
ABSTRACT: The value of using climate indices such as ENSO or
PDO in water resources predictions is dependent on understanding
the local relationship between these indices and streamflow over
time. This study identifies long term seasonal and spatial varia-
tions in the strength of El Niño Southern Oscillation (ENSO) and
Pacific Decadal Oscillation (PDO) correlations with timing and
magnitude of discharge in snowmelt streams in Oregon. ENSO is
best correlated with variability in annual discharge, and PDO is
best correlated with spring snowmelt timing and magnitude and
timing of annual floods. Streams in the Cascades and Wallowa
mountains show the strongest correlations, while the southernmost
stream is not correlated with ENSO or PDO. ENSO correlations are
weaker from 1920 to 1950 and vary significantly depending on
whether Southern Oscillation Index (SOI) or Niño 3.4 is used. PDO
correlations are strong from 1920 to 1950 and weak or insignificant
other years. Although there are not consistent increasing or
decreasing trends in annual discharge or spring snowmelt timing,
there are significant increases in fractional winter runoff that are
independent of precipitation, PDO, or ENSO and may indicate
monotonic winter warming.
(KEY TERMS: surface water hydrology; snowmelt runoff; climate
change; El Niño/Southern Oscillation; Pacific Decadal Oscillation;
Oregon.)
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INTRODUCTION

Interannual and interdecadal climate variability
associated with ENSO and PDO have had significant
and related effects on water resources in Oregon and
other parts of the Pacific Northwest region of the
United States (Barnett et al., 1999; Miles et al., 2000;
Taylor and Hannan, 1999). The overall variability in

annual water supply correlated with these climate
signals is shown by this and other studies to be rela-
tively low (5 to 20 percent) (Dai and Wigley, 2000;
Miles et al., 2000). However, surface water is often
managed with even smaller margins of error.
Hydropower demands compete with flood control, irri-
gation, industrial and residential water, and wildlife
protection flow requirements.

Streams east of the Cascade Mountains (including
most of those feeding the Columbia River) are fed pri-
marily by snow that accumulates at high elevation
during the fall and winter wet season and melts in
the spring and summer. Little precipitation falls dur-
ing July through September when demand is highest,
thus both natural snowpack and reservoir storage are
required to maintain surface water supplies (Service,
2004). At the same time, reservoirs must retain
enough space throughout the winter and spring to
control flood hazards. Thus the timing of snowmelt
runoff and floods, modulated by winter and spring
temperatures, is as important as the total volume.

Recently, government bodies such as the Natural
Resources Conservation Service, Army Corps of Engi-
neers, and local utilities have used ENSO based
streamflow predictions to mitigate successfully
against floods and droughts (Garen, 1993; Wernstedt
and Hersh, 2002). There is other compelling evidence
that including the state of ENSO and PDO would
result in improved runoff predictions and thus
drought and flood mitigation in the Pacific Northwest
and elsewhere (Hamlet and Lettenmaier, 1999b;
Clark et al., 2001; Jain and Lall, 2001). Despite a
wealth of regional studies, relationships between
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ENSO and PDO and surface water supply are charac-
terized by temporal and spatial variations that cannot
be adequately evaluated without long streamflow and
climate records (Wernstedt and Hersh, 2002). This
paper describes evidence of both temporal and spatial
variations in ENSO and PDO correlations for several
physically similar snowmelt dominated drainages in
central and eastern Oregon with long discharge
records.

OBJECTIVES

The goals of this study are to evaluate long term
relationships between the magnitude and timing of
runoff in selected snowmelt-dominated basins and
large scale circulation indices and to identify trends
that cannot be explained by ENSO or PDO and that
may relate to regional warming. The following rela-
tionships are investigated for each site: (1) correla-
tions between ENSO and PDO indices and annual
average streamflow, timing of peak snowmelt, season-
al flow fractions, and magnitude of annual peak
floods; and (2) long term trends in annual average
flow, snowmelt timing, seasonal flow fractions, and
annual peak floods.

Studies of the hydrologic effects of climate variabil-
ity in the western United States have generally
involved spatial averages over several climatic and
topographic regions, either through gridding data
from many streams of variable drainage size and ele-
vation (e.g., Redmond and Koch, 1991; Cayan et al.,
1999; McCabe and Dettinger, 1999, 2002) or using the
mainstem of one large system such as the Columbia
River (Hamlet and Lettenmaier, 1999a,b; Miles et al.,
2000; Clark et al., 2001). Both of these approaches
tend to mask the degree of local variability between
climate zones, which can be significant (Harshburger
et al., 2002; Wernstedt and Hersh, 2002). There is evi-
dence of variation west to east between the Cascades,
Wallowa Mountains, and Rockies (McCabe and Det-
tinger, 2002) and north to south between a warm dry
El Niño signal in Washington and northern Oregon
and a cold wet El Niño signal in California and Col-
orado (Cayan and Peterson, 1989; Redmond and
Koch, 1991). The approach of using several similar
drainages from different climate zones across Oregon
allows a detailed look at variations in the magnitude
and timing of snowmelt runoff at a spatial scale com-
mensurate with many state and local water manage-
ment concerns.

