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Abstract. Snow-water equivalent (SWE) data measured at several hundred montane sites
in the western United States are used to examine the historic effects of El Nino and La
Nina events on seasonal snowpack evolution in the major subbasins in the Columbia and
Colorado River systems. Results are used to predict annual runoff. In the Columbia River
Basin, there is a general tendency for decreased SWE during El Nino years and increased
SWE in La Nina years. However, the SWE anomalies for El Nino years are much less
pronounced. This occurs in part because midlatitude circulation anomalies in El Nino
years are located 35° east of those in La Nina years. This eastward shift is most evident in
midwinter, at which time, SWE anomalies associated with El Nino are actually positive in

coastal regions of the Columbia River Basin. In the Colorado River Basin, mean
anomalies in SWE and annual runoff during El Nino years depict a transition between
drier-than-average conditions in the north, and wetter-than-average conditions in the
southwest. Associations during La Nina years are generally opposite those in El Nino
years. SWE anomalies tend to be more pronounced in spring in the Lower Colorado
River Basin. Our predictions of runoff reveal modest skill for scenarios using only historic
El Nino and La Nina information. Predictions based on the water stored in the seasonal
snowpack are, in almost all cases, much higher than those based on El Nino-Southern
Oscillation (ENSO) information alone. However, combining observed midwinter snow
conditions with information on seasonal snowpack evolution associated with ENSO
improves predictions for basins in which ENSO signals exhibit strong seasonality.

1. Introduction

Variability in water resources over the western United States
has numerous socio-economic impacts. Annual water con-
sumption in the semiarid western United States averages 44%
of renewable supplies, compared with 4% in the rest of the
country [el-Ashry and Gibbons, 1988]. In the Colorado River
Basin and southern California, groundwater is being mined
and water supplies are being imported from adjoining states.
Trade-offs among urban, agricultural, and environmental wa-
ter needs have increased electricity transfers between the
northwest and southwest regions during their respective peak
and low periods [Pulwarty and Redmond, 1997]. The U.S. Bu-
reau of Reclamation has indicated that during a dry period
such as occurred from 1931-1940 the current water needs of
the lower Colorado River Basin would not be met [el-Ashry and
Gibbons, 1988]. In terms of flood hazard the severe flooding of
the lower Colorado River Basin in spring 1983 resulted in $80
million of economic losses [Rhodes et al., 1984]. Management
of water in the western United States hence represents a for-
midable challenge. Managers must retain as much water as
possible in reservoirs to meet the needs of irrigation, hy-
dropower generation, domestic consumption, and recreation,
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while still providing space in the reservoirs to protect down-
stream farms, homes, and businesses from flooding.

Of fundamental importance in developing water manage-
ment strategies is knowledge of the state of the spring snow-
pack and its variability. In the montane regions of the western
United States, between 50% and 70% of the annual precipi-
tation falls as snow [Serreze et al., 1999] and is largely stored
through the winter season. Knowledge of the water equivalent
of the spring (e.g., April 1) snowpack can thus provide a useful
approximation of annual runoff. This source of predictability
was recognized early this century. Measurements of the sea-
sonal snowpack in California began in the 1910s, and became
much more widespread in the late 1930s, partly in response to
the western drought of 1934.

The past decade has seen growing interest in understanding
large-scale precipitation and temperature signals associated
with the El Nino-Southern Oscillation (ENSO) [Cayan and
Peterson, 1990; Koch et al., 1991; Redmond and Koch, 1991;
Cayan, 1996; McCabe and Dettinger, 1999; Wolter et al., 1999].
This interest stems from the knowledge that El Nino and La
Nina conditions are persistent and that their onset can be
predicted several months in advance. El Nino (warm) events
are characterized by above normal sea surface temperatures
(SSTs) in the eastern tropical Pacific Ocean and increased
tropical convection and precipitation near and east of the date
line. During La Nina (cold) events, SST anomalies generally
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oppose those in El Nino events, but the negative anomalies in
tropical convection and precipitation are smaller in magnitude
and do not extend as far east [Hoerling et al., 1997]. These
tropical anomalies perturb the atmospheric circulation in mid-
latitudes. In warm events the enhanced tropical convection
results in intensification of the Hadley circulation and a
strengthening and eastward extension of the Pacific subtropical
jet. This is accompanied by deepening of the Aleutian Low in
the North Pacific Ocean and amplification of the northward
branch of the tropospheric wave train over North America,
resulting in a characteristic “split flow” [e.g., Bjerknes, 1969;
Horel and Wallace, 1981; Rasmusson and Wallace, 1983]. The
midlatitude response to cold events is generally characterized
by weakening of the subtropical jet and dampening of the wave
train over North America. However, owing to the lack of sym-
metry in tropical convection patterns between warm and cold
events, sea level pressure and 500 hPa height anomalies during
warm events are shifted, on average, 35° east of those in cold
events [Hoerling et al., 1997].

In an analysis of hydrologic impacts of ENSO over the west-
ern United States, Cayan and Webb [1992] computed correla-
tions between the Southern Oscillation index (SOI) (a simple
measure of the phase/strength of ENSO) and April 1 snow-
water equivalent (SWE) and between the SOI and annual
runoff. They showed SWE and annual runoff to be positively
correlated with the SOI in the northwestern United States but
negatively correlated with the SOI in the southwestern United
States. This suggests that El Nino (La Nina) events lead to
decreased (increased) SWE and annual runoff in the north-
west, and increased (decreased) SWE and annual runoff in the
southwest. Other studies provide similar findings [Cayan and
Peterson, 1990; Koch et al., 1991; Redmond and Koch, 1991;
Cayan, 1996]. These results reflect the perturbations in atmo-
spheric circulation described earlier. In El Nino years the am-
plified northern branch of the wave train over North America
is associated with higher temperatures over the northwestern
United States and Canada, and tends to deflect storm systems
northward toward Alaska, decreasing mean precipitation over
the Pacific Northwest. Farther south, the strengthened sub-
tropical jet entrains more moisture from the Pacific Ocean,
which, combined with the increased cyclonic shear on the jet’s
poleward flank, increases the likelihood of precipitation over
the southwestern United States. In La Nina years a southward
shift in the Pacific storm track is associated with a mean in-
crease in precipitation over the Pacific Northwest. Over the
southwestern United States, the weakened subtropical jet de-
creases the likelihood of precipitation.

Most previous studies have examined ENSO relationships
with respect to seasonal mean temperature and precipitation
or April 1 snowpack conditions. Not widely examined is how El
Nino and La Nina events modulate the seasonal evolution of
the montane snowpack. Since many water management deci-
sions are based not on April 1 conditions, but on snowpack
conditions 2-3 months prior to peak accumulation, knowledge
of differences in ENSO signals through the snow accumulation
season can aid in the development of more effective strategies
for water management in river systems dependent on snow
melt. For example, if high spring runoff is expected, managers
may release water from reservoirs in winter to generate addi-
tional hydropower. In consideration, the present study focuses
attention on the two major river basins in the western United
States, the Columbia and the Colorado, and addresses the
following questions: (1) What are the mean differences in the

Figure 1. Locations of (top) snow course sites and (bottom)
stream gauges in the western United States.

seasonal evolution of the montane snowpack within the Co-
lumbia and Colorado River systems during El Nino and La
Nina years? (2) To what extent can knowledge of the season-
ality in ENSO associations be used to predict runoff?

