condensation melt 
under a saturated air condition. 

The meteorological factors shown in the above tabulation 
appropriate to the type of area and design flood should be 
considered in setting up optimum meteorological conditions for 
determining snowmelt for design flood synthesis. 

10-02.08 optimum ground conditions. - Evaluation of 
loss through the processes of soil-moisture and ground-water 
recharge must be made for design-flood determinations. For spring 
snowmelt floods, the soil-moisture deficit from the preceding 
summer season must be assumed at the beginning of the accumulation 
of ~inter precipitation. Usually this amount is assumed to be 
equal to the difference between the wilting point and field 
moisture capacity for the average basin soil mantle. Part or all 
of this deficit will be satisfied by fall rains and minor melting 
of the snowpack during the winter. For wintol1 rain-oll-snow floods, 
soil-moisture deficits are usually assumed to be satisfied by 
snowmelt or rainfall prior to the occurrence of the design storm. 
In the case of standard project floods, a less severe runoff 
assumption as to loss by soil-mointure requirements is made, 
depending upon conditions which may reasonably prevail over the 
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basin area. For cases where shallow snow depths and low temperatures 
prevail prior to the design storm, it is possible to have solidly 
frozen ground which would prevent any loss of water to the soil 
and also provide less delay to water in transit than occurs vdth 
unfrozen ground. With a deep snov~ack, however, there is generally 
sufficient flow of ground heat to keep the soil unfrozen, regardless 
of the air temperature above the snow. 

10-02.09 Ground-vreter recharge may be accoLmted for 
by the separation of flows through streamflow recession analysis as 
explained in chapter 4. Transitory storage in the soil and ground 
results in time delay to runoff, which may be accounted for by 
unit graph or storage routing techniques, as explained in chapter 9. 
For design flood computations, minimum time delay to runoff 
commensurate with the design criteria and basin characteristics 
is assumed, thereby maximizing peak flow conditions. 

10-02.10 Evapotranspiration and interception loss. -
Spring snowmelt design floods must account for loss of water by 
evapotranspiration to the atmosphere. During the snow accumulation 
season, there is a small loss by evaporation from the snow sLITface 
and transpiration from the forest. Under assumptions of maximum 
snow accumulation, however, air temperatures would be low, and 
these amounts would be negligibly small. Loss by interception can 
be estimated as a constant percentage of the precipitation. During 
the snowmelt season, the energy consumed in the evapotranspiration 
process is directly proportional to the energy used in melting the 
snowpack; therefore, the loss by evapotranspiration can be considered 
as a fixed percentage of the snowmelt for the snow-covered portions 
of the basin. For winter rain-on-snow floods, evapotranspiration 
loss is negligible during the storm period. 

10-03. C01~UTATION OF SNOWMELT FOR DESIGN FLOODS 

10-03.01 General. - Synthesis of design floods 
requires (1) the determination of the optimum meteorological 
flood-producing sequence, and (2) the use of snowmelt equations 
to compute the snowmelt runoff (as outlined in chaps. 5 and 6). 
The meteorological factors pertinent to such design-flood 
snowmelt computations differ according to varying forest cover, 
and are listed in paragraph 10-02.07. The necessary snowmelt 
equations may be derived from a rational analysis of historical 
records of the particular basin under consideration by use of 
the thermal-budget index technique (as explained in chap. 6) and 
tested by reconstitution of historical flood hydrographs (as 
shown in chap. 9). For cases where it is impossible or impractical 
to derive particular basin melt coefficients, the generalized 
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snowmelt equations listed in section 6-07 may be applied. As 
indicated in section 9-02, there are two general procedures for 
computing runoff from snow-covered areas, depending upon the 
manner in which elevation effects are handled. The basin may be 
either (1) subdivided into elevation bands or (2) treated as a 
whole, making corrections for non-snow-covered areas and other 
non-contributing areas. For the computation of snowmelt, the 
first method requires the application of appropriate generalized 
snowmelt equations, while for the second, either generalized 
snowmelt equations or particular basin melt coefficients derived 
from historical record may be used. 

10-03.02 Snowmelt during winter rain-en-snow design 
floods. - Having adopted the optimum weather and basin conditions 
for design and the method of subdividing the watershed, the snowmelt 
portion of winter rain-on-snow design floods may be determined from 
the following general equations described previously in chapter 6: 

Open or partly forested area: 

M = (0.029 + 0.0084kv + 0.007P) (T - 32) + 0.09 (10-1) r a 

Heavily. forested area: 

11[ = (0.074 + 0.007P) (T - 32) + 0.05 r a 

where M is the total daily snovnne1t in inches per day, Ta is the 
temgerature of air (assumed to be saturated) at the 10-foot level 
in F, P is the daily rainfall in inches, v is the wind speed at 

r -
the 50-foot level in miles per hour, k is the basin convection
condensation ~e1t factor expressing the relative exposure of the 
area to wind and is affected principally by forest cover. The 
value of ~ is 1.0 for plains areas with no forest cover. It may 

(10-2) 

be slightly greater than 1. 0 for exposed ridges and mountain passes, 
and for heavily forested areas it approaches a minimum value of 
about 0.2. The 50-foot level wind value for forested areas is 
assumed as the average wind in an open area resulting from the 
general airmass circulation prevailing at the time. The constants 
0.09 and 0.05 represent average maximum daily melt under rain-on
snow conditions, which would result from absorbed shortwave 
radiation and ground heat. For heavily forested areas such as 
WBSL, it has been shmm that wind is damped out to a great extent 
and that heat transfer by convection and condensation may be 
expressed by an average constant wind, so that wind variation need 
not be considered. The melt equation for rain-on-snow conditions 
in heavily, forested areas involves only air temperature and rainfall 
intensity. The above equations are for saturated air conditions, 
and assume linea r variation between dewpoint temperature and 
saturation vapor pressure. 
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10-03.03 Design-flood snowmelt during rain-free 
periods. - Computation of snov~elt for design floods during rain
free periods, which is generally required for spring snowmelt-type 
floods, is somewhat more complex than that for rain-on-snow type 
floods. Because of the variation in dewpoint, radiation exchange, 
and cloud cover, clear-weather melt cannot always be expressed by 
the simple temperature functions used during rain periods, 
especially for open or partly forested areas. Reference is again 
made to chapter 6, for a discussion of the generalized snowmelt 
equations applicable to clear-weather (rain-free) melt periods, 
and the equations are repeated below for use in design-flood 
derivation. 

Heavily ~orested area: 

M = 0.074 (0.53T~ + 0.47Td) (10-3) 

Forested area: 

M = k(0.0084v) (0.22T' + 0.78Td')+ 0.029T' (10-4) a . a 

Partly forested area: 

ill = k'(l - F) (0.0040 I.) (1 - a) 
l 

+ k(0.0084v)(0.22T~ + 0.78TJ) + F(0.029T~) 

Open area: 

tI = k' (0.00508 I.) (1 - a) + (1-N)(0.0212T' - 0.(4) 
l a 

(10-5) 

+ N(0.029T') + k(0.0084v) (0.22T' + 0.78Td') (10-6) c a 

where: 

M 

T' a 

T' 
d 

v 

is the snowmelt rate in inches per day. 

is the difference between the air temperature 
measured at 10 feet and the snoVl surface temperature, 
in OF. 

is the difference between the dewpoint temperature 
measured at 10 feet and the snow surface temperature, 
in OF. 

is the wind speed at 50 feet above the snow, in miles 
per hour. 
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I. 
1. 

a 

k' 

F 

T' 
c 

N 

is the observed or €stimatod insolation (solar radiation 
on horizontal surface) in langleys. (See plates 5-1 
and 6-1) 

is the observod or estimated average snow surface albedo. 
(Se€ figures 3-4, plate 5-2 for estimating albedo of 
the snow.) 

is the basin shortwave radiation melt factor. It 
depends upon the average exposure of the open areas 
to shortwave radiation in comparison with an unshielded 
horizontal surface. (See figure 6, plate 5-1, for 
seasonal variation of k' for North and South 250 slopes). 

is an estimated average basin forest canopy cover, 
effective in shading the area from solar radiation, 
expressed as a decimal fraction. 

is the difference between the cloud base temperature 
and snow surface temperature, in of. It is estimated 
from upper air temperatures or by lapse rates from 
surface station, preferably on a snow-free site. 

is the estimated cloud cover, expressed as a decimal 
fraction. 

k is the basin convection-condensation melt factor, 
as defined in paragraph 10-03.02. It depends on 
the relative exposure of the area to wind. 

The melt coefficients g iven in ihe above eQuations express melt 
rates in inches per day. For those equations where wind is 
included in the convection-condensation term, it may be necessary 
to subdivide the day into smaller time increments, especially if 
there is marked variation in both wind and temperature or dewpoint. 
The coefficients also express melt for ripe snowpacks (isothermal 
at oOe and with 3 percent inHial free v.rater content - see chap. 8). 
Except for loss by transpiration from forested areas, the melt 
determined by the above eQuations represents the actual melt of 
the snovrpack averaged over a basin area (or zone), expressed as 
ablation of the snowpack in inches of vrater eQuivalent. The 
eQuations are based on linear approximations between saturation air
vapor pressure and dewpoint, and between 10ngviUve radiation and 
the temperature of the radiating surface for the ranges ordinarily 
experienced (see chap. 6). Substitution of values for design 
condi tiona is made in a ccorciance with the optimum meteorological 
seQuence for each of the meteorological factors, either on the 
basis of the average for the whole snow-covered area of the basin, 
or of varying values for increments of elevation. For cases where 



elevation zones are evaluated separately, it is necessary to describe 
the meteorological sequence and melt factors characteristic of each 
zone. This requires lapsing air temperature, dewpoint, and wind to 
the specified elevation level. An additional consideration, when 
applying any design-flood snovMelt equations to forested or partly 
forested areas, should be given to the possibility of change in 
forest condition by subsequent timber removal and consequent ch~ge 
in the basin convection-condensation melt factor, k. 

10-03.04 Basin clear-weather snowmelt coefficients. 
For those basins with adequate hydrometeorological records for 
synthesizing historical streamflow data, basin melt coefficients 
using appropriate thermn.l budget indexes may be derived as outlined 
in chapter 6. It is necessary, of course, to treat the basin or 
component sub-basins as a whole rather than a series of elevation 
bands. The derived basin snmvrnelt coefficients integrate the basin 
characteristics with regard to factors affecting snowmelt, and 
relate the snowmelt to a fixed condition of observation. It is then 
necessary to relate the meteorological factors to the conditions of 
measurement for which the coefficients have been derived. 

10-03.05 Elevation variation of snowmelt. - The use 
of elevation zones for snovlToel t computations leads to consideration 
of the variation of snowmelt with elevation. It is a generally 
held opinion that snowmelt decreases with elevation because of the 
normal decrease of temperature vIi th height. It has been shovm for 
WESL that, during active melt periods, the decrease of snowmelt 
with elevation is very slight, considering average basin character
istics in mountainous regions. Although the average snow surface 
albedo tends to increase with height, there is normally less dense 
forest cover e.t higher elevations, so that there is likelihood of 
greater energy input to the snoy~ack directly by solar radiation. 
Wind speeds, also, are generally greater at high elevation areas. 
These factors tend to balance the normal air temperature decrease 
wi th elevation, as it affects snm7Illel t. It is emphasized that this 
situation prevails only during clear weather periods in the active 
melt season; limited studies of water equivalent ablation under these 
conditions tend to verify nearly uniform melt rates with respect to 
elevation. In the derivation of design floods, the separation 
of the basin into elevation zones is important from the standpoint 
of defining the snow wedge and subsequent depletion of the snow 
cover. If a simple temperature index is used to evaluate melt fOT 

spring snov.;mel t design flcods, an increase in the melt factor with 
elevation, which would partially compensate for the normal decrease 
in temperature with elevation, is appropriate. 

365 



10-04. DESIGN FLOOD HYDROGRAPH SYNTHESIS 

10-04.01 The derivation of design flood hydro graphs 
requires combining the effects of snowmelt, rainfall, losses by 
evapotranspiration and soil~noisture recharge, and total time delay 
to runoff lly storage in the snowpack, ground, and channel. All 
must be evaluated on a time-rate basis over the effective runoff
producing areas. The methods of hydrograph synthesis presented 
in chapter 9 apply directly to design flood analysis, and accordingly 
the information presented there will not be repeated. Wherever 
possible, the method of hydrograph synthesis should be checked 
against historical data by the reconstitution of major floods of 
record. 

10-04.02 The extension of the hydrologic variables 
to design-flood conditions can be accomplished as set forth in 
section 10-02. Having arrived at the optimum meteorological 
sequence, rational snowmelt rates may be determined (section 10-03.) 
and water excesses from rain and snowmelt may be routed through the 
optimum basin storage condition consistent with the design condition 
to produce the maximum peak discharge. The principles outlined 
above apply to both winter and spring floods. The storage effect 
of th~ snowpack must be taken into account for winter floods. For 
spring floods, it is usually assumed that the snowpack is primed 
prior to the flood event. 

10-05. EXAMPLES OF DESIGN FLOODS INVOLVING SNOWMELT 

10-05.01 General. - Under Project CW-171, the Snow 
Investigations Unit has assisted participating district offices 
in the derivation of a number of the design floods involving 
snovmelt for a number of reservoir projects. The following 
paragraphs contain brief descriptions of some of the design 
floods so derived by district offices. Also shown are excerpts 
from the plates prepared for illustrating the procedures. 

10-05.02 Painted Rock maximum probable flood. - The 
maximum probable flood for the design of the spillway at Painted 
Rock Reservoir was derived by hydrologists in the Los Angeles 
district office. The details of design are reported in Design 
Memorandum No. 1 for the project.-1! This flood is an example of 
a winter rain-on-snow type, in which the major contribution to 
runoff is from rainfall, but snowmelt significantly augments the 
l~unoff volume as well as peak discharge. The project is located 
on Gila River, near Gila Bend, Arizona. The drainage area of 
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',fD' I ;': $~ ,.:- .. 
-.-: ~ ... 50,800 sque.re miles ,'ms divided into 12 sub-areas, each of which 

were fUl'ther divided into 8 elevation zones. The initial snovTJlack 
condition vro.s determined from analysis of climatological records 
involving snow depths, to vThich were applied an assumed density 
consistent with the time of ye3..r. A snow wedee, based on an 
enveloping line of \Tater equivalent V8. el eV3..ti on, was determined 
for each sub-basin. SnOV7l'ne1 t was computed for each sub-a-rea .?..nd 
elevation zone by six-hour increments, utilizinG the methods 
outlined in section 10-03. The values of snomnelt were added to 
the six-hour rainfall increments for the m~cimum prob3..ble storm. 
Losses to direct runoff VTere computed on the basis of assuilled 
infil trn. tion rc, tes by zones and sub-areas, and water excesses 
contributinG to direct l'tIDoff nore routed by synthe-~ic unit 
hydroeraphs. T'ne hydroe,Taph for ench \73. tershed was in turn routed 
tlu'ough upstrc2.m ch2-nnel ::mel reservoir storage to the P3..inted TIock 
reservoir site, ru1d 3. composite desiGn flood hydro[,Taph was derived 
for the pl'oject. ille 3no..-l1ino \7a8 initially at 3000 feet and 
receded to 5000 feet by the end of the storm period. 

10-05.03 Cougar standard project flood. - The standard 
project flood for Cougar Dam site on the South Fork, McKenzie River, 
Oregon, is an example of a winter rain-on-snow standard project 
flood and was derived in the Portland District office, as reported 
in Design N[emorandum No.2, Cougar Dam and Reservoir.-.4! Plate 
10-1, which is ext'racted without chanee from the design memorandum, 
illustrates the pertinent information used in the derivation of the 
standard project flood. The 2l0-square-mile drainaee area v~s 
divided into 5 elevation bands which varied from 4 to 35 percent 
of the basin area. Figure 1 illustrates the components of the 
hydrologic balance for the standard project storm. Values of 
rainfall, snowmelt, water stored in the snowpack, surface losses, 
and water excesses are given, together with the assumed temperature 
distribution. Fie,~re 2 shows the snow-wedge condition before and 
after the design storm. The initial snow wedge was derived from 
analysis of water-equivalent data for snow courses in the 
surrounding regions. Figure 3 is the standard project flood 
series, shovnng the inflow and outflow hydrographs derived from 
the assumed pre-flood storm and the standard project storm. 
Figures 4, 5, and 6 are depth-duration curves, a six-hour unit 
hydro graph , and loss curves, respectively. In the derivation of 
this flood, snov~elt was computed by zones, using a melt rate of 
0.08 inch per degree-day above 32 0 F applied to appropriate air 
temperatures for each zone. The melt rate conforms to that 
previously described for the condition of rain-on-snow in heavily 
forested areas. Melt from rain itself was added separately. 
Storage in liquid water in the snowpack during the pre-flood 
storm was computed in a ccordance with the liquid-water-holding 
capacities of the snowpaek presented in chapter 8. Reference is 
made to the previously referenced desiG'TI memorandum for a more 
complete description of the standard-project-flood analysis for 
this site. 



10-05.04 Libby s;pillway design flood. - The derivation 
of a maximum probable flood for the design of the spillway for Libby 
;project was com;pleted by the Seattle District office and reported 
on in the Design Memo No. 2 for that project.-2I This flood is the 
s;pring snov®elt ty;pe, augmented by rainfall assumed to occur near 
the crest of the flood. Evaluation of the basin runoff character
istics and em;pirical snov®el t rates was first accom;plished by 
reconstitution of flood season hydrogra;phs for five years of 
historical record. The procedures were then applied to the optimum 
flood-producing sequence as determined from a study of the maximum 
flood producing meteorological conditions in the Columbia River 
Basin, by the Hydrometeorological Section of the U. S. Weather 
Bureau.-1/ The Kootenai River, upon which the project is located, 
drains 10,240 square miles at the gaging station at Libby, Montana. 
In the derivation of the maximum ;probable flood, th~ basin was 
treated as a whole, rather than subdividing the area into zones 
of elevation or homogeneous units. Corrections for snow-covered 
area were made progressively through the melt season. Snowmelt 
rates were computed using degree-day indexes, the deeree-day factors 
being varied according to season. Rlmoff excesses were routed to 
the project site by a single unit hydrograph. As an independent 
check upon results, snowmelt by the thermal-budget method vms 
computed, and a separately derived inflow hydro graph was obtained. 
Plate 10-2 shows the spillvmy design flood inflows computed by 
each method, as well as pertinent data used in the flood derivation. 

10-06. SUMMARY 

10-06.01 The technique of determining either a 
maximum probable or a standard project flood is essentially the 
same for both snow-free and snow-covered areas. The existence of 
snow merely introduces additional complicating factors. ~70 

principal types of floods occur: (1) winter floods resulting from 
rain-on-snow events where the air temperature is relatively low and 
the snov~elt contribution to flood is relatively small; and (2) 
spring floods from mel tine of the accumulated v..-inter snovrpack. 
Rain falling on snow at a time when the streams and melt rates 2.re 
high mL!.y also contribute to a spring snowmelt flood. Winter floods 
are generally of short duration and exhi bi t a rapid rise c.'..nd fall 
in the runoff hydrograph, because of the relatively intense rates 
of rainfall compared to those of snovmelt. In contrast, spring 
snov/mel t floods are of long duration and the runoff hydroGTaph is 
generally flat-crested. 

10-06.02 ltrdrologic design requirements for reservoir 
projects include the control of a selected design flood and the 
ccbility to pn.ss safely the maximwn probable flood inflovr. A design 
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r\:~18 \. flood of maximum volume does not necessarily produce a maximum peak 
discharge. Both volume and peak discharge are evaluated from a 
certain optimum combination of weather, snow and soil moisture 
conditions. In evaluating the factors for design conditions, the 
selected values must be compatible with the other factors affecting 
runoff or peak discharge. 

10-06.03 Assurance of economical and safe design 
can be best obtained through use of a rational approach to the 
problem, based on known physical laws concerning the processes 
affecting streamflow ~nd runoff, and extension of those relation
ships to given conditions of design. The use of simplified or 
short-cut methods is warranted only for preliminary use or for 
projects whose safety and economic justification do not require 
detailed flood analyses. For such cases, the judgement of the 
engineer responsible for selection of design floods is relied 
upon to evaluate the flood potential properly. His backgTound 
and experience in applied hydrology should include such a 
knowledge of hydrogra.ph analysis and synthesis as is indicated 
in this chapter. 
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CF...APTER 11 - SBASO}fAL RUNOFF FORECASTING 

11-01. DTTRODUCTIOU 

11-01.01 General. - Tue continued expansion in the 
use of water resources h~s emph~sized the need for reliable seasonal 
runof~ forecasts. These forecasts ~re useful fox operational planning 
both in areas in which the streamflow is regulated by reservoirs and 
in areas where no such controls exist. In the case of uncontrolled 
flows, an advance knowledge of the anticipated volume of runoff is 
most useful in making advance plans for irrigation diversions, 
power Generation, flood protection, etc. Where storage reservoirs 
exist, optimum use of the stora~e space for such conservction uses 
as power production, irriBtltion, navigation, industrial and domestic 
needs, preservation of fish and wildlife, pollution abatement, and 
recxeation requires an advance knowledge of runoff volume. The 
flood-control operation of reservoirs is also benefited by volume
of-runoff forecasts. The most important need for such forecasts 
is to be found, however, in the operation of multiple-purpose 
resorvoirs, where the contradictory requirements of flood control 
and conservation requixe accurate forecasts of seasonal runoff 
volume. As demands for additional water and additional flood 
protection continue to increase, the need for ereater efficiency 
in the control of water, and thus for reliable seasonal runoff 
forecasts, becomes increasingly important. 