Most importantly, studies using a large number of
stations generally include only a few with records
longer than 50 years. There appear to be several dis-
advantages to using mainly records beginning in the

mid-1940s or later. First, there was a shift from the
mostly warm phase to the mostly cool phase in the
PDO index around 1945 (Hare and Mantua, 2000).
This means that the first half of the time series is in a
cool phase and the second half is in a warm phase.
Second, studies have shown a muting of the ENSO
signal (especially as defined by the Southern Oscilla-
tion Index) between 1920 and 1950 (Kirtman and
Schopf, 1998; McCabe and Dettinger, 1999), which
would be missed using later time series.

ENSO AND PDO IN WESTERN U.S. CLIMATE

ENSO is a tropical phenomenon that affects global
sea surface temperature (SST) and climate. During a
typical El Niño (warm) event, the low pressure cell
centered over the Aleutian chain deepens, shifting the
main cyclonic storm track southward and depriving
the Pacific Northwest of moisture. Unusually high
temperatures follow a warm tongue of ocean water up
the Pacific Coast. La Niña (cool) events tend to cause
a weakening of the low pressure cell and shift the
storm track northward over the Pacific Northwest,
drawing cooler coastal waters up the coast of Oregon
and Washington and delivering more precipitation
(Hoerling and Kumar, 2000). This is a simplified
explanation, and the extratropical effects of ENSO
are variable (Hoerling and Kumar, 2000). El Niño
events tend to correlate with warmer than average
temperatures and lower than average runoff in the
northwestern United States and colder and wetter
than average conditions in the southwestern United
States. La Niña events tend to have the inverse effect
(Cayan and Peterson, 1989; Redmond and Koch, 1991;
Cayan et al., 1999; Miles et al., 2000; Clark et al.,
2001). Snowpack and streamflow in the western Unit-
ed States respond more consistently to La Niña than
El Niño (Cayan et al., 1999), possibly because during
El Niño, circulation anomalies tend to be located east
of those in La Niña years, resulting in weaker tem-
perature and precipitation anomalies close to the west
coast (Hoerling and Kumar, 2000).

PDO causes precipitation and temperature anoma-
lies in the western United States similar to ENSO
(Mantua et al., 1997; McCabe and Dettinger, 1999;
Jain and Lall, 2000; Miles et al., 2000) but is defined
by SST patterns that predominate in the northern
Pacific Basin. The warm phase of PDO is character-
ized by a strengthened Aleutian low and increased
SST along the northwest coast of North America, sim-
ilar to but stronger than a typical El Niño event.
While ENSO changes phase interannually, PDO con-
ditions persist in the same phase for 10 to 30 years,
with excursions into the opposite phase for at most
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two to three years (Mantua et al., 1997). Finally, while
ENSO is a reasonably well studied and widely accept-
ed phenomenon with a prediction lead time of several
months, the origin and teleconnections of decadal
oscillations in the Pacific are disputed (Gu and Phi-
lander, 1997; Mantua et al., 1997; Zhang et al., 1997;
Barnett et al., 1999; Hunt and Tsonis, 2000; Barlow
et al., 2001). Nonetheless, PDO appears to influence
Pacific Northwest climate and streamflow as much as
ENSO (McCabe and Dettinger, 2002). The PDO index
is positively correlated with temperature and nega-
tively correlated with streamflow in the Pacific North-
west, and the following regimes have been identified
during the 20th Century: PDO cool phases occurred
from approximately 1900 to 1925 and 1945 to 1977,
and PDO warm phases have occurred between 1925
and 1945 and since 1977 (Hare and Mantua, 2000).
There is debate as to whether PDO changed back to a
cool phase in the early 1990s (Miles et al., 2000).

The correlation between ENSO, PDO, and climate
has varied over the past century (Gershunov and Bar-
nett, 1998; Kirtman and Schopf, 1998; McCabe and
Dettinger, 1999; Folland et al., 2002). McCabe and
Dettinger (1999) show that the correlation between
ENSO and precipitation in the Pacific Northwest was
much stronger before 1920 and after 1950 than dur-
ing the three decades between 1920 and 1950, which
coincide with a PDO warm phase and a divergence in
tropical ENSO indices. In addition, the effects of PDO
and ENSO appear to be additive when both are in the
same phase (Koch and Fisher, 2000; Harshburger et
al., 2002). This study shows further evidence that
PDO influence has decreased significantly after 1950
as ENSO correlations have strengthened.