2. Data
2.1.

We employ snow-water equivalent (SWE) data collected
manually at permanent snow courses maintained by the U.S.
Department of Agriculture (USDA) cooperative snow survey
program. The program is coordinated by the Natural Re-
sources Conservation Service (NRCS), which has partners con-
ducting measurements in Arizona, Colorado, Idaho, Montana,
Nevada, New Mexico, Oregon, South Dakota, Utah, Washing-
ton, and Wyoming. The California Department of Water Re-
sources has an independent program. The locations of snow
courses included in the USDA archive are illustrated in Figure
1. The number of snow course locations visited started with
<10 in the 1910s to almost 2000 in the 1970s (Figure 2). SWE
is generally measured on or about the beginning of each month

Snow Course Data
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Figure 2. Number of snow course sites visited and number of
valid stream gauges in each year. For a stream gauge to be
valid, it must have complete daily records for the entire water
year. The recent decrease in the number of snow courses
visited reflects increasing reliance on the SNOTEL system.

from January through June. Additional measurements may be
taken in the middle of the month if knowledge of snowpack
conditions is deemed critical. Snow courses are most fre-
quently measured at the beginning of April (Figure 2), repre-
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senting the peak SWE in many regions. The frequency and
timing of the measurements vary considerably with locality,
nature of the snowpack, difficulty of access, and cost [Natural
Resources Conservation Service (NRCS), 1988]. (The snow
course data were obtained from the USDA NRCS anonymous
ftp server wecdmp.wcec.nres.usda.gov.)

SWE is measured by pushing a tube down through the snow-
pack to the ground surface and extracting a core, weighing the
tube with its snow core and subtracting the weight of the empty
tube. Between 5 and 10 cores are taken at regular intervals
along each snow course. The average of all samples is used to
represent the snow course value. Generally, the courses are
~1000 feet (305 m) long and are situated in small meadows
protected from the wind [NRCS, 1988]. Possible problems with
the snow course measurements include changes in vegetation
(and hence patterns of snow accumulation) along the snow
course, the inability to measure at every snow course site on
the first day of every month, and errors in data entry. We
undertook no quality control of the snow course data. The
effects of any errors in the data set will tend to be reduced
through use of basinwide SWE estimates (described in section
23).

The snow course data are used because of the long record
lengths available. Another source of SWE data is snowpack
telemetry (SNOTEL) records, available for over 600 sites in
the western United States [Serreze et al., 1999]. SNOTEL sites
arc automated and unattended and measure SWE using snow
“pillows,” which measure the weight of the overlying snow-
pack. Data are transmitted to a receiving station on a daily
basis. SNOTEL was designed to provide cost-effective data
from high snow accumulation regions throughout the western
United States to supplement and, to some extent, replace
monthly snow course records (note in Figure 2 the recent
decline in the number of snow course sites visited). While
SNOTEL sites have the advantage of daily resolution (and also
provide precipitation and temperature measurements),
records at most sites extend back only to the early 1980s,
largely precluding assessments of variability related to ENSO.
We use these data to assess mean seasonal cycles in SWE.
Serreze et al. [1999] summarize western U.S. SWE conditions
using the SNOTEL archive.

2.2. Stream Flow Data

Daily stream flow data from 489 active and discontinued
stream gauges throughout the western United States (Figure
1) were extracted from the U.S. Geological Survey on-line
database (available at http://waterdata.usgs.gov/nwis-w/US/)
for water years 1949/1950 to 1996/1997. These gauges were
located in basins identified by Slack and Landwehr [1992] as
being free of anthropogenic influences, such as flow diversion
or augmentation, regulation of the streamflow by containment
structures, reduction of base flow by extreme groundwater
pumping, or changes in land use (e.g., deforestation) within the
basin. Because of extensive regulation of water in the West,
there are much fewer valid stream gauges available for analysis
than snow course sites (Figure 2). However, as described in
section 2.3, measurements of streamflow integrate heteroge-
neities in surface climate across a drainage basin.

23. Computation of Basin-Wide SWE and Runoff
Estimates

To focus attention on regional-scale associations, basinwide
estimates of SWE and runoff are computed for major subba-
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COLUMBIA

Pend-Orielle

Figure 3. Snow course sites (circles) and stream gauges (triangles) in subbasins within the Columbia and
Colorado River Basins. See Table 2 for additional information.

sins in the Columbia and Colorado watersheds. Snow courses
and stream gauges were classified into drainage basins based
on the Hydrologic Unit Code [Seaber et al., 1987]. For the
Columbia River the subbasins selected within the United
States are the (1) Upper Columbia and Yakima, (2) Pend
Orielle and Kootenai, (3) Snake River, and (4) Lower Colum-
bia (Figure 3). The subbasins selected in the Colorado River
Basin include the (1) Upper Green, (2) Colorado Headwaters,
the White River, and the Yampa, (3) San Juan, Gunnison, and
Dolores, and (4) Lower Colorado (Figure 3). Further descrip-
tions of these basins and the number of snow courses and
stream gauges available within them are provided in Tables 1
and 2.

While there are a large number of snow course sites and
stream gauges available in each basin, there are few with com-

plete records (Table 2). Estimating regional-mean SWE and
annual runoff by simply averaging all sites available in each
year may result in biases especially if the mean elevation (or
aspect) of the snow course sites that are visited in a basin varies
markedly over time. To correct for such biases, the time series
for each snow course were converted into a series of z scores
(by subtracting the long-term snow course mean and dividing
by the snow course standard deviation). For each year the z
scores were then averaged for all snow courses reporting in the
basin. We then averaged the long-term mean and standard
deviation for all snow courses in the basin, and used these
values to convert the basinwide z score time series back to units
of water equivalent (mm). To be included in the basinwide
averages, a snow course must have been visited on at least 50%
of the years between 1951 and 1996. For a given year and
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Table 1. Description of the Selected Subbasins®
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Basin

Description

Columbia River Basin
Upper Columbia and Yakima
Subregion 1702

Columbia River Basin within the United States above the confluence with the Snake

River Basin, excluding the Yakima River Basin

Subregion 1703
Pend Orielle and Kootenai
Subregion 1701
Snake
Subregion 1704, Upper Snake
Subregion 1705, Middle Snake
Subregion 1706, Lower Snake
Lower Columbia
Subregion 1707, Middle Columbia

Yamima River Basin

Kootenai, Pend Orielle, and Spokane River Basins within the United States
Snake River Basin to and including the Clover Creek Basin

Snake River Basin below the Clover Creek Basin to Hells Canyon Dam

Snake River Basin below Hells Canyon Dam to its confluence with the Columbia

Columbia River Basin below the confluence with the Snake River Basin to

Bonneville Dam

Subregion 1708, Lower Calumbia
Subregion 1709, Willamette
Colorado River Basin
Upper Green
Subregion 1404, Great Divide-Upper Green

Columbia River Basin below Bonneville Dam, excluding the Willamette Basin
Willamette River Basin, Oregon

Green River Basin above the confluence with the Yampa River Basin and the Great

Divide closed basin

Colorado headwaters and the White and Yampa
Subregion 1401, Colorado Headwaters

Colorado River Basin to but excluding the Bitter Creck Basin and excluding the

Gunnison River Basin

Subregion 1405
Gunnison/Dolores/San Juan
Subregion 1402, Gunnison
Subregion 1403, Upper Colorado-Dolores

White and Yampa River Basins

Gunnison River Basin
Colorado River Basin from and including the Bitter Creek Basin to the confluence

with the Green River Basin

Subregion 1408, San Juan
Lower Colorado

Subregion 1502

Subregion 1504, Upper Gila

Subregion 1506

San Juan River Basin

Little Colorado River Basin
Gila River Basin above Coolidge Dam, including the Animas Valley closed basin
Salt River Basin

“From Seaber et al. [1987).

month, basinwide means were only taken as valid if at least five
snow courses were reporting. Identical procedures were em-
ployed to compute basinwide estimates of runoff.

