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ABSTRACT: The need to monitor and forecast water resources
accurately, particularly in the western United States, is becoming
increasingly critical as the demand for water continues to escalate.
Consequently, the National Weather Service (NWS) has developed
a geostatistical model that is used to obtain areal estimates of snow
water equivalent (the thtal water content in all phases of the snow-
pack), a major source of water in the West. The areal snow water
equivalent estimates are used to update the hydrologic simulation
models maintained by the NWS and designed to produce extended
streamflow forecasts for river systems throughout the United
States. An alternative geostatistical technique has been proposed to
estimate snow water equivalent. In this research, we describe the
two methodologies and compare the accuracy of the estimates pro-
duced by each technique. We illustrate their application and com-
pare their estimation accuracy using snow data collected in the
North Fork Clearwater River basin in Idaho.
(KEY TERMS: snow and ice hydrology; modeling/statistics; ordi-
nary kriging; universal kriging; cross-validation.)

INTRODUCTION

As industrial, agricultural, and societal water
requirements intensify, accurate forecasting of water
supplies becomes increasingly imperative. In the span
of only 19 years, from 1981 to the year 2000, it is esti-
mated that the ratio of the earth's available water to
water demand will fall from 10:1 to 3.5:1 (Hudlow,
1988). To forecast water resources, the National
Weather Service (NWS) maintains a set of conceptual,
continuous, hydrologic simulation models used to gen-
erate extended streamfiow predictions, water supply
and spring flood outlooks, and flood forecasts (Day,
1985; Hudlow, 1988). An integral part of the hydrolog-
ic simulation models is a snow accumulation and
ablation model that uses observed temperature and
precipitation data to simulate the average snow water

equivalent over a river basin (Anderson, 1978; 1986).
Because much of the available water in the western
United States comes from snow melt, it is critical that
the simulated snow water equivalent estimates be
accurate. Consequently, the estimates simulated by
the snow accumulation and ablation model are updat-
ed using observed ground-based and airborne snow
water equivalent estimates when these data are
available. Ground-based estimates are routinely made
at manual snow course and automated snow teleme-
try (SNOTEL) sites throughout the West by the Natu-
ral Resources Conservation Service (NRCS). Airborne
estimates are obtained by the NWS using low-flying
aircraft to measure natural terrestrial gamma radia-
tion emitted by the soil over 1700 flight lines in the
United States and Canada. Background gamma radi-
ation count rates are first obtained under no-snow
conditions. Then during the snow season over-snow
count rates are obtained, and the difference in the
background and the over-snow count rates enables
NWS hydrologists to estimate the snow water equiva-
lent (Carroll and Carroll, 1989). To obtain precise
water resource forecasts, it is essential that snow
water equivalent estimates used to update the hydro-
logic simulation models be accurate.

Recently, the NWS has developed a spatial statisti-
cal model that uses the ground-based and airborne
snow water equivalent data to estimate the snow
water equivalent in areas where no observed mea-
surements are available (Day, 1990; Carroll et al.,
1995). Using the spatial model, estimates of snow
water equivalent are obtained on a 30 arc second grid
in river basins throughout the western United States.
The 30 arc second snow water equivalent estimates in
each of the river basins are averaged to obtain areal
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2Respectively, Associate Professor, Department of Decision and Information Systems, Arizona State University, Tempe, Arizona 85287-
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snow water equivalent estimates for each basin,
which are used as near real-time updates to the snow
water equivalent estimates generated by the hydro-
logic simulation models.

Alternate geostatistical techniques have been used
for several years in the United States to obtain esti-
mates of mean areal precipitation (Chua and Bras,
1982; Phillips et al., 1992). To account for the influ-
ence of orographic effects and elevation on the spatial
distribution of precipitation in mountainous regions,
precipitation data are sometimes elevation detrended
before geostatistical techniques are applied (Switzer,
1979; Dingman et al., 1988; Phillips et al., 1992). It is
of interest to compare the current NWS spatial mod-
eling techniques to the elevation-detrended kriging
technique when both are used to generate snow water
equivalent estimates.

In this research, we compare the accuracy of the
kriging predictions of snow water equivalent obtained
using the current methodology applied by the NWS to
the accuracy of the kriging predictions obtained using
elevation-detrended kriging. By using both techniques
to estimate snow water equivalent and comparing
resulting cross-validation statistics, we assess the
accuracy and bias of the estimates. We illustrate and
compare the methodologies on snow course and SNO-
TEL data collected in the North Fork Clearwater
River basin in Idaho.

