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SUMMARY 
As the population and industrial infrastructure of the United States continue to grow, the demand for water 
and the need to forecast water resources accurately are intensifying. Hence, the National Weather Service 
maintains a set of conceptual, continuous, hydrologic simulation models used to generate extended stream- 
flow predictions, water supply outlooks and flood forecasts that are the basis for major water management 
and disaster emergency services decisions for the United States. A vital component of the hydrologic 
simulation models is a snow accumulation and ablation model that uses observed temperature and precipi- 
tation data to simulate snow cover conditions. The simulated model states are updated throughout the snow 
season using snow water equivalent estimates obtained from airborne and ground-based snow water equiva- 
lent data. The National Weather Service has developed a spatial model to obtain integrated snow water 
equivalent estimates for updating the snow model; however, it is designed to incorporate only ground- 
based data. In this research, we describe the spatial model and show how to modify it to include data of 
two different supports (the airborne and ground-based data) so that more precise integrated snow water 
equivalent estimates can be obtained. The results are illustrated on snow data collected in the Upper 
Colorado River basin. 
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1 .  INTRODUCTION 

The demand for water in the United States and the need to estimate water resources accurately 
continue to intensify as agricultural, industrial and societal water requirements soar. To forecast 
water resources, the National Weather Service has developed and maintains a set of conceptual, 
continuous, hydrologic simulation models used to generate extended streamflow predictions, 
water supply outlooks, and flood forecasts that are the basis for major water management and 
disaster emergency decisions for the United States. These forecasts are used by federal, state 
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and private agencies including the U.S. Army Corps of Engineers, the Soil Conservation Service 
(SCS), the Salt River Project, and Southern California Edison. 

A vital component of the hydrologic simulation models is a snow accumulation and ablation 
model that uses observed temperature and precipitation data to simulate snow cover conditions. 
Maintaining reliable estimates of the simulated model states is critical to making accurate 
streamflow and water supply forecasts. To improve the precision of the simulated model states, 
ground-based snow data are periodically collected throughout the snow season by several federal 
and state agencies. These data collected from manual snow course and automated sensor sites are 
incorporated into the snow model to update the simulated model states. 

In addition to the ground data, the National Weather Service collects airborne estimates of 
the water content of snow cover (called snow water equivalent) to update the simulation 
models. The Office of Hydrology in the National Weather Service operates an airborne 
snow survey programme which estimates snow water equivalent over more than 1500 flight 
lines in the United States and Canada. The airborne estimation technique uses the attenuation 
of natural terrestrial gamma radiation by the mass of the snow cover to make airborne 
estimates of snow water equivalent over a flight line that is typically 16 km long and 300 m wide 
covering an area of approximately 5km2. Consequently, each estimate is an average areal 
measure integrated over the 5 km2 area of the flight line. The gamma radiation flux near the 
ground originates primarily from the natural 40K, 238U, and 208T1 in the soil. In a typical soil, 96 
per cent of the gamma radiation is emitted from the upper 20 cm of soil.' After a measure of the 
background (no snow cover) radiation and soil moisture is made over a specific flight line, a 
second measurement of these parameters is made over the flight line when snow is present. (To 
obtain the soil moisture measurements, SCS personnel gravimetrically evaluate the water content 
of core samples taken along the flight line.) After adjusting for differences in soil moisture, 
hydrologists at the National Weather Service are able to estimate the average areal snow water 
equivalent over the flight line based on the attenuation of the radiation signal due to the 
snowpack.2 

Updating the National Weather Service hydrologic model with accurate, real-time, remotely 
sensed snow cover estimates is essential to effective water resource forecasting and management, 
particularly in the West. The use of streamflow simulation models in snow-covered areas is 
substantially improved when accurate input data are acquired on a real-time bask3 According to 
Castruccio et af.,4 the benefit of even a small improvement in the precision of streamflow 
predictions could be as high as $10 million for hydropower and $28 million for irrigation annually 
in the West. In one example, the 1985 flood in Fort Wayne, Indiana, the savings in flood costs (e.g. 
property damage costs and lost business revenue) attributed to the use of real-time airborne snow 
water equivalent estimates alone were estimated to be approximately $2.4 m i l l i ~ n . ~  