Because of strong topographic controls, SWE varies mark-
edly at different sites throughout each subbasin [Serreze ef al.,
1999]. Generating estimates of SWE and runoff over large
river basins may mask (or “smooth”) heterogeneities in ENSO
associations. To assess the degree of spatial coherence in SWE
and runoff in each river basin, we computed the correlation
between interannual variations in the basinwide estimates and
interannual variations at each individual snow course site and
stream gauge in the basin. The distribution of correlations for
each subbasin is presented in Figure 4 as box and whisker plots
for April 1 SWE (Figure 4, left) and annual runoff (Figure 4,
right). The median correlation for April 1 SWE is generally
between 0.8 and 0.9, illustrating that the basinwide mean is
representative of variability in conditions throughout the basin.
Results for other months exhibit similar patterns (not shown).
The rare low correlations imply that there are always a few
snow course sites that have very site-specific responses to re-
gional climate forcing. For annual runoff the spatial coherence
is stronger than for April 1 SWE. Median correlations are
generally above 0.9, and minimum correlations are generally
above 0.5. Correlations for the large Snake River Basin are
naturally slightly lower. The stronger spatial coherence for
annual runoff is not surprising, as spatial heterogeneities in
SWE are integrated across the watershed.

3. General Climatic Features

It is useful to start with a brief discussion of the climatolog-
ical characteristics of SWE and runoff for the major subbasins.
Analyses focus on (1) mean seasonal cycles of SWE and runoff
in each subbasin and (2) the utility of SWE in predicting
runoff.

Figures 5 and 6 show respectively the mean seasonal cycles
in SWE and runoff for the subbasins examined in the Colum-
bia and Colorado River systems. To provide daily resolution of
SWE, the seasonal cycles in SWE are based on SNOTEL data.
To be used, the SNOTEL records for each site had to be at
least 5 years in length. In the Columbia River Basin (Figure 5)
the basinwide mean hydrographs in all subbasins, apart from
the Lower Columbia, are dominated by spring snow melt. In
this region, between 50% and 60% of the annual precipitation
in these regions falls as snow [Serreze et al., 1999], and in
summer, much of the precipitation is offset by evaporative
losses [Kohler et al., 1959]. However, in the lower elevation
coastal Lower Columbia River Basin, a spring runoff maximum
in the mean annual hydrograph is not observed. Here, more
precipitation falls as rain, and the largest runoff occurs in
autumn and winter when precipitation totals are highest [see
Serreze et al., 1999]. In the Colorado River system the basin-
wide mean hydrographs also exhibit a spring maximum in run-
off in most basins (Figure 6), illustrating the strong role of
snow in the surface water resources in this region. In compar-
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Table 2. Number of Snow Course Sites and Stream Gauges (in Undisturbed Drainages) Reporting in Each Subbasin Over
the Period 1951-1996

Completeness Jan. 1 Feb. 1 March 1 April 1 May 1 June 1 Water Year

of Records, % SWE SWE SWE SWE SWE SWE Runoff
Columbia River
Upper Columbia/Yakima 25 35 60 62 63 48 21 17
50 15 37 39 39 28 2 16
75 9 25 28 29 10 0 12
100 0 4 3 8 0 0 5
Pend-Orielle 25 9% 105 164 165 152 76 30
50 62 68 137 145 124 37 27
75 45 49 95 128 80 8 19
100 8 12 28 41 22 3 13
Snake 25 250 317 348 354 258 116 65
50 185 260 303 313 188 43 44
75 129 186 225 237 120 27 26
100 20 36 53 72 11 2 18
Lower Columbia 25 111 135 138 137 117 64 30
50 46 63 66 68 43 7 27
75 17 28 29 30 17 0 23
100 0 8 4 9 1 0 12
Colorado River

Upper Green 25 17 32 35 38 33 16 10
50 0 25 32 37 31 3 5
75 0 19 24 27 21 0 5
100 0 0 5 5 0 0 0
Colorado Headwaters 25 27 72 72 75 75 24 9
50 10 59 59 60 60 9 9
75 4 50 52 52 52 6 7
100 0 20 24 29 23 1 4
Gunnison/Dolores/San Juan 25 31 55 55 54 50 26 19
50 15 37 43 44 44 12 17
75 4 28 37 37 36 5 13
100 0 9 9 12 10 0 10
Lower Colorado 25 45 53 51 53 18 16 11
50 11 34 38 37 0 0 11
75 0 20 20 18 0 0 8
100 0 4 10 2 0 0 7

Upper Columbio ——-I:I]— Upper Columbio —D}

Pend Orielle D]— Pend Orielle ——D}

Snake D:I— Snoke ——D]—

Lower Columbia D:l— Lower Columbic —l ”—

Upper Green —I:l]— Upper Green —Eﬂ

Colorado Heodwaters —m— Colorado Headwaters -{I-

San Juon —D]— Son Juon —u]-

Lower Colorado ED— Lower Colorado ﬂ-

-0.5 0.0 0.5 1.0 -0.5 0.0 0.5 1.0
CORRELATION CORRELATION

Figure 4. Distribution of Pearson correlation coefficients in each basin (left) between the basin mean time
series of April 1 SWE and the April 1 SWE time series at each individual snow course site and (right) between
the basin mean time series of annual runoff and the annual runoff time series at each individual stream gauge.
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Figure 5. Mean seasonal cycles of SWE and runoff for subbasins in the Columbia River system. The dark
solid line shows the mean basinwide seasonal cycle in SWE from SNOTEL sites (daily resolution), the solid
shaded line shows the basinwide mean seasonal cycle in runoff, and the box and whiskers outlines illustrate
the minimum, lower quartile, median, upper quartile, and maximum mean SWE for each individual snow

course site in the basin.

ison to the subbasins of the Columbia River system, runoff
totals in this moisture limited region are smaller. Note the
extremely low SWE and runoff totals and the absence of a
spring runoff peak in the warm Lower Colorado River Basin.