11-01.02 Limitations. - The accuracy of seasonal 
runoff forecasts from snowmelt basins is limited by a number of 
factors. As \vas emphasized in chapter 3, the problem of evaluating 
the actual amounts of precipitation and basin sno~ack water 
equivalent is a com~lex one, particularly for areas where hydrologic 
stations are sparse. As pointed out in chapter 4, the problem of 
evaluating other factors such as soil mOisture, evapotranspiration 
loss, and ground water supply is also a difficult one. Even with a 
knowledee of conditions throughout the forecast period, forecasts 
are subject to error resulting from improper evaluation of the 
important factors affectine runoff. 

11-01.03 Also contributing toward inaccuracy of 
seasonal runoff forecasts are those hydrologic events which occur 
after the initial date of forecast, the most important of these 
being spring precipitation. Their importance is largely due to 
the fact that they cannot be forecast accurately by presently 
available techniques. Seasonal runoff forecasting is particularly 
difficult in areas where significant proportion of the runoff 
results from widely varying amounts of spring precipitation from 
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ye~r to ye~r. Factors such as loss oy ev~potranspiration and 
varia~lons in Goil moisture retention ~re generally of lesser 
importance. These fac tors may increase the error in r1..lloff 
forecast significantly if their effects are additive to errors 
resulting from improper evaluation of other factors. On the other 
h~nd their effects may cause an apparent increase in accuracy of 
a g iven forecast by compensating for errors in other factors. 
Such random improvement cannot oe depended upon to rroduce forecasts 
of eQual reliability in the future. 

11-01. 04 Unfortunately, on many project basins, 
runoff resulting fror.l conditione occurring after the date of 
forecast is of such magnitude and variation that forecasts of 
an accGpt~ble degree of accuracy are not presently possible. At 
some future date the ,::::,ccclracy of seasonal runof r forecas ts may 
be improved by use of long-range wea thel' forecasts. Meanwhile, 
special consideration must be given to effects of conditions 
occurring subseQuent to the date of forecast. It is often 
nccess2.l'Y to revise the forecast in keeping with conditions which 
OCCllr after the initial forecast is made. Such a situation 
emph,:.sizes the need for developine; forecast procedures th3. t 
permit easy c:nd logical revision of a given forecast where 
necessi"t:'cted by the occurrence of unusual weathor conditions. 

11-01. 05 Fe.§.§.i bili ty. - Despite the difficulties 
encolmtered in forecasting seasonal runoff, forecasts of 
acceptable [tccuracy can be made if due consideration is given 
to all important f2..ctors .:1ffecting runoff. On most snovll1lel t 
basins, a large proportion of the spring snovll1lcl t runoff can 
be Gvalu.ated at the tillie the forecast is made. This is 
Ilarticularly true on basins v/herc the snoW]12.ck water equivalent 
on the date of forecast represents a large percentage of the 
8e2.. 80nal runoff. Accurate Gv&.luation of factors existent on 
the date of the forecast restricts errors in the forecast to 
those caused by occurrence of subseQuent lmusual weather 
condi tions. On basins vlhere conditions subseQuent to the 
forec.:1st date acco1..lnt for only a small proportion of the runoff 
and do not vary greatly from year to year, errors may be quite 
small. Under such circumstances seasonal runoff forecasting may 
be accomplished with reasonable assurance that the deviation of 
the forecasted amount from the true amount will be confined within 
certain prescribed limits. Such prescribed limits, of course, 
vary in accordance with the use for which the forecast is intended; 
a forecast acceptable for one purpose may be entirely inadequate 
for other purposes. 
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11-01.06 Factors affecting runoff. - Factors affectine 
runoff may be loeically classified under the two categories, supply 
and loss. Supply for a given season is comprised largely of 
preci~1tation, minor sources being condensation and carry-over of 
water from preceding seasons in various forms such as bTound v~ter, 
channel ~nd lake storage, and snow. A possible additional source 
of supply is underground flow from adjacent basins. Soil moisture 
is not considered a source of supply because it is not available 
for runoff. 

11-01.07 Loss occurs in a number of ways, the 
importance of each varying in accordance with meteorological and 
basin characteristics. Generally, the greatest proportion of 
loss on a basin results from evo.potranspiration, comprised of 
evaporation from the ground and snow surfaces and transpiration 
from l3aves of vegetation. Considerable loss also oocurs through 
evaporation of interce~ted snow and liquid water from the external 
surfaces of vegetation. Such 108ses occur before the precipitation 
reaches the ground and is generally called interception loss, sinCE 
its occurrence is dependent upon interception of precipitation by 
vegetation. The remalnlng sources of loss on a basin during a 
given season are deep percolation, retention as soil moisture, 
and carryover of moisture into the next season in various forms, 
such as ground water, channel and lake storage, and snow. Loss 
by deep percolation is difficult to evaluate. It is generally 
assumed that such loss is either negligible, a constant amount, 
or a fixed percentage of the total loss, and. its effect upon 
runo~f is integrated into one or more of the other factors affecting 
runoff. 

11-01.08 Factors affecting the quantity of precipitation 
were discussed in chapter 3, and, since the relationship of quantity 
of precipitation to runoff is clearly defined, further discussion 
is deemed unnecessary. Supply resulting from condensation is 
dependent upon the vapor pressure gradient between the surface and 
the air; the gradient, in turn, is dependent upon the vapor pressure 
of the air and of the snow surface. Although the addition of 
condensation to the quantity of runoff is negligible, the resultant 
h~at of condensation has a significant effect upon rate of snowmelt 
and, consequently, upon the distribution of runoff. Supply through 
under~ound flow from adjoining basins cannot be precisely 
determined, but qualitative evaluation can be made from detailed 
~olo~ic and hydrologic investigations. Factors affecting 
carryover from preceding seasons are those which determine the 
supply and loss during the antecedent seasons. Direct evaluation 
of CTound water is impractical because of general unrepresentativeness 
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of grOlllCl 'water well observations and great variability of V'Olmd 
water conditions over basin areas. Indirect evaluation based on 
recession analysis is Eenerally satisfactory as a method for 
estimating changes in ground water storage. Carryover between 
years in the form of snow, channel, ground or lake storage may be 
computed where necessary. Factors affecting the amount of runoff 
as a result of variation in loss are interrelated with factors 
associated vnth supply of moisture. Since evaporation and 
tranSIJiration losses vary largely in accordance with temperature, 
the latter is considered an important factor affecting runoff. A 
related factor affecting loss by evapotranspiration is supply of 
water during periods when evapotranspiration is occurring. 

11-01.09 High rates of rainfall are conducive to 
high runoff per unit volume of precipitation. On the other hand, 
precipitation is less effective in producing runoff if it occurs 
in light storms, particularly if it is associated with high tempera
tures during or between storms. Precipitation falling in the form 
of rain on bare ~round is subject to greater loss than that falling 
on snow. For light rainfall intensities, precipitation falling 
on bare GTound during the spring melt season may be considered to 
be lost to runoff, while precipitation falling on snow-covered 
areas may be considered to be 100 percent effective in producing 
:rlmoff. Thus the areal extent of sno'w cover during periods of 
spring precipitation and during periods of high evaporation rates 
has an effect upon seasonal runoff. 

11-01.10 The soil moisture content is affected by 
the climatic re~ime of a given area. Vihere autumn or winter rains 
are sufficient to provide full field capacity of the soil, the 
year-to-year variation in soil moisture at the beginning of the 
spring snowmelt runoff season is negligible. However, lesser 
amolmts of precipitation will result in corresponding deficits in 
soil moisture, up to full field capacity of the soil. Such deficits 
must be made up by melt or rainfall contribution during the melt 
season, resulting in a corresponding loss to runoff. 

11-01.11 Soil moisture deficits may be accounted for 
in a number of ways, as will be explained later in connection with 
runoff indexes. Consideration should be given to the probable 
condition of soil moisture at the time of the forecast. After the 
melt season is well underway and the soil has attained field 
moisture capacity throughout the entire range of elevation vnthin 
the basin, no further consideration need be given to losses due to 
soil moisture deficiency. Once the soil reaches field moisture 
capacity as the result of fall or winter rains, soil beneath the 
snowpack will remain saturated throughout the period of snow cover, 
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because any loas by transpiration will be supplied by melt. When 
soil moisture deficits exist, however, they vary widely with 
elevation ~thin a basin. 

11-01.12 Methods. - Methods of forecasting seasonal 
runoff may be broadly classified as two main types, water-balance 
and index. A third type consists of a combination of the two main 
types. The index method assumes a fixed relationship between 
volume of runoff and causative indexes representing factors. In 
the index method, no implication is made that the factors are 
quantitatively evaluated. The water-balance method, on the other 
hand, im~lies that each factor is quantitatively measured, the 
algebraio sum of all the factora being equal to the runoff. In 
water-balance procedures the factors determining runoff are 
referred to as components since they are actually the component 
parts of runoff. 

11-01.13 Regardless of the method, the factors used 
should be selected. on the basia of the hydrologic balance of the 
area involved. The water balances shown in chapter 4 for each 
snow laboratory provide a guide for selecting pertinent factors. 
The forecasting procedure should utilize all important variables 
affecting runoff. The effects of the variables before and after 
the date of forecast should be evaluated separately, to insure 
proper weighting of each variable and provide a means of revising 
forecasts to suit conditions subsequent to the date of forecast. 
Direct correlations of early-season precipitation or snow 
accumulation with total seasonal runoff should be avoided, bec~use 
of the likelihood of unrepresentative weightings of the variables 
caused by unaccounted random variance in late-season precipitation 
and losses. 

11-02. INDEX FROCEDURES FOR FORECASTING SEASONAL RUNOFF 

11-02.01 General.'- Procedures for forecasting 
runoff by the index method basically involve correlations of 
historical records of runoff with indexos of important detorminants 
of runoff for the ~rea. Forecasting procedures may be based on 
either mathematioal or graphical correlations, or a combination of 
the two. The regression functions so derived effectively weight 
the variables corresponding ·to their effect on runoff. An adequa te 
period of record is essential to proper evaluations of runoff 
coeffici~nts, ~nd in general, the greater the number of variables 
involved, the longer is tbe period of record required. The use of 
statistic~l procedures for deriving mathomatical relationships has 
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been widely used by hydrologists for obtaining the best fit of 
historico..l data. Sto..tistical procedures provide standard methods 
for evaluating 01'i'oc ti veness of l'unoff parameters and for COmlj2..ring 
rel<:=..tive reli<:=..bility of forcco..sting methods. The use of. statistical 
methods, however, should not be uttempted on a casual oa,sis without 
full knowledge of the hydrologic f2.c tors involved, the s tf'. tis tical 
techniques, and tho limitations of the methods. 

11-02.02 ~he simplest mathematico..l procedure for 
estimating seasonal runoff is by means of 2. simple linear regression, 

Y = a + bX, 

where Y is the dependent variable, runoff; Xis 2..n index 
repres8"nting the principle determimnt of runoff, 2nd 2.. and b 
are the derived constants. A com~~rable graphic procedure 
consists of simply plotting the values of each of the variables 
on rectangulo..r gTaIlh paper and dre.;'iv-ing a linear regression line 
of best fit by eye through the plotted points. How'ever, nUJ'J.erous 
fo..ctors usually affect the volwne of runoff, necessitating the 
introduction of 2_dditional l)aramoters into the forecast procedure. 
~hus, mathematical relationships n)ay involve equ8. tions varying 
from simple tv{o-v2.riable regressions to multi-variable lineo..r 
and curvilinear regressions. In so~e instances variables used 
in the b2Sic fOl'ec2.st equation are derived by correlating 
component parts of a given inoc!lendcnt variable with the dependent 
vf'.ri s ble. As an example, monthly yrecipitation values are often 
correlo..ted vlith runoff in a multiple regression equation to aid 
in c1etermining the wei ght to be Cl.ssigned to monthly values to 
obtain the best possible precipitation index for inclusion in 
tho ba3i~ forecast equation. Likewise graphic procedures may 
v~ry from simple single straightline relationships to complex 
coaxia l graphs involving numerous variables, with relationships 
of vari~bles represented by curves of varied shapes. 

11-02.03 Indexes used in r\Jnoff forecasting. - A 
f.;i ven f~ctor can often be represented by more than one index. The 
supply of 'wa ter stored in a snoW}'lack on a given date, for example, 
may be re}1l'esented by an index of ei ther precipi ta tion or snowpack 
VIC'. ter eq,uivalen t. 

11-02.04 Water supply index. - Since the supply of 
wa ter in a snov'f)Jack is the most important factor affecting runoff 
j.n 2.reas of snow a ccumulation, the selection of an index to 
repre sent this factor has been given much attention. The relative 
reliability of precipitation and snow course measurements has been 
discussed in chapter 3, ·where it vias shovm that both types of 
measurements include errors due to the method of sampling as well 
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~ t:;:v as errore due to non-representativeness of point measurements. It 
was also pointed out (in chap. 3) that measurements of precipitation 
are generally' more suited to early-season forecasts, while snow 
accumulation measurements are generally more reliable for late
season forecasts. In either cass, the availability of historical 
record is a vital factor in the selection of indexes of water 
supply. If the period of record of both types of data are 
approximately equal, each should be tested to'determine which 
yields the best results for historical data. In addition to the 
foregoing indexes, measurements of quantities such as low-clevation 
winter runoff, atmospheric moisture inflow, or heat supply-nmoff 
relationships, may be used. 

11-02.05 gydroloeic network. - When considerine the 
development or expansion of a ne~,ork of hydrologic stations in 
snowmelt basins, the choice of whether to establish precipitation 
stations or snow survey courses depends on varyine needs. For 
proper evaluation of rainfall effects, especially during the fall 
or sprinr" precipitation stations are necessary. They are more 
economical from the standpoint of cost and time where the services 
of an observer are available. On the other hand, if taking the 
observations necessitates field trips, the economy is no ereater 
than that of making snow surveys, and involves, moreover, the 
particular data complications at unattended sites arising from the 
variability in gage catch due to the deficiencies discussed in 
chapter 3. Snow surveys, while subject to disad~ntages of their 
own, have the advnntage of providing a direct estimate of actual 
snov~ack conditions at a given date, and consequently they provide 
a measure of the residual wa tar supply vlbich remains in storage 
in the snov~ack. Precipitation gages which are attended daily can 
provide data for evaluation of incremental changes in moisture 
supply from the time of a comprehensive snow survey of a basin, 
by which short-term changes in forecasts may be made. Whichever 
source of ,vater-'supply data is used (precipitation gages or snow 
courses), emphasis should be placed on proper site selection, in 
accordance with the reQuiroments outlined in chapter 3, in order 
to provide reliable and representative basic data. Since the 
adequacy of a newly-established network cannot be fully appraised 
until a number of years have elapsed, it may be desirable to 
ostablish both precipitation-~ee anQ snow-course networks, and 
maintain both until it becomes conclusive that one or the other 
provides the data most suitable for an index. The final appraisal 
of the indexes is lareely determined by the results obtained from 
their use in the development ~nd testine of forecast procedures. 

11-02.06 Preci~itation indDx. - A simple type of 
~recipitation inQex is the avera~e of measure~cnts at a number of 
stations considered representative of the basin. Such an index 
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assumes tha t the data at all stations have equal weight in 
determi ning the volume of runoff. Often, however, the distribution 
of stations is such that weighting of station values is necessary 
to' obta in proper results. Furthermore, the method of computing 
the index is dependent upon whether or not loss is treated in a 
separate index; if loss is not treated separately, its effect upon 
runoff is ::renerally included in the precipitation index. 

11-02.07 A method developed by Kohler and Linsley ~ 
and used by the U. S. Weather Bureau consists of performing a 
multiple correlation, using annual basin runoff as the dependent 
variable and annual precipitation at representative stations as 
independent variables. Resultant regression coefficients are used 
as guides in establishing station wei ghts. Stations having high 
negative values are considered unrepresentative and are excluded. 
A wei e hted basin value for each month in determined by summing the 
products of station wei -~~ht and respective monthly precipitations. 
This wei ghted basin value is often referred to as effective 
precipitation; hovrever, it is not a quantitative evaluation but an 
index of the precipitation effective in producinG runoff. Since 
precipi t a tion occurring in VB.ri01JS months is not equally effective 
in producing runoff, further weighting is necessary if greater 
refinement is desired in establishin~ the effective precipitation 
index. This phase of weighting consists of performing a multiple 
correla tion, vii th annual runoff as the dependent variable and the 
preliminary effective precipitation in dex by months as the 
independent variables. Hesul tant coeff icients 'are used as guides 
in establishing we i ghts to be as s igned to the various months, the 
procedure being similar to that used for determining station 
weights. Final adjustment of the va lues is facilitated by plottin €.': 
the monthly values as a f~mction of time and dravnnc a curve throu~h 
the plotted points. 

11-02.08 Another method of wei ghting precipitation 
stations consists of qua litatively assigning weights, using graphs 
of station precipitation versus runoff as a guide. Preparation 
of the gr aphs consists simply of plotting wa ter-year precipitation 
at individual stations versus water-year runoff and drawing a 
curve of best fit through the plotted points. The process is 
performed for ea ch sta tion considered representa tive of the basin. 
Deviations of the plotted points fr om the curves a re indica tive of 
the correlation of precipi t cttion vc::.lues with runoff. Wei ghting of 
sta tions consists of a ssi5~ing hieh weights to stations showing the 
best correlation with r unoff, and a ssi gn ing progressively lower 
weights to sta tions for which the devia tions of the points from the 
curve are progressively ,o:rea ter. No set rule can be established 
regarding the ma gnitude of the wei~hts, but it is customary to make 
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".,': the sum of the station weiehts equal to unity. Normally the highest 
weighting factors are not greater than 3 times the smallest factors, 
though in some cases, the Weather Bureau has assigned weights as 
high as 5 times the smallest weight for stations on a given basin. 
Further refinement can be made by assigning weights to monthly 
values. These weights are based largely on loss rates; highest 
weights are generally assigned to coldest months when losses are at 
a minimum, with decreasing weights being assigned to months with 
increasing mean temperatures. Months are omitted in which the 
runoff resulting from preoipitation is insignificant. As in the 
case of station weights, it is customary to make the sum of the 
weights equal to unity. 

11-02.09 Basin precipitation amounts determined by 
the method described in paragraph 3-06.03 may be used as an index. 
In this connection, the index is one of basin precipitation as 
distinguished from effective basin precipitation. Accordingly, 
such an index should be used only if the loss factor is treated 
separately. 

11-02.10 Snowpack water equivalent index. - A snowpack 
water-equivalent index of water supply can be derived in a number of 
ways. In general, methods for determining the effective precipitation 
index are applicable to the water-equivalent index; however, monthly 
weightings are not necessary. Since the basin snowpack water 
equivalent is a measure of the snow accumulation on a given date 
rather than of the amount occurring during a given period of time, 
the time of occurrence is unimportant. Because of the limited 
period of record of snow-course data on most basins, statistical 
procedures have not been generally used in weighting snow courses. 
The most commonly used index for expressing water- supply in the 
snowpack is the average of water-equivalent measurements at a 
number of courses representative of the basin. The method is 
highly favored because of its simplicity. However, on many project 
basins snoVT courses are not representatively distributed, particularly 
with regard to elevation. Because of the pronounced effect of 
elevation upon depth of snow it is often advantageous to segregate 
snow courses by elevation zones, weighting each group in accordance 
with the percentage of basin area represented by each zone. 

11-02.11 The snow chart described in paragraph 3-08.04 
is a useful tool for computing indexes of snowpack vreter equivalent. 
Other means of weighting snow course measurements to obtain a basin 
index include assigning of weights in accordance with the area 
represented by each snow course or assigning weights in accordance 
with the hydrologist's subjective estimate of the representativeness 
of each snow course with respect to the basin snowpack water 
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equivalent. Estim2. tion of weights to be assi cned to snmv courses 
may be facili ta ted by :plot ting runoff versus snowpack VTe- ter 
equivalent at individual snov; courses, and comparing the deeree of 
scatter of plotted points for each snow course. 

