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ABSTRACT

An important part of the water supply in the western United States is derived from runoff fed by mountain
snowmelt. Snow accumulation responds to both precipitation and temperature variations, and forms an interesting
climatic index, since it integrates these influences over the entire late fall-spring period. Here, effects of cool season
climate variability upon snow water equivalent (SWE) over the western part of the conterminous United States are
examined. The focus is on measurements on/around 1 April, when snow accumulation is typically greatest. The
primary data, from a network of mountainous snrow courses, provides a good description of interannual fluctuations
in snow accumulations, since many snow courses have records of five decades or more. For any given year, the
spring SWE anomaly at a particular snow course is likely to be 25%~60% of its long-term average. Five separate
regions of anomalous SWE variability are distinguished, using a rotated principal components analysis. Although
effects vary with region and with elevation, in general, the anomalous winter precipitation has the strongest influence
on spring SWE fluctuations. Anomalous temperature has a weaker effect overall, but it has great influence in lower
elevations such as in the coastal Northwest, and during spring in higher elevations. The regional snow anomaly
patterns are associated with precipitation and temperature anomalies in winter and early spring. Patterns of the
precipitation, temperature, and snow anomalies extend over broad regional areas, much larger than individual
watersheds. These surface anomalies are organized by the atmospheric circulation, with primary anomaly centers
over the North Pacific Ocean as well as over western North America. For most of the regions, anomalously low
SWE is associated with a winter circulation resembling the PNA pattern. With a strong low in the central North
Pacific and high pressure over the Pacific Northwest, this pattern diverts North Pacific storms northward, away
from the region. Both warm and cool phases of El Nifio—Southern Oscillation tend to produce regional patterns
with out-of-phase SWE anomalies in the Northwest and the Southwest.

1. Introduction

Much of the water supply in the western United
States is derived from snowmelt runoff. For example,
it is estimated that 75% of the annual discharge of most
of the major streams in the western United States is
from melting mountain snowpack (Palmer 1988). To-
pography plays a strong role, so that the heaviest snow
accumulations are at middle to high elevation mountain
sites usually with exposures to the west or southwest.
In the Sierra Nevada, which is the primary water-bear-
ing region for California, the snowmelt is derived
mostly from snowpack accumulated during winter
storms at elevations above 1300 m. Precipitation in the
region is very seasonal; most locations west of the
Rocky Mountains have a winter maximum and a sum-
mer minimum. Combined with the annual cycle of tem-
perature, this seasonality produces a spring maximum
in snow accumulation, so that most snow courses attain
their climatological maximum snow water equivalent
(SWE) at about the beginning of April. Snow course
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observations are generally collected on or about the
first of the month during the winter and spring. The
greatest frequency of sampling over the historical pe-
riod is for 1 April.

How much variability occurs in the snow accumu-
lation? A survey of historical snow course records over
the western states indicates that the coefficient of vari-
ation (CV) of 1 April SWE ranges from 20% to well
over 100%. For the 200 snow courses used in this
study, 45 had a CV = 50%, whereas only 23 had a CV
< 25%. This level of variability is comparable to that
of seasonal precipitation over this region (Granger
1977; Changnon et al. 1991). Snowpack accumula-
tions are coherent over scales of at least a few hundred
kilometers; in California, Aguado (1990) showed that
for 28 snow courses across the Sierra Nevada Moun-
tains, over 80% of the variance of SWE was accounted
for by a single principal component.

Although mountain snow accumulations have been
routinely monitored for several years to gauge water
supplies, these measurements have not been fully ex-
ploited as a climate dataset. A comprehensive study of
short period climate variability of snowpack in the
West has not been undertaken, but there are noteworthy
regional examples. In examining snow course records
in the Rocky Mountains, Changnon et al. (1991) dem-
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onstrated that spring snow accumulation serves as a
regional climatic indicator, and Changnon et al. (1993)
derived effects of synoptic atmospheric circulation pat-
terns and a tendency for out-of-phase multiyear shifts
in snow accumulation and associated circulation pat-
terns over the central part of the northern and southern
Rocky Mountains. Concerning El Nifio, Redmond and
Koch (1991) demonstrated that snowfall in Oregon is
significantly biased in years with a low Southern Os-
cillation Index (SOI) relative to those with a high SOI,
and Cayan and Webb (1992) derived the pattern of
SWE over the western United States in conjunction
with the SOL