NATIONAL WEATHER SERVICE (NWS)
METHODOLOGY

The snow water equivalent data obtained from
snow-course, SNOTEL, and airborne sites are first
standardized to have mean zero and variance one.
Standardization of the data is necessary for two rea-
sons. First, due to orographic effects, precipitation in
the West varies considerably from site to site even if
the sites are in close proximity to each other (Peck
and Schaake, 1990). To obtain accurate estimates of
snow water equivalent, it is imperative to account for
the large-scale variation among the sites. Secondly, it
is evident from historical data that often the variance
of the snow water equivalent is not constant from site
to site, which complicates considerably the spatial
estimation techniques applied in this research. By
standardizing the data, we account for both the large-
scale variation and the nonconstant variance in the
data. To standardize the observed data, the mean and
standard deviation of the snow water equivalent for a
specific site on a specific date are estimated using his-
torical data. For sites with no historical record, the
means are estimated using mean snow water equiva-
lent maps. The mean snow water equivalent maps are

generated by the NWS on a weekly basis throughout
the snow season by using a physically based snow
accumulation and ablation model that incorporates
the effects of long-term mean seasonal precipitation
and temperature and physiographic information. The
maps are based on thirty years of data and are updat-
ed periodically. To obtain the standard deviations at
sites with no observed data, we model the standard
deviation as a function of the mean. Historical snow-
course data are used to estimate the parameters of
this model.

Because we first standardize the data before we
apply spatial prediction techniques, we assume that
the mean of the data at each time period (year) is zero
and that the variance is one. However, in the spirit of
robust methods and analysis, we use a prediction
technique that is xobust to departures in any particu-
lar year from these assumptions. Hence, if the mean
is not zero or the variance is not one, our estimation
and inference procedures are unaffected. Consequent-
ly, we obtain estimates of the snow water equivalent
where no observations are collected, using ordinary
kriging (e.g., Journel and Huijbregts, 1978). Let

Ye(s) = p1(s) + c(s)(Zt(s)), s e B (1)

represent the unstandardized snow water equivalent
and

Z(s) = (Ye(s) — jx(s))/j.i(s) = + 1ia1(s), S E B (2)

represent the standardized snow water equivalent at
locations s in basin B on a specific day in year t. The
temporal mean, ji(s), and temporal variance, 2(), are
the expectations of '1Y(s)/T and

J.L(s))2 /T, respectively, where T is the total number of

years of data used for model development and param-
eter estimation. The mean and variance of the stan-
dardized snow water equivalent values in year t are
Jt and , and Ut(S) is a zero-mean, variance-one, sec-
ond-order stationary random process in space that is
independent and identically distributed over time. Let
aj(.) denote the generic process of which u1(.), u2(.),
are independent copies. As explained above, as our
central model we assume that ji 0 and aj2 1,
t = 1,. . . , T; however in any particular year, we allow
for departures from these assumptions by using
ordinary kriging (a procedure that generalizes simple
kriging to the case where the mean is unknown).
To assure identifiability of i'(s), a(s), j.t, and o,

T T 2 2we assume that (s) / T = 0 and +

IT = 1. The data are collected on the same day of each
year (e.g., April 1) for years t = 1, . . . , T, and the
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model is assumed to be applicable for prediction for
years t 1,. . . , (T + p), where typically T is about 30
andp is about five.

The covariance of ye(s) and Y(u) s

lo,
cov(Y Cs), Y. Cu)) =

la(s)(u) cov(o(s), u(u)), t = tI

The covariance of Zr(s) and Zt(u) iS

10,cov(Zt(s),Zt.(u)) = 2 cov(o(s),'u(u)),
(4)

Let B represent the ith flight line and, for locations
s e B, let lBl = 5BL ds >0 represent the area of B.
The aggregated unstandardized snow water equiva-
lent for flight line B,, at time t is

Yt(BL) = p.(B) + cy(R) (tit + ctutW)),

where

jt(B) = Jii(s)ds/lBl

and

2 (B) = $ 5c(s)c(u) cov(u(s), D(u))dsdu/I BL 2

are the temporal mean and temporal standard devia-
tion, respectively, of the snow water equivalent data
for flight line B. The random error, ut(B),is

(Ba) = JsY(s)ut (s)ds / (IBI a(B)).

The standardized snow water equivalent for the flight
line is

P-t +1u1(B). (9)

If the data are ground-based (i.e., snow-course or
SNOTEL), we let B = (si) and Z(B1) Z(s). Using
both the ground-based and airborne data, the best lin-
ear (i.e., ordinary kriging) predictor of Z(s0) is

Z(so) = Z(B),

where m is the total number of the ground-based and
airborne observations. In our application to data from
the North Fork Clearwater River basin, no airborne
data were used.