11-02.12 Indirect indexes of vrater supply. - Other 
indexes of water supply exist, which represent less directly than 
precipi tation or snoYipack 'vvater equivalent the amount of stored 
water on a given area. Among these are (1) area of snow cover, 
(2) accumulated heat supply and runoff relationships, and (3) low
elevation winter stree-mflow. The area covered by snow can be 
determined in several ways, e.s described in chapter 7. It vias 
pointed out that the usefulness of this index lies in evaluation 
of la te-see-son residual rlmoff, v/hen basin snow cover is less than, 
say, 50 percent of the initie.l snow-covered area. The error of the 
forecast represents a correspondinely smaller percentage of the 
total runoff them that of forecasts made earlier in the season 
(e.g., April first forec~st). Photographic indexes of snow cover 
for forecastinp: rl.moff volumes have also been developed.V 
However, early season forecasts of runoff based solely on 
observations of snow-covered areas are usually unreli3.ble because 
of the varying slope of the snou wedge from year to year. 
Rela tionships bet ... ·leen heat supply and runoff have been tested for 
various basins, the form of the relationship usually being 
expressed in terms of an accumulated temperature melt index and 
accumulated runoff. Such relationships are based primarily on 
the relation between water supply and area of snow cover, as 
indica ted by the runoff p:coc.llccd for a given condi tion of set-sonal 
heat supply. Such relationships also integrate 2 variety of other 
effects of water supply, runoff, and loss. Koelzer L" devised such 
a procedure for the Seminoe River, Wyoming, and a somewhe.t similar 
procedure was developed for the Columbia River near The Dalles, 
Oregon under project CW 171. The usefulness of the method is that 
it provides an independent check upon forecasts made by other 
methods. Also, it evaluates runoff potential through the melt 
period. Its application, hovrever, is limited to periods after 
the melt season j.s underway. '2he use of low-elevation winter runoff 
as an index of snov/p2.ck water equivalent is confined to si tua tions 
where the area on Vlhich the runoff index is measured is in the 
pa th of the airflovl carrying the moisture to the high-cleva tion 
areas where the snov~ack forms. This method has been applied to 
the Columbia River near The Dalles, Oregon, 2.S is reported on in 
Research note 23. It is discussed in })araf;raph 11-03.09. 

11-02.13 Soil moisture indexes. - Soil moisture can 
be represented by a variety of indexes. Correlations between 
precipitation indexes and runoff implicitly evaluate soil moisture 
conditions, since a relatively constant soil moisture deficit from 
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the previous summer period must oe satisfied before significant 
rtIDoff occurs. Procedures involvinG" VTater equivalent of the 
snowpack, on the other hand, must consider possible variations 
in soil moisture deficits. One of the most commonly used indexes 
of soil moisture is fall precipitation. An index of soil moisture 
deficit based exclusively on fall precipitation, however, is not 
entirely realistic, because of the variation in form of 
precipitation that may occtlr in the fall, and the possibility that 
winter rai~s or sno~melt may penetrate through the sno\vpack. 
Varying amolmts of snowpack melt from ground heat may also affect 
the condition of soil moisture. Also, the effect of elevation 
variation of soil moisture should be taken into account, since an 
index at one elevation level may not be representative of other 
levels. Another commonly used index of soil moisture is winter 
runoff, since greater vTinter flo'ws are ::;enerally associated with 
hi~her soil moisture content. However, this is more directly an 
tnrlex of ground water •. Actual measurements of moisture content 
of soil samples mey be used as indexes of soil moisture. They ure 
obtained by direct measurement of the moisture in soil samples by 
laboratory techniques, or by electrioal resistance methods, using 
either Bouyoucos or Colm~n blocks. At present, electrical 
resistance methods are unreliable because of the difficulties in 
calibration (see chapter 4). 

11-02.14 Ground water indexes. - Various indexes may 
be employed to represent the amount of ground-water storage on a 
given date. A commonly used index is vohune of runoff occurring 
during a given period, higher runoff volumes generally being 
associated with higher ground water storage. Properly located 
vlel1s provide data for a useful indox of ground-wa. ter storage. 
Another highly useful index of ground water is base flow; however, 
inability to separate base flow from total flow sometimes imposes 
a limitation on the use of the base flow index. 

11-02.15 Evapotranspiration indexes. - A separate 
index of evapotranspiration loss is seldom used in index 
forecasting procedures. Because the meteorological factors 
affectine evapotranspiration are f,snerally the same as those 
causing snowmelt, the 108s tends to be a direct function of melt 
for the snow-covered portions of the basin. Light spring 
preCipitation fal1ine on bare areas may usually be considered to 
be lost. Therefore, evaluation of evapotranspiration in a procedure 
involving primarily the v~ter equivalent of the snowpack is not 
warranted. Methods based on an index of total precipitation 
throughout the period of snow accumulation and melt could logically 
include an index of evapotranspiration to account for variation in 
water loss during the fall and winter season. A temperature index 
flmction, based on mean monthly air temperature at a station 
representative of the basin area, could most easily serve this 
purpose. 
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11-02.16 Statistical methods. - Statistical techniques 
may be used to determine the effect of each index upon runoff and 
its relative importance in explaining the variance of runoff. 
Various indexes for a particular variable may be tried independently, 
to determine from historical record the ones which provide the best 
correlation. It is emphasized that the use of either graphical or 
mathematical methods of statistical analysis, whether they be used 
for simple linear two-variable correlations or complex multivariable 
relationships, should be considered simply as a tool to aid the 
hydrologist in evaluating indexes. The selection of variables used 
in the statistical analyses should be based on sound and thorough 
reasonine with regard to the conditions affectine runoff on the 
particular basin involved. Statistical methods may easily lead to 
a false sense of knowledGe if results are used blindly without 
reeard to hydrologic significance. This is particularly true in 
the case of procedures for forecasting seasonal runoff volumes, 
where historical data usually limit the number of observations in 
the sample to less than 20. Little confidence can be placed in a 
statistically derived forecasting procedure if the cause and effect 
relationships are either illL~own or poorly understood. 

11-02.17 Graphical methods. - Details pertinent to 
development of graphic correlations are given in various standard 
texts on hydrology and statistical methods; only a brief discussion 
of the principal methods of graphic analysis is presented here for 
the purpose of general appraisal of the method. One of the simplest 
methods of determining graphically the effects of a number of factors 
upon a given dependent variable is the method of deviations 
described by Ezekiel.~ The first step consists of plotting scatter 
diagrams relating each independent variable to each of the remaining 
ones, and eliminating one of any pair of variables that show a high 
degree of correlation; such a correlation indicates that the vari
ables are so closely related that their effects upon the dependent 
variable are inseparable. Of the remaining independent variables, 
the one considered most important (labeled!), is plotted against 
the dependent variable (!), and a line of best fit is drawn through 
the plotted points. The deviations, Y-Y' (where Y' is the 
ordinate of the line of best fit corresponding toil given value of 
X.) of each point are then plotted against the next most important 
independent ~riable (X2 ), and a curve of best fit is drawn through 
the plotted points. Deviations of each point from this curve are 
then plotted against a third variable (X3). The process is repeated 
for each factor considered to have an effect upon the dependent 
variable. The completed curves are first-approximations, subject 
to revision inasmuch as each curve is drawn without consideration 
of the factors treated in subsequent curves. Having completed the 
first-approximation curves, the deviations in the last curve drawn 
are plotted as deviations from the initial first-approximation 
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i curve, Y::f' (Xl)' A revised curve, Y :: til (Xl)' is dravm through 

the plotted points. The deviations from the new ourve are then 
plotted as deviations from the first-approximation to Y = £1 (12) 
and a revised curve is drawn through the plotted points. The 
process is repeated for each of the first approximation curves. 
Third-approximation curves are generally unneoessary, but if they 
are considered desirable, they may be made by the procedure used 
for the second-approximation curves. Although this method is 
relatively simple, its usefulness is limited by its lack of con
sideration of joint relationships between variables. As an example, 
the method implies that runoff resulting from a given amount of 
spring precipitation would be the same regardless of the extent of 
basin snow cover. Water-balance computations, as well as aotual 
observations, indicate that such an implication is erroneous. 

11-02.18 Another graphio method of determining the 
effect of variables upon runoff is the coaxial method (described 
in Applied gydrology ~). While"more complex than the method 
of deviations, it is better adapted to the representation of 
joint functions. In one of the common variations of the method, 
the first step consists of plotting runoff, lJ along the ordinate 
versus the most important independent variable, ~ along the 
abscissa in the first of four quadrants on a graph. The indexes 
representing a second important variable, X2 , are sho'1n at each 
plotted point and a family of curves representing the index 
valUes is drawn. Runoffs determined from the curves in the first 
quadrant are then plotted on the ordinate of the second quadrant 
versus the observed runoff along the abscissa. Bach of the 
plotted points is labeled \vith an index representing a third 
independent variable, X3, and a family of curves is constructed to 
fit the plotted points-.- Similarly, additional variables are 
introduced in the third and fourth quadrants. Another graph of 
four additional quadrants may be utilized if necessary -to consider 
all the important variables. As in the method of deviations, the 
first-approximation curves are subject to revision. Devi~tions of 
observed runoff values from the curves in the final quadrant are 
plotted against the firs ·~ indepcndent vari2.ble, Xl' and a curve 
of best fit is dr2.\'m through the plot-bed points.---nevia.tions of 
this curve from the zero axis at civen values of the variable Al 
denote the chP.nge to be made in the curves of the first quadraiYf 
at correcponding values of Xl' ;;'olloyrin& revision of the curves 
in the first quadr~nt, the rrcrrves in all successive quadrants 
must be revised before procoedinr:; wi th refineman b in the second. 
quadrC!.l1 t. '::'he rcvi c::cd devi::. tions in the fincl q:, .• ~dran tare 
plotted t..g~inst tli.G second independent variable, X2' c.nd a line 
01 bes t fit in c.ra"J11 -Lhroub'h the plotted points. --rrevia tions of 
thin line from. the zero ;::xio ·~re used for ~djusting the curves 
in the secon~ qu~dr~nt, usinG the proced~~e described for the 



first quadrant. The process is repeated until all v~riables have 
been considered. Although generally unnecessary, a third 
approximation may be made, using the procedure described for the 
second approximation. 

11-02.19 Numerical statistical methods. - It is not 
within the scope of this report to present a discussion of 
statistical techniques. Reference is m~de to st~ndard textbooks or 
references on statistical analysis for detailed presentations of 
the methods commonly used. (e.g., Ezekiel-1.!, Snedecor-.2/, Brooks 
and Carruthers2/, Arkin and Colton-1./, and WilmlJ}) Full 
understanding of the capabilj.ties and limitations of least squares 
techniques, familtari ty Vii th the statistical nomencls ture and 
sie;nificance of the concepts involved in statistical analysis, are 
requirements for intelligent application of statistical methods to 
forecasting procedures. In establishinG' a forecasting procedure 
for a civen srea, indexes of all variables knov-m to have a 
sicnificant effect on rllnoff during the forecast period should be 
incorporated in the multiple correlations, in order to determine 
the relisbility of the method as a whole. The least significant 
variables may then be dropped, depending upon requirements, and 
incremental effects of varisbles may be determined. Data for 
recression analysis may be transformed logarithmically or 
eAponentially to provide curvilinear rather than linear relation
ships. Such transformation is not recommended, however, unless 
curva iure is knovm to exist from physical considerations of the 
variables involved. Computations performed in connection with 
multiple re~ession analysis involving extensive hydrologic data 
are laborious and time consuming. With the advent of high-speed 
electronic computine machines, however, the time and labor 
involved in performing the cOr.lputations r.lay be reduced to a small 
fraction of that required using desk: calculators. Special 
programs for electronic computers are availsble which may be used 
to perform automatically ~ll computations involved in the solution 
of the normal regression equations. 

11-03. EX.AM:PLES OF INDEX METHODS 

11-03.01 General. - Index methods for forecasting 
seasonal sn~nnelt runoff have been developed for a wide variet,y 
of conditions. 1funy of the procedures have been reported on in 
various technical journals dealing with hydrologic problems, vrhile 
others, although in operational use, have not been generally 
disseminated. A complete review of all such forecasting procedures 
is not practical here. Reference is made to examples of eraphical 
correlations for forecasting seasonal runoff for California drainages, 
~s described by Strauss 1:21. A brief tiiscussion of a report on 
procedures for forecasting aeasonal rlmoff for Columbia River near 



1},: .. 
,:;' :'"' -

The Dalles, Oregon, issued by the Water l'!a.nagement Subcornmi ttee, 
Columbia Basin Inter-Agency Commiitee,ll/is presented to illustrate 
some of the basic techniques involved. A ~otal of four procedures 
prepared by various federal agencies were reviewed in connection 
with this report. 

11-03.02 The Columbia River basin (D.A. = 237,000 
sq. mi.) is characterized by wide variations in both meteoroloeica1 
and topographical features. A large proportion of the winter 
precipitation is in the form of snow, with the maximum accumulation 
of snow oocuring on about April 1st of each year. A high proportion 
of the runoff ocours during the late spring and early s~~er months, 
largely as a result of snowmelt. Basic hydrologic data used in the 
development of forecast procedures are comprised of runoff, 
preci~itation, and snowpack water equivalent data. Adequate 
precipitation records are available as far back as 1927; in 
addition there are a number of stations in the Columbia Basin whose 
records extend back before the turn of the century. A complete 
record of discharge, as gaged near The Dalles, Oregon, is available 
from 1879 to date. Adequate records of snov~ack water equivalent are 
generally oonfined to years subsequent to 1938. 

11-03.03 u. S. Weather Bureau procedure. - A prooedure 
which uses a precipitation index as the principal parameter has been 
developed by the U. S. Weather Bureau for forecasting seasonal 
runoff on the Columbia River near The Dalles, Oregon. The procedure 
consists essentially of forecasting the runoff on each of 22 
sub-basins and equating the runoff from the sub-basins to runoff at 
successive downstream points. Procedures for sub-basins consist 
generally of establishing a relationship between wa"ter-year runoff 
and preoipitation for the period September through June. The 
precipitation period is longer for some sub-basins, the objective 
being to include all months having significant amounts of 
preCipitation for any area. A total of 78 precipitation stations 
are used for the basin as a whole, the number per square mile for 
each sub-basin varying widely as a result of over-all variation 
in density of stations having adequate records. Precipitation 
values are weighted with regard to both station and month, multiple 
correlations of rtmoff and precipitation being used as guides in 
assigning the weights for various stations and months. Weighting 
of precipitation by months serves as an indirect means of accounting 
for lo~ses, less weight being assigned to months in which greater 
losses are normally incurred. 

11-03.04 In most of the sub-basin forecasts, effects 
of conditions oocurins in previous years are accounted for either 
by a carry-over factor incorporated in the precipitation index or 
by a carry-over adjustment to the forecasted runoff, the latter 



generally being used when consideration is given to the conditions 
occuring in several antecedent years. A car:J:"'Jover factor in the 
precipitation index is normally used when carryover effects are 
considered for only the preceding year. The value of the factor 
is determined by multiple correlation .and usually varies from 
one-tenth to two-tenths of the previous year's partial precipitation 
index. that is, the index exclusive of carryover effects. Although 
the rl.moff for the full water year is used in the statistical 
correlations, forecasts of seasonal runoff can be made by simply 
deducting the flow prior to the date of forecast from the amount 
forecast for the water year as a whole. Observed precipitation 
values are used for months prior to the date of forecast; assumed, 
forecast, or normal values are used for subsequent months. 

11-03.05 An outstanding characteristic of the Weather 
Bureau procedure is the extensive use of statistical analyses. In 
conjunction with statistical derivations, it has been noted that in 
some instances stations located outside of a given sub-basin are 
used in preference to a station located within the sub-basin, the 
latter, however, being used for another sub-basin. Although 
forecast results 'were improved by use of the carry-over adjustmen 1;, 

it is believed that an adjustMent based on the flow at the end of 
the preceding ,vater-year Vlould yield results comparable to those 
obtained by the laborious statisticaJ procedure used by the Weather 
Bureau. 

11-03.06 Corps of Engineers (Portland District) 
procedure. - An example of an index method usine sno~~ack water 
equivalent as the independent variable is that derived by the Corps 
of Engineers, Portland District, for forecasting seasonal volume 
of runoff on the Columbia River near The Dalles, Oregon. As in 
the Weather Bure&u method, forecasts were prepared for sub-basins. 
Because of the relatively large size of the Coll~bia River basin, 
some difficulty is experienced in selecting stations that properly 
represent the basin as a whole. The general form of the forecast 
equation used io 

where the x ,-aIves are forece-sts for the sub-basins. The equations 
for the 8u1)-basins are of the fOl'Tn 

where x is novl 2-n index representing the April 1st snovvpack water 
equivalent. All relationships for the Gub-bacin forecasts are 
derived by graphical correlations. The period 1938 through 1953 
was used for verification of tho Columbia River forecast, this 
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being the longest period for which adequate water equivalent data 
were available. Although the procedure was primarily developed 
for preparation of a forecast on April 1st, earlier forecasts can 
be made by extrapolating existing conditions to April 1st. The 
effects of spring precipitation or other faotors were not directly 
included as parameters in the forecast procedure. Accordingly, 
forecasts made after April 1st do not directly take into account 
the effects of abnormal spring precipitation. Since the derivation 
of the procedure does not differentiate between effects of spring 
precipitation and effects of other factors, only subjective 
adjustments for abnormal spring precipitation can be made. The 
outstanding feature of the foreoast method is its simplicity. 
Results could probably be improved by inclusion of other paremeters 
which would evaluate spring precipitation and soil moisture defioits. 
However, such refinements would detract from its simpliCity. The 
graphical d~rivation of the relationship between water equivalent 
and runoff permits subjective visual evaluation of the data, by 
which allowances may be made for unrepresentative conditions of 
precipitation or known deficiencies in the data. 

11-03.07 Soil Conservation Service procedure. - A 
method utilizing both snowpack water equivalent and precipitation 
indexes haa been developed by the Soil Conservation Service for 
forecasting seasonal runoff on the Columbia River near The Dalles, 
Oregon. Indexes used in this method are measures of the amount of 
water in storage in the snowpack on the date of forecast, usually 
April 1st, and the amount of water stored in the soil as the result 
of autumn precipitation. Basically, the forecast procedure consists 
of correlating April-through-June runoff with these indexes of 
water supply. Selection of the April-through-June runoff period 
v~s made with the objective of correlating volume of runoff with 
peak flow (see chapter 12). The forecast equation, developed 
from data for the period 1937 through 1950, is of the general form 

where Xl is the snowpack 'VcLter equivalent index and X2 is the 
autumn-preci~itation index. For the ~~y 1st forecas~the eQuation 
is expanded to include an April precipitation index, X3 . A 
similar equation for forecasts issued On l'~y 15th, usmr' an April 
lst-to-1my 15 precipitation index instead of the April index. 
The Y v~lue in all cases is the April-through-June runoff. Snowpack 
water equivalent and spring precipitation indexes are determined 
for each of 8 sub-basins and then weighted in accordance with the 
averaGe runoff contribution of each sub-basin to obtain ·che index 
for the Columbia River basin. Spring precipitation indexes are 
based.. on departures from normal published in usvm Climatological 



Bulletins, the index being the 2.verage of the departures at 
stations representative of the sub-basin. It is noted that the 
cffcct of spring precipi tatj.on Ul)or, the s easona l runoff was not 
considered when correlating l'L1J1off v>i th ;vater supply in the 
derivation of the equation for the April 1st f orecast. On the 
o ';; hcr hand, s pring pl'Gcipitation VIse considerecl important enoue;h 
to warrant its inclusion as a variable in deriving the equations 
for the May 1st 3.nd May 15th forcc 3. st::;. The omission of the 
spring precipitation parameter in the development of the equation 
may have a significant effect upon the coefficients of '0he Xl s.nd X2 terms, thus significantly affecting the rLU10ff values 
computed by the equation. rrho usefulne ss of a runoff forecast 
for the period April through June for tho Columbic... River near Tho 
Dal18s, Oregon, is limi ':;od becaus e of the vaI'i&.bility of dist::"ibution 
of runoff in individual years. The average April-June runoff is 
61 percent of the April-September runoff, but values for individual 
years range from 47 to 70 percent, depending upon the meteorologic 
sequences during the melt season. Since the sequcnce cannot be 
forecast on a long range basis, an additional v3.1'iable which cannot 
be evaluated is introduced when forecasting for the April-~vhrough
June period. 