Until recently, in the mountainous areas of the Western United States, accurate estimation of 
snow water equivalent in regions where no airborne or ground-based data are collected has been 
impossible. In this research, we describe the spatial modelling techniques that enable the National 
Weather Service to use the ground-based data to estimate the snow water equivalent in areas 
where no observed data are available. The gridded estimates obtained from the spatial model are 
used to estimate the average areal snow water equivalent over a river basin. The estimate of the 
basin average is used to update the model states in the snow accumulation and ablation 
simulation model. 

The major objective of our research is to develop a means to incorporate data of two 
different supports (specifically the ground-based and the airborne data) into the spatial 
model used to estimate integrated snow water equivalent. The estimates of snow water 
equivalent obtained from both airborne and ground-based data will improve inputs to update 
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the National Weather Service conceptual hydrologic models used to forecast streamflow 
and water supply. We illustrate the methodology with data collected in the Upper Colorado 
River basin. 

2. SPATIAL MODELLING USING GROUND-BASED DATA 

To obtain precise estimates of snow water equivalent, the National Weather Service developed a 
spatial prediction model that incorporates the ground-based data.6 The model relies on the 
spatial correlations among the data and geostatistical techniques (e.g. Journel and H~ijbregts,~ 
Cressie’) to estimate the snow water equivalent in areas where no observed data exist. The data 
used to estimate the spatial relationships of the snow water equivalent have been collected over 
several years on specific days at numerous snow course sites. Hence, we have both spatial and 
historical information about snow water equivalent at each of the snow course sites where 
observations are obtained. 

It is widely recognized’ that the precipitation in the West varies widely from point to point 
(even for sites close together) due to orography. Furthermore, from historical data it is evident 
that the variances of the snow water equivalent are not constant from site to site. In the first stage 
of model development, the raw snow water equivalent data obtained from the snow course sites 
are standardized to have mean zero and variance one. The mean and standard deviation of the 
snow water equivalent for every observed snow course site on a specific date are estimated from 
historical observations taken at the sites on the day of interest. Standardizing the data prior to 
modelling is necessary for two reasons. First, the large orographic effect in the West may cause 
the mean precipitations to vary greatly between two locations that are close together. Accounting 
for the substantial large-scale variation among sites is essential to building a spatial model that 
will accurately estimate snow water equivalent at sites where no observed data are collected. 
Secondly, the variance of the snow water equivalent from location to location must be constant 
to apply the spatial model used in this research. 

The standardized snow water equivalent for a specific data, Z(si) ,  at location si ,  i = 1, . . , , n, 
where n is the number of observations, is computed as follows: 

z(si) = (Y ( s i )  - P(s i ) ) / ’4 s i )>  

where Y ( s , )  is the unstandardized snow water equivalent, p ( s i )  the mean snow water equivalent, 
and r ( s i )  the corresponding standard deviation at location si on the date of interest. It is assumed 
that a(s),  defined to be the variance of the snow water equivalent at location s, is finite for all s in 
the spatial domain of interest. 

To obtain estimates of the snow water equivalent where no observations are collected, we use 
simple kriging of the standardized data. That is, we assume that Z(si) is the realization of a 
random process. To estimate Z ( s o ) ,  where so is a site at which no observed datum exists, we use 
the best linear predictor (Cressie,8 p. 110) 

n 

Z(s,)  = c X i Z ( S j ) .  
i =  I 

The coefficients { X i }  are obtained by minimizing 
/ n \ 
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with respect to { A i } ,  which is equivalent to minimizing 

The resulting simple kriging coefficients are 

1 = r ' c ,  

where 

C = the n x n matrix whose (iJ) element is cov (Z( s i ) ,  Z ( S ~ ) ) ~  

and 

is called the simple kriging variance (or mean squared prediction error); we denote it by Mz(so) .  
Upon substitution of 1 = C-lc, we obtain 

Mz(so) = 1 - c'c-lc. 