DATA SOURCES

Daily discharge and annual peak discharge data
from the U.S. Geological Survey (USGS) Water
Resources Division for eight watersheds in central
and eastern Oregon were used in the analysis herein
(Table 1). The gaging stations were selected based on
the following criteria: (1) the record begins before
1940 and contains at least 60 complete years of daily
streamflow measurements; (2) the drainage area is
less than 300 square kilometers; (3) the annual hydro-
graph is dominated by a spring snowmelt peak; and
(4) the watershed upstream of the gaging station is
undisturbed by canals, dams, or urbanization. The
need for a long record is discussed above. Small
drainage areas were chosen to maximize the
snowmelt signal, which is diffused in larger drainage
basins, and to minimize the effects of human distur-
bance. Eight watersheds distributed across eastern
Oregon met these criteria: Deer Creek and Squaw
Creek from the Upper Deschutes Basin of central
Oregon; Bear Creek, South Fork Walla Walla River,
Lostine River, and Catherine Creek from the Upper
Grande Ronde Basin in northeastern Oregon; Straw-
berry Creek from the Upper John Day Basin of cen-
tral Oregon; and Trout Creek from the Alvord Lake
Basin of southern Oregon/northern Nevada (Figure
1).

Mean annual streamflow was calculated for each
station for each water year by averaging daily dis-
charge measurements from October 1 to September
30. The date of peak flow was determined after apply-
ing a five-day running average to the discharge record
and corresponds to the center of the highest five-day
average. No filter was applied to the annual peak
recorded discharge data, except that peaks reportedly 
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TABLE 1. Properties of Streams in Study (locations on Figure 1).

Period
Station Area Runoff of No. of Gage Mean

Stream Name Drainage Basin No. (km2) (m3/km2s) Record Years Elevation Elevation

Strawberry Creek Upper John Day 14037500 18 0.0198 1925 to 1997* 69 1,496 2,100

Deer Creek Upper Deschutes 1405200 55 0.0037 1937 to 1997 60 1,378 1,615

Bear Creek Wallowa 13330500 116 0.0283 1924 to 2000* 63 991 1,800

S.F. Walla Walla River Walla Walla 14010000 161 0.0311 1908 to 1997* 67 625 1,280

Squaw Creek Upper Deschutes 14075000 174 0.0170 1908 to 1997* 84 1,064 1,830

Lostine River Wallowa 13330000 182 0.0303 1912 to 2000* 75 1,936 2,130

Trout Creek Alvord Lake 10406500 225 0.0020 1932 to 1997 65 1,326 1,830

Catherine Creek Grand Ronde 13320000 269 0.0125 1912 to 1996* 73 939 1,580

*Indicates missing years in record.



affected by debris flows or outburst floods were not
considered. Seasonal discharge fractions consist of the
following three month averages, divided by the annu-
al total of monthly averages: fall is September/Octo-
ber/November (SON), winter is December/January/
February (DJF), spring is March/April/May (MAM),
and summer is June/July/August (JJA). Temperature
and precipitation data from stations on Figure 1 are
from the U.S. Historical Climatology Network
(USHCN). These data have been adjusted to remove
biases introduced by station moves, instrument
changes, time of observation differences, and urban-
ization effects. They are available from the U.S. His-
torical Climatology Network (1996). Additional
precipitation data are National Oceanic and Atmo-
spheric Administration (NOAA) Climate Division
datasets (Oregon Climate Service, 2002). They repre-
sent the average of all reporting stations from the Cli-
mate Division for each month of the record. These are
not adjusted for long term bias.

There is no single universally accepted measure of
ENSO, and climate correlations vary with index used.
Both the atmospheric Southern Oscillation Index
(SOI) and an oceanic index, Niño 3.4 are used. The
SOI, available from NOAA (2002) is defined as the
standardized difference between sea level pressure

(SLP) anomalies at Tahiti and Darwin, Australia.
The SOI is used in the interest of comparing results
from this study to those from other regional studies
(e.g., Redmond and Koch, 1991; Cayan et al., 1999;
Wolter et al., 1999; Koch and Fisher, 2000; Redmond
et al., 2002). The June through September (JJAS)
average of SOI is used for all calculations because it
correlates best with mean annual streamflow and the
date of peak snowmelt in most of the stations. El Niño
events are defined in this study as years when the
previous June through September average (JJAS) of
the SOI is -0.5 or less (one-half a standard deviation
below the mean), and La Niña events are defined as
those years when JJAS SOI is greater than 0.5.
Other years are defined as ENSO neutral. The Niño
3.4 index is also used, and is defined as the smoothed
monthly SST anomalies from the Niño 3.4 region of
the equatorial Pacific (Trenberth and Stepaniak,
2001). The index is available from the National Cen-
ter for Atmospheric Research (2002). El Niño events
are defined as years when Niño 3.4 averages are
greater than 0.4, and La Niña events as less than 
-0.4. For all calculations, the September/October/
November (SON) average is used because it correlates
best with mean annual streamflow and date of peak
flow in most of the stations. The choice of months
used to define the state of ENSO affects seasonal cor-
relations somewhat, but not enough to alter the
results of the study.