It is clear that both precipitation and temperature af-
fect the snowpack, but their aggregate impacts are not
entirely clear. There does not appear to be a strong
temperature—snow relation over the entire region
(Walsh et al. 1982; Leathers and Robinson 1993; Karl
et al. 1993). However, anomalous temperature impacts
are evident in spring runoff variations in the Sierra Ne-
vada (Aguado et al. 1992; Cayan et al. 1993). Also,
winter temperature trends appear to be involved in a
decades-long change in the fraction of runoff occuring
in late spring and summer runoff found in the Sierra
Nevada and many other snowmelt-driven streams over
the western United States (Roos 1987, 1991; Wahl
1992; Aguado et al. 1992; Dettinger and Cayan 1995).
Its dependence on temperature makes snow a key di-
agnostic in climate change scenarios (e.g., Gleick
1987; Roos 1989; Lettenmaier and Gan 1990; Jeton et
al. 1995). Temperature and precipitation are not well
correlated during the cool season in the West (Zhao
and Khalil 1993; Cayan and Peterson 1993), so their
individual influences on snowpack should be separable.

In view of the above, the purpose of this study is to
examine a network of mountain snow courses over the
western United States to examine the following issues
associated with the snow accumulation:

1) How does it vary spatially?

2) How is it linked to fluctuations in surface tem-
perature, precipitation, and runoff ?

3) How is it related to atmospheric circulation?

2. Data

For several decades, the United States Department
of Agriculture (USDA) Soil Conservation Service
(SCS) has archived snow observations (depth and wa-
ter content) at several hundred mountain snow courses
in the western United States (Stafford 1959; Work and
Beaumont 1959). Throughout the West, many snow
courses were established in the mid-to-late 1930s.
These programs were instituted in response to the early
1930s western drought, after which congress author-
ized the USDA to develop snow sampling equipment
and conduct snow surveys for water supply forecasting
(Palmer 1988). In California, a similar set of snow
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course samples was commenced in 1929 in major water
supply regions by the California Department of Water
Resources, following over two decades of pioneering
efforts by James E. Church of the Cooperative Snow
Survey Program (Stafford 1959). Since many rivers in
the West are dominated by snowmelt runoff, the snow
surveys programs collect snow data for spring and sum-
mer water supply forecasts. Snow courses are com-
monly sited in sheltered alpine meadows, so that drifts,
blowing snow, and excessive sublimation are mini-
mized. Snow water equivalent is measured with a Mt.
Rose snow sampler, averaged over about 10 samples
at each snow course (Clyde and Houston 1951). More
recently, there are many automated snow sensor ob-
servations available over the western region; these rec-
ords are limited to the last 10—15 years and may have
errors in measuring seasonal accumulation of snow, so
they are not employed in the present study. Most snow
courses are monitored at the beginning (on or about the
first of the month) and sometimes the middle of each
of the substantial snow-covered months, usually from
January or February through May or June. Here, we
use the first of the month snow course samples because
the midmonth samples are generally not available over
the complete record. Snow courses cover a large range
of elevation, from less than 1000 m to over 3000 m.
Most of the lowest snow courses are in the coastal
ranges of Oregon and Washington, while most of the
highest ones are in the southern Sierra Nevada in Cal-
ifornia or the southern Rocky Mountains.

The 200 snow courses employed, shown by dots on
Fig. 1, are from a network of more than 2000 snow
courses in the 11 western states of the conterminous
United States (Palmer 1988; State of California 1991).
Data from Alaska was not employed in the present
study, because it has relatively short records and be-
cause British Columbia sites were not available. Many
snow courses in this network are sited in very close
proximity, so anomalous variability at a particular site
is likely redundant with that of neighboring stations
(Aguado 1990). The 200 snow courses employed were
selected to provide a relatively complete record (most
of them span 1930-1989, and none begin later than
1940). The stations were culled to provide a relatively
uniform spatial sample; the following mix of sites were
included: 5 from Washington, 29 from Oregon, 21 from
California, 3 from Arizona, 9 from Nevada, 25 from
Utah, 32 from Idaho, 27 from Montana, 19 from Wy-
oming, 26 from Colorado, and 4 from New Mexico.
Other studies (Aguado 1990; Changnon et al. 1991)
have demonstrated that there is much regional coher-
ence of the spring snow accumulation within networks
of the snow courses in California and the Rocky Moun-
tain states, respectively, so the results of this study are
not likely to be very sensitive to this choice of stations.

