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Abstract Widespread droughts can have considerable impact on western United States (U.S.)
streamflow but causes related to moisture delivery processes are not yet fully understood. Here we
examine western U.S. streamflow records to identify robust leading modes of interannual variability and
their links to patterns of ocean and atmospheric circulation. The leading mode of streamflow variability,
a pattern of west-wide streamflow anomalies, accounts for approximately 50% of variability and is
associated with persistent high-pressure anomalies related to ridges off the Pacific North American coast.
The second mode of variability accounts for approximately 25% of variability and is associated with
ocean and atmospheric conditions in the tropical Pacific. Our results suggest that the leading mode of
streamflow variability in the western U.S. is more strongly associated with internally driven midlatitude
atmospheric variability than equatorial Pacific sea surface temperatures.

1. Introduction

Droughts affecting streamflow in multiple watersheds can have a profound impact on western United States
(U.S.) water supplies. These droughts are often attributed, at least in part, to El Niño–Southern Oscillation
(ENSO) variability in the equatorial Pacific [Cayan et al., 1999; Dettinger et al., 1998; Redmond and Koch, 1991;
Seager and Hoerling, 2014; Wise et al., 2014]. However, many drought events are not directly explained by
ENSO alone. Some of the most spatially widespread events in the past century are linked with powerful, cool
season, blocking atmospheric ridges in the midlatitudes. These features obstruct incoming moisture and are
frequently associated with internal atmospheric variability. The unusually strong and widespread droughts
in 1977 and 1934 are cited as examples of this [e.g., Cook et al., 2014; Hoerling et al., 2009; Seager et al., 2014;
Diaz and Wahl, 2015; Wise, 2016]. The 2014 California drought is also related to persistent ridging [Cook et al.,
2014; Seager et al., 2015; Teng and Branstator, 2016; S.-Y. Wang et al., 2014]. But these examples highlight the
often tangled relationship between interacting ocean-atmosphere dynamics in the equatorial and midlati-
tude Pacific. For instance, the unusually strong atmospheric ridge during the 2014 drought has been linked
with Pacific sea surface temperatures (SSTs) variability [e.g., Herring et al., 2014; Seager et al., 2015; H. Wang
et al., 2014; Seager et al., 2014; Teng and Branstator, 2016; S.-Y. Wang et al., 2014; Hartmann, 2015; Swain, 2015].
In the case of the 1934 drought, an unusually intense and persistent atmospheric ridge on the Pacific North
American coast was briefly experienced during a longer drought associated with tropical Pacific SSTs [Cook
et al., 2014; Herring et al., 2014; Seager et al., 2008, 2005; Schubert et al., 2004]. While equatorial Pacific SSTs
have been shown to play an important role in triggering western U.S. drought, it is unclear how extensively
and consistently the midlatitude atmosphere circulation—independent of tropical Pacific SSTs—can induce
widespread drought and hydroclimate variability, particularly in western U.S. streamflow.

Our study approaches this issue with a focus on annual, western U.S. multibasin streamflow anomalies. Hydro-
climate research has largely focused on precipitation, drought-related metrics, or streamflow in specific basins,
but rarely on multibasin streamflow anomalies across the western U.S. Relative to other hydroclimate vari-
ables, the streamflow record has a number of unique and important characteristics. For example, an annual
value from a streamflow gage is an integration of hydroclimate processes, spatially, across the extent of a
basin or watershed, and temporally, through a full year. As such, it is a measure of the water supply in the
basin resulting from these processes. Basin-scale water resources have played a vital role in the human and
ecosystem development of the western U.S. Unlike most other hydroclimate variables, streamflow represents
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a managed natural resource. In the Pacific Northwest, for example, 60–70% of energy supplies are produced
by hydroelectric dams. Within the Columbia River basin, the U.S. Bureau of Reclamation, alone, manages an
active capacity of over 22 km3 of water spread across a network of 50 dams [Reclamation, 2016a]. To the south,
a growing population of nearly 50 million people across seven U.S. states have come rely on water allocations
from the Colorado River and its tributaries for municipal water needs [Reclamation, 2016a].

Many of the challenges in western U.S. water supplies are long-standing issues that are likely to be further
confounded by climate change and natural hydroclimate variability that is poorly represented in the instru-
ment record of the last century [Meko et al., 2012; Dettinger et al., 2015]. An improved understanding of the
controls on annual water supply variability is critical for seasonal forecasts and long-term hydroclimate and
streamflow projections. The state of ENSO is a widely used as a predictor in seasonal western U.S. forecast
models because of its impact on the western U.S. and seasonal persistence [Liu and Alexander, 2007]. If the
midlatitude ridging patterns that result in widespread streamflow deficits show consistent preference for one
ENSO phase, or some other form of persistent SST variability, this might serve as a basis for improved fore-
casting and anticipating similar widespread streamflow drought and pluvial events in the future. However, if
patterns of widespread streamflow variability are largely free of direct influence from ENSO or other persis-
tent SST patterns, then the droughts and pluvials associated with these streamflow anomalies will generally
be difficult, if not impossible to anticipate from seasonal forecasts.