11-03.08 Soil Conservation Service-Geological Survey 
procedure. - A method developed jointly by the Soil Conservation 
Service and Geological Survey incorporates the use of base flow as 
an index of the s oil-moisture content. The method is similal' to 
that described in the previous paragraph, the principal difference 
being the use of base flow instead of autunm precipitation for the 
soil-moisture index. Base flow i s generally considered to be a 
good index of soil-mC?iGh~.l'e content lJecaus e it integrates conditions 
over the entire basin. A disadvantage of using base flow is that 
it CRnnot alW2Ys be acclD'ately determined, particularly when it is 
necessary to seIJarate base flow from that resulting from recent 
r a in and/or snowmelt. Regardless of whether autumn precipitation 
or November 1st ba.se flow i s used ,tS an index of soil moisture, it 
is as sumed in these methods that no significant change in soil 
mois-cur€ occurs duri ng the pel'iod from November 1st to the date of 
forecast. It should be recogt1:lzed that a soil-moistLlre index which 
accolmts for va rying soil moisture deficits as of 1 November of 
each yee.r does not necessarily rep:L'osent ihe deficit which would 
occur on ApriJ. 1st, the effective elate of the forecast for which 
snow survey da ta are generEI,lly available. Also, there is some 
ambiguity as to whether a ba se-flow index is representing soiJ. 
moisture or ground water clefici ts, 01' a combin:1tion of the two. 

11-03. 09 Coastal wi~'l.teT_-:-Jl<?~ __ t~_d..e:X~.;'11.e_iJ~.S'd. - An 
index method based primarily upon the r e lationship betwoen winter 
nmoff oi' low-cl evcdion c1raina{;os in western Washington and Oregon, 
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~nd the sprinc snov~elt runoff of the Columbia River \~S reported 
in h-=seal'ch iJote 23. I!1dexes of winter tempera tuxe and sprinc 
precipit<!-tion 2.1'e included in the forecast procedure us secondary 
:oarameters. 'i'he use of low-elevation winter flow as an index is 
confined. to rer-ions where the lOVT-elevation and hi:::;h-elevation 
areas h2..ve a common source of moisture. Such a. situation exists 
in the rGgion comprised of the Columbia River basin and western 
\'l<: .. shin:-;ton anc. Orecon, the entire re2"~_ on beine; 'well centered in 
the belt of prevailinG westerlies. Hoisture is carried in a 
gonerally easJ~vlD.rcl direction from the PClcific Ocean, the amount 
being larcely dependent upon the rate of the flow and precipitable 
,'.rater content of the air. The amount of moisJ~ure cleposi ted over 
the reeion is a function of the moisture supply in the atmosphere 
and is reflected by both vlinter streamflow at low elevations and 
acctmulation of snow ~t hi&h elevations. If it is assumed that 
a eiven supply of moisture results in a fixed winter precipitation 
pattern over the entire reGion, precipitation at l~/er coastal 
mountains may be correlated with that at hiGher levels in inland 
mountain ranc:es. However, winter streamflow and accumulation of 
snoW', as well as transpiration losses vary with temperature, 
necessitatinG the introduction of a temperature parameter. 
Likewise, amounts of seasonal runoff associated with given amounts 
of snow acct®ulation, vary vdth amotmts of spring precipitation 
occurring over the hi~h-elevation area, necessitating the intro
duction of a sprin~ precipitation parameter. Indexes used in the 
forecast procedure were avera&es of observations for several 
representative stations. The relationship of the parameters to the 
~off of the Columbia River vms determined eraphically, UsinG a 
coaxial method similar to the one described in paragraph 11-02.18. 
A comparison of the reliability of various index procedures 
developed for forecastin~ seasonal runoff for the Columbia River 
shows that the low-elevation winter-flow index method is as 
accurate with re~rd to historical data as those which use 
precipitation and snow-course data for the principal index. 

11-03.10 Plate 11-1 is a map of the Columbia River 
basin, and sho~ the location of the index streams and the spring 
precipitation station used in the vnnter-flow index method. Plate 
11-2 shows the forecastine ~iagrams and scatter diagrams illus
trating the relative reliability of forecasts made as of 1 1~rch 
and continuing through I July. The procedure was developed by 
utilizing all known hydrologic data for the water year, as of 
1 July. Forecasts made for earlter dates were derived by assuminrr 
average conditions of precipitation for the period subsequent to 
the date of forecast. 
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11-04. EX.AlvlPLES OF WATER-BALANCE Iv:ETHODS 

11-04.01 Gener~l. - Procedures for forecasting runoff 
by the water-balance method consist of evaluating each of the 
water-balance components and summing them algebraically to determine 
rtmoff. In using historical records to develop the procedure, 
hydrologic events occurring both previous and subsequent to the 
date of forecast are evaluated. Application of the water-balance 
method, as well as any other method. of seasonal runoff forecasting, 
necessitates the use of normal, forecast, or assumed values for 
events which occur after the date of forecast. The distinguishing 
feature of the water-balance procedure is that the effect of each 
factor upon runoff is in accordance with its actual value. It will 
be remembered that index procedures involve use of coefficients by 
which the index is multiplied to obtain the effect of a given 
f a ctor upon runoff, the coefficients bein[; evaluated in accordance 
with the integrated effect of all factors collectively. 

11-04.02 Basically, all water-balance procedures for 
forecastine runoff are similar, differences being largely confined 
to the number of components considered and the method of their 
evaluation. The simplest type of water-balance procedure is one in 
which only the principal component is evaluated separately, the 
remaining components being evaluated collectively. In more complex 
procedures, more than one component is evaluated, and collective 
evaluations are confined to minor components only. A highly 
developed procedure is one in which all the significant components 
are evaluated separately by the best available means. An example 
of such a procedure is the development of the water balance for 
each of the snow laboratory areas, as described in chapter 4. 

11-04.03 Example of simple water-balance procedure. 
A simple water-balance procedure is that developed by Bean and 
Thomas ~ primarily for forecasting minimum volume of runoff on 
the Androscoggin Hi ver basin in Haine (D.A. = 3430 sq. mi.). A 
computed volume of snowpack water equivalent was used as the primary 
determinant of volume of seasonal runoff. A relatively high density 
network of snow courses (approx. one per 50 sq. mi.) located through 
a wide range of elevation was used in computing basin snowpack water 
equivalent. The basin area was divided into elevation zones bounded 
by 500-ft. contours and mean water equivalent depths within each 
zone were determined. For high elevations where snow course data 
were lacking, values were extrapolated. Total basin values were 
obtained by summing the products of water-equivalent depth and the 
area of ea ch zone. Losses were estimated to be 25 percent of the 
total amount of water contained in the snowpack. Thus, 75 percent 
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of the snowpack water equivalent was considered to be a firm source 
of water supply. Although precipitation that occurs subsequent to 
the date of forecast cannot be accurately forecast, the additional 
runoff from this source can be estimated on the basis of past 
records. The feature of this method is that snowpack water equiva
lent, the component of prime importance, is computed with a 
relatively high degree of accuracy, whereas those of lesser 
importance are estimated. 

11-04.04 Combination water balance-index procedures. -
In cases where the use of index procedures is limited by a 
combination of short record and many variables, the number of 
variables may be reduced by introduotion of water-balance 
evaluations. A typical example of such a procedure is that 
developed by the Walla Walla District, Corps of Engineers in 1953 
for Boise River at Luoky Peak Dam CD.A. : 2650 sq. mi.).l2! A 
preliminary study indicated that the important variables to be 
considered were winter precipitation, April 1st snowpack water 
equivalent, and spring precipitation. Water stored in the snowpack 
was evaluated in accordanoe with methods described in chapter 3, 
using a snow chart constructed for the basin. Because of the 
limited number of years with adequate snow course records, it was 
believed that results could be improved by reducing the number of 
independent variables in the statistioal correlation to two. 
Variables selected for inclusion in the regression equation were 
winter precipitation and April 1st snowpack water equivalent. The 
contribution of spring precipitation to runoff was found to be 
dependent to a great extent upon percent of area covered by snow. 
It was noted that precipit~tion falling on bare ground during the 
spring months did not produce significant rises in streamflow; it 
was therefore assumed that this precipitation was lost by 
evapotranspiration. Precipitation falling on snow was considered 
to be fully effeotive in prodUCing runoff; that is, losses normally 
incurred by the snowpack are not increased as a result of 
precipitation falling on the snow. The contribution of affective 
spring precipitation to runoff was, therefore, considered to be the 
amount falling on the snow field. The dependent variable used ih 
the correlation was observed generated runoff minus runoff from 
effective spring preCipitation. 

11-04.05 A feature of this method is that the 
independent variables (April 1st water equivalent and winter 
precipitation) in the regression equation are indexes whose 
values are known on the date of the forecast. Thus, revisions 
necessitated by occurrences of unexpeoted conditions during the 
forecast period may be made as conditions warrant. The amount 
of runoff expected from spring p~ecipitat10n is computed separately, 
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based upon occurrence of normal, assumed, or forecast spring 
precipitation and temperature. Separate computation of runoff 
resulting from factors effective during the forecast period 
permits easy revision of the runoff forecast where necessitated 
by the occurrence of unexpected conditions. Furthermore, the 
weighting of the prime variables in the regression equation is 
not affected by occurrences of unusual spring precipitation. 

11-04.06 Forecasts for partial season. - Forecast 
procedures discussed thus far are for seasons ending after the 
snowpack vmter equivalent remaining on the ground is negligible. 
However, it is sometimes necessary to have a runoff forecast for · 
a period endin,rs prior to the end of the snowmelt season. Such a 
forecast, of course, necessitates determination of the runoff 
resulting from sno~welt during the forecast period. It is apparent 
that the accuracy of runoff forecasts for periods ending before all 
snow is depleted is largely dependent upon ability to forecast 
weather conditions subsequent to the date of forecast. With 
presently available means of forecasting weather, forecasts for 
periods of more than a few days are not sufficiently reliable to 
warran); their general use for forecasting seasonal runoff. Runoff 
resul ting from conditions occurring aftel~ the date of forecast is 
best dotermined on the be.sis of nOl.'Jnc.l or c.ss'..llTled Vfea ther conditions. 

11-04.07 Because of limited accuracy of forecasts of 
weather for extended periods, direct computation of resultC'unt runoff 
for periods ending before all snow is depleted is not justified. 
Equally good r0s~lts CQn bo obtained by preparing the forecast for 
the full molt season and subtracting the flow expected to occur 
after the termination of the period for which the forecG.st is 
ciesired. Such subsequent flow m2.y 18 determined on the basis of 
past records. It is generally exprossed in terms of percentage of 
total seasonal flow remaining after a given date. Obviously, such 
percentages will vary in accordance with conditions occurring 
during the melt season, and selection of the percentaGe used in 
the forecast is usually the normal percentage. 

11-04.08 Application of water b2.1ance method to 
Detroi t Project basirq - The most refined via ter-balance procedure 
for forecasting runoff is that in which each component is evaluated 
by the hest available means. The water-balance derivations for 
the l aboratory areas, described in chapter 4, are illustrative of 
such refined r.1ethods. However, ins trumen t a tioD 2,nd observational 
facilities on the l s borQtory areas are far better than those on the 
avera ge project b['~sin. The wc'.ter-balance procedure for forecasting 
seasona l runoff on the North Santiam River above Detroit Reservoir, 
Oregon, reported in Research Note 22, is considered representative 
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of a method adaptable to an avera€e project basin. Although the 
method is basically the same as that used on the small laboratory 
areas, deviations from these procedures are significant enough to 
warrant some explanation. For example, it will be noted that in 
the development of the procedure for Detroit Reservoir no mention 
is made of losses by interception. It will also be noted that no 
direct calculations of gage-catch deficiency due to wind were made 
in computing the basin precipitation. Omission of these items from 
the water-balance computations is not to be interpreted as failure 
to recognize their importancej their effects were considered in 
the computation of the net precipitation occurring over the basin. 
Wind records applicable to the precipitation gages were lacking, 
necessitating computation of net basin precipitation by indirect 
means. .net precipitation on the laboratory areas was obtained by 
subtractine interception loss from total basin precipitation, the 
latter havine been computed by the isopercentual method, utilizing 
station values adjusted for gage-catCh deficiency due to wind. 
effect. For the Detroit Reservoir area, net precipitation for each 
water year was obtained by summine the generated runoff and 
evepotTanspiration loss. Month-to-month variation in gaee catch 
was accounted for by varying the ratio of basin to station 
precipitation, the ratios beine derived from water-balance studies. 
Since no differentiation was made between total and net precipita
tion, the sum of runoff and evapotranspiration loss was desi{'l1ated 
simply as basin precipitation, a term conparable to net 
precipitation as used in the laboratory stUdies. Likewise, since 
interception loss was not co~puted as a separate component, the 
term loss refers to that resultinp, from evapotranspiration and 
change in soil moisture; that is, it does not include interception 
loss, as in the laboratory studies. 

11-04.09 Description of area. - The rTorth Santiam 
River basin above Detroit Reservoir (n.A. = 438 sq. mi.), is 
located on the west slope of the Cascade Uountains about 60 miles 
southeast of Portland, Oregon. Elevations range from 1200 feet 
at the damsite to 10,495 feet at the top of l!ount Jefferson, the 
mean basin elevation beine: 3718 feet. A location map e.nd area
elevation curve for the basin is shown on pl~te 11-3. A large 
percentage of the area is comprised. of valleys and ridges with 
steep slopes, and a heavy stand of coniferoHs timber covers most 
of the area. In ceneral, the area is underlain with rock of 
basalt formation which outcrops on many of the steep slopes, 
particularly at hieher elevations. Soil cover is relatively thin, 
but there is considerable d.uff and litter un(ler the heavy forest 
canopy. 

11-04.10 Because of its location on the windward 
slope of the Cascade Ran~e, the climate of the area is dominated 
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by maritime influences during the entire year, except during short 
periods of continental airmass control. The climate is 
characterized by wet, moderately cold winters and dry, warm summers. 
Snow accumulates to great depths at higher levels during the winter 
months, temperatures beine near freezing at these levels during most 
of the winter. Normal annual precipitation over the basin is 
estimated at 82 inches and ranges from less than 70 inches near 
Detroit to over 100 inches near Mount Jefferson. Records at 
Detroit indicate that about 60 percent of the annual precipitation 
occurs during the November-through-February period, largely in 
conjunction with the widespread storm activity. Precipitation 
durin~ the June-through-September period comprises only about 10 
percent of the annual amount, much of it occurrinG' in convective
type storms. The percentage of precipitation occurring as snow is 
small at Detroit, but increases with elevation to approximately 
75 percent at the 7000-foot level. The accumulation of snow over 
the basin as a whole generally increases from the beginning of 
the water year until April. At low levels, periods of depletion as 
well as accumulation occur throughout the sno,v.fall season. 
Reference is made to the water balance for WBSL as presented in 
chapter 4, for a hydrologic summary of an area similar in character 
to that of the North Santiam River basin above Detroit Dam. 

11-04.11 gydrologic data available. - Precipitation, 
snowf'all, streamflow, air-temperature, and snmvpack water-equivalent 
data are available for varying periods. The streamflow record for 
North Santiam River above Wzyflower Creek is directly applicable 
to the area above Detroit Reservoir, the drainage areas being 
nearly identical. The only adequate temperature record available 
is that at Detroit, necessitating use of lapse rates to obtain 
estimated temperatures at hi gher levels. Precipitation data are 
available for five stations of which one, Detroit, has a virtually 
continuous record since 1909. The remaining four stations, Santiam 
Pass, Santiam Junction, Marion I,1orks, and Brei tenbush have short 
records with significant periods of missing data. Water equivalent 
is rJeasured at four snOVI courses hE:.ving records since 1941. Depth 
of snOVI on the eround is measured at Detroit, and supplementary 
snow surveys have been obtained since 1950 at two low-level stations, 
Detroit and Whitewater Bridee. Because of reeulation of streamflow 
during the construction pha~e of Detroit Dam, the streamflow record 
subsequent to 1951 is not considered usable for study, thus limiting 
the hydrologic study to prior years. Since adequate snoVT-course 
data are not available for years prior to 1941, the period of record 
sui table for study is confined to the Vfa ter years 1940-41 throuch 
1950-51. Locations of hydroloSic stations are shovm on plate 11-3. 

11-04.12 AnalYSis for forecast period ending August 31. -
This phase of the analysis is applied to forecast periods endinc on 
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August 31 at which time the snovlIlack rema1nl.ng on the basin is 
negligible. The forecast procedure was developed for three 
period3: February through August, March through August, and 
April through August. The basic equation used for all periods 
is as follows: 

Q = P + (w - w ) - L gen 1 2 (11-1) 

in which Q is cenerated runoff, P is precipitation, Wl and W2 ~ 
are the initial and final sno~~ack water equivalents 
and L is loss. The final snov~ack water eQuivalent, 
to zero in this case. Methods of evaluation of the 
the equation are dincu8sed in subsequent paraeraphs. 

respectively, 
71

2
, is equa.l 

- terms of 

11-04.13 The basin snowpack water equivalent was 
computed by use of a snow chart. Figure 1, plate 11-4 shows the 
snow cha.rt and a sample determination of the snowpack water 
equivalent on February 1, 1954. Using the three key stations, 
Santia.m Junction, Marion F<;>rks, and Hogc; Pass, a line was drawn 
representing the unadjusted mean depth of water equivalent over 
the basin. The line is drawn through points A and B, representine 
the mean depths and elevations of Marion Forks and Santiam Junction, 
and Santiam Junction and Rogg Pass, respectively. The unadjusteQ 
basin water equivalent is obtained by summing the zonal depths and 
dividing by 10. The values are shown in the tabulation accompanying 
the figure. 

11-04.14 The factor by which the unadjusted value is 
multiplied to obtain the actual basin water equivalent, is derived 
from computed ll-year El,verages of precipitation, loas and runoff 
for the period September through December. These data are shown in 
the follovring tabulation: 

Precipitation (p) 
Loss (L) 
Generated Runoff (Q ) gen 

37.8 inches 
7.1 II 

23.6 " 

Substituting these values in equation 11-1, and considerin~ the 
September 1 water equivalent (Wl ) to be zero, the January 1 
water equivalent (W ) is calculated to be 1.1 inches. For the 
corresponding ll-ye&r period, the average unadjusted water 
equivalent on January 1, obtained from the snow charts, is 9.4 
inches. The adjustment factor is therefore 0.15 (7.1 divided by 
9.4). Accordingly, the basin snowpack water equivalents indicated 
by the charts must be multiplied by 0.75 to obtain the actual 
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basin values. Conputed basin vra tel' eC]ui valents for February 1, 
Larch 1, and ADril 1 of the 1941-51 }Juriod are shovm in table 11-1. 

11-04.15 Generated runoff, Q,(" _ , for each of the 
three 'i'orec3.st periods is computed by the-~~od previously 
discussed. Observed runoff is converted to generated runoff by 
subtracting the l'ecession volume of the ini tiz. l flow and addine; 
the reces sion volume of the terminal flow to the observed runoff 
dc:rins the i)E:riod. Recession volumes are obtained from the scale 
on the right-hand side of figure 3, plate 11-5. Calculated 
f>:enera tecl flows .3,re shovffi in table 11-1. 

11-04.16 Losses, J::.., were computed by Thornthwaite's 
method for each of the years of the Il-year study period. 
Temperatures used in the computations are temperatures at the 
mean elevation of the basin and were obtained by applying estimates 
of lapse r3.te to the temperature at Detroit. As previously defined, 
loss is that portion of water supply which is lost to runoff and 
includes water retained in soil as Vlell as that lost by evapotrans
piration. Distribution of losses, avera ged over the ll-year period, 
is sho,ill in the following tabulation: 

Evapotran- Retention Loss to 
Period spira tion in soil runoff 

(inches) (inches) (inches) 

September throuGh December 3.3 3.8 7.1 
January 0 0 0 
February 0 0 0 
:March 0.3 0 0.3 
A:pril 1.3 0 1.3 
M2.y 2.5 -0.2 2.3 
June 3.1 -1.0 2.1 
July 3.3 -2.0 1.3 
August 1.7 -0.6 1.1 

Annual '1.'0 tal 15.5 0 15.5 

Losses for the February-August, March-AuGust and April-August 
periods for each year are shovm in table 11-1 and in the bar 
diar rams in ficure 4, plate 11-6. 

11-04.17 Evapotranspiration losses during the period 
February through June 2.1'0 largely a function of monthly heat index, 
since there is sufficient water available to meet the potential 
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der.18,J1.d. An eGtimate of losses for forecc.sting purposes C8.n be 
obtE-ined by using the rel2.-tionsilip of previously computed 
evapotransl)ir2-tion lossos 2nd correspondinG monthly hc::t indexes 
at a representative station. PloJ~ted points in figure 2, :pl2.te 11-5 
show the relationship of he~t index and evapotranspiration loss 
durins Hal'ch, .April, Ma.y, 2.nd June of the ll-year study :9criod, 
2nd the curves shoy! the most probable amount for gi van heat 
indexes for each of the months. In the preparation of forecasts, 
the hea.t indax, expressed as degree-days;+ is based on occurrence 
cf either forecasted, a.ssumed, or normal temperatures during thc 
forecast period. (fable 11-2 shows the most prob2.ble heat index 
at Detroit for aach of the r.anges of temperature used in the 
U. S. Weather Bure2.u IS Ave:£'~\'2;e !!.on-th1y Weather Resume and Outlook. 
(.:..'he Detroit temperature for each forecast range was determined 
by plotting lomg-term l'eco:!:'ds 0:' Portland. temp8ratul'es versus 
Detroit tempe:rat;ures and est~blishing the ranges for Detroit in 
accordance ~ith those established for Portland by the U. S. 
Weather Bureau. 