We show how to obtain the coefficients (Xj) and the
mean squared prediction error, cY () associated
withZ(so) in Appendix A.

Having obtained Z(so), we compute the unstan-
dardized estimate of the snow water equivalent at
location o by using

1g(So) = cT(so) () + I.t(so)

with mean squared prediction error

= a2(s0)

(11)

(12)

In practice, we obtain an estimate of p.(so) from the
mean snow water equivalent maps prepared by NWS
personnel and an estimate of from the model
that relates the standard deviation to the mean.

(5) For further details on kriging, the interested read-
er can consult Journel and Huijbregts (1978) or
Cressie (1991).

(6)

MODIFIED ELEVATION-DETRENDED
KRIGING METHODOLOGY

For several years, estimates of precipitation for
(7) various regions in the United States have been

obtained by kriging elevation-detrended data (Chua
and Bras, 1982; Phillips et al., 1992). This methodolo-
gy can also be used to obtain snow water equivalent
estimates. When elevation detrending is applied, one
year of data is used. The first step is to fit a linear
regression model, for that year, to the observed

(8) ground-based data using snow water equivalent as
the response variable and elevation at the site as the
predictor variable. The residuals from the regression
fit are then used to fit a semivariogram model and to
estimate the elevation-detrended snow water equiva-
lent at sites with no observed datum. The elevation-
detrended estimate is obtained using ordinary kriging
and is then transformed back to the original units by
using an estimate of the mean snow water equivalent
at the site generated from the regression model.

When we compare the two methodologies (eleva-
tion-detrended and NWS), we modify the elevation-
detrended methodology in two ways. First we will use,
in addition to elevation, the slope and aspect at the
site to estimate the mean snow water equivalent.

(10) Secondly, we will apply universal kriging (e.g.,
Cressie, 1991) to improve the precision of the esti
mates of the mean snow water equivalents. When
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modified elevation-detrending is applied, data from
just one year are used; hence, the subscript t is omit-
ted from the notation used in all discussions of this
methodology The assumed model is

p+1
Y(s) = x_i(s)1_i+6(s), for all se B, (13)

j=1

where = 1,. . . , p + 1, are unknown parameters,

x11 (s), j 1, . . . , p + 1 are explanatory variables
associated with the datum at location s in basin B,
and 6(•) is a zero-mean intrinsically stationary pro-
cess. In our application, the p + 1 = 4 explanatory
variables used are as follows: x0(s) = 1, x1(s) is the ele-
vation at the site, x2(s) is the slope at the site, and
x3(s) is the aspect at the site; see application section
for details.

Define X to be the rn x 4 matrix whose (ij)th ele-
ment is x11(s) and to be (x0(s0), . . . , x3(s)) where

is a location with no observed snow water equiva-
lent datum.

The universal kriging estimator of Y(s0) is

Y(s0) = 'rY(s).
i= 1

We show how to obtain the coefficients ('re) and the
mean squared prediction error associated withY(s0) in
Appendix B.

CROSS-VALIDATION STATISTICS

To compare the accuracy and precision of snow
water equivalent estimates obtained from each of the
estimation methodologies, we apply each of the tech-
niques to a test data set that contains a number
of years of data and then compare the closeness of the
true values of snow water equivalent to the predicted
values using the cross-validation techniques
suggested by Cressie (1991, p. 102). The three cross-
validation statistics used are

CR1, = (1/rn){(Y (si) - (s))/ ay1,g (s)}
j=1

and

1/2

= [(1/ m)(Yt (si) -
J,t(sf))2]

, (17)

where is the estimate of the unstandardized
snow water equivalent at site s for year t. The value

Y.1,(s1) is obtained by leaving Yt(s3) out of the data set
and using the remaining observations in year t to esti-
mate Y1(s1). The mean squared prediction error of
Y.1(s), which is again estimated from the remaining
observation in year t, is denoted by ay11(s).

The quantity CR1, provides a check of the unbi-
asedness of the predictors and should be approximate-
ly 0; CR2, provides a check on the accuracy of the
mean squared prediction error and should be approxi-
mately 1; and CR3 is a measure of goodness of pre-
diction similar to the PRESS statistic often used in
regression analysis (Draper and Smith, 1981). Small
values of CR3, indicate that, in general, the predicted
values are close to the true values.