To obtain the covariances necessary to solve for 1, the National Weather Service uses historical 
data acquired at the snow course sites to estimate site-to-site covariances of the standardized 
observations and then models the covariance between two sites as a function of distance; for 
example, see the case of the Animas River basin, discussed below. 

After the estimate Z(%) has been obtained, the estimate of the raw snow water equivalent 
Y(sg) is easily computed provided estimates of p(sg) and &,) are available. Specifically, 

Y(SO) = 4so) i ( so )  + CLtso), 

MY(%) =  so). 

with simple kriging variance 

The mean snow water equivalent, p ( s i ) ,  for any site in the West on a specific date can be 
estimated using a snow accumulation and ablation model which accounts for precipitation, 
temperature, and melt rate at the The melt rate is a function of aspect and forest cover. 
Mean maps generated in this manner have been compiled by National Weather Service personnel 
for regions of the West for specific dates, To estimate the standard deviation at a specific site, we 
use the observed snow course data to develop a model of the standard deviation as a function of 
the mean (which are both functions of location). Using this model and the estimate of the mean 
p(%) obtained from a mean map, we are able to obtain an estimate of the standard deviation 
u(%) and, hence, of f(s,,). 
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3. SPATIAL MODELLING USING GROUND-BASED AND AIRBORNE DATA 

To carry out simple kriging as described above, the data must have the same level of aggregation 
(level of support). In our application, the ground-based data have point support. The airborne 
snow water equivalent estimates obtained from each flight line cover an area of approximately 
5 km2, an area much larger than the point data. Hence, to include the airborne snow water 
equivalent estimates into the analysis, we must adapt the model to accommodate data of different 
supports (e.g. Cressie,8 Section 5.2). If the airborne data are incorporated into the estimation 
procedure, it is expected that the estimates of the snow water equivalent obtained from simple 
kriging will be more precise. 

For flight line B;, let Y(s) be the unstandardized value of the snow water equivalent for 
location s E B; and 

represent the area of the flight line. The aggregated unstandardized snow water equivalent (in 
inches) for flight line B;, which is obtained using the airborne gamma radiation detection 
technique, is 

Y(Bj) = Y(s)ds/ IB; 1 .  
14 

(See Cressie,' p. 106, for conditions that properly define the above integral.) Hence, the 
standardized snow water equivalent is 

z * ( B i )  = (Y(Bi) - p(B; ) ) /4B i ) ,  

where p ( B i )  and a(Bi) are the mean and standard deviation, respectively, of the snow water 
equivalent for the flight line. 

The mean, p ( B i ) ,  is 

The variance of the snow water equivalent for the flight line is 

a 2 ( ~ ; )  = var Y(Bi) = var (1 Y(s)ds/ IB; 1) 
Bi 

cov (Y(s) Y(u))dsdu/ I Bi l 2  
= f B i  / B i  

'T (s )~(u)  cov (Z(s),Z(u))dsdu/ IBi l 2  
= / B ,  I B ,  

Using both the ground-based and airborne data, the best linear predictor of Z(%) is 

Z ( S g )  = Cxiz*(B;): 
i= 1 

where n is the total number of the ground-based and airborne observations, and if the ith 
observation is ground-based, Bj = { s i }  and Z * ( B j )  = Z(si). 
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To obtain the coefficients { X i } ,  we minimize 

and 

C' = (COV (Z(so),Z*(BL)), . , . ,COV (Z(So) ,Z*(E, t ) ) .  

If Bi = {si} and Bj = { s j } ,  then 

cov (Z*(B , ) ,  Z*(Bj)) = cov (Z(Si) ,  Z(Sj)). 

In applications, the integrals above can be evaluated by numerical integration or some other 
approximation. 