11-04.18 The averago annual precipitation for t:le 
selec ~ecl ll-yec..l' ~eco~d was d8t(;rlUined. by a.dding the .::mnual 
conlputed loss, 15.5 ir,ches, to the annual runoff, 67.7 inches, to 
obtain the avel.'age annual basin precipitation of 8.3.2 inches. In 
computing monthly values of the water balance, it was found that 
the be-sin :;;recipitatioll for January: February, and llarch, as 
determined from the single station at Detroit, weighted in 
accordf1nce with the basin norma,l annual prectpi ta tion, produced 
more relia-ble reslJl ts than those obtained using sevel'al 6tations. 
The reccrding g~ges at Marion Forks, Santiam Pass, and Santiam 
Junction (-:.11 11a(l signii'icant periods of missing data during the 
winter months. However, during the :period of April through 
Aut,Us ~, the record.~~ of ~~ll stations appear reliable and were, 
therefore, used in computing basin precipii~tion for this period. 

11-04.19 Bar diagrams illustrating thfl Via ter balance 
for the various fOl'6cast periods of each of the years, 1941 through 
1951, are shov.m in ftgurc 4, plate 11-6. The first bar in each 
group rf3presen-ts the snowpack water equivalent in inches over the 
ba.sin .:::,t the beginning of the forecast season. Total precipitation 
occurring durine the forec2.st season is represented by the second 
bar. Total length of the ihird bar represents the sum of the water 
equivalent and precipit",tion; the hatched portion represents loss, 
and the unhatched l)Ortion shows the amount a.vailable for runoff. 
Actual generated runoff is depicted by the fourth bar. Figuroe 2, 
plate 11-6, shows graphically the correlation botween computed 2nd 
2.C tual genera ted runoff values. 

* 
o Daily maximum temperatures abovo 32 F. 
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11-04 .20 As mentioned previol<.sly, the water balance 
method of forecastin g runoff llCrr.li ts u::w of the 1J. S. Weo.thor 
Bureau's Average IlTonthly Weather ReSUI:le and Outlook. The expected 
precipitation given in the Outlook may be used for the first 30 
dc~ys of 3, forecast period, assumed or normal values being used 
f or the remainder of the period. ~able 11-3 shows the most 
:"rob2.ble bE,sin IJrecipi tation for e ech of the ranges used in the 
Ocltlool: for each of the I:'lonths of February through June. The 
Iletroi t !lrecipi to. tion for each forecast range for eeech month vms 
determined by plottj_nG' long-term records of Portland preciIJi ta tion 
ver~;us Detrbi t pr eci~Qi tation, cond establishinG the ranges for 
Detroit in accordance with those established for Portland by the 
U. S. 'Neather :Bureau. Most probable basin amounts for civen 
amounts o. t Detroit for the months of April through Au[;'Ust vrere 
derived from records of all stations in the baSin, adjustmcnts for 
gage catch being made in accordance with meteorological 
chcL r a cteristics of each month. Adjustments are such that the sum 
0: the precj.pitation 2_mounts for these months is in agreement with 
the ATJril-through-August total computed by the water balance 
en_uat ion. Because of the relative insignificance of the July and 
August precipi ta tion, no effort is made to cle,ssify the amounts by 
r v,n e es. Instead, the average of 1.9 inches of basin precipitation 
f or the two months is used for the expected 3.mount. 

11-04.21 Charts depicting the water balance for the 
rJntire yea r based on averat;es for the II-year stu.dy period are 
shovm in fig'lU'es 1 and 3, plate 11-6. The ,sTaph at the bottom of 
f i f;'Ure 1 shows the change in the amount of water in ground storaGe; 
positive values indicate increases and negative values indicate 
d_Gcrease in .grolmd a nd channel storage. Cumulative totals of the 
Vic), ter-bale.nce COr:lponen ts for the year beg inning on September 1 are 
shovm in fie:ure 3. 

11-04.22 Analysis for forecasting by months. - As 
}lreviously stated, the wa ter-ba lance method of forecasting is 
developed with the objective of forecasting runoff for periods 
terminating before the end of the melt season as well as for 
periods ending at the completion of snow melt. For forecast 
periods ending prior to the end of the melt season, specifically 
\vi th the months of January, February, and rtJarch, the water 
balance equation used is 

Q =P + H -L gen r (11-2 ) 

where Qe;en is generated runoff, Pr is basin rainfall, M is basin 
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melt, and L is basin ioss, all in inches. The basin melt is 
obtained by applying the monthly degree-days at Detroit and 
percentage of basin covered by snow to the charts shown in 
figures 3 and 4, plate 11-4. The percentage of snow cover is 
determined by a correlation of snow-course data and aerial 
reconnaissance data. Melts based on an arbitrary 0.01 inches per 
degree-day melt rate are obtained from the melt charts, using 
the degree-dayS-and percentage of cover for the given month. 
Corrected melt is obtained by multiplying the value from the 
chart by factors derived from runoff and degree-day relationships 
during rain-free periods in the basin. Approximate factors are 
as follows! 

Month 

January 
February 
March 

Correction 
factor 

1.0 
1.4 
1.8 

11-04.23 To compute the probable percentage of the 
precipitation that will occur as rain during a given forecast 
period, the amount occurring as rain was determined for each of 
the months, January through March, of the ll-year study period. 
Snovnal1, obtained by adding algebraically the melt and the chanee 
in sno~ack water equivalent, was subtracted from basin 
precipitation to obtain rainfall, which, in turn, was expressed 
in terms of percent of basin preoipitation. The percentages are 
plotted as a function of the number of degree-day~~t Detroit as 
shown in figure 1, plate 11-5. The most probable percentages for 
use in forecastine are indicated by the curves drawn on the chart. 
Computations of the water balance for each of the months are shown 
in table 11-4. 

11-04.24 Freparin6 the forecast. - Having used 
historical data to establish criteria for evaluating the components 
of the water balance, the criteria may be applied to forecasting 
runoff for a Given period. Forecasts for the Detroit project are 
-confined to seasons ending on August 31, at which time the snowpack 
is negligible. Steps in the preparation of the forecast are as 
followsz (1) evaluate snowpack water equivalent on the initial 
day of the forecast period; (2) determine precipitation expected 
during the forecast period; (3) determine loss expected durinG the 
forecast period; (4) take a1eebraic sum of (1), (2), and (.3) above; 
(5) add antecedent recession volt~e and s~btract estimated 

• Daily rnaximl~ temperatures abovo 32
o
F. 
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terminal-recession volume to obtain runoff for forecast period. 
Recession volumes for given flows are shown in figure 3, plate 11-5. 

11-04.25 Conclusion. - The foregoing computations of 
the components of the water balance for the North Santiam River 
above Detroit illustrate the adaptability of the water-balance 
principle to the development of forecast procedures. Since runoff 
forecasts made by any method are subject to inevitable errors 
arising from the inability to foresee unusual bydrometeorological 
events that will occur during the forecast period, any forecast 
method should be flexible enough to permit easy revision of the 
forecast to account for such unusual events as they occur. The 
water-balance method, by virtue of its inherent adaptability to 
revision, meets this important requirement. 

11-05. SUMMARY 

11-05.01 Index procedures rely upon the variance 
of the independent variables to establish their relationship with 
the dependent variable. The magnitude of the derived coefficients 
is a function of the units of measurement as well as the conditions 
of measurement at the point of observation in relation to basin 
averages. Therefore, the coefficients do not necessarily have any 
physical significance in the relationship. In addition, the 
coefficients which provide the best solution for the years of 
record used in developing the equation are not necessarily the 
best for application to other years. This results from improper 
weightings of the variables in arriving at a best fit of the 
historical data. Indexes should be selected on the basis of 
representing known physical processes. Since the coefficients 
have no physical significance, there is little possibility to 
check them rationally, except in extreme cases. The use of index 
relationships is valuable, however, in establishing weightings 
of variables known to represent physical processes, but it should 
be recognized that such weightings may vary with different periods 
of record used in their derivation. The weightings of the variables 
should be based on complete indexes of water-balance components for 
the entire water year. Forecasts should use these weightinga both 
for conditions known at the time of the forecast, and for normal 
or assumed conditions subsequent to the forecast date. The 
principal limitation of index procedures results from inadequate 
lengths of record of basic data for statistical analysis. Although 
it is desirable to include indexes of all important variables 
affecting runoff, the number of variables that can be used with 
confidence is limited by the length of the historioal record. B,y 
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contrast, evaluation of the components in the water-balanoe 
method is not dependent upon length of reoord. Although 
historical data are used in the development of the method, 
the forooast of runoff is based on an appraisal of each component 
for the current year rather than upon the effeot produoed by a 
given set of oondi tions in past yea.rs. 

11-05.02 It has been pointed out that the volume of 
seasonal runoff is dependent not only upon the magnitude of 
individual components, but a1eo upon the interrelationship of 
these components. For example, losses from sprin~ and summer 
precipitation are a funotion not only of total mois~e supply, 
but are also dependent upon the areal extent of tbe snow cover 
during the spring and summer and, hence, indireotly upon the 
maximum snowpaok aooumulation. In water-balance computations, 
such interrelationships where they are important enough to wana.nt 
oonsideration, are taken into aooount in a rational way in the 
oomputation of the individual components. Similarly, in the index 
approaoh to seasonal runoff forecasting, the individual indexes 
whioh determine runoff should each be a rational expression of the 
partioular parameter, including any interrelationships that exist. 
Neither the water-balanoe method nor the index method of weighting 
the several components will, in itself, evaluate such interrola
tionships. 

11-05.03 The sparsity of data on many projeot basins 
imposes limitations upon the aocuracy with which water-balance 
computations can be made. Although the true ?alues ot the components 
may never be exactly known, satisfactory results are usually 
obtainable by use of computed values. Errors in the computation 
ot the oomponents of the water balanoe are known to enst when the 
values fail to shaw a balance in the application of the water 
balance equation to past data. Although it is recognized that the 
existence of a balance does not neoessarily indica.te correct 
evaluation of each component, it is highly probable that the 
component values are reasonably accurate if they oonsistently 
provide a ba1anoe under varying oondi tiona. Failure of the 
components to balance indicates that further refinement is 
necessary. 

11-05.04 The reliability of both water-balance and 
index methods is largely dependent upon the hydrologio data 
available for development and application of the methods. No 
definite rules oan be made regarding the reliability of each of 
the methode; final appraisal of the methods is made largely on 
the basis of results obtainable by each. It is probable that 
better results would be obtained by the index method on project 
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basins having records of 25 or more years duration, particularly 
if the areal coverage instrumentation is not good. On the other 
hand, records of less than 10-years duration are generally 
inadequate for development of forecast procedures by index methods. 

11-05.05 The usual criterion of accuracy for 
forecasting procedures is the relative degree of correlation 
obtained by each procedure on the basis of historical record. 
Although it is desirable to obtain a high degree of correlation 
with historical data for a derived relationship, that should not 
be the only basis of judgement. Of even greater importance is the 
rational selection of variables affecting runoff. Unless it can 
be shown that all of the variables which significantly affect 
runoff are accounted for in the forecast equation, and that the 
effect of each variable is in the correct order of magnitude from 
the standpoint of known physical relationships, little reliance 
can be placed on the statistically derived relationship regardless 
of the degree of correlation. A line of best fit for a relatively 
few years of historical data for a relationship derived from 
incomplete indexes of the water-balance components will sometimes 
show a higher degree of correlation for an early-season forecast 
than a procedure derived from complete water-balance indexes and 
applied to the early date of forecast. The greater accuracy of 
the former is meaningless and reflects only the forcing of the 
regression to obtain the best fit of data which do not adequately 
represent the entire runoff process. 

11-05.06 Because of the wide variation in problems 
associated with seasonal runoff forecasting, definite 
recommendations regarding choice of forecast methods to be used 
cannot be made. The adoption of certain methods may be 
immediately ruled out by lack of adequate data. In some instances 
the data may be inadequate for development of acceptable forecast 
procedures regardless of the method employed, necessitating 
development or expansion of a hydrologic network to provide the 
required data. 

11-05.07 Although forecast procedures of limited 
refinement may be adequate for given projects, consideration 
should be given to possible future development of water uses. 
Since length of hydrologic records is an important factor in the 
development of forecast procedures, future needs should be 
anticipated far enough in advance to permit establishment of a 
hydrologic network for providing an adequate record of hydrologio 
data. The requirements for the hydrologic network should be 
considered in the light of the hydrologio charaoter of the area 
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involved and anticipated requirements for forecasts. Site 
selection for obtaining point observations of the principal 
elements should be made on the basis of obtaining representative 
samples for the area involved, as set forth in chapters 3 and 
4. A final incentive for improving forecast techniques is the 
knowledge that better seasonal runoff forecasts make possible 
better utilization of water supply, thus contributing toward 
development of additional uses of water resources. 
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2. 
3. 
4. 
5. 
6. 
7. 

ITEM 19U1 19L12 1943 

Precipitation !! 17.l.i2 1).22 10.10 
April 1st W r 4.05 12.08 24.82 
SUPP1 (1) f{ 2 21.47 25 • .30 40.92 
LoSB V 1l.09 8 • .31 9.08 
Cauputed R.O. (~)-< 4) 10.)8 16.99 31.64 
Generatea R.O. !if 10.4.3 1.4.41 29.65 
Percent Deviation -0.5 17.9 7.4 

Precipitation 20.25 17.89 27.04 
March 1st w 6.3'J 1l.6~ 24.90 
Supply 26.55 29.53 Sl.9h 
LOSB 12.39 8.91 9.08 
Ccaputed R.O. 14.16 20.62 42.86 
Genera ted R.O. 1,3.28 19.26 38.31 
Percent Deviation 6.6 7.1 ll.9 

Precipit.ation 23.89 26.58 36.41 
February 1st 'W 5.85 6.75 24.68 
Supply 29.74 ,)).33 61.15 
Loss 12.39 8.91 9.08 
Computed R.O. 17.35 24.~ 52.07 
Generated R.O. 16.23 24.68 48.61 
Percent Deviation 6.9 -1.1 1.1 

y- PreCipitation values are incbell over basin. 

" 
TABLE 11-1 

WATER BALANCE BY FORECAST SEASON 
North Sant1am River above Detroit Dam 

1944 1945 1946 1947 1948 

APRIL Thru AUGUST 

!O.OO 1..4.27 8.00 14.63 10.18 
7.72 ll.48 27.00 1l.85 19.13 

17.72 25.75 35.60 26.48 35.31 
6.02 5.13 8.42 1l.96 9.25 

1l.70 20.62 27.18 1.4.52 26.06 
12.74 21.90 24.4.3 16.11 29.)7 
-8.2 -1.3 1l.2 -9.9 -ll.) 

MARCH Tbru AOOUST 
15.52 27.19 IB.h'" 23. ~O 24.12 

7.20 5.89 23.51 1.1.18 15.19 
22.72 33.08 42.25 34.58 39.31 
6.32 5.:n 8.52 12.76 9.25 

16.40 27.75 33.73 21.82 )0.06 
17.75 27.110 31.19 23. ')6 .34.90 
-7·7 1.) 8.1 -6.~ -1,).9 

FEBRUARY Tbxu AUGUST 
2).28 42.83 26.70 27.90 39.34 
4.05 3.19 18.68 12.04 1.91 

27.33 46.02 41.38 39.94 47.25 
6.32 5.33 8.52 12.76 9.25 

21.01 40.69 )8.86 27.16 36.00 
21.7) 31.96 36.89 31.02 43.77 
-3.3 7.2 5.3 -12.4 -13.2 

---- -

J;(- W 18 snawpack water equivalent exp~essed in inches over basin. 

1949 

8.78 
3).49 
42.27 
6.45 

35.62 
35.20 
1.B 

lh.91 
34.69 
49.60 
6.65 

42.9.5 
43.19 
-0.6 

38.)2 21.'., 
59.77 
6.65 

53.12 
52.SO 
1.2 
-

i/- LoS9 is CQIIPuted by Tbornt.hvaite's met.hod, and 1s npressed in incbes over baain. 
Jij- Generated runolf 1.e actual runoff ainU8 initial. recession-volume plus tel'll1.na1 recession-vol\11ae. 

1950 1951 TOT!L 

U.05 5.9B 136.23 
2b.35 24.08 204.05 
39.40 .30.06 )40.28 
6.36 5.10 89.17 

31.04 24.96 251.ll 
35.44 21.)3 250.01 

-12.4 17.0 0.4 

25.77 15.79 2)0.32 
26.74 18.1.6 185.99 
52.51 34.24 416.31 
8.36 5.10 92.67 

44.15 29.l.4 32).64 
46.97 27.02 322.63 
-6.0 1.8 0.3 

38.94 28.58 354.33 
2).92 17.25 145.17 
62.66 45.83 500.60 
8.36 5.10 92.67 

54.50 40.7) 407.9) 
56.48 )7.08 406.95 
-).5 9.3 0.2 

-

• 

MEAN 

12 • .38 
18.55 
)0.9.3 
B.ll 

22.82 
22.7.3 
0.4 

20.94 
16.91 
37.85 
8.43 

29./.,2 
29.33 
0.3 

32.26 
13.25 
45.51 
8.43 

31.08 
37.00 
0.2 
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TABLE 11-2 

MOnTHLY TEMPERATURE AND HEAT INDEX RANGES 

DETROIT, OREGON 

Range Moat Probable 
Forecast 11 Tempgrature Heat Index Ternpgrature Heat Index 

( F) (DegreeFDays) ( F) (Degree-Days) 
0 

Februa.~ 

Much above 41.4 or more 558 or more 42.6 650 
Above 39.1 - 41. 3 472 - 557 40.2 500 
Normal 37.2 - 39.0 382 - 471 37.6 400 
Below 37.1 - 33.2 381 - 242 35.0 300 
Much below 33.1 or less 241 or less 32.0 200 

I.1arch 

Much above 45.6 or more 801 or more 47.0 850 
Above 42.1 - 45.5 701 - 800 43.8 750 
Norma.l 39.6 - 42.0 550 - 700 41.3 600 
Below 39.5 - 38.0 549 - 400 38.8 500 
Kuch below 37.9 or less 399 or less 37.2 350 

AEril 

tlue h e. bove 50.6 or more 1001 or more 51.2 1050 
Above 48.3 - 50.5 901 - 1000 49.4 950 
Normal 46.2 - 48.2 800 - 900 47.3 850 
Below 46.1 - 44.0 799 - 700 45.2 750 
Huch beloVl 43.9 or less 699 or less 43.6 650 

11ay 

1rue h a. bOVEI 57.7 or more 1301 or more 58.0 1350 
Above 54.5 - 57.6 1201 - 1300 56.1 125C 
normal 52.5 - 54.4 1100 - 1200 53.8 1150 
Below 52.4 - 51.0 1099 - 1000 51. 7 1050 
lluch below 50.9 or less 999 or less 50.4 900 

June 

I.Iuch above 61.1 or more 1401 or more 61.6 1450 
Above 59.1 - 61.0 1]01 - 1400 60.0 1350 
Normal 51.9 - 59.0 1200 - 1300 53.6 1250 
Below 57.8 - 56.6 1199 - llCO 57.2 1150 
Huch belm'" 56.5 or less 1099 or less 56.0 1050 

Y !"orecast desi r,naticns are those used in the U. S. Weather 
Burec:.u Avera,~e :,;on th1y We ::. ther Resume .:l:llii Ou tlook, and 
correspondins temperatures are l'.lean rnonthl;::r values. 

£I Eeat indexes are baaed on computations for each of the months 
of the years 1941 throush 1951 and are monthly totals of 
Maximum tem}iera tuxes c.bove base 32°F. 



TABLE 11-3 

MONTHLY PRECIPITATION RANGES 

NORTH SA...\l'TIAM RIVER ABOVE DETROIT DAN 

Forecast 1/ Range Most Probable 

Detroit :Basin r Detroit Basin 
(inches) (inches (inches) (inches) 

February 

Heavy 11.2 or more 13.4 or more 13.7 16.4 
Mod.erate 11.1 - 6.1 13.3-7.3 8.7 10.4 
Light 6.0 o:c less 7.2 or less 3.8 4.5 

March 

Heavy 8.9 or more 9.9 or mOl'e 12.8 14.3 
Moderate 8.13 - 4.8 9.8 - 5.3 7.4 8.3 
Light 4.7 or less 5.2 or lees 3.8 4.2 

Anril - Heavy 7.0 or more 6.3 or more 8.5 7.6 
Moderate 6.9 - 4.3 6.2 - :;.8 5.0 4.5 
Light 4.2 or less 3.7 or less 2.6 2.3 

Hay 

Heavy 5.1 or more 4.5 or more 6.0 5.3 
Moderate 5.0 - 3.6 4.4 - 3.2 3.9 3.4 
Light 3.5 or less 3.1 or less 1.7 1.5 

June 

Hea'li-y 3.2 or more 2.8 or more 4.3 3.8 
Uoderate 3.1 - 1.6 2.7 - 1.4 2.4 2.1 
Light 1.5 or less 1. 3 or less 0.9 0.8 

Y Forecast designe..-i;ions are those used in tho U. S. Weather 
Bureau Average Monthly Weather Resume and Ou tlools;. 