Most snow courses attain their climatological max-
imum snow water equivalent (SWE) at about the be-
ginning of April. Snow course observations are gen-
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FIG. 1. Snow courses (dots and dots enclosed by circles) and stream gauges (solid triangles)
employed in this study. Snow courses enclosed by circles designate those used to calculate
regional averages (Table 1). Stream gauges are identified in Table 1.

£

erally collected on or about the first of the month during
the winter and spring; the 1 April sampling tends to be
the period with the greatest frequency of sampling over
the- historical period. However, some low elevation
sites and some of the southernmost sites experience
maxima as early as 1 February, whereas some of the
high elevation sites have maxima delayed until May.
Of the 200 snow courses employed in this study, 149
had climatological maximum first-of-the-month values
on 1 April, 29 had maxima on 1 March, 19 had maxima
on 1 May, and 3 had maxima on 1 February.
Observations from 1 April are the primary data used
in the present study, but observations from the other
months are also employed to track the seasonal evo-
lution of the snow. Here, 1 April is the most commonly
sampled period over the duration of record probably
because maximum snow accumulation at most stations
is reached in early April. The seasonal progression of
snow accumulation at representative locations is shown
later in the regional SWE composites. Snow depth is
generally measured concurrently with SWE at each
snow course. At the 200 snow courses included here,
. April snow depth and SWE are highly correlated:
nearly all (199) have correlation coefficients = 0.80,

many (160) have correlations = 0.90, and several (84)
have correlations = 0.95.

Atmospheric circulation is represented by Northern
Hemisphere 700 millibar (mb) height, which was ob-
tained from the NOAA Climate Analysis Center. The
700-mb height data employed is monthly averages over
a 10° long. X 5° lat. ‘‘diamond grid’’ since December
1946. The 700-mb height, approximately 3 km above .
sea level, avoids most topographic influences, although
it is exceeded by some peaks in the southern Sierra and
in the central Rockies. This pressure surface is repre-
sentative of monthly seasonal tropospheric circulation
governing North American weather variations (e.g.,
Namias 1978).

Monthly ‘‘divisional’’ data from the National Cli-
matic Data Center (NCDC) are used to represent tem-
perature and precipitation variability over the conter-
minous United States for the period of the early 1900s
through 1989. These are area averages computed from
data for several (usually 20 or more) stations over
quasi-uniform climate districts from each state.
Weather stations employed in the divisional averages
tend to be at elevations lower than the major snow-
laden regions studied here, so some mountain climate
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features may not be well represented. However, tem-
perature and precipitation anomalies at individual high
elevation stations correlate well with those of the di-
visional data (correlations between anomalies of the
middle elevation cooperative stations and those of the
divisional data were mostly =0.8), so we believe the
divisional data is adequate for studying the sought after
climate anomalies.

3. Spatial variability of SWE

As a first look at the spatial variability of the 1 April
SWE anomalies, Fig. 2 gives correlations computed be-
tween the time series at selected snow courses along
several transects: four meridional transects (M1-M4)
and four zonal transects (Z1-Z4). The geographic dis-
tribution of the snow courses resulted in a set of stations
that were not uniformly dispersed along the transect. A
few close neighboring snow courses were included to
test the stability of the correlations. For each transect,
two sets of correlations are shown: correlations be-
tween the snow course at each end of a transect and all
of the snow courses along the transect. Because the
correlations could be affected by peculiarities of the
stations chosen as the end points, a separate analysis
was also performed, using snow courses in the interior
of the transect as the primary sites. Since the results
reinforced those obtained using the stations at the end
points, these plots are not shown.