The strong influence of snow on surface water resources for
most basins illustrates that the amount of water stored in the
snowpack at its seasonal peak (e.g., April 1) can provide a good
predictor of the amount of runoff over the remainder of the
water year. Indeed, such relationships formed the rationale for
development of the snow course network in the 1930s. To
quantify the benefits of measuring the water stored in the
seasonal snowpack, correlations were computed between Jan-
uary 1 SWE, February 1 SWE, March 1 SWE, April 1 SWE,
and May 1 SWE and runoff for the remainder of the water year
(e.g., for January 1 SWE, runoff for the remainder of the water
year would be for the period January 1 through September 30).
Correlations are only computed if there are at least 20 over-
lapping years of valid data in the basinwide SWE and runoff
time series. Results from this experiment are summarized in
Table 3. Correlations are moderately strong (mostly above 0.5)
in midwinter (e.g., January 1). At the peak of the accumulation
season (approximated by April 1), correlations are much
higher (generally above 0.8 and, in some cases, above 0.9),
illustrating the remarkable degree of predictive skill that can
be realized from knowledge of amount of water stored in the
seasonal snowpack. Correlations are weaker in the Lower Co-
lumbia and Lower Colorado River Basins, where more of the
annual precipitation falls as rain. While ENSO predictions can
be realized in autumn before any snow has accumulated, many

water management decisions (e.g., reservoir releases) are
made in the middle of winter when some predictive skill can be
extracted from the snowpack itself. The challenge is to identify
ways in which one can improve upon predictions based on
persistence. This issue is addressed in sections 4 and 5.

4. Composite ENSO SWE and Runoff
Associations

4.1. Construction of the Composites

To identify general relationships between ENSO and SWE,
it is instructive to first construct composites of mean anoma-
lous SWE in El Nino and La Nina years. The first step in this
analysis is to identify “El Nino” and “La Nina” years. Any such
classification is somewhat arbitrary. Our definition is based on
mean November through April (corresponding to the accumu-
lation season in most of the western United States) values of
the Nino 3.4 index. The Nino 3.4 index represents the average
SST anomaly in the central equatorial Pacific Ocean (5°N-5°S;
170°W-120°W), where tropical convection is most sensitive to
SST variations [Trenberth, 1997; Hoerling et al., 1997]. We sim-
ply ranked each year over the period 1951-1996 in terms of the
mean wintertime anomaly value (Table 4), and designated the
10 warmest (coldest) years as El Nino (La Nina) events. At-
tention is restricted to years after 1951, as the earlier SST data
are somewhat unreliable. Using average values of these ENSO
indices for November through April places implicit reliance on
the ability to predict the ENSO state several months in ad-
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Figure 6. Mean seasonal cycles of SWE and runoff for subbasins in the Colorado River system. The dark
solid line shows the mean basinwide seasonal cycle in SWE from SNOTEL sites (daily resolution), the solid
shaded line shows the basinwide mean seasonal cycle in runoff, and the box and whiskers outlines illustrate
the minimum, lower quartile, median, upper quartile, and maximum mean SWE for each individual snow

course site in the basin.

vance. Long-lead predictions of the presence/absence of El
Nino and La Nina events are feasible [Penland and Magorian,
1993; Ji et al., 1994, 1998; Chen et al., 1997] and represent an
improvement upon persistence (e.g., if we used instead a
prewinter value of the Nino 3.4 index or the SOI).

To construct the composites, the anomalous SWE for each
basin was averaged on a seasonal basis for the 10 strongest El
Nino and 10 strongest La Nina years as defined by the Nino 3.4
index. Differences between individual El Nino and La Nina
events also were examined by plotting the anomalous SWE for
each of the 10 years that make up the two composites. To
address potential problems arising from the small sample size,
sensitivity tests were conducted by substituting the Nino 3.4
index with the Southern Oscillation index (Table 4) and by

varying the number of El Nino or La Nina years in the com-
posites. Significance testing is achieved through the use of ¢
tests [Panofsky and Brier, 1968).

4.2, Columbia River Basin

Composite anomalies and inter-ENSO variability in SWE
and annual runoff for the subbasins in the Columbia River are
illustrated in Figure 7. Consistent with previous work [e.g.,
Cayan and Webb, 1992, there is a general tendency for de-
creased SWE and annual runoff during El Nino years and
increased SWE and annual runoff in La Nina years. In the
broadest sense, these associations reflect decreases (increases)
in precipitation and increases (decreases) in temperature as-
sociated with a northward (southward) displacement of the

Table 3. Correlations Between SWE at Various Points in the Accumulation Season and
Runoff for the Remainder of the Water Year

Jan. 1 Feb. 1 March 1 April 1 May 1

SWE SWE SWE SWE SWE
Upper Columbia/Yakima 0.56 0.72 0.77 0.83 0.83
Pend-Orielle 0.48 0.71 0.82 0.86 0.88
Snake 0.75 0.82 0.86 0.90 091
Lower Columbia 0.51 0.51 0.64 0.60 0.61
Upper Green No data 0.80 0.86 0.87 0.93
Colorado Headwaters 0.70 0.74 0.73 0.81 0.89
Gunnison/Dolores/San Juan 0.60 0.71 0.73 0.84 0.90
Lower Colorado 0.52 0.68 0.67 0.76 No data
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Table 4. Years Ranked in Terms of the Magnitude of the
Nino 3.4 Index and the Southern Oscillation Index®

Rank Nino 3.4 SOI
La Nina 1 1989 1974
2 1974 1971
3 1971 1989
4 1976 1976
5 1956 1956
6 1985 1951
7 1955 1967
8 1996 1962
9 1951 1963
10 1984 1960
11 1975 1955
12 1968 1975
13 1965 1982
14 1986 1985
15 1967 1972
16 1972 1996
17 1963 1957
18 1962 1984
19 1981 1961
20 1961 1968
21 1957 1986
22 1960 1954
23 1990 1979
24 1982 1977
25 1979 1965
26 1994 1964
27 1954 1988
28 1953 1991
29 1991 1970
30 1993 1980
31 1959 1953
32 1978 1959
33 1980 1981
34 1952 1994
35 1964 1969
36 1977 1995
37 1988 1973
38 1970 1952
39 1995 1990
40 1969 1958
41 1966 1966
42 1987 1993
43 1973 1978
44 1958 1987
45 1992 1992
El Nino 46 1983 1983

#The Nino 3.4 index is the area-averaged SST over the region
170°W-120°N, 5°S-5°N, and the SOI is the sea level pressure differ-
ence between Tahiti and Darwin. The SOI is multiplied by —1 to be
consistent with the Nino 3.4 index. Years are defined as the date at the
end of winter (i.e., the winter of 1982/1983 is taken as 1983).

storm track in El Nino (La Nina) years. However, some sea-
sonality is evident in these results. In El Nino years the snow-
pack is very close to normal at the beginning of January, and
decreases in SWE are only barely apparent by the end of the
accumulation season (Figure 7). The only associations signifi-
cant above the 90% confidence level are for annual runoff in
the Upper Columbia/Yakima and for April 1 SWE and annual
runoff in the Pend-Orielle River Basin. Livezey et al. [1997]
illustrate that although precipitation in the Pacific Northwest
in El Nino conditions is below normal in October, November,
February, and March, it is actually above normal in December
and January. These increases in precipitation occur in conjunc-

749

tion with a midwinter eastward shift of the tropospheric wave
train [Hoerling and Kumar, 2000]. Since most snow in the
Pacific Northwest mountains falls in midwinter [Serreze et al.,
1999}, the increases in precipitation in December and January
offset the effects of decreased precipitation in other months.