21 
!::.I Easin VCl.Iues 3re determined by ,later-balance studies for the 

period 1941 ~hrough 1951. 



rrrJ:! 191.1 19U2 19u.'3 

(1) tJeg:ree OaysS( ~20.00 35'3.00 239.00 
(2) PQrcent S~ Cover ~4.00 73.00 81.00 
(J) lIelt 1.01 1.2,3 0.83 
(4) Change in Water-Equivalent 3.41 3.17 10.46 
(5) Snoll'fall 0) -t{ 4) 4.hB 5.00 11.29 
(6) Ba~ PreCipitation 10.06 8.02 15.64 P) Snowfall L..!)8 5.00 11.29 
8) Rainfall (6)-(7~ 5.58 3.02 4.)5 

(9) SUWJ7 0) +( 8 6.65 4.25 S.18 
(10) ws 0.00 0.00 0.00 
(11) Computed Runoff ~)-(10) 6.65 4.25 5.18 
(12) Generated Runof! 6.51 5.2L 7.CAS 
(1,3) Percent Rainfall 55.00 ,38.00 28.00 

(1) Oec;ree Dayr; p36.00 423.00 5)G.00 
(2) ~ercent ~ Cover 49.00 90.00 88.00 
(3) Melt 2.24 2.52 3.S0 
(4) Change in y,'ater-Equivalenl 0.115 1;. !3El 0.23 
(5) Snowfall ()+(4) 2.69 1.40 3.7) 
(6) Basin Precipitation ).64 8.69 9.h3 
(7) Sno-.rf all 2.69 1.),0 3.7) 
(8) Rainfall (6)-(1) 0.95 1.29 5.70 
(9) Supply (J}+(8) ).19 ).81 9.20 

(10) Loss 0.00 0.00 0.00 
(11) Computed Runoff (~ -(10) 3.19 ).81 9.20 
(12) Generated Runof! 2.95 5.~2 10.)0 
(1,3) Perce~t Rainfall 26.00 15.00 60.00 

( 1) Degree Dayr; 1:166.00 707.00 578.00 (2) Percen~ ~now Cover 21.00 12.00 88.00 (J)Welt 2.80 5.56 5.16 (4) Change in Wa.ter-Equivalent -2.25 0.45 -O.CAS (5) Snanfall (3)+(~) 0.5'5 6.01 5.08 (6) Basin Precipitation 2.83 4.61 10.94 
f7) Snowfall 0.5S' 6.01 5.08 
8) IW.nfall (6)- (1) 2.28 -1.34 5.% (9) Supply (3)+(8) 5.08 4.22 11.02 (10) WS5 1.30 0.60 0.00 (11) Computed Runoff (9)-(10) 3.18 3.62 ll.02 (12) Generated Runoff 2.85 h.85 8.66 (13) Percent Rainfall 81.00 - 54.00 

a~ .' 
tABLE n-4 

WA.TER BALANCE BY !.ONTHS 
North Smtiam Riyal" aboT6 D&troit Dam 

19W! 1916 1946 19h7 19h8 

JANUARI 

)0).00 385.00 266.00 18).00 368.00 
64.00 58.00 90.00 60.00 65.00 
0.80 LOS 1.02 0.25 1.20 
1.84 0.90 7.24 6.52 3.71 
2.64 1.95 8.26 7.07 4.91 
7.08 10.31 15.93 1).1) 15.60 
2.64 1.95 8.26 7.07 4.91 
4.!J.4 8.36 7.67 6.06 10.09 
5.24 9.41- 8.69 6.)1 11.139 
0.00 0.00 0.00 0.00 0.00 
5.24 9.41 8.69 6.)1 11.89 
4.38 8.39 9.B5 7.12 11.64 

63.00 81.00 48.00 46.00 69.00 

FEBRtrARY 

~03.oo 371.00 309.00 514.1)0 )06.00 
54.00 66.00 87.00 62.00 75.00 
1.09 1.26 1.1,7 1.99 1.15 
3.15 2.70 5.14 -0.86 7.2fl 
4.24 3.96 6.61 1.13 8.).1.) 
7.76 15.64 10.26 IJ.,O 15.22 
4.2h ).96 6.61 1.13 8.43 
).52 11.68 ).65 ).37 6.79 
4.61 12.94 5.12 5.36 7.94 
0.00 0.00 0.00 0.00 0.00 
4.61 12.94 5.12 5.)6 7.94 
3.98 10.56 5.10 1.66 8.B7 

45.00 75.00 ,36.00 75.00 45.00 

MARCH 

592.00 465.00 510.00 767.00 499.00 
51.00 68.00 91.00 51.00 82.00 
2.90 2.16 4.20 4.10 3.42 
0.S2 5"'9 3.19 0.68 3.94 
).42 7.75 1.)9 5.J8 7.)6 
5.52 12.92 9.% B.77 7.94 
).42 1.75 7.39 5.)8 7. ,36 
2.10 5.17 2.1J5 ).)9 0.$8 
5.00 1.33 6.65 8.09 4.00 
0.30 0.20 0.10 O.BO 0.00 
1 •• 70 7.1) 6.S5 1.29 4.00 
5.01 6.S'0 6.76 7. 25 5.S) 

)8.00 40.00 25.00 .39. f){) 7.00 
.JJ- Items ()) through (12) are expressed in inches aver basin. 
V- Deg;ree days are monthly totals of degrees of rnaxi.mwn temperatures above base )2" F. 
..1/- Loss 1s computed by Thornth1l'lli.te I e method. 

19lB 

154.00 
92.00 
0.45 
).90 
4.35 
3.74 
4.3~ 

-0.61 
-0.16 

O.OD 
-0.16 

1.<)0 
-

218.00 
93.00 
1.~0 

13.24 
11.64 
2).41 
14.6~ 
8.17 

10.17 
0.00 

10.17 
9.)1 

37.00 

545.00 
88.00 

4.70 
-1.20 
3.5'0 
6.1) 
).so 
2.63 
7.J] 
0.20 
7.1) 
7.99 

l3.00 

Y Generated runoff is actual runoff minus irdtlal recession volU!I1e pl\1s terminal recession volume. 

195'0 19~ farAL 

78.00 218.00 
98.00 82.00 
0.15 0.68 8.73 

13.88 11.131 67.74 
11..03 12.~9 76.41 
25.1.J8 21.73 146.72 
Ih.O) 12.1$ 76.47 
11.!...5 9.24 70.25 
11.60 9.92 78.98 
0.00 0.00 0.00 

ll.6o 9.92 78.98 
6.80 9.91 78.48 

45.00 b3.00 

281.00 )69.00 
100.00 81.00 

1. 7S 1.89 20.26 
2.82 1.20 40.2,3 
4.51 3.09 60.h.9 

13.11 12.19 124.51 
4.5'7 ).09 60.1.19 
8.60 9.10 64.02 

10·35 11.>9 84.28 
0.00 0.00 0.00 

10.).5 11.59 8h.2B 
9.51 10.06 84.)2 

65.00 16.00 

408.00 422.00 
100.00 82.00 

3.1h 2.40 ul.1L 
1.60 5.55 17.99 
h.7h 1.95 59.13 

14.72 9.51 94.09 
4.14 7.95 59.1) 
9.98 1.% )4.96 

1).12 4.26 76.10 
0.00 0.00 3.0;0 

1).12 4.26 72.60 
11.53 5.69 72.62 
68.00 19.00 

-

di~ 'w 

MEAN 

0.19 
6.16 
6.95 

1,3.34 
6.95 
6.57 
7.19 
0.00 
7.18 
7.1) 

1.84 
).66 
5.S0 

11.32 
5.50 
5.52 
7.66 
0.00 
7.66 
7.67 

).74 
1.64 
5.)8 
8.56 
5.38 
).18 
6.92 
0.)2 
6.60 
6.60 
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CORPS OF ENGINEERS 
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STREAM GAGING STATIONS 

NO. STREAM STATION D. A . 
TYPE OF (LEV. ZERO, STATUS 
GAGE' OF"GAGE 

I NoMn S~nti~n1 Ri 'v~r- Selow Boulder e <J16 R 1600.34 Ac:ti"e 

~ " " At M.y{lowec Cr. 4138 R 1:922Q isco"tinu~d 
I----

At N i ~!-;;:-;;-h63 R 1093.78 Activo J " 
4 " At Meh"m~ G4;5 R "() L,8 Ac h vc 

S 6reitenbu sh River Above Canyon Cr. 106 R 1573. 10 Active 

~ Little N . S .. nti~m R N~~,... M~h,Jm\l 110 W ~5S. 41 Acti ve 

PREC IPITATI O N STA1iIO~ 

MAP 
STATION [ELEVATION i T Y PE OF GAGE NIJM6E.R - ---

10 Bre i"te"bw s n 22es R -.-
!I Det roi t 14siz NE.R -
IZ M Qr i or") For k5 2445 R 

f------ .- - 1------
13 S.,."tiam Junc t ion 3 7:10 R --1---'_-- ----f--- . - '--. __ .. - .. __ . 
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MAP 
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~=~--.-.---.. --.--+-

20 Bre.tenb u .. h ! 2325 ----r- ----- .---.-_.l.-C. __ . 

-l-~~ .: ~. ""--- .. -t" ~~~ '" 2.1 i M.; ,. ;o n ::-o rkS 2-;"30 

.. zz-t S~nt i ~ ~J-;"~~t;~-;:' '-3990 --.. --- .~.-- .. _- -_ . .. . - - .. -... .. _ . 
23 : Detroit : 1500 

(' 
- 2-4- r Wh itewllter Bridge ' 2175 

'~ 

''----''''\ 

) 
L- ___ _ . _ _____ _ __ _ _ _ . . 

"r---~---.---
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CHAPTER 12 - RESERVOIR REGULATION 

12-01. INTRODUCTION 

12-01.01 General. - In the operation of reservoirs 
and other engineering works for the regulation of streamflow, two 
general types of problems are involved. One is concerned with 
short-term forecasts of inflow for the day-to-day planning of 
reservoir releases for power generation, flood control, etc. The 
other problem is concerned with seasonal runoff volume and is 
encountered in the determination of seasonal regulation schedules 
and flood control storage allocation and reservation diagrams. 
It is in the solution of this latter problem that the application 
of snow hydrology is especially useful and permits flexible and 
efficient use of multiple-purpose storage, by making flood control 
and conservation use of storage compatible on a seasonal basis. 
Ordinarily, in the case of rainfall, it is possible to estimate 
runoff vol~es, with any degree of certainty, only a few days in 
advance of their occurrence. This follows from the f oct that 
rainfall volumes can be accurately estimated only after the 
rainfall has actually fallen and been gaged. Then, only the natural 
lag time of the drainage basin remains before the resulting runoff 
is realized. This period may be extended somewhat by the use of 
24- and 48-hour quantitative precipitation forecasts; however, the 
accuracy of such forecasts does not warrant their use without 
qualification. On the other hand, in the mountainous areas of 
the western United States (and elsewhere for areas having similar 
climatological conditions), it is possible to estimate accurately 
the volume of snovmelt runoff months in advance of its actual 
occurrence. Since the snowpack is, for the most part, deposited 
well in advance of its subsequent ablation by melting, it is, in 
effect, an immense natural reservoir. Its water content can be 
gaged quite accurately (either directly or indirectly) by any of 
the several methods outlined in the previous chapter. In this 
chapter, the manner in which runoff volume forecasts are utilized 
in the operation of reservoirs will be presented. Also, methods 
used in the day-to-day operation of reservoirs, based on short-
term forecasts (see chap. 9), will be considered briefly. 

12-01.02 Multiple-purpose reservoirs. - The climatic 
regime of the western mountain areas of the United States is such 
that the same reservoir storage space can be used for the usually 
incompatible requirements of flood control and conservation. The 
varied condition of rainfall and snowfall in this region are shown 
in plate 3-1, which gives the relationship between form of 
precipitation and elevation. Drainage basins whose runoff-producing 
areas are predominantly above 5000 to 6000 feet in elevation receive 
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precipitation almost entirely in the form of snow. In these areas, 
winter rain rLmoff is usually negligible, with most of the annual 
runoff volume occurring during the spring and early summer as a 
result of melting of the accumulated snow. For basins lying within 
low and intermediate elevation ranges (below 5,000 feet), precipita
tion falls predominantly in the form of rain, and winter runoff from 
rainfall constitutes the primary source of streamflow. In the 
higher portions of these basins, however, a portion of the precipita
tion is accumulated in the form of snow, so that there is an 
appreciable contribution to runoff resulting from snowmelt during 
the spring. For both cases, reservoir storage regulation schedules 
may take advantage of the known storage of v~ter in the snowpack 
for beneficial use on a seasonal basis. Reservoirs used in this 
manner are thus multiple-purpose in a true sense, unlike reservoirs 
where different portions of the total storage space are allocated 
for power generation, flood control, irrigation, etc., on a fixed 
and inflexible basis. 

12-01.03 For reservoirs on streams whose drainage 
areas Qre low to intermediate in elevation (as in the case of 
tributaries along the coastal regions in western United States), 
the marked seasonal variation in precipitation allows the winter
rain-flood season to be rather definitely defined; generally 
speaking, by the time the spring snowmelt season begins, the threat 
of rain floods has passed for the year. The same reservoir space 
that was evacuated for control of winter rain floods may be filled 
from the volt~e of spring snowmelt, augmented by occasional runoff 
from spring rainfall, and thereby result in a full reservoir with 
non-damaging streamflow releases in downstream channels. The 
stored water may then be released to augment streamflow in the 
dry summer months and for power production during the fall in 
antiCipation of the ensuing winter flood season. The spring filling 
of these reservoirs may be accomplished in accordance with a fixed 
seasonal regulation schedule as shovm in plate 12-1, which was 
extracted from the reservoir regulation manual for Detroit and Big 
Cliff Reservoirs.~ Optimum use of the available storage for 
conservation as well as flood-control storage, however, requires 
that the possible variation in volume of snov~elt runoff also be 
considered in the filling schedule. 

12-01.04 For reservoirs controlling flows from 
relatively high elevation areas, drawdovm of the reservoir level 
is accomplished in accordance with the requirements for use of the 
stored water, either in the summer or through the fall and winter 
seasons. In the winter (usually beginning on the first of January), 
schedules may be prepared for providing flood control storage 
space on the basis of conditions known at that time, and revisions 
in the schedule may be made as the runoff potential develops through 
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the winter and early spring. A storage allocation diagram glvlng 
the flood control storage required for different seasonal runoff 
volumes is shovm as figure 1, plate 12-2. The use of such a 
diagram with its seasonal runoff parameter results, at all times, 
in the maximum possible flood control storage reservation 
compatible with the filling of the reservoir. Details of the 
construction of this diagram are given later in this chapter. 

12-01.05 Peak flow forecasts. - Reservoir regulation 
for flood control requires predictions of peak flow as well as of 
volume. In the case of spring snov~elt floods, the peak rate of 
flow is, to a great extent, dependent upon variations in the rate 
of melt and hence upon the melt-producing meteorological conditions. 
Nevertheless, there exists a certain correlation between seasonal 
volume of runoff from sno,vmelt and the peak rate of flow. This 
is illustrated in figure 2, plate 12-2, which shows the relationship 
between peak flow and seasonal volume of runoff for the Columbia 
Ri ver near The Dalles, Oregon. The use of suc.h a relationship in 
estimating peak flows requires, of course, a method of estimating 
volume of runoff. 

12-01.06 Incidental relationships. - Figure 3 of 
plate 12-2 presents some frequency distributions of seasonal runoff 
volume, peak discharge, and date of peak discharge for the Columbia 
River near The Dalles, Oregon. These data are of incidental value 
in reservoir regulation. In figure 4 of plate 12-2, a flood control 
storage reservation curve for the Columbia River near The Dalles is 
shovm which gives the amounts of storage required to control to 
specified discharges the various seasonal runoff volumes, or, 
conversely, the controlled discharges that would result from various 
seasonal runoff volumes and available amounts of storage. 

12-02. DAY-TO-DAY REGULATION 

12-02.01 The day-to-day recula tion of reservoirs in 
accordance with short-term forecasts of reservoir inflow is, for 
the most part, connected with the regulation of flood flows and 
the generation of power. The regula tion of reservoirs for such 
other conservation uses as irrigation, navigation, recreation, 
pollution abatement, and domestic water supplies, is usually 
planned on a longer-term or seasona l basis, and changes in outfloVls 
are required infrequently. 7fuile seasonal operation schedules are 
used for the long-term planning of power releases and flood control 
reservations, as was previously mentioned, the fact that the rates 
of reservoir inflow and regulated outflows cannot be foretold much 
in advance necessitates that the operation also be based on short
term forecasts of inflow. Short-term forecasts of reservoir infloviT 
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from either rain-on-snow events or from snowmelt alone can be made 
as described in chapter 9. For the generation of power, such inflow 
forecasts, combined with the power requirements for the project in 
conjunction with the system as a whole, determines the s.chedule of 
releases. For flood control operation, 3~ch other factors as inflow 
from uncontrolled downstream areas and available storage capacity 
in the reservoir ~lso influence the releases. Eecause of the complex 
relationships involved, flood control regulation sc~edules are 
dr~vm up on a basis of historical data to best accomplish the 
desired flood control regulation. 

12-03. SEASOnAL REGULATION 

12-03.01 Storage allocation for flood control. - In 
the multiple use of reservoir space for the contradictory 
requirements of flood control and conservation of spring snowmelt 
floods, storage allocation diagrams are customarily derived from 
historical data, as previously mentioned. Such a diagram for 
Hungry Horse reservoir on the South Fork of the Flathead River, 
i.iontana,.Jj is given as figure 1 of plate 12-2. Such diagrams are 
determined by computing the storage required, both before and during 
the melt season, to control to a given outflow, the maximum and 
other critical historical flood events. Parameters of the remaining 
runoff from ~ny given date to the end of the snovMelt runoff season 
(usually 30 September) are dravm to envelop these historical flood 
data. It is customary to limit the slope of these parameter lines 
to the maximlUn permissible rate of drawdovm of the reservoir (maximum 
permissible discharGe) as governed either by outlet capacity or 
downstream channel capacities. Thus, in the diagram of figure 1, 
pIa te 12-2, the slope of the pre-melt-season drawdovm curves is 
equivalent to 20,000 cfs (approximately 1.2 million acre feet per 
month) which is the approximate maximum outlet capacity of the 
reservoir ( outlet valves plus allovlable flow through power turbines). 
The enveloping curves during the flood season proper (1 May to 30 
June in fig. 1, pl. 12-2) also indicate an increasine storage 
requirement vii th time for a given pe.rameter value. This is in 
consequence of the increase in the potential flood flows from the 
same volume of runoff, that occurs as the melt season progresses. 
'i'he Hungry Horse flood-storage alloca.tion diagram is designed to 
provide flood control for the lower Columbia River and for the reach 
of the Flathead River immediately dovmstream from the dam and above 
Flathead Lake in Montana. It is based on the criteria of (1) 
restricting the reservoir releases to 3,000 cfs during the period 
beginning fivo days before the natural flo"., of the Columbia River 
a t The Dalles, OreGon reaches 5()0,000 cfs and ending five days before 
it again decreases to 500,000 cfs (five days being the time of 
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travel between Hungry Horse dam and The Dalles), (2) restricting 
the releases to control the Flathead River, as gaged at Coll~bia 
Falls, Montana, to certain non-darnacinc flows, the permissible 
flows depending partially upon the backwater effect in the river 
resulting from varying lake stages, and (3) maintaining a minimum 
release of 500 cfs at all times. 