The PDO index from the University of Washington
(Mantua, 2001) is used. PDO is the leading empirical
orthogonal function (EOF) of SST variability in the
Pacific Basin poleward of 20˚N (Mantua et al., 1997).
PDO warm events are defined as years when the
annual average of the index is greater than 0.5 and
PDO cool events as less than -0.5. Other years are
defined as PDO neutral. The annual average of all
monthly PDO indices is used regardless of whether it
is in or out of phase with the decadal scale regime
because the interannual component of PDO appears
to affect climate in the region at least as strongly as
ENSO (McCabe and Dettinger, 2002). Other studies
have found significant results splitting the record into
predominantly positive or negative PDO regimes
(Hamlet and Lettenmaier, 1999a; Miles et al., 2000;
Koch and Fisher, 2000).

METHODS AND SIGNIFICANCE TESTS

Undisturbed drainages with long records have
advantages over precipitation and snow gages when
evaluating the effects of climate variability on water
resources. First, surface water is often the greatest
concern of water managers. Second, streamflow 
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Figure 1. Gaging Stations (squares) and USHCN Climate 
Stations (black dots) in Central and Eastern Oregon. Gray 
polygons encompass NOAA climate divisions. DC = Deer Creek,
SQC = Squaw Creek, TC = Trout Creek, STC = Strawberry
Creek, BC = Bear Creek, CC = Catherine Creek, LR = Lostine
River, and SFWW = South Fork Walla Walla River. Temperature
stations are La = Lakeview, Pa = Paisley, Cl = Crater Lake, Fr =
Fremont, Be = Bend, Pr = Prineville, Ba = Baker City, Un =
Union, Wa = Wallowa, and Da = Danner. Those with an asterisk
(*) also have precipitation records.



integrates precipitation and snowmelt over the
drainage area and records precipitation from high ele-
vations and rugged topography, where gages are rare
(Cayan and Peterson, 1989). Third, the effects of
ENSO and PDO are amplified in streamflow com-
pared to precipitation (Cayan et al., 1999). This may
be due to the spatial advantage of streamflow men-
tioned above or because snowmelt runoff depends on
both precipitation and temperature. Mean annual dis-
charge reflects total precipitation, date of peak
snowmelt reflects spring and summer temperatures,
and seasonal runoff fractions represent the balance
between precipitation and temperature during the
cold-season snow accumulation period and the high
evaporation/transpiration period in the summer (Fig-
ure 2).

Correlations are tested with two methods. The first
is ordinary least squares linear regression, which
returns a Pearson product moment correlation coeffi-
cient r between 1 (perfectly correlated) and -1 (per-
fectly negatively correlated). Variables are considered
weakly correlated, correlated, and strongly correlated
where the test statistic t rejects the null hypothesis
with a 90 percent, 95 percent, and 99 percent confi-
dence level, respectively. Linear regression assumes a
linear, homoscedastic (variability of y does not change
with magnitude of x) relationship between two vari-
ables (Hirsch et al., 1993). There is no obvious nonlin-
earity or heteroscedasticity, but the data are
scattered, and there are several factors that would
contribute nonlinearity to the relationship between
climate indices and streamflow. These include tempo-
ral and spatial variability in the strength of ENSO
and PDO correlations shown in this study and by

Kirtman and Schopf (1998), Hoerling and Kumar
(2000), and Jain and Lall (2000) and interannual cli-
mate variability that occurs independent of ENSO or
PDO. For these reasons correlation coefficients are
low and often questionably significant, and linear cor-
relations may not always be appropriate. The signifi-
cance of Pearson’s r is corroborated with Kendall’s τ, a
nonparametric correlation coefficient. Kendall’s τ is
found by indexing the two datasets by rank, then cor-
relating by rank rather than actual magnitude.
Kendall’s τ, like r, ranges from 1 to -1, and signifi-
cance is determined by a z-test with confidence levels
assigned as above. Kendall’s τ has the advantage of
not requiring linearity or homoscedasticity, is not as
sensitive to extreme values as linear regression, and
is well suited to river discharge and precipitation data
(Kendall and Gibbons, 1990; Hirsch et al., 1993).
Hirsch et al. (1993) provide mathematical formulas
for these parameters. Except as noted, only correla-
tions in which both linear regression and the rank
correlation return values significant to at least 90
percent are considered, and only r-values are reported
in the tables and graphs.

Long term trends are evaluated using the regres-
sion and rank methods above and with plots of cumu-
lative residuals, which do not have any associated
significance tests but illustrate the periodicity of vari-
ations in time series. The value of the cumulative
residual Qn, n years into the time series is given by

JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION 1015 JAWRA

VARIATION IN THE RELATIONSHIP BETWEEN SNOWMELT RUNOFF IN OREGON AND ENSO AND PDO

Figure 2. Example of a Snowmelt-Dominated Hydrograph: Daily Discharge of Squaw Creek Near Sisters,
Oregon, and Smoothed Monthly Average Precipitation From Sisters, Oregon, Both for Water Year 1962.

Q Q Qn i
n= −( )∑0



where Qi is the value of the time series at year i and
Q
–

is the mean value of the time series over the period
of record (Hurst, 1951). Low and high points in the
cumulative residual plot represent shifts from consis-
tently low years to consistently high years and vice
versa. A positive slope indicates that high discharge
years are following high discharge years, and a nega-
tive slope indicates that lower than average years are
following lower than average years.