In comparison to the weak SWE associations in El Nino
years the increases in SWE and annual runoff in La Nina years
are relatively strong, with many of the associations significant
above the 90% confidence level. In La Nina years a southward
shift in the Pacific storm track is associated with mean in-
creases in precipitation over the Pacific Northwest [e.g., Red-
mond and Koch, 1991]. In addition to these mean precipitation
increases, Cayan et al. [1999] show the frequency of extreme
(top 10%) precipitation events to be higher over the Pacific
Northwest in La Nina years. These increases are particularly
pronounced over the Oregon coast and thus help to explain the
large increases in SWE in the Lower Columbia River Basin.
Livezey et al. [1997] show mean increases in precipitation to
occur throughout the accumulation season, particularly
marked in November, December, January, and March. These
relatively constant increases in precipitation in La Nina years,
compared to El Nino years when the general tendency for
decreased precipitation is offset by small increases in precipi-
tation in midwinter, explain the lack of symmetry between the
opposing ENSO states.

In both the El Nino and La Nina composites, large differ-
ences in SWE totals are evident between the individual com-
posite members (Figure 7). With our small sample size the
SWE anomaly in a single El Nino or La Nina year can have a
large impact on the composite mean. It is hence possible that
if the El Nino and La Nina years are defined in a slightly
different way, conclusions may change regarding mean associ-
ations. To address this issue, sensitivity tests were conducted by
varying the number of years in the composites (e.g., using the
six strongest El Nino years instead of the 10 strongest) and by
replacing the Nino 3.4 index with the SOI (Table 5). Results
were found to be insensitive to the years included or the index
used. In most of the combinations examined, there is a pro-
gression from near normal SWE in midwinter to slightly below
normal SWE in April and May in the El Nino composites and
large increases in SWE throughout the winter season in the La
Nina composites. The only notable difference is a tendency for
stronger decreases in SWE in the El Nino composites in April
and May, when the Nino 3.4 index is replaced with the SOI.

4.3. Colorado River Basin

Results for Colorado River Basin are presented in an iden-
tical manner to those for the Columbia Basin, with mean
changes in SWE and annual runoff summarized in Figure 8,
and the sensitivity tests documented in Table 6. In El Nino
years, mean changes in the seasonal snowpack (Figure 8) de-
pict a transition between drier-than-average conditions in the
north (best expressed in the Upper Green) and wetter-than-
average conditions in the southwest (best expressed in the
Lower Colorado). Broadly opposing patterns are found for La
Nina years, supporting results from previous work [e.g., Cayan
and Webb, 1992]. The associations in the Upper Green are
consistent with results for the Columbia River Basin, where the
decreases (increases) in SWE in El Nino (La Nina) years
reflect the northward (southward) displacement of the storm
track and associated decreases (increases) in precipitation. Re-
sults from the sensitivity tests conducted for the Upper Green
reveal that the associations are relatively insensitive to the
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Figure 7. Anomalous monthly SWE and annual runoff (expressed as a percentage of the mean) in El Nino
and La Nina years for the major subbasins in the Columbia River basin. The bars represent the composite
mean of the 10 strongest El Nino and La Nina years (based on the Nino 3.4 index, Table 4), and the diamonds
represent the individual composite members. Significance estimates (in percent) based on ¢ tests are displayed

on the bottom of each plot.

number of El Nino and La Nina years included in the com-
posites and the type of index used (Table 6). In the Lower
Colorado Basin the significant increases (decreases) in SWE in
El Nino (La Nina) years occur in part due to the changes in
precipitation associated with a strengthening (weakening) of
the subtropical jet.

An interesting feature of Figure 8 is that the SWE anomalies
in the Lower Colorado Basin increase in magnitude over the
winter season, and tend to be much more pronounced on April
1 than on March 1. Since the mean date of maximum SWE in
this region is typically around February 20 [Serreze et al., 1999],
these associations reflect a prolonged accumulation season in

El Nino years and earlier melt in La Nina years. There is some
evidence of similar seasonal changes in the Colorado Head-
waters and the Gunnison, Dolores, and San Juan River Basins,
but these are much more subdued (Figure 8). Sensitivity tests
show that while the seasonal changes in SWE are fairly robust
in the Lower Colorado River Basin, the associations in the
Colorado Headwaters and the San Juan River Basin are sen-
sitive to both the number of years included in the composites
and the type of index used (Table 6). Note in particular that
the large midwinter increases in SWE in the Colorado Head-
waters in La Nina years (Figure 8) are nonexistent when the
Nino 3.4 index is replaced with the SOI.
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Table 5. Mean Anomalous SWE and Annual Runoff for the Columbia River Basin®

Nino 3.4 Years in Composite SOI Years in Composite
Variable 6 8 10 12 14 6 8 10 12 14
El Nino
Upper Columbia Jan. 1 SWE -11.23 7.39 4.84 -3.02 -5.35 4.21 -4,08 —17.66 6.07 0.60
Feb. 1 SWE —4.33 6.72 5.54 -1.15 0.73 1.17 -0.22 0.61 722 0.12
March 1 SWE -9.07 0.93 -0.33 —-6.19 -3.80 -3.49 -3.20 -2.93 2.78 —-1.41
April 1 SWE -13.38 -3.79 —4.95 -7.29 -545 -11.72 -10.14 -10.31 —-4.44 -9.38
May 1 SWE -12.91 -5.82 —4.54 -827 —11.58 -—1850 -—13.68 -—1954 -—-1397 -1891
Annual runoff -1599 -10.74 -1365 -14.79 -1336 -1220 -1006 -—11.80 -9.07 -10.04
Pend-Orielle Jan. 1 SWE -7.15 -1.39 -8.16 —12.08 -8.56 2.38 —0.63 426 6.42 1.82
Feb. 1 SWE —12.69 -5.10 —7.80 —-9.93 —-7.53 —-5.94 —-5.68 -3.54 0.07 -5.27
March 1 SWE -14.78 -10.14 -11.01 -13.03 -10.86 -—11.09 —8.28 -6.59 —4.84 —8.56
April 1 SWE -18.14 -—1391 -1285 -—12.01 -9.67 -—19.58 —1541 -—12.84 -—-1091 -—-14.24
May 1 SWE 2150 -17.80 -—1468 -1436 —1583 -24.14 -1968 -19.82 -17.69 -20.54
Annual runoff -21.85 -1445 -1663 -—1826 -—1654 -—-1673 —1272 -—1355 -10.00 -10.64
Snake Jan. 1 SWE -5.60 2.10 -4.39 -12.09 -7.29 2.96 -2.20 478 8.47 2.55
Feb. 1 SWE —-13.83 -2.79 -3.31 —8.82 —3.65 -6.21 —-6.67 -111 4.16 —-2.42
March 1 SWE -1243 —-4.45 -592 -11.65 —6.72 -5.37 -5.41 -1.17 2.34 —-2.64
April 1 SWE -13.77 —6.46 -7.22 -9.85 -471 -1450 -12.76 —-6.78 -3.03 -8.01
May 1 SWE -17.17 -11.73 -1042 -13.06 -1134 -1756 -1535 -—12.36 -961 -15.34
Annual runoff -17.01 -10.10 -11.17 -1342 -1025 -1229 -12.03 -10.16 —-6.70 —9.66
Lower Columbia Jan. 1 SWE —-4.02 7.80 1.35 —6.66 —2.60 10.42 0.33 4.97 11.95 2.61
Feb. 1 SWE —-10.65 4.65 0.66 —-3.84 0.15 -0.89 —3.61 1.00 9.46 0.83
March 1 SWE -9.82 —-2.08 -5.92 -9.20 -5.07 1.73 1.21 4.51 747 -0.31
April ISWE  -1353  -735 -1073 -832 -345 -1534 -1246 —638 <-3.18 ~—10.10
May 1SWE  -1606 —1051 -930 -7.85 —-846 ~-1870 =-1525 ~-1557 =-1201 -15.68
Annual runoff  -1338  -7.60 -895 -1214 -11.08 -821 -738 -866 -551 -8.12
La Nina