The correlations along the transects show that the
SWE anomalies are coherent over distances of a few
to several hundred km. The westernmost meridional
transect, M1, contains relatively high correlations
(=0.5) from the end snow course in northern Wash-
ington as far south as a snow courses in south central
Oregon, and from the end snow course in the southern
Sierra Nevada of California to as far north as a snow
course in southern Oregon. Considering all of the me-
ridional transects, the snow courses are quite strongly
correlated throughout the Northwest, but are not well
correlated with those south of about 42°N, the northern
border of California, Nevada, and Utah. The meridional
SWE scales along the interior transects tend to be
shorter than those along the coastal transect. There is a
tendency for northern and southern snow courses to be
out-of-phase, as evidenced by the negative correlations
linking them (see plots of correlations along M1 and
M3). Breaks in the correlations evidently delineate
physiographic provinces—there is a discontinuity
along the coastal domain between the Cascades and the
Sierra Nevada, and there is a break in the interior ranges
at the Snake River Plain between the Northern and
Southern Rocky Mountains. Each of the zonal transects
has significant correlations that extend well into the in-
terior. Correlations exceed 0.5 along the west—east
transects from western Washington through Montana,
from western Oregon through eastern Idaho, from
northern California through western Colorado, and
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from central California to western Utah. Except for the
farthest north zonal transect, correlations beginning
with the eastern end snow courses do not sustain high
levels westward all the way to the West Coast. In north-
ern Colorado, high correlations along the zonal and me-
ridional transects are confined to a few hundred kilo-
meter distances.

Next, to establish the full geographic patterns of
SWE spatial variability, a rotated principal component
analysis (RPC) was performed. As explained by Horel
(1981) and Richman (1986), rotation of the principal
components (PCs) often produces more physically
meaningful patterns and prevents artificial mixing of
modes whose eigenvalues are not well separated. Fol-
lowing Horel (1981) and Barnston and Livezey
(1987), a varimax orthogonal rotation was employed.
This rotation is a linear combination that preserves the
temporal orthogonality of components, but maximizes
the variance of the squared correlation between the
RPCs and the original time series. This maximization
tends to produce spatial loading vector patterns that are
more regionally clustered than those of the original
PCs. Also, the spatial loading patterns are no longer
constrained to be orthogonal.

Before entry in the PC analysis, the individual 1
April SWE anomaly time series were normalized by
their standard deviations. In the present case, 8 PCs
were computed, accounting for 78% of the total 1 April
SWE variance. Upon rotation, 5 RPCs emerged with
spatially coherent, regional-scale  patterns (Fig. 3).
Two tests were performed to judge the sensitivity of
the RPC results: 1) RPCs computed from sets of 5, 6,
10, and 12 PCs yielded little change, namely five dom-
inant RPCs were present with similar spatial patterns
to those from rotating 8 PCs; 2) when the dataset was
split into two equal segments (1930—-1959 and 1960-
1990), five dominant RPCs again resulted, which com-
pared closely to those from the original set. Thus, we
retained our original choice of 5 RPCs derived from 8
PCs computed from the 1930-1989 dataset.

The 5 RPCs, in order of explained variance, have
centers in the following regions: 1) interior Northwest
(Idaho and Montana, Wyoming, northern Utah, and
northern Colorado); 2) California (the Sierra Nevada
and mountainous regions of southern Oregon, Idaho,
and Utah; 3) the Southwest (Arizona, New Mexico,
southern Colorado, and southern Utah); 4) Oregon,
parts of Washington, Idaho, northern California, and
northern Nevada; and 5) Colorado, Wyoming, and
north central Utah. These 5 RPCs collectively explain
about 70% of the variance of the normalized 1 April
SWE anomaly field, and individually account for 28%
to 8% of the variance. Hereafter, for brevity, these
regions are called Idaho, California, New Mexico,
Oregon, and Colorado. In Fig. 3, the spatial loadings
of the RPCs are expressed as correlation coefficients,
where the correlations relate the particular RPC time
coefficients and the original SWE data. The RPCs ac-
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TAEBLE 1. Snow courses, climate divisions, stream gauges for five regions of the western United States (regions selected on basis of RPC
analysis). Latitude and longitude is given in degrees and minutes. Snow courses identified by USDA ID number.

