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Introduction

Hydrologic modeling in mountainous areas is chal-
lenging from the outset due to difficulties in simply
estimating the basic watershed inputs, such as precip-
itation and temperature, which are subject to oro-
graphic effects and high spatial variability. With the
spatially distributed hydrologic models that have
been developed in recent years {e.g., Wigmosta et al.,
1994), there are now even more demanding require-
ments for estimation of watershed inputs; that is, spa-
tial averages are no longer sufficient, but spatially dis-
tributed values of inputs are required.

With the availability of geographic information
systems (GIS), digital elevation data, fast computer
workstations, and high-elevation data collection sites
such as those in the western United States (SNO-
TEL) and Canada, it is now possible to make esti-
mates of watershed input quantities on a spatially dis-
tributed basis. Although new radar systems may
become useful in estimating mountain precipitation,
there are limitations caused by terrain blocking the
radar’s view and proper accounting for orography. In
addition, radar is limited to measuring precipitation
and does not measure other important hydrometeoro-
logical quantities. There remains a need for a spatial
interpolation procedure based on conventional
ground measurements. This paper describes such a
procedure. Although the focus here is on precipita-
tion, the procedure has also been applied to tempera-
ture and snow water equivalent data. Daily precipita-
tion data have been used here because this is a stan-
dard reporting frequency, it is a time step often used
in hydrologic modeling, and it is a time resolution
that is feasible to interpolate.

Spatial Estimation Procedure

The procedure used here is that reported by Garen et
al. (1994). In that paper, the work focused on mean
areal precipitation, and the procedure was applied to
a small research watershed. In the current paper,
focus is on using the procedure to estimate spatial
precipitation fields and to apply it to a larger water-
shed with a more typical data site density.

The algorithm is based on detrended kriging.
Kriging is an optimal spatial interpolation procedure
that calculates an estimate of a quantity at an unmea-
sured site as a weighted sum of nearby measurements.
The weights are derived by solving a system of linear
equations, the coefficients of which represent the dis-
tances among the data sites and the site to be esti-
mated as well as the spatial correlation structure of
the measured quantity. The weights are generally
larger in magnitude for nearby measurements and
smaller for more distant measurements, and, in this
application, the weights are constrained to sum to
unity. . Detrending is required to account for non-
stationarity of the field due to orography. This is
accomplished by calculating linear precipitation-ele-
vation relationships from the measured data and per-
forming spatial interpolation on the residuals.
Precipitation-elevation relationships are calculated
separately for contiguous groupings of several days in
length, to avoid instability that could be introduced
by using individual days to calculate them. These
relationships also represent the time-varying oro-
graphic effects due to differing storm types, intensi-
ties, and directions. The spatial correlation structure
of the regression residuals is described by a linear
semivariogram. Precipitation is estimated for each
grid cell within a watershed, and these can either be
used in spatially distributed form or arithmetically
averaged to give the mean precipitation over the
watershed or sub-areas thereof.

The calculation procedure is as follows:

(1) For each grid cell, calculate the kriging weights to
be applied to each precipitation station. These
weights will be used for those days when all pre-
cipitation stations have data (no missing data).

(2) Choose a temporal aggregation period for the pre-
cipitation-elevation relationships. Typical choic-
es include 7, 14, and 28 days, or storm periods, if
these can be adequately and conveniently

defined.

(3) For each aggregation period, calculate average
daily precipitation at each station, using only days
for which at least one station has precipitation
{“wet” days). Calculate the linear regression of
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average daily precipitation (dependent variable)
versus station elevation (independent variable).

(4) For each wet day within the period, subtract the
linear precipitation-elevation trend from the pre-
cipitation observations to obtain the residuals.
For each day where all stations have zero precipi-
tation (“dry” days), set the precipitation to zero
for all grid cells, and do not process these days
further.

(5) For each wet day within the period and for each
grid cell, calculate the estimated grid cell residual
by multiplying the precipitation station residuals
by the kriging weights appropriate for the grid
cell and summing. If one or more precipitation
stations have missing data, the kriging weights
must be recalculated to use only the stations that
have data; otherwise, the weights calculated in
step 1 can be used.

(6) For each wet day within the period and for each
grid cell, add the linear precipitation- elevation
trend to the grid cell residual, based on the eleva-
tion of the grid cell, to obtain the estimated grid
cell precipitation.

The basic idea in this procedure, then, is to sepa-
rate the sources of spatial variability into a compo-
nent due to elevation (vertical) and a component due
to distance (horizontal). These are modeled separate-
ly via detrending and kriging, respectively. Once the
overall orographic effect is removed by detrending,

the remaining variability is assumed to be a function
of distance. So if a grid cell is near one of the precipi-
tation stations, and that station has, say, a positive
residual from the precipitation-elevation trend, the
grid cell is also likely to have a positive residual. In
this way, local effects are accounted for as they are
represented by the behavior of the individual precipi-
tation stations with respect to the overall precipita-
tion- elevation trend and the proximity of the grid
cells to the stations.