Upper Columbia Jan. 1 SWE 43.79 27.18 22.73 18.06 18.95 46.01 28.74 12.59 10.30 11.55
Feb. 1 SWE 24,30 13.26 12.80 11.53 11.56 32.15 23.74 9.15 7.05 6.59
March 1 SWE 20.51 13.54 12.02 11.17 10.42 26.11 17.71 5.50 5.68 5.04
April 1 SWE 3143 22.16 19.85 17.51 14.08 38.42 2943 15.30 15.84 13.69
May 1 SWE 34.56 32.53 26.60 25.50 18.79 39.07 38.67 25.31 3231 28.38
Annual runoff 14.64 15.70 16.31 14.10 11.20 22.80 17.30 13.32 11.40 9.02
Pend-Orielle Jan. 1 SWE 26.75 14.92 9.12 7.38 7.29 18.19 12.54 6.89 221 5.02
Feb. 1 SWE 18.33 9.96 5.31 5.57 5.66 18.71 19.79 12.35 8.67 8.73
March 1 SWE 19.07 11.90 7.34 7.13 7.53 19.91 21.29 13.52 11.21 11.00
April 1 SWE 22.35 16.04 11.89 11.00 9.66 23.99 25.06 16.16 15.18 14.67
May 1 SWE 15.54 14.28 10.14 12.65 10.63 17.06 24.18 17.78 20.78 19.68
Annual runoff 17.51 18.06 17.23 13.79 12.86 25.21 20.29 16.59 13.70 11.70
Snake Jan. 1 SWE 38.93 227 23.66 16.72 19.81 33.57 24.40 8.88 3.07 8.55
Feb. 1 SWE 26.19 15.91 15.23 10.84 13.21 28.86 25.58 11.63 6.14 157
March 1 SWE 20.98 12.93 13.03 10.47 13.55 23.93 20.07 9.35 6.62 7.43
April 1 SWE 22.78 15.68 15.85 13.72 14.24 2545 20.93 10.36 9.95 11.09
May 1 SWE 16.04 15.69 15.69 17.44 17.12 19.36 23.71 15.25 20.45 1941
Annual runoff 18.68 15.81 18.82 15.79 18.40 23.31 16.62 11.22 8.99 9.47
Lower Columbia Jan. 1 SWE 4341 22.78 19.49 14.96 20.01 27.51 16.48 2.19 2.26 13.78
Feb. 1 SWE 31.57 21.64 19.67 14.64 15.89 31.32 22,98 8.30 6.75 12.81
March 1 SWE 44.70 3142 27.76 20.93 20.59 4341 31.47 16.39 16.32 18.37
April 1 SWE 48.74 36.16 32.03 25.69 20.90 51.12 39.11 23.37 26.55 26.73
May 1 SWE 39.78 40.79 31.63 28.23 20.92 37.52 38.40 26.44 37.07 3541
Annual runoff 19.80 18.19 19.33 15.01 14.00 25.86 16.90 12.37 9.79 9.62

2Computed using the (x) strongest El Nino years and the (x) strongest La Nina years (Table 4) for the Nino 3.4 index and the SOI. Composites
are tabulated if at least 70% of the years hold valid data. Values are given as percent of the mean.

5. Cross-Validated Prediction Experiments

The results just presented suggest that ENSO information
may be used to enhance hydrologic predictions in many sub-
basins in the Columbia and Colorado River systems. In some
river basins the ENSO associations are weak and, by them-
selves, will provide little benefit for seasonal runoff forecasts.
However, our analysis shows that in some instances the change
in the ENSO association throughout the accumulation season
is often greater than the mean ENSO association in any given
month. For example, in the Upper Columbia/Yakima River
Basin, the small midwinter increases in SWE in El Nino years

shift to small decreases in SWE at the end of the accumulation
season and significant decreases in annual runoff. It is possible
that combining information on the water equivalent of the
snowpack at any point in the accumulation season with knowl-
edge of seasonal changes in the ENSO association may im-
prove seasonal water supply outlooks.

To test these ideas, we attempt to predict runoff in each of
the subbasins examined. Three predictive schemes are exam-
ined: ENSO, persistence, and persistence and ENSO.

1. In the ENSO scheme, runoff anomalies in a given El
Nino or La Nina year are simply equal to the mean runoff
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Figure 8. Anomalous monthly SWE and annual runoff (expressed as a percentage of the mean) in El Nino
and La Nina years for the major subbasins in the Colorado River Basin, The bars represent the composite
mean of the 10 strongest El Nino and La Nina years (based on the Nino 3.4 index, Table 4), and the diamonds
represent the individual composite members. The April 1 SWE in the Lower Colorado in the 1972/1973 El
Nino event is off the scale at 216% of the mean (not plotted). Significance estimates (in percent) based on ¢

tests are displayed on the bottom of each plot.

anomalies for all other El Nino and La Nina years. Such
predictions of runoff can be made in autumn before any snow
has accumulated.

2. In the persistence scheme, SWE anomalies at various
points in the accumulation season are used to predict runoff
for the remainder of the water year (e.g., for predictions based
on January 1 SWE, runoff for the rest of the water year would
be for the period January 1 through September 30). Since most
of the annual runoff in snowmelt-dominated river basins oc-
curs during May and June (Figures 4 and 5), runoff forecasts
based on the midwinter snowpack are made several months in
advance. These predictions take the form

Rorep = (Zswe*0g) + g, (1)

where Rpgrgp is the predicted runoff, Z g,y is the SWE (e.g.,
on January 1) expressed as a z score, o is the standard
deviation of the runoff time series, and . is the mean of the
runoff time series. Note that the some of the variability of SWE
in these persistence forecasts is accounted for by ENSO.

3. In the persistence and ENSO scheme, runoff anomalies
in a given El Nino or La Nina year are equal to the normalized
SWE anomalies at a given point in the accumulation season
(e.g., January 1) plus the difference between the mean SWE in
ENSO years for the date of the forecast (in this case, this
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Table 6. Mean Anomalous SWE and Annual Runoff for the Colorado River Basin®
Nino 3.4 Years in Composite SOI Years in Composite
Variable 6 8 10 12 14 6 8 10 12 14
El Nino