Climate divisions:

yr yr
Snow course 1D begin end N lat W lon Altitude (m)
Regicn 1 Montana
Savage pass, ID 14C04 1937 1990 46 28 114 38 1881
Hoodoo Creek, MT 15C01 1937 1989 46 59 115 01 1799
Skalkaho Summit, MT 13C03 1937 1989 46 15 113 46 2210
Slide Rock Mountain, MT 13C02 1937 1989 46 35 113 34 2165
NCDC climate divisions Idaho div 04 ‘‘Central mountains Montana div 01 ‘“Western’’
Stream gauge Clark Fork River at St. Regis, Montana, USGS gauge no. 12354500, 27 736 sq km.
Region 2 California
Blue Lakes, CA 19L05 1918 1989 38 36 119 55 2439
Upper Carson Pass, CA 19L04 1930 1989 38 42 119 59 2591
Sonora Pass, CA 19L07 1930 1989 38 19 119 36 2683
Marlette Lake, CA 19K04 1915 1989 39 09 119 54 2439
Climate divisions California div 02 ‘‘Sacramento Drainage’’
California div 05 ‘‘San Joaquin Drainage’’
Stream gauge Cosumnes River at Michigan Bar, California, USGS gauge no. 11335000, 1388 sq. km.
Region 3 New Mexico
Nutrioso, AZ 09504 1938 1989 33 54 109 09 2591
Hermatite Park, NM 05NO03 1937 1989 36 40 105 22 2896
Panchuela, NM 05P02S 1937 1989 35 50 105 40 2561
Cascade, CO 07MO05 1936 1989 37 39 107 48 2701
Climate divisions Colorado div 05 ‘‘Rio Grande Drainage Basin’’
New Mexico div 02 ‘‘Northern Mountains’’
Stream gauge Animas River at Durango, Colorado, USGS gauge no. 109361500, 1792 sq. km.
Region 4 Oregon
Fish Lake, OR 22G14 1933 1989 42 23 122 21 1483
Grayback Peak, OR 23G03 1936 1989 42 07 123 18 1829
Hyatt Prarrie Reservoir, OR 22G16 1929 1989 42 11 122 28 1494
North Umpqua, OR 22F16 1937 1989 43 17 122 09 1285
Climate divisons Oregon div 03 ‘‘Southwestern Valleys’’
Oregon div 04 ‘‘Northern Cascades’’
Stream gauge Umpqua River at Elkton, Oregon, USGS gauge no. 14321000, 9539 sq. km.
Region 5 Colorado
Lynx Pass, CO 06J06 1936 1989 40 05 106 40 2707
Nast Lake, CO 06K06 1936 1989 39 18 - 106 36 2652
Park View, CO 06J02 1936 1989 40 22 106 06 2793
Rio Blanco, CO 07J01 1936 1989 40 02 107 17 2591

Colorado div 02 ‘‘Colorado Drainage Basin”’

Colorado div 04 ‘‘Platte Drainage Basin’’

Stream gauge

Roaring Fork River at Glenwood Springs, Colorado, USGS gauge no. 09085000, 3758 sq. km.

count for considerable regional variance, with corre-
lation maxima ranging from 0.7 to 0.9.

The spatial loadings of the RPCs (Fig. 3) are similar
to the transect correlations (Fig. 2) in producing tem-
porally independent modes of variability in close prox-
imity. For example, the RPCs have adjacent centers in
the Colorado and New Mexico regions and also in the
California and Oregon regions. In the latter example,
there is an abrupt delineation between the California
RPC and the Oregon RPC at about the California—
Oregon border. At first glance, this seemed surprising,
since the winter precipitation in Oregon and central
California emanates from similar winter atmospheric
circulation patterns (Klein and Bloom 1987; Cayan and
Peterson 1989). As will be revealed, however, the
snow courses in these two regions are quite different

in their response to seasonal precipitation and temper-
ature anomalies.

4. Regional hydroclimatic variability associated with
SWE

Using the RPC spatial patterns as a guide, we se-
lected five SWE regions to analyze the links between
snow accumulation and regional climate variability.
From each region, four snow courses (Table 1) were
selected to provide a single regional average. The re-
gional average SWE time series begin as early as 1922
and ended in 1989. Each of the four snow courses cor-
relate strongly (in most cases = 0.8) with their re-
spective RPC, and were drawn from the heavily shaded
areas of the RPC patterns in Fig. 3. Their elevations