To make a thorough comparison, all three cross-
validation statistics were computed using both esti-

(14) mation techniques for each year in the data set: When
using the current NWS methodology to calculate the
cross-validation statistics, we first used all years of
data to fit a covariance model for cov(u(s), i(s1)) (see
example below). Then, for each year t = 1, . . . , T, we
deleted Y(s1) and used ordinary kriging on the
remaining standardized observations in year t to
obtain the standardized estimate, Z1,1(s1), for all j = 1,
• . . , m. We obtained the unstandardized estimate
Y.1(s1) by using the expression in Equation (11). In
Equation (11) we used the mean obtained from April 1
N'S,VS mean maps to estimate p(s1). To estimate a(s),
we applied the technique used by the NWS and mod-
eled the standard deviation as an exponential func-
tion of the mean. We fitted this model by using the
observed ground-based snow water equivalent data
and estimated the standard deviation, a(s1), by using
the fitted model and the mean, j.t(s), obtained from
the mean map (Day, 1990; Carroll et al., 1995).
The estimate of 4j,t was obtained by substituting
this estimate of a(s1) into Equation (12).

For reasons described in the discussion section, we
computed the cross-validation statistics a second time
using the NWS methodology. However, the second
time we used the average of the 33 snow water equiv-
alent values at a site (the historical mean) instead of
the mean map to estimate the value of p(sj) used in
Equation (11) and in the function used to estimate the
standard deviation.

To compute the cross-validation statistics using
(16) estimates from modified elevation-detrended kriging,

(15)

1/2

= [1/ m){(Yt(sj) -_,(s))/

WATER RESOURCES BULLETIN 270



A Comparison of Geostatistical Methodologies Used to Estimate Snow Water Equivalent

we estimated Y(s) by using universal kriging. In the
first stage, all of the data in year t and ordinary least
squares residuals were used to obtain the semivari-
ogram model for year t. Then, after deleting Y(s3), we
used the remaining observations to obtain
Y1,(s1), and we used the expressions in Equations
(14), (B3), and (B7) to obtain the associated mean
squared prediction error.

APPLICATION TO DATA FROM NORTH FORK
CLEARWATER RIVER BASIN

The data set used in the analysis consists of 33
years of snow water equivalent data (measured in
millimeters). The data (obtained from the NRCS)
were collected on or near April 1 for the years 1961
through 1993 at nine SNOTEL and three snow-course
sites in and around the North Fork Clearwater River
basin, a major drainage basin in the Columbia River
system located in northern Idaho (see Figure 1). No
airborne data were available in these years. The loca-
tions of the 12 sites extend from 46.48 to 47.08 north
latitude and from 114.58 to 116.34 west longitude.
The elevations of the sites range from 938.78 to
1914.14 meters, the slopes range from 4 percent to 24
percent (where 100 percent is equal to 45 degrees),
and the aspects range from 96 to 343 degrees.
(Detailed information about each of the 12 sites is
provided in Table 1.) The data are part of a vastly
larger data set of SNOTEL and snow-course snow
water equivalent observations maintained by the
NRCS that covers much of the western United States.

The first step in the current NWS estimation pro-
cess involves standardizing the raw April 1 data to
obtain Zg(SL) = (Y(s) - .i(s))/a(s), t = 1, . . . , 33 and

i = 1, . . . , 12. Using historical data, we estimate the
mean and standard deviation, respectively, as

= (se) I Tandâ2(s) ="1(Y(s ) — Jl(Sj ))2

I (T — 1), where T is equal to 33.

Figure 1. Snow Course and SNOTEL Sites in and Around the
North Fork Clearwater River Basin in Idaho.

The estimates of the covariances fcov(u(s), u(s1)))
are also obtained from historical data. Recall that, for

TABLE 1. Snow Course and SNOTEL Site Information.

Elevation Slope Aspect
Site Name Latitude Longitude (in) (percent) (degree)

1. Pierce Ranger Station 46.50 115.80 938.78 5 302
2. Sherwin 46.95 116.34 975.36 5 157
3. Cayuse Airstrip 46.67 115.07 1066.80 22 146
4. Shanghai Summit 46.57 115.74 1392.94 11 302
5. Lob Pass 46.63 114.58 1597.15 5 343
6. Elk Butte 46.84 116.12 1734.31 24 154
7. Hemlock Butte 46.48 115.63 1770.89 14 338
8. Hoodoo Creek 46.98 115.02 1798.32 6 123
9. Crater Meadows 46.56 115.29 1816.61 16 103

10. Hoodoo Basin 46.98 115.03 1844.04 4 118
11. Lost Lake 47.08 115.96 1862.33 11 96
12. Cool Creek 46.76 115.29 1914.14 14 220
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the central model, 0 and a 1, t = 1, . . . , T.
Hence, for all pairs of the 12 sites in the North Fork
Clearwater River basin, we estimate cov(u(s), u(s)) by

using c&v(u(s ), u(s)) = (si) Z, (si)) / (T — 1),

where T is equal to 33.
The covariance, cov(u(s), u(u)), is modeled as

1 1,
cov(u(s), u(u))

1A exp (—Bus — ulI—CX1 — DX2 — EX3),

s I I is the distance in kilometers between
locations s and U; X1 is the absolute difference in the
elevations between locations s and u; X2 is the abso-
lute difference in the slopes between locations s and
U; X3 is the smallest absolute angle (in degrees)
between the aspects at locations s and u, and aspect
at a site is measured in degrees from due north of the
site. The parameters 0 < A < 1, B> 0, C> 0, D > 0,
E> 0 are all covariance parameters to be estimated.