Upper Green Jan. 1 SWE ND ND ND ND ND ND ND ND ND ND
Feb. 1 SWE -17.94 -1195 -—11.62 -1637 —14.36 —4.58 -5.20 —6.78 -432 -11.74
March 1 SWE -17.36 -1226 -12.00 -17.63 -—1220 —835 -8.29 —6.09 —-447  —9.04
April 1 SWE —-16.14 —12.02 -1161 -—15.03 -883 -1029 -10.11 -6.90 -5.71 —-9.51
May 1 SWE -2289 -17.88 —16.14 -—19.66 —17.84 —1574 —17.15 -—1492 -—1278 -—19.01
Annual runoff -9.90 —-6.96 -—-1121 -1421 -—12.39 -3.97 -7.03 -7.23 -5.27 —-7.95
Colorado Headwaters Jan. 1 SWE —-4.09 -7.84 -248 —1241 -12.76 1.87 1.93 3.08 —-0.74 —-5.22
Feb. 1 SWE —1294 -986 —4.81 -—1225 -4.76 -5.87 -7.81 0.32 020 519
March 1 SWE -16.13 -11.88 ~-745 -—1370 -634 —6.08 -7.85 —2.48 -1.93 —6.45
April 1 SWE -13.15 -10.75 —6.43 —10.67 -3.61 -3.95 -492 -022 080 —491
May 1 SWE -10.94 -920 -396 823 -257 —640 -6.10 0.22 -0.56 -7.13
Annual runoff —1.11 447 389 —3.64 0.86 2.83 -1.45 4.83 7.63 1.23
San Juan Jan. 1 SWE 26.65 19.19 14.77 0.29 -1.89 11.37 0.99 6.91 5.21 -0.20
Feb. 1 SWE 0.79 4.56 243 -7.59 2.29 2.51 -6.03 8.08 9.31 1.45
March 1 SWE 335 7.54 2.44 —8.09 2.03 10.40 2.94 11.67 12.96 5.99
April 1 SWE 8.53 12.79 682 —-2.34 7.33 12.05 6.05 14.27 16.04 9.00
May 1 SWE 11.32 15.49 10.52 1.67 11.28 5.64 4.07 15.99 17.80 9.25
Annual runoff 20.69 22.14 16.62 6.89 10.44 14.39 10.20 16.44 18.16 11.51
Lower Calorado Jan. 1 SWE ND 37.48 16.87 ND ND ND ND ND ND 5.38
Feb. 1 SWE 23.77 24.41 16.05 6.05 12.43 42.44 17.30 2343 24.34 10.98
March 1 SWE 41.70 34.76 20.16 8.09 15.48 57.92 35.59 39.82 35.70 24.57
April 1 SWE 79.08 60.84 41.36 29.49 39.29 39.82 26.33 53.48 45.60 3291

May 1 SWE ND ND ND ND ND ND ND ND ND ND
Annual runoff 80.60 63.48 46.54 29.47 31.63 78.18 53.56 66.22 56.94 40.55

La Nina

Upper Green Jan. 1 SWE ND ND ND ND ND ND ND ND ND ND
Feb. 1 SWE 21.43 24.58 21.05 13.48 20.11 30.61 23.79 7.74 6.33 7.68
March 1 SWE 12.35 9.06 11.22 7.84 14.94 23.34 17.68 8.09 4.48 4.83
April 1 SWE 12.21 10.57 11.91 8.69 12.93 19.98 14.36 6.21 4.26 4.70
May 1 SWE 9.50 8.38 13.33 14.43 19.69 23.23 21.28 13.50 12.79 11.84
Annual runoff 9.25 4.75 7.54 6.83 14.86 13.45 14.12 6.28 3.89 4.87
Colorado Headwaters Jan. 1 SWE 10.07 11.29 23.59 19.44 21.33 7.35 -244 -957 877 —0.87
Feb. 1 SWE 10.64 10.39 15.26 12.84 13.63 11.86 732 -1.23 -2.14 1.41
March 1 SWE 9.81 10.65 13.35 12.04 13.68 12.44 10.48 3.90 2.30 2.84
April 1 SWE 2.01 4,01 7.68 7.05 9.04 4.03 -020 -3.72 -3.08 -1.77
May 1 SWE -0.73 -1.03 7.15 9.27 11.28 1.83 —2.60 -9.75 -10.02 -7.25
Annual runoff 0.69 -0.50 7.35 7.39 11.31 -627 —-810 -11.38 -10.66 —4.76
San Juan Jan. 1 SWE 592 287 9.36 8.70 14.34 0.67 597 -0.18 -0.28 2.90
Feb. 1 SWE 7.36 1.30 5.43 527 7.70 2.49 3.75 -2.66 —452 -1.19
March 1 SWE 5.62 1.97 3.72 5.20 7.06 210 -042 341 —3.46 -2.16
April 1 SWE -7.15 —8.45 —6.68 -2.22 039 -1371 -1798 -16.54 —12.93 -8.71
May 1 SWE -1833 -—20.73 -13.59 -1.70 236 —25.18 -30.06 -—31.29 -2321 -1791
Annuai runoff —-9.84 —12.29 -620 —3.82 175 =2211 -2459 -2401 -21.04 —13.98

Lower Colorado Jan. 1 SWE 21.51 3.85 449 20.55 13.77 ND ND ND ND ND
Feb. 1 SWE 062 —-9.03 -1355 0.99 —-412 -19.18 -29.03 -19.37 -—18.45 —-7.64
March 1 SWE  —7.89 —14.82 -2033 -10.00 -1093 —-2332 -3492 -2391 -2053 -1091
April 1 SWE -3958 —44.67 —4816 —31.54 -3030 -—50.52 —52.02 —4886 —42.66 —34.25

May 1 SWE ND ND ND ND ND ND ND ND ND ND
Annual runoff —35.17 —4020 -—37.14 -2608 -—2341 —6624 —5826 -—50.14 —4646 —33.75

*Computed using the (x) strongest El Nino years and the (x) strongest La Nina years (Table 4) for the Nino 3.4 index and the SOIL Composites
are tabulated if at least 70% of the years hold valid data (ND indicates insufficient data). Values are given as percent of the mean.

would be the January 1 SWE signal) and the mean runoff in
ENSO years (in this case, the January 1 through September 30
runoff signal). This scenario thus includes information on sea-
sonal changes in ENSO associations. These predictions take
the form

)

where Rprep is the predicted runoff, Zgy g is the SWE (e.g.,
on January 1) expressed as a z score, Zg_gnso i the ENSO
runoff association expressed as a z score, Zgwr enso IS the
ENSO SWE association expressed as a z score. As before, o,
is the standard deviation of the runoff time series, and pg is
the mean of the runoff time series.

Rerep = [ Zswe + (ZR_ENSO - ZSWE_ENSO)]*U'R} + g

In scenarios 1 and 3 the predicted year is not included in
computations of the mean El Nino and La Nina anomalies
(i.e., the means are based on nine cases). Implicit in these
predictive scenarios is a perfect forecast of the ENSO state
(see section 5.1). We employ as the measure of error the mean
absolute error, which, for all three scenarios, is computed using
only the 10 El Nino and La Nina years. The skill score [Wilks,
1995] is used to assess the skill of the runoff predictions with
respect to predictions based on mean value of the runoff time
series. The skill score (SS) takes the form

MAEgpgen

ss=(1- 2
( MAECLIM

)100. 3)
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Figure 9. Skill scores for the three runoff prediction schemes outlined in the text for subbasins in the
Columbia River system. Dark shaded bars illustrate forecast improvement upon climatology using only ENSO
information, medium shaded bars illustrate forecast skill improvement using the amount of water stored in the
seasonal snowpack (persistence), and light shaded bars illustrate forecast skill improvement combining the
seasonal change in ENSO associations with persistence. Predictions of runoff for the rest of the water year are
made on January 1, February 1, March 1, April 1, and May 1.

Here MAEpggp is the mean absolute error (MAE) of the
predicted runoff, and MAE(, ;\, is the MAE of predictions
based on climatology. Climatology in this case is mean runoff
for the period of the prediction (i.e., for January 1 predictions,
MAE, ;» would be computed using as the predictor mean
runoff from January 1 through September 30). Equation (3)
expresses the percent improvement of the forecasts over those
based on climatology. With only 10 El Nino and La Nina years
our results are sensitive to the small sample size and should be
taken as preliminary until they can be validated in an indepen-
dent experiment. While categorical, rather than deterministic,

measures of forecast skill are often more useful for decision
making, the small number of El Nino and La Nina years in our
time series precludes a categorical analysis.