Application to Big Wood River

The procedure was applied to the Big Wood River in
southcentral Idaho. The watershed above the stream-
gaging station at the town of Hailey has an area of
1660 km2, with elevations ranging between 1610 and
3660 m. The GRASS geographic information system
(United States Army Corps of Engineers, 1993) was
used to establish grid networks of two resolutions, 0.9
km (2008 grid cells) and 2.5 km (256 grid cells) by
arithmetic averaging of the base digital elevation
data, which has a resolution of 100 m. Daily precipi-
tation data for the period 1983-1993 at six stations
were used. One station, Ketchum Ranger Station, is
from the National Weather Service cooperative net-
work; the other five are from the Natural Resources
Conservation Service (formerly Soil Conservation
Service) SNOTEL network. The stations are shown
on the map in Figure 1, and Figures 2 and 3 display
the elevation at the two spatial resolutions.

The general nature of the precipitation-elevation
relationship can be seen from the regression using
mean annual precipitation (over the period 1983-
1993) shown in Figure 4. Although the regression
lines for individual periods, years, and temporal reso-
lutions vary considerably (see Table 1 for an example),
the relative positions of the stations around these lines
is quite consistently the same as that shown in Figure
4. For example, Galena Summit apparently has some
local influence making it drier than one might expect
for its elevation, and similarly, Dollarhide Summit and
Lost-Wood Divide are somewhat wetter than the
regression would indicate. Note also that the positions
above or below the line do not seem to be related to
regions within the watershed; for example, Lost-Wood
Divide and Hyndman Creek are both on the eastern
side of the watershed, and Dollarhide Summit and
Galena Summit are both on the western side. With
only six stations and no demonstrable difference in
the precipitation-elevation relationship among water-
shed sub-regions, it was felt that it was legitimate to
use all stations together to estimate precipitation
throughout the entire watershed.

Another point to note in Figure 4 is that it does
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not indicate a flattening of the relationship at the
higher elevations, although it must be kept in mind
that the highest data site is still almost 1000 m lower

1601 - 1800
than the highest peaks in the watershed. This flatten- 1804 - 2000
ing has been suggested by many and was recently B 20012200
demonstrated in western British Columbia by Loukas 2201 - 2400
and Quick (1994). Since a flattening cannot be g izg:tigg
proved with measurements in the Big Wood River, B 25013000
the linear trend was used throughout the elevation B 20015200
range. If this were a poor assumption, one would B s201-3400

| 01 - 2500

expect the procedure to overestimate the volume of
precipitation. One indication of the reasonableness of
the values is to note that in Figure 4, the mean areal
precipitation (MAP) estimated by the procedure,
when plotted at the mean watershed elevation, falls
close to the regression line, well within an expected
magnitude of deviation from the line.

Another way of evaluating the reasonableness of
the estimated precipitation values is to compare them
with runoff and evapotranspiration values. The water
year sums of MAP were compared to runoff and
potential evapotranspiration estimated by the tem-
perature- based method of Hargreaves (Jensen et al.,
1990). The temperature data used were watershed
area average daily values obtained by applying this Fig. 2. Elevation Field (in meters) at 0.9 km Resolution
detrended kriging procedure to maximum, minimum,
and average temperature observations at the six sta-
tions. Since the SNOTEL stations began their tem-
perature records in 1989, this comparision was only
possible for the 1989-1993 water years. These results
are given in Table 2 along with calculated runoff
coefficients and actual evapotranspiration ratios {pre-
cipitation minus runoff divided by potential evapo-
transpiration; this assumes that there is negligible

1601 - 1800
1801 - 2000
20071 - 2200
2201 - 2400

change in watershed storage from year to year). The § i:g: :iggg
magnitudes of the values and the ratios indicate that B oo0r- 3000
the quantity of precipitation estimated by the proce- B 30013000
dure is reasonable. B 5201 - 3400

B 3401 - 3800

To obtain an indication of the differences due to
spatial resolution and the temporal aggregation of
precipitation-elevation relationships, the daily spatial
fields were averaged over the watershed and summed
for each water year. For the two spatial resolutions
{0.9 and 2.5 km) and for 7, 14, and 28 day temporal
aggregations, there was virtually no difference in total
water year precipitation among the six combinations.
The daily values of areally averaged precipitation for
water year 1993 were also compared among the six
combinations, and again the differences were very
small, usually less than a millimeter on any given day.
These findings are similar to the results in the previ-
ous study reported by Garen et al. (1994) and indi-
cate the robustness of the procedure. Fig. 3. Elevation Field (in meters) at 2.5 km Resolution