4. APPLICATION TO DATA COLLECTED IN THE UPPER COLORADA RIVER BASIN 

To illustrate how one incorporates both the airborne and ground-based data into the simple 
kriging procedure, we provide an example using snow water equivalent data collected in the 
Animas River basin in southwest Colorado. the data set is taken from thirteen snow course sites 
(ground-based data) and four flight lines, and the model is developed from 1 April ground-based 
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data collected over a 38 year period. We use the 1 April 1992 airborne and ground-based data 
(measured in inches) to obtain a kriging estimate of the snow water equivalent for a location 
(107.75 degrees longitude, 37.75 degrees latitude) where no observed datum exists (see Figure 1). 
This site was selected for illustrative purposes only, however, the methodology used to estimate 
the snow water equivalent at this site can be used to obtain an estimate for any site in the basin. 

From Figure 1, one can see that all of the observed data are collected in the northern part of the 
basin. However, estimation in the southern part of the basin is feasible for the following three 
reasons. The snow water equivalent tends to be much greater in the northern part of the basin 
than in the southern part. Because the level of snow water equivalent in the southern part of the 
basin is typically small and, hence, does not play a large role in the hydrologic cycle of the region, 
the most important place to obtain accurate estimates is in the north. Secondly, the procedure 
that we apply obtains the deviation of the snow water equivalent at a site from the mean at the 
site (in standardized form). We transform to the unstandardized value of the snow water 
equivalent using the mean obtained from mean maps prepared by hydrologists at  the National 
Weather Service. The mean maps are generated from a snow accumulation and ablation model 
that accounts for precipitation, temperature, and melt rate at each site and can be produced for 
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Figure 1. The Animas River basin in southwest Colorado with snow course sites, flight lines, and site to be kriged 
(estimated) 
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any specified date. Hence, the large-scale variation (that accounts for most of the snow water 
equivalent) is modelled using the mean maps. Finally, the areal extent of snow cover in the basin 
is determined from satellite images obtained from GOES and AVHRR satellite data. Regions 
with no snow are identified by the National Weather Service and have snow water equivalent 
values set to zero. 

The first step in the analysis involves standardizing the raw 1 April 1992 estimates of snow 
water equivalent obtained from the snow course and airborne sites. The observations from the 
snow course sites are standardized using estimates of means and standard deviations calculated 
from historical data. 

Because the airborne data collection technique has been used for just one year in the Animas 
basin, estimates of means and standard deviations along the flight lines are not available from 
historical observations. Moreover, when flight lines are established, a primary consideration is 
the topography of the land; consequently, the flight lines in the Western U.S. are typically not 
straight and are not identically laid out. Hence, when estimating the means and standard 
deviations of the snow water equivalent for the flight lines, and the covariances between a point 
and a flight line and between two flight lines, it is necessary to approximate the integrals in the 
equations above. For this reason, each flight line was divided into smaller sections of 
approximately equal area along the path of flight. The number of sections, ni,  in flight line Bi 
varied with each flight line depending upon length and ranged from 47 to 65. Associated with 
each section, we determined the longitude and latitude of the centre and estimated the average 
areal snow water equivalent for the section, p ( s k ) ,  from the 1 April areal mean map using a 
weighted average of the means found in the section. The mean maps used to estimate the mean 
snow water equivalent for the flight line are the same as those described above that are used to 
transform the standardized snow water equivalent estimate to the unstandardized estimate at a 
particular site. The weights are proportional to the sizes of the corresponding areas covered by 
the various means in the section. Hence, we estimate p ( B i ) ,  the average snow water equivalent for 
a flight line, with 

where fi(sk) is our estimate p(sk) .  
To compute o(Bi),  the standard deviation of the snow water equivalent along the flight line, it 

is necessary to have estimates of the standard deviations, { ~ ( s ~ ) } ,  of the points within the flight 
line. Additionally, estimates of the covariances of the standardized snow water equivalent values 
for sites at specific distances apart are required. 