Although the spatial covariance is modeled as a
function of geographic attributes at the sites in addi-
tion to the distance between the sites, Carroll and
Cressie (1994) showed that the function (Equation 18)
is a positive-definite variance-covariance model.
When the model in Equation (18) is fit to the data, we
find that for the North Fork Clearwater River basin
X3 (aspect) does not contribute to the explanation of
the covariance and, hence, it is omitted from the fitted
covariance function. The weighted nonlinear least
squares parameter estimates for the remaining
parameters are

A = 0.99045, B= 0.00109, C= 0.00023, andD =
0.00016, yielding the fitted model coy defined by
Equation (18). The weights used are proportional to
[1—A exp (- BI Is - ul I — CX1 —DX2))2, as recom-
mended by Cressie (1985).

To estimate a, we use = Q/(m - 1) where

Q =( — 111) ,-' LZ1 —1 f't), (19)

= (1' -1 1)'1-', (20)

= (Z (Sj), . . , Z (Sm)), (21)

and is defined in Equation (A7). The expectation of
Q (for known ) is E(Q) (m - 1) consequently, d
is approximately an unbiased estimator of a.

We are now able to compute the three cross-
validation statistics for each of the 33 years using the
NWS estimation methodology. The two choices of

mean values in the NWS methodology (mean map
and historical means) lead to the two sets of cross-val-
idation statistics presented in Table 2.

To obtain snow water equivalent estimates by
using modified elevation-detrended (universal) krig-
ing (Garen et al., 1994; Phillips et al., 1992; Dingman
et al., 1988), we first used all of the data in year t to
obtain the ordinary least squares estimates of
j = 1, . . . , 4, in Equation (13). The residuals, R(s),
from the regression fit were then used to obtain the
method-of-moments estimate of the empirical van-
ogram

2(h)= (R(s)—R(s))2/IN(h)I, (22)

N(h)

where I N(h) I is the number of distinct pairs in the
set N(h) of pairs of sites that are a distance s - u
= I I h I I kilometers apart. In this application, we
used interval distances for I I h I and weighted non-
linear least squares to fit the parameters in the fol-
lowing semivariogram model:

10,

'Y(h)lco+biIIhII

where c0 � 0 and b1 � 0 are parameters to be estimat-
ed. We fit the linear semivariogram model to the
empirical semivariograms because analysis of the
data showed that the variance of the snow water
equivalent is not constant in this basin, thus exclud-
ing semivariogram models with a sill (e.g., exponen-
tial, spherical). The weights used are
as recommended by Cressie (1985).

To estimate (1) and the associated mean squared
prediction error based on [Yt(s): i = 1, . . . , m; i
for fixed year t, we used the variogram model in
Equation (23) and universal kriging. We were then
able to compute the three cross-validation statistics
for year t. The procedure was repeated for all 33 years
of data, and the results are reported in Table 2.

DISCUSSION

The NWS estimates the snow water equivalent for
each 30 arc second grid cell in a river basin. Hence,
the ideal spatial scale for comparison and cross-vali-
dation is the 30 arc second scale. However, the
observed SNOTEL and snow-course data that are
available for cross-validation are observed on a point
scale. Consequently, for comparison purposes, it is
necessary to use point-scale data, although using
the point-scale data for comparison creates a slight
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TABLE 2. Cross-Validation Statistics (mm).

NWS Methodology
d KrigingMean Map Means Historical Means Elevation-Detrende

Year CR1 CR2 CR3 CR1 CR2 CR3 CR1 CR2 CR3

1961 1.238 2.763 154.36 —0.054 0.694 38.52 —0.056 1.157 154.58
1962 0.960 2.476 160.29 —0.040 1.400 56.00 0.045 1.385 201.15
1963 1.013 2.304 136.53 —0.058 1.249 75.71 —0.069 1.107 193.20

1964 1.012 2.278 193.63 0.048 0.825 68.31 0.081 1.144 20190
1965 1.965 3.797 167.37 0.075 1.325 60.16 0.060 1.402 228.75
1966 0.863 2.178 164.65 —0.000 1.430 88.30 0.007 1.077 162.11