REGIONAL HYDROLOGIC VARIABILITY

Annual precipitation patterns are variable between
the study sites, but in general, precipitation peaks in
December or January in central Oregon and in north-
eastern Oregon in November with a second peak in
May and June.  Spring snowmelt peaks occur in May
for Deer, Catherine, and Trout; in June for Bear,
Squaw, Lostine, and South Fork Walla Walla; and in
July for Strawberry (Figure 3). The long term average
date of peak snowmelt for each stream is positively
correlated (r = 0.82) with the average elevation of the
drainage area. There is an order of magnitude spread
in runoff per unit area shown in Table 1 that is proba-
bly due to location with respect to topography and
illustrates the variability between climate zones with-
in the semi-arid part of the state.

TEMPERATURE AND PRECIPITATION

Because discharge from snowmelt streams depends
on both precipitation and temperature, it is useful to
determine how these factors have responded to PDO
and ENSO. The ten USHCN climate stations used are
scattered throughout central and eastern Oregon

(Figure 1). Five of these stations have precipitation
records as well, but the records are shorter and corre-
lations are poor and inconsistent.

ENSO and PDO are both significantly correlated
with mean annual temperature in nearly all of the
stations, and neither is consistently correlated with
mean annual precipitation (Table 2). Mean annual
precipitation averaged over climate divisions corre-
lates better with the indices. ENSO is significant in
the Cascades and Northeast climate divisions, and
PDO is significant in the Cascades climate division.

Spring and summer temperature and precipitation
are better correlated with PDO and ENSO than win-
ter and fall (Figure 4). Again, temperature correla-
tions are more consistent than precipitation.

MEAN ANNUAL DISCHARGE

Mean annual discharge responds as expected to
PDO and ENSO, decreasing during warm dry phases
and increasing during cool wet phases. Correlations
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Figure 3. Monthly Flow Fractions, Averaged Over the
Period of Record for All Streams in Study Area.

TABLE 2. Correlation Coefficient Relating Mean Annual
Temperature and Precipitation to PDO,
JJAS SOI, and SON Niño 3.4 Indices.

Station PDO SOI Niño 3.4

Mean Annual Temperature

Baker 0.27** -0.23* 0.26**
Bend 0.36** -0.21* 0.22*
Lakeview 0.31** -0.25** 0.21*
Fremont 0.33** -0.20* 0.22*
Wallowa 0.27** -0.21* 0.21*
Crater Lake 0.25* -0.07 0.14
Danner 0.18w -0.17w 0.21*
Paisley 0.23* -0.22* 0.14w
Prineville 0.21* -0.15 0.14
Union 0.31** -0.24* 0.29**

Mean Annual Precipitation

Danner 0.07 -0.12 0.1
Union 0.21* -0.19 0.09
Crater Lake -0.06 -0.18 0.13
Wallowa 0.01 -0.12 0.09
Baker 0.07 -0.13 0.1
High Plateau -0.18* 0.20* -0.23*
South Central 0.07 0.11 -0.11
Northeast -0.12 0.14w -0.17*

Note: Double asterisk (**), asterisk (*), and ‘w’ indicate >99 per-
cent, >95 percent, and >90 percent confidence, respectively.
USHCN stations and climate divisions are on Figure 1.



between mean annual discharge and PDO and ENSO
indices (Figure 5) are higher and more consistently
significant than correlations between climate zone
temperature/precipitation data and PDO and ENSO,
possibly because the hydrologic cycle amplifies the
combined effects of precipitation and temperature or
because stream discharge represents a more coherent
spatial average over a smaller area than scattered cli-
mate stations, or both. Although ENSO correlations
are stronger than PDO correlations for most streams,
there is spatial and temporal variability in the
strength of both relationships.

ENSO correlations for the period of record are
strongest in the westernmost stations (Deer and
Squaw), lowest in the central stations (Catherine and
Strawberry), and insignificant in the southernmost
station (Trout).  All but Strawberry and Trout are also
significantly negatively correlated with PDO for the
period of record. Coinciding with the results of
McCabe and Dettinger (1999), no sites are significant-
ly correlated with SOI for the years 1920 to 1950,
while correlations for data prior to 1920 and after
1950 are substantially higher. However, most streams
are significantly correlated with the Niño 3.4 index
during 1920 to 1950 (with the highest correlation
being r = 0.72 for Deer). Correlations between PDO
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Figure 5. (A) Correlation Between Mean Annual Flow, PDO, Niño 3.4, and SOI for Each Stream. Size of circle is proportional
to r-value. (B) Correlations Averaged Over All Eight Streams, and Separated by Period of Record.

Numbers above bars indicate number of significant results (p < 0.05) out of eight streams.