Another issue requiring some attention is to veri-
fy the use of a linear semivariogram. After examining
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Figure 5. Precipitation Field (mm) for October 3, 1992, 2.5 km Resolution,
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28-Day Aggregation Period. Observed values at precipitation stations:

Ketchum 14.5, Hyndman 27.9, Galena 17.8, Lost-Wood 30.5, Dollarhide

25.4, Galena Summit 25 .4.

many empirical semivariograms estimated from the
detrended daily data, the linear semivariogram
appears to be appropriate. Some days have stronger
spatial relationships than others, but in general, the
shape is simply a general upward trending scatter,
with no noticeable flattening with distance. At a
daily time scale, the range of influence apparently is
greater than the maximum distance among the pre-
cipitation stations and grid cells in this watershed
(approximately 50 km). As a comparison, Obled et al.
(1994) observed that in the Mediterranean region,
the range of influence is 15 km at a 0.5 hour time step
and 20 km at a 1 hour time step. If one were to
extrapolate these observations, a 50+ km range of
influence at a daily time step seems reasonable.

An example of the spatial output is given in
Figure 5, which displays the precipitation field for
October 3, 1992, at the 2.5 km resolution using 28-
day periods. Although a detailed examination of the
precipitation fields at the two resolutions was not
done, it is felt that the 0.9 km resolution is probably
too fine given the data network and size of this water-
shed. The 2.5 km resolution seems more reasonable;
for comparison, Daly et al. {1994) used 6 km and in
more recent work 3-4 km, while the new Doppler
radars estimate precipitation with a 4 km spatial reso-
lution. The choice of spatial resolution must balance
a faithful representation of the terrain with a reason-
able level of detail that can be supported by the data
network density. Unfortunately, it is not clear exactly
how to make those tradeoffs, so the choice of a spatial
resolution remains subjective at this point.

Conclusion

A procedure has been developed that estimates spa-
tial fields of precipitation at a daily time scale in
mountainous areas. Its application to the Big Wood
River indicates that the procedure gives reasonable
values. At minimum, this procedure provides the
basis for improving the estimation of areal average
watershed precipitation inputs in that it: (1) uses spe-
cific precipitation-elevation relationships for each
time period rather than assuming that climatological
average relationships always apply; (2) explicitly
accounts for the spatial correlation and variability of
the precipitation fields; and {3) determines station
weights objectively. Obled et al. (1994) remarked
that they felt the greatest value in describing the spa-
tial variability of precipitation was to improve the
estimate in the overall volume of precipitation input
to the watershed. If this is so, then this detrended

riging procedure provides the basis for making such
an improvement. Additionally, however, the proce-
dure provides the basis for estimating the time series
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of spatial precipitation fields needed for spatially dis-
tributed hydrologic modeling.

Certainly, there are refinements that can be
made. For example, other topographic or meteorolog-
ical information may be useful in improving the
detrending. The procedure has also been used for
other quantities, such as temperature and snow water
equivalent, but this = could use further testing.
Guidelines for choosing an appropriate spatial resolu-
tion given the data network available and the com-
plexity of the terrain are needed. These things will
come with further work on the procedure and by
gaining experience in applying it and using its results
in hydrologic modeling.

References

Daly, C., R. P. Neilson, and D. L. Phillips. 1994. “A
statistical-topographic model for mapping clima-
tological precipitation over mountainous ter-
rain.” Journal of Applied Meteorology,

33(2):140-158.

Garen, D. C,, G. L. Johnson, and C. L. Hanson.
1994. “Mean areal precipitation for daily hydro-
logic modeling in mountainous regions.” Water
Resources Bulletin, 30(3):481- 491.

Jensen, M. E., R. D. Burman, and R. G. Allen (eds.).
1990. Evapotranspiration and Irrigation Water
Requirements. American Society of Civil

Engineers Manuals and Reports on Engineering
Practice No. 70, 332 pp.

Loukas, A., and M. C. Quick. 1994. “Precipitation
distribution in coastal British Columbia.” Water
Resources Bulletin, 30(4):705-727.

Obled, C., J. Wendling, and K. Beven. 1994. “The
sensitivity of hydrological models to spatial rain-
fall patterns: an evaluation using observed data.”
Journal of Hydrology, 159:305-333.

United States Army Corps of Engineers. 1993.
Geographic Resources Analysis Support System
(GRASS) Version 4.1 User’s Reference Manual.
Construction Engineering Research Laboratories,
Champaign, Illinois, 563 pp.

Wigmosta, M. S., L. W. Vail, and D. P. Lettenmaier.
1994. “A distributed hydrology-vegetation
model for complex terrain.” Water Resources

Research, 30(6):1665-1679.

Citation:

Garen, D. C.' 1995. Estimation of spatially distributed values of daily precipitation in mountainous areas.
In: Mountain Hydrology: Peaks and Valleys in Research and Applications. Proceedings of Canadian
Water Resources Association conference, Vancouver, British Columbia, 237-242.

242