The estimates of the standard deviations of the snow water equivalent for the flight lines are 
calculated as follows. The means and standard deviations of the snow water equivalents at the 
snow course sites for 1 April were estimated from 38 years of historical data. Based on the plot of 
the standard deviation against the mean, we selected the following model to estimate the standard 
deviation as a function of the mean: 

The estimates of the constants C1 and C, obtained from non-linear least squares are 1.487 and 
0.5 1 1, respectively. In Figure 2 we display the plot of the standard deviation versus the mean for 
the thirteen sites along with a plot of the fitted model. 

The estimates of the covariances of the snow water equivalent between two sites are obtained 
using historical data. For all pairs of the thirteen snow course sites in the Animas basin, 
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Figure 2. Graph of standard deviation of snow water equivalent (inches) versus mean snow water equivalent (inches) for 
the thirteen snow course sites with a plot of the fitted model that relates standard deviation to the mean 
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covariances were calculated from standardized historical data. The covariance between two sites, 
cov (Z(s), Z(u)), is modelled as an exponential function of distance. Specifically, we model the 
covariance (in this case the correlation because the data are standardized) as 

s = u, 
cov (Z(s),Z(u)) = 

{:exP(-Blls-ul,), s f u ,  
(3) 

where I I s - u I I is the distance in nautical miles between sites s and u, and 0 < A 5 1, B > 0 are 
covariance parameters to be estimated. The isotropic function (3) was selected because it fit the 
data well and is a positive-definite variance-covariance model. The weighted non-linear least 
squares estimates of A and B and d = 0.886 and B = 0.006, yielding the fitted model c6v defined 
by (3). The weights used are proportional to { 1 - A exp(-B 11s - ~ l l ) } ~ ’ ,  as recommended by 
Cressie.” In Figure 3 we display a plot of the site-to-site covariances versus distance with 
the covariance model superimposed. From this figure, one can see that for larger distances the 
correlation remains quite strong. For example, at a distance of 50 nautical miles, the correlation 
is nearly 0-66, and it is not until two sites are separated by more than 95 nautical miles that the 
correlation drops below 0.5. 

The isotropy assumption in (3) can be checked by fitting covariance models to empirical 
covariances, in various directions. That is, we entertain the possibility that cov ( Z ( s ) ,  Z(u)) is not 
a function of 1 1  s - u I I (but is still a function of s - u). Because of the orientations of the Animas 
River basin (Figure l), the natural directions of anistropy to try are east-west (E-W) and north- 
south (N-S). Using f45” tolerance angles, we plotted and fit E-W and N-S exponential functions 
of the form of (3), constrained so that the two values of A were the same. The anisotropy is 
controlled by possible differing values of B. From the results of the weighed non-linear least 
squares fits, we find no evidence to depart from the assumption, used by the National Weather 
Service, that cov (Z(s), Z(u)) is a function of distance, I I s - u I I. 

Positive-definiteness of (3) is important because it guarantees that all variances calculated from 
the model are non-negative. This includes variances involving both point (ground-based) and 
line/area (airborne) data. It is sufficient to specify positive-definiteness of point-to-point 
covariance in (3) because lines and areas are obtained by integrating up the appropriate points. 

We are now able to obtain the estimated standard deviations and covariances required to 
estimate a2(Bj ) ;  that is, 

n,  n. 

2 ( B i )  = y &(Sk)i?(S/) cciv (Z(s,), Z(s,))/nf. 
k = l  / = I  

Then 

Having standardized the data, we now turn to the computation of CP’ and c.  The point-to- 
point covariances, cov (Z(sk), Z ( s / ) ) ,  are easily computed from equation (3). To compute the 
covariances between the two flight lines and between a flight line and a point observation, we 
approximated the integrals in equations (1) and ( 2 )  by finite sums. That is, the flight lines were 
segmented as described above and the covariances were computed as 

c6v(Z*(Bi),Z*(B,)) = X&(S~)~(S/)  C ~ V ( Z ( S ~ ) , Z ( S ~ ) ) / ( ~ ( B ; ) ~ ? ( B ~ ) ~ ~ ~ ~ )  
k = l  / = I  
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and 
“j 

/= 1 

c8v (Z(S i ) ,  Z * ( B j ) )  = c 6 ( S / ) ,  c8v (Z(S i ) ,  Z(S/)) / (6(Bj)rI j ) .  