12-03.02 Safety factors. - Factors of safety, beyonrr 
what is actually required to envelop the plotted historical flood 
data, may be included in storage allocation diagrams. Thus, in 
figure 1 of plate 12-2, a factor of safety of 200,000 acre-feet 
vms incorporated in the parameters prior to 1 Hay, decreasing,from 
tha t rra te, at a uniform rate such that it equal s zero on 30 Jlme. 
This factor of safety allows for errors in the forecast volume of 
runoff, thereby assuring adequate flood-control reservation. An 
additional factor of safety was incorporated in the Hungry Horse 
flood-storage allocation diagram for those parameters outside the 
range of the historical data. An analysis of the parameters of 
2.0 million acre-feet and less, which are based on historical data, 
indicated an increase of 0.83 acre-foot in flood-control allocation 
for each acre-foot increase in volume of runoff. For the parameters 
in excess of 2.0 million acre-feet, no historical data were 
available; consequently, it v~s considered prudent to increase the 
incremental changes in the flood control allocation for these large 
floods to an amount equal to the increase in the volume of runoff. 
This change is apparent in the change in spacing of the parameter 
lines of the figure. 

12-03.03 In the foregoing example, the factor-of
safety allowances were made to assure adequate flood-control 
allocations, at the expense of conservation storage, for situations 
more critical (from the flood control vie\VIJoint) than those given 
by historical data or to allow for possible errors in the volume 
forecasts. Consequently, there is this added risk of not fillin~ 
the reservoir, especially where errors in volume forecasts result 
in over-estimates of rlmoff volume. It is to be poi~ted out that 
factors of safety may also be provided from the viewpoint of 
conserva tion of vIa ter. There is also included in the storage 
allocation diagrams derived for Huncry Horse project, a factor of 
safety for refilling the reservoir at the expense of some flood 
control storage. By establishing a min i mum release at the project 
of 3000 cfs for downstream flood control as measured at The Dalles, 
a flexibility of re[SUlatio~ is established. If late season 
forecasts indicate that original volume inflow forecasts were too 
hi C;h, release from the reservoir may be reduced to the minimum 
discharGe of 500 cfs, and thereby refill stora.e;e at a faster than 
~ormal rate so as to assure the refilling of the reservoir by the 
season!:! end. A study of the Hlmgry Horse flood control storage 
a llocation dia gram -21 indicates the f actors of safety incorporated 
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therein do not seriously affect the refilling of the reservoir even 
when possible errors in the forecast runoff volumes are considered. 
Moreover, forecasts which are some 200,000 acre-feet too low 
(approximately average error of Hungry Horse inflow forecasts)-1/, 
do not seriously affect the flood control operation of the reservoir. 
Concerning the testing of the flood control storage allocation 
diagram for Hungry Horse reservoir, the following excerpt from the 
previously cited study -11 is quoted: 

"The summary indicates that, with completely accurate 
forecasts, the reservoir would have refilled in every year of the 
31 years studied. In 1931 and in 1942, both of which were very dry 
years, the reservoir would have refilled prior to the date of the 
last significant peak at The Dalles. The time required for the 
effect of spills at Hungry Horse to reach The Dalles is such that 
the latest si~ificant peak at The Dalles would have been reduced 
by storage in Hungry Horse Reservo~r in both years. If forecasts 
200,000 acre-feet too low had been used, the reservoir would have 
refilled in every year of the 31 years, but would have refilled 
prior to the date of the latest significant peak in 10 of the 31 
years. Of these ten years, only 1911, 1936, and 1948 were years 
in which the natural peak flow at The Dalles exceeded 500,000 cfs, 
and in each of these three years the time required for spilled 
flows at Hungry Ho~se to reach The Dalles would have been such 
that the latest significant peak at The Dalles would have been 
reduced by storage in HunGrY Horse Reservoir. If forecasts 200,000 
acre-feet too high had been used, the reservoir would have failed 
to refill in only four years of the 31 years studied and would not 
have refilled prior to the date of the latest significant peak at 
The Dalles in any year. The four years in which the reservoir 
would have failed to refill were 1931, 1937, 1941, and 1944, all 
of which were dry years, but the greatest deficiency would have 
been only 32,000 acre-feet in 1931 which is only slightly more 
than one percent of the live storage capacity of the reservoir. 
Therefore, such failure to refill under these assumed conditions 
has little significance." 

12-03.04 Volume forecasts. - Forecasts of seasonal 
volume of runoff are, of course, necessary in the application of 
flood-control storace allocation diagrams (in the place of the 
observed historical values which were used in the derivation of 
the diagrams). Errors inherent in these forecasts may possibly 
result in the undesirable operation of a reservoir, as was discussed 
in the previous para,c;raph. Methods by which seasonal volume fore
casts can be made were discussed in the preceding chapter. For 
situations where a definite method of seasonal-runoff forecasting 
is used in conjunction with the storace-allocation diagram in the 
operation of a reservoir, it is possible to assess, rather 
definitely, the effect of errors in the forecasting method upon 



the operation of the reservoir. The effect of errors in volt~e 
forecasts is also pertinent to the discussion in the section which 
follo1;/S, 'where volume forecasts are used to estimate peak flows. 

12-04. PEAK-TO-VOLDME RELATIONSHIP 

12-04.01 General. - As previously mentioned, there 
exists a general relationship between the peak snowmelt discharge 
and the seasonal snowmelt runoff volume for most basins which have 
appreciable 'Hinter snovrp~~ck accumulations. Since the volume of runoff 
from spring snowmelt can be estimated quite accurately some months 
in advance, it is likewise possible to make forecasts of peak flows 
resul tine from springtime snovrmel t well in aclvance of their actual 
occurrence. Intelligent application of long-range forecasts of 
unregulated peak discharges resulting from sno,vmelt re~uires full 
understandinG of (1) the significance of peruc-to-volume ratios 
(2) the best method of applying them to specific cases, and (3) the 
probable accuracy of the estimates. Closely allied to the peak
to-volume determination is that of evaluating flood-control storage 
reservation re~uirements. Examination of the peak-to-volume 
relationship in this section is accompanied by an illustration of 
the relationship for the Columbia River near The Dalles, Oregon, 
one of the major snowmelt runoff rivers in the United States. 
Reference is made to the report, "Relationship between peak 
discharge and volume runoff of the Columbia River near The Dalles, 
Oregon" by the Water Management Subcommittee of the Columbia 
Basin Inter-Agency Committee (CBIAC),-2j for a more complete 
discussion of peak-to-volume relationship for Columbia River near 
The Dalles. 

12-04.02 Peak-to-volume diagram. - Figure 2 of 
plate 12-2 gives the basic relationship between peak flows and 
volume of snowmelt runoff for the Columbia River near The Dalles, 
Oregon. The peak flows given there are mean daily values and 
include adjustments for relatively minor flood control regulation 
by Grand Coulee and Hungry Horse dams during recent years. The 
seasonal runoff volumes used in the relationship were for the 
period April through September, and acljustments for storage in 
six major reservoirs were made.-2./ The entire 77 years of 
available record of flows for the Columbia River at The Dalles 
(1879 through 1955) Vlere used in the determination of the 
relationship of figure 2. The regression line fitted to these 
data is as follows: 

Y == 6.77X 118 (12-1) 

where Y is the peak daily flow in thousand cfs anti X is the April 
through September runoff in million acre-feet. The standard error 
of estimate of the relationship amounts to 76.2 thousand cfs in 
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contrast to the standard deviation of 172.6 thousand cfs for the 
peak flows. The resulting correlation coefficient is 0.90. 

12-04.03 Time changes in relationship. - In recent 
years there has been a tendency for higher peak flows to be 
associated with a given volume of runoff for the Columbia River 
near The Dalles, Oreeon. A study of the peak-to-volume relationship, 
analyzing the periods from 1879 through 1916 and from 1917 through 
1955 separately, resulted in the following regression equations: 

PERIOD 

1879 - 1955 

1879 - 1916 

1917 - 1955 

EQUATIOI£ 

y 

y 

y 

6.77X - 118 

7.10X - 179 

7 .63X - 177 

(12-1) 

(12-2) 

(12-3) 

where Y is the peak discharge in thousand cfs and X is the April
September volume of runoff in million acre-feet. Equation 12-1 
is also repeated in the above tabulation for comparative purposes. 
Although this change in the relationship with time could be 
attributed to man-made changes in the basin, careful consideration 
of the nature and order-of-magnitude of such changes shows that 
such is not likely. The change in the relationship appears to be 
associated with the natural changes in climate that occurred within 
the period and therefore is cl~racteristic of large-scale climatic 
variations. 

12-04.04 Errors of estimate for prediction of peak 
discharge. - It is possible to combine the effect of errors in 
forecasts of runoff volume and of the historical peak-to-volume 
ratio by statistical relationships (see Yfilm ...JJ for a discussion 
of the statistical derivation of such relationships), whereby 
comparisons of reliability of estimates of peak discharge through 
use of differing periods of runoff may be determined. Tests of the 
relative accuracy of peak discharge forecasts, using total and 
residual volume forecasts, were made by the Technical Staff of the 
Water Management Subcommittee using data for the Columbia River 
near The Dalles. ~ The results of these tests are tabulated 
below: 
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STANDARIl ERl10R O:F' ES'l"IMATE OF AN INDIVIDUAL MFA:N PREDICTION 
O? PEAK DISCHARGE 

(In thousands of second feet) 

For peale-voJ.ume relationships based on totEil 9.nd on residual r1moff 

Period for which runoff volume forecast is made 
Forecast 

Date 

1 April 
1 May 

16 May 

April throuc-h June 
From 
Total 
Volume 

Forecast 

106.3 
102.8 
98.9 

From 
Residual 

Vol1.1.me 
Forecast 

106.3 
104. J. 
107.0 

April tl>..rough July 
From 
Total 
Vohune 
F'orecEtst 

10}.8 
90.6 
86.5 

From 
Residual 
Volume 
Forecast 

101.8 
86.6 
83.6 

April through S€llt.~'" 
~rom 

Total 
I"ohune 
Forecast 

102. 8 
95.4 
85.7 

From 
Residual 
Volume 
Forecast 

102.8 
94.4 
83.3 

In general it may be statetl from this study that forecasts of peak 
discharge for Columbi2. River near The Dalles based on April through 
July r1illoff are most reliable, but that little difference exists in 
using the April through September pertod. The April through J1..me 
period gives consistently poo:rer results. It is also seen that for 
both 1 May E.nd 16 May forecast dates, there is a slight improvement 
by using residu2.1 rather than total volume forecasts; howevel', the 
differences are genera11y sroaD and of little significance. 

12-05. FLOOD CONTROL STORAGE REiSERVA'J.1ION 

12-05.01 From what has been stated, it is apparent 
that a relationship exists between the seasonal r1..moff volume and 
the amo1..mt of storage which yrould be required to control the peak 
discharge ne2.r The Dalles, Oregon to some given regulated outflow. 
Diagrams giving this relation3hip may be determined from an analysis 
of historical data 'wherein the vohillle of runoff in excess of the 
desired regulated discharge rate is plotted as a function of the 
seasonal r1..IDoff vol1..~e and lines drawn to envelop these data. 
Several parameters of regulated outflow may thus be determined to 
give the flood control storage reservation associated with various 
regulated discharges. Such 3. diagram for the Columbia River near 
The Dalles, Oregon is included as figure 4 of plate 12-2. Also 
shown on this diagram is a line representing the volume of the 
record 1894 spring snovmelt flood. 
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12-05.02 The entire 77-year record for the Columbia 
Hiver ne2.r The Dalles was used in the derivation of the diagram; 
however, only a few of the years Viere critical in determining the 
parameters. For example, those years whose peak discharges were 
less than the parameters obviously could not enter in their 
determin2.tion. 'Vhe parameters were not drawn to envelop the 1948 
flood data. With the exception of this year, all other pertinent 
data, including the 1894 flood, gave 2. consistent relationship 
which defined the parameters quite vrell. The data for 1948 ·were, 
however, so far out of line that to envelop them would result in 
Grossly inefficient use of flood control storage space in all other 
yee,rs. It is necessary, therefore, that in utilizing this set 
of curves, provision must be made for the occurrence of exceptionally 
high peak-to-volume ratios, such as occurred in 1948. With the 
repetition of such 2.n occurrence, it would be nccessa~J to adjust 
upward the regulated discharge in the lower Col~~bia River during 
the progress of the flood. It is pointed out that the curves 
shown in figure 4 of plate 12-2 are provisional in nature and 
are presented as a guide for over-all flood control regulation of 
the Columbia River. The diagram assumes flood control storage 
which is 100 percent effective in controlling discharges in the 
lower Columbia River. Much of the present and planned flood control 
storage in the basin is so located that its effectiveness is 
considerably less than 100 percent t and appropriate factors must 
be applied to deternine the amount at each project which is 
effective for downstream flood control. 

12-06. SUMMARY 

12-06.01 One of the most useful applic2.tions of snow 
hydrology is to be found in the reservoir regulation of snowmelt 
runoff. For areas where much of the winter precipitation is 
stored in deep snowpacks, there is an interval of several months 
between the time the precipitation falls and the time it melts and 
contributes to ~moff. Since this portion of the total runoff can 
be gaged well in advance of its realization as streamflow, allowances 
can be made in the operation of reservoirs in anticipation of this 
runoff volume. For flood control operation, the reservoir can be 
drawn down in advance to allow for the estimated volume of inflow. 
At the same time, this forecast of future inflow volume assures 
tha t the re.servoir storage space evacuated for flood control can be 
refilled for conservation uses from the spring snowmelt flood. 
Reservoirs operated in such a manner are multiple-purpose reservoirs 
in the true sense of the term. 
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12-06.02 For basins having deep winter snowpack 
accumulations, there exists a relationship between the peak 
discharge and the spring snov®elt flood volume. This peak-to
volume relationship is useful in advance flood-control planning. 
Like the volume forecast, estimates of peak flow can be made many 
months in advance of their realization. 

12-06.03 Diagrams which serve as guides in the 
operation of reservoirs are prepared from historical streamflow 
data. Examples of such diagrams are: (1) seasonal regulation 
schedules, (2) flood-control storaee c~ llocation diaerams, and 
(3) flood-control storage reservation diagrams. The first of 
these is, basically~ a curve showing the maximum allowable reservoir 
content as a function of the time of year (see plate 12-1). During 
the winter rain flood season, the reservoir is held in an evacuated 
condition, insofar as is possible, to provide storage space for the 
control of rain-on-snow floods. ~t is filled during the spring, as 
the danger of rain floods diminishes, by utilizing snowmelt runoff 
augmented by spring rains, thereby conserving \vater for use during 
the summer and fall months. It is drawn down in the fall to again 
provide flood-control storage space. Filling and drawdovm rates 
are in accordance with channel capacities and available water. The 
second diae:ram, which mukes use of forecasts of spring snowmelt 
runoff volume, in~icates, as a function of time of year, the 
reservoir storage spaC8 that must be allocated to flood control for 
different para.meters of seasonal rmlOff volume (fig. 1, plate 12-2). 
Rate of drawdown is controlled by existing downstream channel and 
outlet capacities. The reQuired storage allocations are also 
Governed by given permissible releases during flood-control operation. 
The third diagram, unlike the first two, does not include the time 
of year as a f3.ctor. It shows the amount of storage, as a function 
of flood volume, reQuired to control snowmelt floods to various 
parameters of regulated outflow (see fie. 4, plate 12-2). Nothing 
is said of vrhen or where the storage reservation must be available. 
With an existinG flood control reservation, the diagram gives the 
regulated outflow which In2.y be attained for various floods or the 
flood volume that can be contro11ed to 2 given outflow. 
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APPENDIX I 

PUBLICATIONS OF TIill COOPERATIVE SNOW INVESTIGATIONS 

1. 

2. 

3. 

4A. 

5. 

6-I. 

6-2. 

6-3. 

6-4. 

6-5. 

6-6. 

7. 

8-I. 

13. 

15-I. 

16-2. 

17. 

TECHNICAL REPORTS 
Cooperative Snaw Investigations 

Instruotions for the determination of snow quality. 
December 1944. 

Bibliography of snow and ice (preliminary) • .Tune 1945. 

Heat transmission constants of snow. (Draft) 
9 December 1946. 

Terrain oharaoteristics, Central Sierra Snow Laboratory 
Basin. .Tune 1951. 

HYdrometeoro1ogica1 Log of the Central Sierra Snaw 
Laboratory 1945-1946. September 1947. 

Classified outline of analytical program, Processing 
and Analysis Unit. 10 March 1947. 

Progress Report of the Processing and Analysis Unit 
to 31 March 1948. August 1948. 

Progress Report of the Processing and Analysis Unit 
to 31 March 1949. .Tune 1949. 

Progress Re~ort, 1945-1950. March 1950 (Revised as of 
1 .Tune 1950 J. 
Annual Progress Report, 1950-1951. November 1951. 

Annual Progress Report, 1951-1952. .Tuly 1952. 

HYdrometeoro1ogica1 Log of the Upper Columbia Snow 
Laboratory 1945-1946. .Tu1y 1948. 

Penetration of Solar Radiation into the Snowpack. 
March 1948. 

Annotated brief bibliography of snow hydrology. 
20 .Tanuary 1950. 

The storage and transmission of liquid water in the 
snowpack as indicated by dyes. March 1948. 

Empirical methods of estimating snow melt runoff 
from temperature. March 1948. 

EYdrometeoro1ogica1 Log of the Upper Columbia Snow 
Laboratory 1946-1947. May 1952 
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18. 

20-1. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

TECHNICAL REPORTS - Continued 

Eydrometeorological Log of the Central Sierra Snow 
Laboratory 1946-1947. May 1952. 

Eydrometeorological Log of the Upper Columbia Snow 
Laboratory 1947-1948. August 1949. 

Eydrometeorological Log of the Willamette Basin 
Snow Laboratory 1947-1948, 1948-1949. August 1951. 

Eydrometeorological Log of the Central Sierra Snow 
Laboratory 1947-1948. February 1952. 

Eydrometeorological Log of the Central Sierra Snow 
Laboratory 1948-1949. November 1951. 

IIydrometeorological Log of the Upper Columbia Snow 
Laboratory 1948-1949. January 1952. 

Eydrometeorological Log of the Central Sierra Snow 
Laboratory 1949-1950. April 1952. 

Eydrometeorological Log of the Upper Columbia Snow 
Laboratory 1949-1950. March 1952. 

Eydrometeorological Log of the Willamette Basin 
Snow Laboratory 1949-1951. November 1952. 

Eydrometeorological Log of the Central Sierra Snow 
Laboratory 1950-1951. August 1952. 

Eydrometeorological Log of the Upper Columbia Snow 
Laboratory 1950-1951. June 1952. 

Eydrometeorological Log of the Central Sierra Snow 
Laboratory 1951-52. April 1953. 
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APPENDIX I - Continued 

RESEARCH NOTES 

Cor~s of Engineers Analytical Unit, Cooperative Snow Investigations; 
and Corps of Engineers, Snow Investigations 

1. MILLER, D. H., Albedo of the snow surface as related to 
weathering factors and stage of the season, December, 
1950. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

MIX SELL , J. W. and others, Influenc0 of terrain charactcris·tics 
on snowpack water equivalent, February 1951. 

MONDRILLO, G., Estimating insolation from atmospheric conditions, 
March 1951. 

HIMMEL, J • .11., Lysimeter studies of rain-an-snow phenomena. 
June 1951. 

BREC~!, K. G., Transmission of shortwave radiation through 
forest canopy, October 1951. 

BERGER, P., Trial estimates of net longwave radiation from 
anowpacks, Februs:ry 1952. 

BERGER, P., Estimation of net longwave radiation from snow, 
October 1952. 

McCLAIN, M. II. (tr.), .Evaporation froe the snow:Pack, by M. de 
Quervain. October 1952. 

MILLER, D. II., Some forest influences on thermal balance over 
the snmvpack, (reprint), :December 1952. 

BOTTOP~, w. L. D. and C. E. HildebranQ, An empirical method of 
forecasting critical snowmelt inflows to Pine Fla.t 
Reservoir, December 1952. 

11. ARNOLD, B. and P. Boyer, He2.t exchange and melt of late-season 
snow patches in hea~J forest, May 1953. 

12. BERGER, P., Radiation in fOl'est at Willrunette Basin Sl"'lOW 

Luboratory, June 1953. 

13. HUl.n?HREY, H. N. and T. H. Pagenhart, Additional studies of the 
influence of terrain c~~racteristics on snoY~a.ck water 
equivalent, Juno 1953. 

14. MONJ)RILLO, G., Preliminary uni t-graIlh studieG, lknn Creek, 
Will.:.mette Basin SnOrl L2.boratory, June 1953. 
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RESEARCH NOTES - Continued 

15. MILLER, D. H., Thermal balances ~nd snov~elt runoff associated 
vTith upper-air flow over the western United States in 
Wzy 1949 and May 1950, September 1953. 

16. MILLER, D. H., Snow-cover depletion and nmoff, September 1953. 

17. HILDEBRhlfD, C. E. and T. H. Pagenhart, Lysimeter studies of 
clear weather snowmelt at an unforested site, December 
1953. 

18. BOYER, P. B., Analysis of January 1953 rain on snow, obser~a
tions at Central Sierra Snow Laboratory, Soda Springs, 
California, May 1954. 

19. MONIlRILLO, G. and C. E. Jencks, Clear weather snowmelt nmoff 
in a densely forested area, Willamette Basin SnoVl 
Laboratory, May 1954. 