1967 1.622 3.330 152.94 0.008 1.249 55.90 0.031 1.219 148.48

1968. 0.721 1.685 115.11 —0.075 1.080 70.23 —0.076 1.127 157.61

1969 1.367 3.193 202.77 0.336 2.040 133.31 —0.015 1.272 302.99
1970 0.653 2.235 167.23 —0.151 1.586 113.75 0.003 1.161 120.75

1971 1.141 2.646 157.74 —0.112 1.199 76.15 0.003 1.259 170.01

1972 0.791 2.301 164.93 —0.186 1.037 72.70 —0.060 1.632 170.97

1973 1.866 4.399 128.95 0.165 1.832 5792 —0.026 1.281 179.04
1974 1.046 2.482 257.78 0.103 1446 .157.36 0.002 1.090 346.00

1975 1.546 2.739 145.33 0.050 0.997 54.27 0.016 1.384 216.70

1976 1.389 3.140 158.04 0.010 1.406 62.49 —0.002 1.143 124.82

1977 0.932 1.752 112.44 0.085 1.028 73.78 —0.018 1.050 103.92

1978 0.839 2.116 123.82 —0.091 1.247 74.63 —0.032 1.204 134.35

1979 1.140 2.306 132.03 0.003 1.108 72.63 —0.004 1.199 88.08

1980 1.486 2.893 123.19 0.028 1.383 51.90 —0.001 1.145 114.34

1981 0.788 1.930 134.45 —0.100 1.004 66.90 —0.062 1.090 158.41

1982 1.566 3.443 147.34 —0.085 1.188 49.84 —0.007 1.195 181.36

1983 1.004 2.166 143.64 0.004 1.027 61.69 —0.134 1.279 202.85

1984 1.368 2.534 119.15 —0.000 1.048 53.43 0.012 1.169 141.34

1985 1.216 2.524 148.04 0.088 1.199 72.95 —0.050 1.321 190.41

1986 1.004 1.926 113.49 —0.005 0.984 39.85 0.004 1.186 133.99

1987 1.063 1.805 119.73 0.106 1.055 62.95 —0.039 1.019 173.13

1988 1.578 2.680 99.02 0.027 1.155 45.57 0.034 1.258 100.25

1989 1.057 2.139 125.42 —0.032 0.963 72.27 —0.027 1.007 144.11

1990 1.508 3.214 131.87 0.027 1.498 67.04 —0.011 1.144 121.28

1991 0.927 1.959 165.06 0.038 1.229 104.38 —0.033 1.210 240.50

1992 0.835 2.144 132.95 —0.216 1.298 70.70 —0.127 1.066 170.89

1993 1.465 2.673 111.78 0.087 1.025 45.34 —0.001 1.124 122.04

difficulty. When we use the NWS methodology, it is
necessary to have an estimate of j.t(s1) to use in Equa-
tion (11) and to estimate the standard deviation a(s1).
In field operations, the NWS obtains the estimates of
the means from snow water equivalent mean maps
that are produced by NWS hydrologists. The means
obtained from the mean maps are generated to obtain
30 arc second gridded estimates of snow water equiv-
alent. Consequently, the method used to produce
these means is designed to estimate the 30 arc second
gridded mean areal snow water equivalent, and the
resulting means are most appropriate for use when
estimating 30 arc second blocks of snow water equiva-
lent.

When we use the means from the mean maps to
generate the three cross-validation statistics
(Table 2), we identify the 30 arc second grid cell that
contains the SNOTEL or snow-course site of interest

and use the mean estimate for this 30 arc second cell.
Hence, these 30 arc second gridded estimates of the
means should not be expected to represent exactly the
means at the point sites. Indeed, it is likely that the
means at the sites are somewhat different from the
means obtained from the mean maps. As a result, we
estimated the cross-validation statistics a second time
by using the actual historical means of the data at the
point site instead of the values from the mean map.
Consequently, we have two sets of NWS cross-valida-
tion statistics to compare with the modified elevation-
detrended cross-validation statistics. The first set,
generated using the mean map, represents a worst-
case scenario; this is because the estimates of the 30
arc second gridded means are less accurate estimates
of the point means than those that would be generat-
ed if we were able to apply the mean-map methodolo-
gy to estimate means on a point scale. On the other
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hand, the cross-validation statistics produced using
the historical means are generated under a best-case
scenario. The historical means are probably more
accurate estimates of the means than those that
would be generated if we were able to apply the mean
map methodology to estimate means on a point scale.