Approximations are required because as previously mentioned the flight lines are irregular and 
the integrals in (1) and (2) cannot be computed in general. 

Having calculated the covariances and the standardized values of both the ground-based and 
airborne observations, we compute 

)L = c-‘c,  

Z ( s o )  = C & Z * ( B i )  = -1.041, 
I =  1 

with simple kriging variance 

MZ(s0) = 1 - c’C-IC = 0.139. 

Consequently, 

Y ( s o )  = 6(so)Z(s0)  + b(sg) = 15.864 inches, 

with simple kriging variance 

M y ( s O )  = &2(so)Mz(so) = 7,321 (inches)2. 

An approximate 95 per cent prediction interval (e.g. Cressie,8 p. 122) for the snow water 
equivalent at so is ( Y ( s o )  - 1.96My(~0)1’2, Y ( s o )  + 1.96My(so)1’2) = (10.561,21.167) inches. 

To illustrate the effect of incorporating the airborne data, we estimated the snow water 
equivalent at the same site (107.75 degrees longitude, 37.75 degrees latitude), but now using only 
the thirteen snow course sites to obtain the predicted value. For this case, Y ( s 0 )  = 21.494 inches, 
and the approximate 95 per cent prediction interval is (15.947,27.041) inches. The point estimate 
of the snow water equivalent is changed substantially when the airborne data are omitted, and the 
approximate confidence interval is 4.6 per cent wider. Thus, the inclusion of the airborne data 
(with different support from the snow course data) has led to substantial improvement in local 
accuracy of the estimate and some improvement in precision. 

5. DISCUSSION AND CONCLUSIONS 

The economic implications of optimal water resource management in the United States are 
enormous. Industrial, agricultural, and societal demands increase while supplies continue to 
dwindle. Consequently, accurate estimation of water resources becomes increasingly critical. 
Hence, it is imperative that the National Weather Service use all of the ground-based and 
airborne data to estimate snow water equivalent accurately and precisely when updating the 
hydrologic simulation models. The simulation models are a major source of information when 
forecasts are made of water availability for navigation, disaster emergency service requirements 
during flooding, and both the volume and timing of water supply for irrigation, power 
generation, and municipal water use. Having accurate real-time updates of snow water 
equivalent to include in the hydrologic simulation model is essential. 

The primary focus of this research has been to derive a means to incorporate the airborne snow 
water equivalent observations into the kriging estimate of average snow water equivalent in a 
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river basin. By including the airborne data, the estimate of the average snow water equivalent 
should be substantially improved. The improvement is due primarily to two factors. First, 
including the airborne data provides a larger set of observations to generate the kriging predictor. 
Second, the airborne snow water equivalent estimates are typically more representative than the 
ground-based estimates. The airborne estimate is an average areal measure integrated over a 
much larger region than the point data and, moreover, it does not suffer from the same errors of 
data collection techniques that sometimes produce inaccuracies in the ground-based data. 

The National Weather Service is in the initial stages of implementation of the spatial prediction 
model, however, the benefits of the improved estimates of snow water equivalent are already 
being acknowledged. The improvement in estimation accuracy that is expected from the 
incorporation of the airborne data into the kriging estimates should expand our capacity to 
make critical water resource decisions wisely. 

To improve further the precision of snow water equivalent estimates, our future research will 
be oriented toward making additional refinements to the spatial prediction model. We will 
consider the advantage of modelling the measurement errors in both the ground-based and the 
airborne estimates and the benefits of using a variogram model in place of the covariogram model 
when estimating spatial relationships. Finally, because the National Weather Service ultimately 
plans to obtain snow water equivalent estimates on a weekly basis, we will explore the possibility 
of combining temporal and spatial information when estimates are generated. 
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