Results from the three predictive experiments are summa-
rized for the Columbia River Basin in Figure 9. Using only
ENSO information, improvements in forecast skill over clima-
tology are apparent in the Upper Columbia/Yakima and Pend-
Orielle River Basins for El Nino years and, to varying degrees,
in all four river basins for La Nina years. Given an accurate
prediction of the November—April ENSO state, these predic-
tions may be realjzed up to 9 months in advance. Predictions
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Figure 10. Skill scores for the three runoff prediction schemes outlined in the text for subbasins in the
Colorado River system. Dark shaded bats illustrate forecast improvement upon climatology using only ENSO
information, medium shaded bars illustrate forecast skill improvement using the amount of water stored in the
seasonal snowpack (persistence), and light shaded bars illustrate forecast skill improvement combining the
seasonal change in ENSO associations with persistence. Predictions of runoff for the rest of the water year are
made on January 1, February 1, March 1, April 1, and May 1.

based on persistence are, in almost all cases, of greater skill
than those based on ENSO information alone. This is expected
given the correlations presented in Table 3. These results sim-
ply show that even in midwinter, much of the spring runoff is
already stored in the snowpack. Of particular interest in Figure
9 is the predictive skill realized when seasonal changes in
ENSQO associations are combined with knowledge of the water
equivalent of the seasonal snowpack. In most basins in the
Columbia River system, seasonal changes in ENSO associa-
tions are minimal (Figure 7), and the predictive skill from the
combined scenario provides no improvement, or only a small
improvement, over persistence. However, in basins where sea-

sonal changes in the ENSO associdtion are large (e.g., the
Upper Columbia/Yakima in El Nino years), significant im-
provements in forecast skill are realized. Note also the smaller
improvements over persistence in the Snake and Lower Co-
lumbia River Basins, where seasonal changes in El Nino asso-
ciations are still present, albeit more subdued.

For the Colorado River Basin, predictions using only ENSO
information provide a small improvement in skill over clima-
tology in the Upper Green (for El Nino years) and the Lower
Colorado River Basin (for both El Nino and La Nina years)
(Figure 10). In the Lower Colorado, improvements in skill
using ENSO only are more pronounced for La Nina years as
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inter-ENSO variability is lower. In most cases, predictions
based on persistence are more skillful than those using only
ENSO information. However, forecast skill using persistence is
rather low in the Colorado Headwaters and the Gunnison/
Dolores/San Juan River Basins in midwinter and early spring
for El Nino years, and in March for La Nina years. Further-
more, persistence is less skillful than ENSO-based predictions
in the Lower Colorado for January and February. Combining
seasonal changes in the ENSO association with persistence
provides little improvement over persistence alone in most
subbasins in the Colorado River system. Improvements in fore-
cast skill, however, are apparent for the Lower Colorado River
system in January for El Nino years and in both January and
February for La Nina years. This is in line with the large
seasonal changes in ENSO associations in the southwestern
United States. Also of note are the small improvements in
forecast skill over persistence in the Colorado Headwaters in
February for La Nina years. The Colorado region is typically
regarded as being the midpoint of a see-saw with moderately
strong opposing ENSO associations to the north and south but
no associations in Colorado itself (in the April 1 SWE com-
posites of Cayan [1996] the zero line cuts directly through
Colorado). While it appears that these seasonal changes pro-
vide at least some benefit in our simple predictive model, it
should be kept in mind that the midwinter increases in SWE in
these basins are not evident when the Nino 3.4 index is re-
placed with the SOI (Table 6). Further research is necessary to
quantify the reliability of such associations.

6. Summary and Conclusions

Monthly snow-water equivalent (SWE) and stream flow data
measured at several hundred sites over the western United
States are used to examine the historic effects of El Nino and
La Nina events on the seasonal evolution of snowpack in the
major subbasins in the Columbia and Colorado River systems.
The results were used to predict runoff.

To first order, our results mirror those in other studies [e.g.,
Cayan and Webb, 1992]. Ei Nino (La Nina) events lead to
decreased (increased) SWE and annual runoff in the Pacific
Northwest, and increased (decreased) SWE and annual runoff
over the desert southwest. However, additional information is
provided by examining seasonal changes in these signals. In the
Columbia River Basin it is found that the negative anomalies
in SWE during El Nino years are much less pronounced than
the corresponding positive anomalies in La Nina years and, for
the most part, are not statistically significant. This lack of
symmetry between El Nino and La Nina years is most evident
in basins nearest the Pacific coast (the Upper and Lower Co-
lumbia) and occurs because midwinter SWE anomalies in El
Nino years are actually positive. These midwinter increases
occur in conjunction with an eastward shift of the Aleutian
Low in El Nino years [Hoerling and Kumar, 2000], and largely
cance] out the expected seasonal decreases in SWE [see also
Livezey et al., 1997].

Similar seasonalities are found in the Colorado River Basin.
Here mean changes in SWE and annual runoff during El Nino
years depict a transition between drier-than-average condi-
tions in the north and wetter-than-average conditions in the
southwest. La Nina signals are generally opposing. However,
anomalies in SWE in the Lower Colorado tend to be much
more pronounced in spring than in midwinter. There is some
evidence of similar but weaker seasonal changes in the Colo-
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rado Headwaters and the Gunnison, Dolores, and San Juan
River Basins. These associations occur in part because the
precipitation anomalies over the southwest associated with
changes in the intensity of the subtropical jet are most pro-
nounced in spring. Sensitivity tests show that while ENSO
associations in the Upper Green and Lower Colorado are
fairly robust, those in the Colorado Headwaters and the San
Juan River Basin are sensitive to both the number of years
included in the El Nino and La Nina composites and the type
of index used.

Cross-validated prediction experiments reveal that in some
basins there is modest skill in predicting runoff using only
ENSO information. For El Nino years this is most apparent in
the Upper Columbia/Yakima, the Pend-Orielle, the Upper
Green, and the Lower Colorado River Basins. For La Nina
years, modest skill is apparent in the Upper Columbia/Yakima,
the Pend-Orielle, the Snake, the Lower Columbia, and the
Lower Colorado River Basins. Given accurate predictions of
the ENSO state, these hydrologic forecasts can be made in
autumn before any snow has accumulated. Predictions based
on the water stored in the midwinter snowpack are, in almost
all cases, much higher than those based on ENSQ information
alone. This occurs because much of the spring runoff is already
stored in the snowpack in midwinter. Since many water man-
agement decisions are made in the middle of winter, the chal-
lenge is to identify ways in which one can improve upon per-
sistence-based forecasts. Our results suggest that combining
the seasonal changes in ENSO associations with persistence
leads to improved streamflow predictions in basins where the
seasonal changes in ENSO associations are strong. The most
notable improvements are found in the Upper Columbia/
Yakima River Basin in El Nino years and in the Lower Colo-
rado River Basin in both El Nino and La Nina years. Smaller
improvements in forecast skill are apparent in the Colorado
Headwaters where ENSO associations have traditionally been
perceived as nonexistent.
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