Given that we must make the comparisons using
point-scale data, it would be optimal to use a mean
map generated on a point scale rather than one gen-
erated on the 30 arc second scale. Therefore, the more
appropriate but unobtainable set of NWS cross-
validation statistics (computed using a point-scale
mean map) is likely to be more supportive of the NWS
methodology than the set based on the 30 arc second
mean map and less supportive than the set based on
the historical means.

With the issue of mean estimation in mind, we
compare the accuracy and bias in the predictions and
the accuracy of the mean squared prediction errors.
We examine the cross-validation statistics (Table 2)
generated using the NWS methodology and modified
elevation-detrended kriging. We first investigate the
accuracy of the kriging predictions (the most impor-
tant criterion of the three) by comparing the corre-
sponding values of CR31. Notice that, when the
estimated values of snow water equivalent are close
to the actual snow water equivalent values, CR3,1
will be small. When we compare the NWS values of
CR3,1, generated using the mean map, with the corre-
sponding values obtained using modified elevation-
detrended kriging, we find that for 25 of the 33 years
CR3,1 is smaller when computed using the current
NWS methodology. Additionally, for five of the eight
years where the NWS methodology does not produce
the smaller CR3,1 value, there is not a substantial dif-
ference in the corresponding values of CR31 obtained
using the two techniques. When we compare the NWS
values of CR3,1, generated using the historical means,
with the corresponding value obtained using modified
elevation-detrended kriging, we find that for all 33 of
the years CR31 is smaller when computed using the
current NWS methodology.

Looking at CR11, which should be approximately 0,
we find that the absolute value of CR1,1 computed
using modified elevation-detrended kriging is smaller
in nearly all cases than the corresponding absolute
value of the same statistic computed using the NWS
methodology (regardless of which mean is used). This
finding suggests that the estimates obtained using
modified elevation-detrended kriging have less (stan-
dardized) bias than the estimates obtained using the
NWS methodology. Turning to CR21, we find that for
all years the absolute value of 1 — CR21 computed
using modified elevation-detrended kriging is smaller
than the corresponding value of the absolute value of
1 — CR2,1 computed using the NWS methodology

based on the mean map. When historical means are
used, the current NWS methodology is superior in 15
of the 33 years. These results provide evidence that
the kriging variances computed using the NWS
methodology may be somewhat less accurate than the
kriging variances computed using modified elevation-
detrended kriging. Since the whole purpose of these
methodologies is accurate prediction of snow water
equivalent within and across basins, we should take
most notice of CR3,1, where the NWS methodology is
superior. Its performance on CR11 and CR2,1 is clearly
acceptable, although its associated spatial model does
not appear to fit quite as well as that from the modi-
fied elevation-detrended methodology.

To explain the differences when the cross-valida-
tion statistics are compared, we explore the strengths
and weaknesses of both methods. The primary differ-
ence in the two methodologies is the assumption of
stationarity over time. When using the NWS method-
ology, we assume that u1(.), u2(), . . . are independent
and identically distributed over time. On the other
hand, when modified elevation-detrended kriging is
applied, no assumption regarding stationarity over
time is made or required, as the spatial relationship
of snow water equivalent is modeled individually for
each year.

The assumption regarding stationarity over time
can be viewed as an advantage or disadvantage in
both of the methodologies. It might appear that the
stationarity assumption made by the NWS is unnec-
essarily restrictive and does not accurately reflect the
true nature of the process that produces snow water
equivalent. Indeed, our results indicate that predic-
tions have less bias and that mean squared prediction
errors may be more accurate when modified
elevation-detrended kriging is applied. However, by
assuming stationarity over time, one has the advan-
tage of being able to use all of the years of data (all 33
years in the example presented in this research) to
develop a model of the spatial relationship of the
snow water equivalent. Consequently, one has T times
as many observations to model the spatial relation-
ship of snow water equivalent as one does when only
a single year's data are used to estimate the spatial
relationship, as in modified elevation-detrended krig-
ing; this is an important consideration when (as is
often the case) there are only a few observations in a
basin available in any one year. In such cases, the
empirical semivariograms estimated from just one
year's data typically have very large variance. (See,
for example, the empirical semivariograms for years
1961 and 1963 in Figure 2.) Hence, the model of the
semivariogram may be imprecisely estimated and the
spatial estimates that ensue may be inaccurate. In
applications where there are many observations in
any one year (as is typical when spatial estimation
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and prediction techniques are applied to precipitation
data), the more flexible assumption that underlies
modified elevation-detrended kriging may allow for
more accurate kriging predictions.
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In addition to the stationarity assumption, there
are additional advantages and disadvantages associ-
ated with the two methodologies. When modified ele-
vation-detrended kriging is applied, the mean snow
water equivalent at a site is modeled as a function of
geographic characteristics (elevation, slope, etc.) at
the site. In some river basins, there is little variation
in these characteristics at the sampled locations due
to the nature of the data-collection techniques or to
the nature of the basin itself. Consequently, in these
cases, the mean function used for detrending cannot