Figure 4. Correlations Between (A) Mean Seasonal Temperature
and (B) Precipitation and the Three Climate Indices, Averaged

Over All Stations Used in Eastern Oregon. Numbers above bars
indicate number of significant (p > 0.05) correlations out of

10 temperature stations and five precipitation stations.



and mean annual streamflow show the opposite trend
as SOI, with elevated correlation coefficients between
the years 1920 and 1950 and lower (or insignificant)
correlation coefficients for the years preceding and
following this period. Trout’s lack of correlation sug-
gests that its southern location is marginal with
respect to atmospheric events associated with PDO or
ENSO and may be on the hinge between positive
anomalies in the north and negative anomalies in the
south. This decrease in ENSO effects in southern Ore-
gon has also been seen in coastal rivers (Koch and
Fisher, 2000).

The two ENSO indices also diverge on whether La
Niña or El Niño affect streamflow to the same extent.
Using SOI, split sample analysis supports the obser-
vation of Cayan et al. (1999) and others that La Niña
has a more consistent effect on streamflow than El
Niño. In most cases, the percent difference in annual
streamflow between La Niña years and SOI neutral
years is at least twice the percent difference between
El Niño years and SOI neutral years (Figure 6).
Using the Niño 3.4 definition, La Niña is dominant in
half the streams and El Niño dominant in the other
half.  Asymmetry in the PDO signal is also inconsis-
tent between sites.

EXTREME LOW AND HIGH WATER YEARS

Droughts and floods are of greater concern to the
public than average flow but are by definition rare
events. The distribution of PDO and ENSO climate
anomalies in drought years (10 lowest mean annual
discharges in each stream) and wet years (10 highest)

is compared with their distribution throughout the
period of record. Using the SOI definition, La Niña
(ENSO cool), neutral, and El Niño (ENSO warm)
years comprise 23 percent, 47 percent, and 30 percent
of the record, respectively (for Niño 3.4 the percent-
ages are 27 percent, 35 percent, and 37 percent) while
PDO cool, neutral, and warm years comprise 25 per-
cent, 43 percent, and 32 percent. Out of 80 instances
of drought, only three occurred during a PDO cool
phase, none occurred during an SOI  (ENSO) cool
phase, and 13 occurred during a Niño 3.4 (ENSO) cool
phase (Figure 7). The extreme wet years were nearly
evenly distributed through PDO phases but are domi-
nated by ENSO cool phases as defined by either
index.
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Figure 7. Histograms Showing the Number of Years Out of Ten That the (A) Highest and (B) Lowest Water
Years Coincide With ENSO and PDO Phases, Averaged Over All Eight Streams in the Study.

Figure 6. Deviation of Mean Annual Discharge During
PDO and ENSO Events From Years When Indices

Are Neutral, Averaged Over All Eight Streams.



SEASONAL FLOW FRACTIONS

Seasonal fractional runoff reflects the time lag
from snow accumulation and is not entirely consistent
with climate division temperature and precipitation.
The least expected result is that winter runoff frac-
tion does not increase during warm phase years of
either ENSO or PDO and in fact decreases in two
streams with El Niño, according to the Niño 3.4
index, despite significantly warmer temperatures in
some stations, indicating that any increase in winter
snowmelt is balanced by decreased precipitation (Fig-
ure 8).

Warm season runoff anomalies are more consistent.
PDO is strongly positively correlated with spring
runoff fraction except for Trout and South Fork Walla
Walla and strongly negatively correlated with sum-
mer runoff fraction except for South Fork Walla
Walla.The temperature data indicate that PDO
affects spring temperature; thus high spring flows fol-
lowed by low summer flows during PDO warm phase
events reflect increased early snowmelt runoff (the
opposite for cool phase). Niño 3.4 correlations with
spring and summer runoff show the same pattern,
with increased spring and decreased summer runoff
during El Niño events and the opposite during La
Niña. SOI correlations with spring and summer flow
are insignificant in most streams.

DATE OF PEAK SNOWMELT

The timing of peak spring runoff, which is a 
major factor in the success of reservoir operations, is

significantly earlier during the PDO warm phase and
later during the cool phase in all streams but South
Fork Walla Walla (Table 3). South Fork Walla Walla
drains the lowest elevations and thus derives its
spring peak discharge both from snowmelt, which is
directly modulated by temperature, and precipitation,
which is not. SOI is well correlated with spring tem-
perature but correlates with the date of peak
snowmelt less consistently than PDO. Niño 3.4 corre-
lates better with the date of peak snowmelt, though
only half the stations show significant correlations.
Although PDO correlations with the date of peak
snowmelt are consistently higher during the years
1920 to 1950 and lower in other periods, neither
ENSO index shows consistent temporal variability.
PDO warm events shift the timing of peak snowmelt
an average of seven days earlier than PDO neutral
events, and PDO cool events shift the peak an aver-
age of 6.6 days later than PDO neutral. This general-
ly corresponds to the results of Cayan et al. (2001),
who found that snowmelt peaks in western U.S.
streams have shifted earlier by about two days per
decade between 1957 and 1994 (a 7.5 day shift
between a PDO cool regime and a PDO warm regime).  