(Supplement to Res. Note 19) MONDRILLO, G., Clear-weather snowmelt 
runoff in a densely forested area, North Santiam River 
Basin; with Appendix: Thermodsnarnics of transpiration 
in heavy forest during active sno~melt, May 1955. 

20. McCLAIN, M. H., Precipitation, evapotrans:piration, and runoff, 
Willamette Basin Snow Laboratory, July 1954. 

21. HILDEBRAND, C. E. and T. H. Pagenhart, Determination of annual 
precipitation, Central Sierra Snow Laboratory, Sel)tember 
1954. 

22. MILLER, S., Forecasting seasonal runoff by the water-balance 
method, September 1954. 

23. ROCKWOOD, D. H., A coastal winter-flow index method of fore
casting seasonal nmoff for Columbia River near The 
Dalles, Oregon, September, 1954. 

24. JENCKS, C. E., Analysis of February 1951 rain on snow in a 
densely forested area, April 1955. 

25. HILDEBRAND, C. E. rulU T. H. Pagenhart, 1ysimeter studies of 
snowmelt, March 1955. 
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1. 

2. 

3. 

4. 

6. 

7. 

6. 

APPENDIX I - Continued 

TECHNICAL BULLETINS 
Corps of Engineers, Civil Works Investigations 

Project CW-17l 

Cri teria for estimating runoff from sn ovvme 1 t, (Project bulletin 1: 
objectives of projec-t C>.nd administrative details.) May 1949. 

SNYDER, F. F. Heat balance and amount available for melting snow. 
June 1949. 

PARSONS, W. J. Use of snow laboratory data by Sacramento District. 
November 1949. 

HULLINGHORST, D. W. Progress report on project CW-17l, Criteria 
for estimating runoff from snow melt. April 1950. 

MILLER, D. H. The depletion method of estimating solar radiation 
absorbed by the snow. April 1950. 

MILLER, D. H. Albedo of the snow surface with reference to its age. 
April 1950. 

HERING, W. S. Evaluation of outward lone wave radiation from the 
snow surface. April 1950. 

HULLINGHORST, D. W. and D. H. Miller. Interim report on a current 
study (Reconstitution of stream flow from meteorologic data). 
May 1950. 

HULLINGHORST, D. W. and D. H. Miller. Refinement of flow estimates 
of Technical Bulletin No.8. September 1950. 

10. HAMILTON, R. M. Application of estimation procedUres to independent 
data. September 1950, 

11. MILLER, D. H. Micro-meteorological conditions over snow pack in 
open forest: preliminary report on factors influending con
vective heat-oxchange. August 1950. 

12. HnAMEL, J. M. Radia tion heat exchange between the snowpack and 
its environment, Central Sierra Snow Laboratory, 27 April -
9 June 1950. September 1950. 

13. HILDEBRAND, C. E. The general snowmelt equation. May 1951. 

14. HILDEBRAND, C. E. A unit-hydrograph method of bydrograph synthesis 
for snow-covered areas. September 1952. 
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TECRNICAL EULLETINS - Continued 

15. ':L'HOHS, M. }<~., Determination of areal snow cover by aerial 
recormaissance in Kootenai 2..nd Flathead Basins, 
February 1954. 

16. ALLISON, I. D., Melting of deep snow packs by conduction of 
heat from the ground, June 1954. 

17. TIOIER, P. B. and P. Merrill, Storage e:ffect of snow on the 
flood potential from rain falling on snow, Decenber 
1954. 

18. ROCKWOOD, D. M. and C. E. Hildebrand, An electronic analog 
for roul tiple-stage reservoir-t;y-pe storage routing, 
March 1956. 
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APPENDIX I - Continued 

MISCELLANEOUS REPORTS 

1. GERDEL, R. W. - Evaluation of snow cover distribution from 
horizontal photographs, Cooperative Snow Investigations 
Progress Report, May 6, 1949. (Unpublished) 

2. GERDEL, R. W. - A review of soil moisture measuring methods 
and apparatus, Cooperative Snow Investigations, 
Technical report, March, 1949. (Unpublished) 

3. MILLER, D. H. - Rain-on-snow flood of 18-20 November 1950, 
CSSL, Preliminary Report and outline for investieation 
as of 24 November 1950. Office memo to technical 
director, CSI, 24 November 1950. (Mimeographed) 

4. PATTON, C. P. - Five-year meteorologic summary, station 3, 
Central Sierra Snow Laboratory. Cooperative Snow 
Investigations: SIPRE Analytical Unit, 1 May 1952. 

5. PATTON", C. P. - l1eteorologic elements and snowpack character
istics at micrometeorological project, Central Sierra 
Snow Laboratory, 1950-51 season, Cooperative Snow 
Investigations, SIPRE Analytical Unit, 1 June 1952. 

6. WALSH, K. J. - Wind-speed and air-temperature gradients for 
January-May 1951 at micrometeorological project, 
Central Sierra Snow Laboratory, Cooperative Snow 
Investigations: SIPRE Analytical Unit, 5 January 1953. 

7. WALSH, K. J. - Variations in snov~ack density, Central Sierra 
Snow Laboratory, Cooperative Snow Investigations: 
SIPRE Analytical Unit, 4 February 1953. 

8. Synopsis of Snow Investigations and Plans for FY 1954, 
August 1953, North Pacific Division, Corps of 
Engineers, U. S. Army, Portland, Oregon. 
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APPENnIX II 

COMPLETE]) TOURS OF DUTY, PROJECT CW-17l 

1) F. F. SNYDER (OCE) ~une 1949 - Initiation of Projeot 
study of heat balance and amount available for melting snow, 
(Tech. Bull. 2). 

2) C. PEDERSEN (Portland Dist.) ~une 1949 - UCSL studies; Re
lationship of radiation to various meteorological elements; sea
sonal variations of albedo, snow density, water equivalent; degree
day melt rate computations. 

3) R. H. CONWAY (Walla Walla Dist.) June 1949 - Preliminary re
constitution 1948 flood, UCSL, to investigate criteria governing 
snowmelt; inquiries concerning degree-day vs. heat-balance methods. 

4) N.J. MACDONALD (Seattle Dist.) June 1949 - Relationship 
studies; density of new snow vs. max. temp. at Summit, Mont., and 
Soda Springs, Calif.; normal annual precipe vs. topog., Columbia 
Basin (similar to USWE study of Colorado Basin); spillway design 
flood methods from unit hydrographs, UCSL. 

5) E. W. McCLENDON (MRD) Augusta1949 - study and review of 
snow hydrology problems; discussion of basic snow and frost prob
lems; discussion of basic snow and frost problems in Missouri River 
Easin; mountain snowmelt VB. plains snowmelt. 

6) M.E. THOMS (Seattle Dist.) Sept. 1949 - Snowmelt determina
tions published in "Report on Derivation of Standard Project Flood, 
Skagi t Hi ver near Sedro Woolley, Washington." 

7) W. S. HERING (Walla Walla Dist.) Sept. 1949 - Empirical e
valuation of condensation and outward longwave radiation over snow 

(Tech. Bull. 7); study on upper air temp. as index of mean surface 
temp. 

8) S. A. MILLER (Denver Dist.) Oct. 1949 - Study of temp. index, 
snow cover, and runoff relationships using concept of "active snow
melt line" (daily temp. trace through melt season of degrees required 
at index station to produce melt). 

9) J. §ITMM&RSETT. ~ •• (Portland Dist.) Oct. 1949 - Study and 
review of snowmelt problems in Willamette Basin Snow Laboratory. 

10) S. MILLER Walla Walla Dist. Nov. 1 - Use of temperatura 
data in determining incident radiation formulas, correlations, re
sults, presented). Discussion of snow hydrology problems, Lucky 
Peak Dam. 
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COMPLETED TOUBS OF DUTY, PROJECT CW-171 - Continued 

11) CoEo JENCKS (Portland Dist.) Feb. 1950 - Study and review; 
streamflow study of Blue River above Quentin Creek, WBSL. 

12) F. C. MURPHY (Seattle Dist.) Feb. 1950 - Review of spillway 
design problems in Columbia Basin; specifically at Albeni Falls 
dam site. 

13) H. LOBITZ, JR., (Walla Walla Dist.) June 1950 - Study of 
hydrograph reproduction by the degree-hour method using variable 
S-curves for distribution of the melt. 

14) Eo W. McCLENI>ON (MRD) Aug. 1950 (2nd visit) - Study and re
view of current methods of estimating streamflow from snowmelt 
(e.g. Tech. Bull. 8), bydrograph reconstitutions, 1948 and 1950, 
CSSL. 

15) W.S. HERING (Walla Walla Dist.) Sept. 1950 (2nd visit) -
EYdrograph reconstitution by thermal-budget method, applying 
S-Curve principles, 1949, Boise River above Twin Springs, Idaho. 

16) S. MILLER (Walla Walla Dist.) Nov. 1950 (2nd visit) - EY
drograph reconstitution by degree-day method using constant loss 
of 7,000 d.s.f., 1949, Boise River above Twin Springs, Idaho. 

17) FoC. MURPHY (Seattle Dist.) Dec. 1950 (2nd visit) - D~s
cussion and review; spillway design problems, Libby project. 

18) R. ASCHENBRENNER (Walla Walla Diet.) Jan. 1950 - Various 
reconstitutions by degree-day and heat-balance methods, 1943 and 
1949, Boise River above Twin Springs, Idaho. 

19) N. J. MACDONALD (Seattle Dist.) Jan. 1951 (2nd visit) -
Libby damsite spillway design studya 1947 bydrograph reconstitu
tion by degree-day method, Kootenai River at Libby, Montana. 

problems. 

21) G. L. GAY (Portland Diet.) Feb. 1951 - Green Peter Dam 
Study. 

22) R. H. CONWAY (Walla Walla Dist,) Mar. 1951 (2nd visit) -
Reconstitution of '36, '43, '48, and '50 flood bydrographs by de
gree-day methods, Snake River at Heise, Idaho 
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COMPLETED TOURS OF DUTY, PROJECT CW-171 - Continued 

23) M. E. THOMS (Seattle Dist.) Mar. 1951 (2nd visit) - Spill
way design studies, Kootenai River at Libby, MOntana: '42 and '48 
flood reconstitutions by degree-day method, '47 and '48 reconstruc
tions by heat-balance method. 

24) S. MILLER (Walla Walla Dist.) Sept. 1951 (Jd visit) - Run
off volume forecast study, Boise River above Lucky Peak, Iaaho. 

25) J. SUMMERSETT, JR. (Walla Walla Dist.) Oct. 1951 (2nd Visit) 
UCSL snow cover vs. heat-exchange study; discussion and study of re
constitution methods, degree-day vs. thermal budget. 

26) D. E. PHILLIPS (Walla Walla Dist.) Feb. 1952 - Snow cover 
depletion vs. aocumulated degree-days; flood reconstitutions using 
maximum temperatures as index. 

27) D. M. ROCKWOOD (NPD) Jan. 1952 - Forecasting flood season 
runoff from early-season flows and temperatures for Columbia River 
at the Dalles. 

28) M. J. ORn (Walla Walla Dist.) Feb. 1952 (2nd Visit) - study 
and review of heat-balance factors; discussion of degree-day vs. 
heat-balance methods for basin application. 

29) F.e. MURPHY (Seattle Dist.) Feb. 1952 (3rd visit) - Discus
sion and review of available procedures for runoff forecasting and 
reservoir regulation, Libby Dam. 

30) M.E. THOMS (Seattle Dist.) Feb. 1952 (3d visit) - Flood re
constitutions, Kootenai River at Libby, Montana: degree-day and 
heat-balance methods. 

31) R. H. CONWAY Walla Walla Dist. Mar. 
thetic reconstitutions of Boise River floods, 
Ilathod. 

32) M. LARSON (Portland Dist.) Apr. 1952 - Study and reviewl 
Snowmelt studies CSSL, '49; work on project CW-170 (Radioisotope
radiotelemetering snow gage). 

33) C. JENCKS (Portland Dist.) June 1952 (2nd visit) ~ Rain-on
snow studies, '52, WBSL: lapse rate study, WBSL. 

34) M. E. THOMS (Seattle Dist.) Mar. 1953 (4th visit) - Studies 
preparatory to d:raft; "Forecasting inflows to Libby Reservoir." 
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COMl'LETED TOURS OF DUTY, PROJECT CW-17l - Continued 

35) N. J. MACDONALD (Seattle Dist.) Mar. 1953 (3d visit) -
Seasonal forecast study, Albeni Falls Dam. 

36) M. LARSON (Portland Dist.) Apr. 1953 (2d visit) - Fore
casting and reservoir regulation procedures, Detroit Dam, 
(N. Santiam River, Ore.) 

37) M.E. THOMS (Seattle Dist.) Oct. 1953 (5th visit) - Prepar
ation of draft: "Determination of areal snow cover by aerial re
connaissance in Kootena.i and Flathead Basins." (Tech~ Bull. 15) 

38) c.w. TIMBERMAN (MEn) Oct. 1953 - study and analyses for 
draft: "Reconstitution of 1950 snow-melt flood on Cannonball River 
at New Leipzig, North Dakota;" also 1950 flood, Heart River Basin, 
North Dakota. 

39) N. J. MACDONALD (Seattle Dist.) Dec. 1953 (4th visit) -
Seasonal forecast procedure, Albeni Falls Dam. 

40) H. D. WILDERMUTH (Los Angeles Dist.) Jan. 1954 - DeSign 
floods for Gila River basin above Painted Rock damsite; (sub-basins 
studied: San Francisco River at Clifton, Arizona, and Verde River 
at confluence with Salt River.) 

41) H. N. HUMPHREY (SPD) Jan. 1954 - Same as 40 above. 

42) C.A. BURGTORF (Garrison Dist.) Jan. 1954 - Reconstitutions 
of spring 1950 and 1952 snowmelt floods on Spring Creek above Zap, 
North Dakota. 

43) G.E. GALLAGHER (Portland Dist.) Jan. 1954 - Criteria for 
forecasting seasonal runoff from snowmelt, Middle Fork Willamette 
River above Lookout Point Dam, Oregon. 

44) KA. JOHNSON (Omaha Dist.) Jan. 1254 - Reconstitution of 
spring snowmelt floods on Papillion Creek at Ft. Crook, Nebraska, 
1948, and Spring Creek at Zap, North Dakota, 1952. 

45) F,C, MURPHY (Seattle Distt) Mar. 1954 (4th Visit) - Dis
cussion and review, seasonal forecast procedures, Hungry Horse Dam. 

46) J. W. HANSON (Portland Dist,) Apr. 1954 - Study and review, 
forecasting seasonal runoff, Columbia River at the Dalles. 

47) S. NAIMARK Portland Dist 
schedule for Detroit Reservoir N. 
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COMPLETED TOURS OF DUTY, PROJECT CW-17l-Continued 

48) K.W. WISE (Walla Walla Dist.) Sept. 1954 - Forecast pro
cedure for Snake River above Moran, Wyoming. 

49) N.J. MACDONALD (Seattle Dist.) Jan. 1955 (5th visit) -
Forecast procedure for seasonal runoff into Hungry Horse Reservoir 
(So. Fork, Flathead River, Montana) 

50) R. J. DEFANT Portland Dist. - Standard Project 
Flood for Cougar Dam So. Fork, McKenzie River, Oregon). 

51) N. J. MACDONALD (Seattle Dist.) Mar. 1955 (6th visit) - Sea
sonal runoff forecast, Hungry Horse Reservoir. 
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~. APPENDIX III 

LIST OF SNOW HYDROLOGY SYMBOLS 

Symbol Concept 

a Albedo (reflectivity) of snow pack and/o~ ground (a 

A Area (of snow cover, of drainage area, etc.) 

b Ablation (decrease in depth) of snow pack 

B 

c 
p 

Thermal quality of snow pack (B 

Specific heat (constant pressure) 

1 - f 1100) p 

: I II.) 
r ~ 

C 
r 

Recession constant (ratio of current rate of flow to previous 

days rate of flow)(qt : q C t) o r 

d 

D 

e 

Depletion (decrease in areal cover) of snow pack 

Depth (Of snow pack, etc.) 
Coefficient of determination 

Vapor pressure 
a subscript denotes vapor pressure of air 
i subscript denotes saturated vapor pressure 

Base of Naperian logarithms 

Emissivity 

f Infiltration rate 

f Liquid-water content of the snowpack, in percent of W 
p 

t 

f Liquid-water deficiency of the snowpack, in percent of W 
p 

" f Liquid-water-holding capacity of the snowpaok, in percent of 
P " t 

W,{f = f + f ) 
p P P 

F Forest cover 
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Sypbol 

G 

h 

List of Snow Hydrology Symbols - Continued 

Concept 

Intensity of r~diation (all wave) 
~ subscript denotes radiation directed downward or toward the 
snoVi pack 
~ subscript denotes r~diation directed upward or from the 
snow pack 

Rate of net heat transfer to snow pack from its envirorunent 
(h h + h + h + h + h 1 + h ) c e g p r rs 
c subscript denotes convection (and conduction) from air 
ce subscript denotes convection-condensation from air 
""(h =h +h) ce c e 
e subscript denotes condensation (or evaporation) from air 
Th = kq ) e e 
& subscript denotes 
£ subscript denotes 

conduction from ground 
heat capacity of rain (h = ki T) 

p r 
all-wave radiation (h ~ h 1 + h r r rs 

long-\7ave radiation (hrl = Rd - Ru) 

G - G ) 
d u 

~ subscript denotes 

rl subscript denotes 

~ subscript denotes short-wave radiation (h = I. - I rs ~ r = (1 - a) I.) 
~ 

H 

i 

Quantity of net heat transfer to snow pack from its environment 
(H = R + H + H + H + H 1 + H )(subscripts as above for rate c e g p r rs 
of net heat transfer) 

Intensity of precipitation 
~ subscript denotes rainfall 
~ subscript denotes snowfall 

I Intensity of short-wave radiation 
i subscrint denotes inciient radiation 
o subscript denotes radiation at upper limit earth's atmosphere 
r subscript denotes reflected radiation (I = aI.) 
- r ~ 

k Coefficient, exponent, or conversion factor 

k Thermal conductivity c 
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-~-
Symbol 

K. 
~ 

K 
r 

1 

List of Snow Hydrology Symbols - Continued 

Concept 

Solar radiation transmission coefficient for forest (ratio of 
radiation incident on snow surface beneath forest to radiation 
incident in open) 

Ratio of downward long-wave radiation, Rd , to that of a 

hypothetical black body at air temperature (K = Rdl cr T 4) r a 

Loss rate 
e subscript denotes loss by evaporation 
5.. subscript denotes loss by deep percolation 
t subscript denotes loss by transpiration 

et subscript denotes loss by evapotranspiration 

L Loss (quantity) 
(subscripts as above for loss rate) 

m Rate of snow melt 
(subscripts as above for rate of net heat transfer) 

M Quantity of snow melt 
(subscripts as above for rate of net heat transfer) 

n Number of items 

N Cloud cover 

p Atmospheric pressure 

P Quantity of precipitation 
£ subscript denotes rainfall 
~ subscript denotes snowfall (water equivalent) 

q Rate of stream flow, runoff, or discharge (water transport) 
~ subscript denotes rate of condensation 
~ subscript denotes rate of ground water discharge 
i subscript denotes rate of interflow 
~ subscript denotes loss rate 
~ subscript denotes initial rate 
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List of Snow Hydrology Symbols - Continued 

Symbol Concept 

Q Quantity of water 
(subscripts as above for rate of stream flow, etc.) 

r Correlation coefficient 

R Intensity of long-wave radiation 
(subscripts as above for intensity of radiation) 

s Standard deviation 
y 

s Standard error of estimate 
yx 

S Storage (= Inflow-Outflow) 

t Time 
~ subscript denotes concentration time 
s subscript denotes storage time 

T Temperature 
~ subscript denotes air temperature 
d subscript denotes dew-point temperature 
~ subscript denotes ground temperature 
s subscript denotes snow temperatura 
w subscript denotes wet-bulb temperature 

U Relative humdiity 

v Wind speed 

V Wind travel 

w Mixing ratio 

W Water equivalent of snow pack 

W
f 

Liquid water in snow pack W
f 

= fp W/IOO 

W Precipitable water in atmosphere 
p 
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List of Snow Hydrology Symbols - Continued 

§:!mbol Concept 

z A1 ti tude, height 

z Zenith angle of sun 

A Wave Length (lambda) 

p Density, specific BTavity ("density") of snow (rho) 

~ Stefan-Boltzmann constant (sigma) 

¢ La ti tude (:phi) 

~ (beta) Standard partial regression coefficient 

J.I (~ micron 

~ (Ei) 3.1416 

! (~igma) sum of •.• 

A& • infinity 

> greater than 

<: less than 

~ approximately equal to 

?:o 
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