x

x

be accurately modeled, or there is no relationship
between these characteristics and the mean snow
water equivalent. Furthermore, due to the typically
small number of snow water equivalent observations
in a single year, the accuracy of the estimated func-
tional relationship is a serious concern. On the other
hand, to obtain an estimate of the snow water equiva-
lent at a location using the NWS methodology, mean
snow water equivalent maps are generated by hydrol.
ogists at the NWS on a weekly basis throughout the
snow season. Using mean maps eliminates the prob-
lems of obtaining accurate estimates of the functional
relationship described above. Although the mean
maps are produced from physically based models
using long-term mean precipitation and temperature
data and physiographic information, the accuracy of
the means obtained from the mean maps cannot be
fully determined.

SUMMARY AND CONCLUSIONS

Using the available observed data, which is mea-
sured on a point scale, we have compared the current
NWS methodology with a (modified) elevation-
detrended kriging methodology. When we applied the
NWS methodology, we found it to be superior in terms
of prediction accuracy. We observed this result regard-
less of whether we used a best-case scenario (the his-
torical means) or a worst-case scenario (the mean
map) to estimate the theoretical means. We believe
that this outcome is largely due to the sparsity of
observed data in any one year and the detrimental
effect it has on the prediction accuracy of modified
elevation-detrended kriging. Furthermore, it is possi-
ble that the NWS methodology would appear even
more favorable than modified elevation-detrended
kriging if we were able to apply cross-validation tech-
niques to 30 arc second gridded data, the scale for
which the NWS methodology is designed and is opera-
tionally applied. Our results do suggest, however, that
the standardized bias in the predictions is smaller
and that the kriging variances may be estimated
more accurately when elevation-detrending is applied.

The areal estimates of the snow water equivalent
obtained from spatial prediction models are used as
real-time updates in the hydrologic simulation models
maintained by the NWS to generate water resource
forecasts. These forecasts have a major impact on
decisions regarding water availability for navigation,
disaster emergency service requirements during
flooding, and both the volume and timing of water
supply for irrigation, power generation, and munici-
pal water use. The enormous economic implications
for the western United States of these decisions make
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it imperative that every effort be made to improve the
accuracy of the snow water equivalent estimates.

In the future, we shall continue to investigate fur-
ther potential improvements of the spatial prediction
model in order to increase the accuracy of snow water
equivalent estimates. We shall explore ways to incor-
porate 625 km2 satellite snow water equivalent data
into the estimation procedure. Additionally, because
the NWS obtains snow water equivalent estimates on
a weekly basis, we shall explore the possibility of com-
bining temporal and spatial information when esti-
mates are generated; some simple models are
explored in Huang and Cressie (1995).

APPENDIX A

To obtain the coefficients in Equation (10), we
minimize

var(Zg (80) —

subject to the constraint = 1 (e.g., Cressie,

1991, Section 3.2). This yields the ordinary kriging
coefficients

( (1—1''c)) —1xt=Ict+1—

C 1'-'1 )

where = X2,t, . ' m,t) t = the m x m matrix
whose (i,j) —th element is coy (Z(B),Z(B1)); coy
(Z(B),Z(B1)) =

SB,
SB, aa(s)a(u)cov(D(s), u(u))dsdu / ((B )(B1 )i B I I B1 I),

cov(Zt (s), Z (B1)) =
SB

o(u)cov(u(s), '(u))du / ((B1)I B1 I), (A3)

and

c' = (cov(Z (s0 ), Z (B1)),... , cov(Z (s0 ), Z (Bm))).
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If B = (si) and B1 = (si), then cov(Z(B),Z(B1)) =
cov(Zt(s1),Zt(s1). The integrals above can be evaluated
by numerical integration or some other approxima-
tion. The covariances are modeled as a function of dis-
tance between the sites and the differences in various
geographic attributes between the sites. See, for
example, the model for the North Fork Clearwater
River basin discussed above.

Due to the nature of the covariance structure of the
snow water equivalent values, X is invariant to the
value of 4That is

(1—1'1c?' =?'= c+1 -
(A5)—t — — 1_h1

where

2&=O1, 2' ' km), (A6)

= the m x m matrix whose (ij) -th element is

cov(Z(B),Z(B1))Io, (A7)

and

= (cov(Z(so), Z(B))/, . . .

(cov(Z(s0), Z(Bm))/cY. (AS)

(Al)

(A2)
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