ANNUAL PEAK DISCHARGES

Peak discharge records are used to model the sta-
tistical distribution of flood magnitude and frequency
for dam design and floodplain hazard delineation. For
these purposes, floods are generally assumed to be
independent and identically distributed and result
from temporally stochastic processes. Jain and Lall
(2001) challenge this assumption by documenting
changes in flood magnitude over time related to PDO
and ENSO on the Similkameen River in Washington.
In addition to informing flood frequency analyses, the
state of ENSO is used to aid in prediction of extreme
events. The utility of ENSO as a flood predictor
depends on understanding the local effects of ENSO
on flooding, which may vary between drainage basins,
over time, and with the severity of the event (Wernst-
edt and Hersh, 2002). Annual peak discharge is used
in this study, but others have shown significant
ENSO correlations using statistical metrics such as
the 90th percentile flows (Cayan et al., 1999).

The highest recorded daily peak discharge each
year usually coincides with the snowmelt peak in high
elevation drainages but can also be caused by rain on
snow events in the winter or spring. Squaw, South
Fork Walla Walla, and Deer experience major rain on
snow floods. All annual peak floods in the period of
record on the other streams occurred during warm
season snowmelt. Larger floods occur significantly
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Figure 8. Correlation Coefficients Relating Seasonal Fractional
Discharge to PDO, Niño 3.4, and SOI Indices, Averaged
Over All Eight Streams. Numbers above bars indicate

number of significant results (p < 0.05).



later in the water year in Bear, Catherine, Lostine,
and Trout and significantly earlier in Squaw, South
Fork Walla Walla, and Deer.

Correlations with flood magnitude vary temporally
the same way mean annual discharge does.  PDO was
significantly more important in determining flood
magnitude from 1920 to 1950 (r = 0.76 for Deer
Creek) than other years (r = 0.21 for Deer Creek),

while both ENSO indices are stronger for the years
before 1920 and after 1950, with the exception of
Trout and Deer, which show strong flood correlation
with Niño 3.4 1920 to 1950. Consistent rank correla-
tions and inconsistent linear correlations between
flood magnitude and both ENSO indices and PDO
suggest that the relationships may be real but nonlin-
ear (Figure 9).
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TABLE 3. Correlation Coefficients Relation Date of Peak Snowmelt to SOI, Niño 3.4, and PDO Indices.

All Years 1920 to 1950 Pre-1920 and Post-1950
SOI Niño 3.4 PDO SOI Niño 3.4 PDO SOI Niño 3.4 PDO

Bear 0.20w -0.32** -0.31** 0.14 -0.29w -0.36* 0.23 -0.37* -0.21

Catherine 0.14 -0.13 -0.23* 0.18 -0.35* -0.33w 0.11 -0.06 -0.14

Lostine 0.10 -0.25* -0.33** -0.14 -0.32w -0.35* 0.20w -0.24 -0.28

Deer 0.18w -0.29* -0.38** 0.04 -0.36 -0.57* 0.23w -0.29* -0.31*

Squaw 0.10 -0.03 -0.25** 0.20 -0.20 -0.35* 0.05 0.02 -0.20w

SF Walla Walla -0.18 0.10 -0.14 -0.45 0.45 -0.141 -0.07 0.02 -0.15

Strawberry 0.18w -0.17w -0.40** 0.30w -0.39* -0.33w 0.11 -0.09 -0.42**

Trout -0.02 -0.01 -0.19w -0.45* 0.48 -0.14 0.10 -0.11 -0.21

Note: Double asterisk (**), asterisk (*), and ‘w’ indicate >99 percent, >95 percent, and >90 percent confidence, respectively. USHCN stations
and climate divisions are on Figure 1.

Figure 9. (A) Map Showing Distribution of Significant Correlations Between Annual Peak Discharge, SOI, PDO, and Niño 3.4.
Size of circle is proportional to r-value. (B) Bar Graph Showing Correlation Coefficient, Averaged Over All Eight

Streams, Between Annual Peak Discharge, PDO, SOI, and Niño 3.4, for Different Periods of Record.



TRENDS IN MEAN ANNUAL STREAMFLOW

A long term increase in mean annual precipitation
and temperature is consistent and significant
throughout the region (Figure 10). The exception is
the westernmost and highest station, Crater Lake,

which shows decreasing temperature and precipita-
tion. Despite this, only Bear and Trout show signifi-
cant increases in streamflow over the period of record.
Bear Creek is missing nine years of data, so a regres-
sion model based on the adjacent Lostine River was
used to fill in the gap. The time series of mean annual
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Figure 10. Linear Correlation Between Water Year and (A) Mean Annual Temperature and Precipitation (size of circle is
proportional to r-value), (B) Seasonal Temperature, and (C) Seasonal Precipitation Over the Last 100 Years in USHCN
Climate Stations. Station abbreviations follow Figure 1. Insignificant correlations are shown without fill in bar graphs.



discharge between the two streams is highly correlat-
ed (r2 = 0.94), with no apparent nonlinearity or het-
eroscedasticity; thus the regression model is
appropriate (Hirsch et al., 1993). With the addition of
nine years of modeled discharge data, the trend of
increasing discharge in Bear Creek disappeared.
Trout Creek, which is not missing any data, may be
the only station with a true trend.

Despite spatial differences in correlation with PDO
and ENSO, mean annual streamflow in the region
has varied coherently over the period of record (Fig-
ure 11). Most streams in the study have their lowest
inflection points (indicating a shift from consistently
lower than average flow to consistently higher than
average flow) around the year 1945 (coinciding with a
phase shift in PDO) and their highest (indicating a
shift from higher than average to lower than average)
in either 1976 or 1985. Trend analyses in time series
are necessarily sensitive to the beginning and ending
point; thus an analysis that uses these streamflow
data beginning in the 1940s will suggest a monotonic
increase in discharge, while the same analysis using
records beginning in the early 1930s will not. The
spatial distribution of gaged, undisturbed basins,
however, is poor (only eight undisturbed snowmelt
dominated basins in the state of Oregon have records
currently for longer than 60 years), and this hampers
the detection of trends and low frequency climate
variability.

TRENDS IN SEASONAL FLOW FRACTIONS

There are consistent and opposing monotonic
trends in winter, spring, and summer runoff (Figure
12), with spring and summer fraction of flow 

negatively correlated. This is expected in snowmelt
streams because summer streamflow represents snow
that did not melt in the spring.

Although monotonic precipitation increases do not
appear in the hydrologic record (except for Trout),
monotonic temperature increases seem to. Winter
runoff fractions have increased over the period of
record in all streams but Strawberry and Lostine,
despite a decrease in winter precipitation in all cli-
mate zones. This suggests that warmer temperatures
are causing more runoff during the winter. Interest-
ingly, winter discharge has not increased significantly
during warm phases of PDO or ENSO, suggesting
that either they do not affect temperature enough to
cause significant snowmelt in the winter, or they coin-
cide with a decrease in total cold season precipitation
that is not apparent in the USHCN data. The
increase in winter runoff is cannibalized from spring
and summer runoff in most streams; thus although
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Figure 11. Cumulative Residuals of Mean Annual Discharge
for Bear Creek, Lostine River, and South Fork Walla Walla
River Showing Coincident Inflection Points. Residuals are

dimensionless and scaled to fit on the same graph.

Figure 12. (A) Linear Trends in Seasonal Fractional Discharge
Over the Period of Record. Only significant correlations
between water year and seasonal discharge are shown.

(B) Cumulative Residual of Seasonal Fractional Discharge
for Strawberry Creek, Showing Negative Correlation

Between Spring and Summer Discharge Fraction.



the volume of water is not changing over time, the
timing of runoff is. This trend is shifting the seasonal
surface water supply even more out of phase with
demand in the region. Despite the increase in winter
runoff, peak snowmelt dates are not occurring signifi-
cantly earlier in the water year.

CONCLUSIONS

The results of this study indicate that the magni-
tude and timing of runoff in snowmelt dominated
streams in central and eastern Oregon are signifi-
cantly affected by climatic variability coinciding with
PDO and ENSO. Although most aspects of runoff are
correlated to some extent with both PDO and ENSO,
ENSO signals are strongest in mean annual dis-
charge for all years and in the 10 highest and lowest
discharge years in each station. PDO signals are
strongest in the date of peak snowmelt runoff, spring
and summer runoff, and the magnitude and timing of
annual peak discharge events. There is spatial vari-
ability in all correlations, which tend to be higher in
High Cascades and Wallowa Mountains streams,
lower in between, and insignificant in the southern-
most stream.

There is significant temporal variability in the
effects of PDO as well as ENSO. PDO and ENSO
seem to trade dominance, with ENSO much stronger
after 1950 and PDO much stronger before 1950. This
suggests that long term mean effects of PDO or ENSO
on streamflow may not be representative of the cur-
rent situation for predictive purposes. Correlations
between ENSO and streamflow during the period
1920 to 1950 depend on the ENSO index used. In gen-
eral, the dramatic decrease in SOI correlations is not
apparent using Niño 3.4 as a measure of ENSO.

Secular trends not correlated with PDO or ENSO
during the period of record include increased precipi-
tation and temperature in USHCN stations in central
and eastern Oregon. These are represented in the dis-
charge data as shifts in the timing of runoff but not as
increasing or decreasing mean annual flows. The frac-
tion of runoff occurring during the winter increased at
most stations during the period of record, and this
increase was balanced by a decrease in either spring
or summer runoff. Increased winter runoff is probably
a result of increased winter temperatures. Cumula-
tive residual plots show that discharge in the study
area has increased and decreased consistently among
streams, with major inflection points coinciding with-
in one or two years. The appearance of long term
trends in the record is sensitive to where the record
begins and ends with respect to these inflection
points. This reinforces the importance of using the

longest and most complete records possible when
searching for secular trends in regions that are also
affected by low frequency climate cycles such as the
PDO.
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