Our main research question is how consistently are widespread water year (October–September) western
U.S. streamflow anomalies associated with midlatitude atmospheric circulation, without significant and direct
influence from equatorial Pacific SSTs? To address this question, we use principal components analysis (PCA) to
identify the main patterns or modes of variability in western U.S. streamflow over the last century. The leading
principal components (PCs) in streamflow are used to investigate variability in Pacific SSTs and atmospheric
circulation corresponding to these main modes of variability.

2. Data

This study used water year (WY) streamflow data from the USGS Hydro-Climatic Data Network (HCDN) [Lins,
2012]. HCDN is a collection of stream gages intended for analysis of climatic trends and hydrologic variations
with minimal influence from human activity. HCDN gages within the western U.S., from 104∘W to 125∘W, were
selected for this study of which 169 gages with complete records from WY1975 to 2011 were used for analysis
(Figure 1). We confirmed that patterns of variability from these 169 gages are reasonably robust through time
by repeating our analysis on the subset of 65 gages with complete records from WY1950 to 2011 and also the
subset of 16 gages with complete records from WY1925 to 2011. The results from the WY1925 and WY1975
periods are similar, suggesting that these patterns are reasonably robust (supporting information Figure S1
and Figure 1, respectively). Interestingly, the leading PCs from the WY1950 to 2011 subset differ from these
results, showing a stronger ENSO-like influence in the leading PCs (supporting information Figure S2). We
suspect that this difference is related to stronger spatial clustering in HCDN gages near the midcentury (see
supporting information Figure S3). Results presented below refer to the WY1975–2011 streamflow analysis
unless noted otherwise.

Global SSTs and Northern Hemisphere 500 mb geopotential height fields were used to identify climate vari-
ability associated with western U.S. streamflow. We used 500 mbar geopotential height data obtained from
the Twentieth Century Reanalysis Version 2 (20CR) [Compo et al., 2011]. The 500 mbar level is used because
it is above the mountainous, higher elevations of the western U.S. SSTs used are from the NOAA Extended
Reconstructed Sea Surface Temperature V3b (ERSST) [Smith et al., 2008]. Both products have a 2∘ by 2∘ spa-
tial resolution. The cool season is the primary period for moisture delivery into western U.S. river basins. Our
analysis focuses on this seasonal moisture delivery as a primary influence on interannual streamflow variabil-
ity. However, we examine all seasons to identify possible persistent or lagged relationships in geopotential
height and SST fields influence. Annual season-averaged 500 mbar geopotential height anomalies are used
for summer prior to the onset of the water year (June–August (JJA)), and for the fall (September–November),
winter (December–February), and spring (March–May (MAM)) of the water year itself. These season averages
were created from 20CR monthly average ensemble means. SST fields use the same seasons, averaged from
monthly values but these values are linear-detrended anomalies. Note that there is considerably more uncer-
tainty in the 20CR ensemble data prior to 1950 [Compo et al., 2011]. To check against bias in 20CR and ERSST,
we repeated analyses from 1983 to 2011 using HCDN streamflow data with geopotential height fields from
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Figure 1. Spatial pattern of leading PCs mapped as covariance of streamflow PC1 and PC2 on standardized streamflow
series (WY1975–2011). The percent value in figure title is the percent of streamflow variability accounted for by the PC.

ERA-Interim reanalysis [Dee et al., 2011; European Centre for Medium-Range Weather Forecasts, 2012] and SST
fields from Optimum Interpolation Sea Surface Temperature analysis V2 [Reynolds et al., 2007]. The results
were comparable to that produced with 20CR and ERSST.

3. Methods

Each annual streamflow series was transformed into standardized values from the common period of analysis.
This standardization addresses potentially differing streamflow distribution scales, shapes, and spreads. We
were concerned that these differences might otherwise bias extreme values in a PCA conducted on stream-
flow series from different western U.S. basins. Values were standardized by fitting each streamflow series
to a gamma distribution and then inverting the corresponding probabilities to a Gaussian distribution. In
short, this transformation is similar to the Standardized Precipitation Index [McKee et al., 1993] for precipita-
tion, though applied to streamflow data. We used a Kolmogorov-Smirnov goodness-of-fit test for each gage
against a fitted gamma distribution. Only one gage in California did not reject the null hypothesis that the
distribution is identical to a fitted gamma distribution (𝛼 = 0.05). In addition, we repeated this study’s anal-
ysis using a Z score standardization of streamflow. Despite our concern, Z score standardization produced
similar results.

PCA was based on singular value decomposition of the standardized streamflow covariance matrix. This
PCA allowed us to define the dominant patterns of variability in western U.S. streamflow, with each compo-
nent being independent (i.e., orthogonal) from other components. Significant, leading PCs were identified by
evaluating the explained variance and separation from other components [North et al., 1982]. The PCs were
standardized to unit variance. The leading empirical orthogonal functions, the spatial expression of the lead-
ing PC pattern, were mapped by plotting the covariance of a PC with the standardized streamflow data. See
Wilks [2006] for a review of these methods.

The leading patterns of streamflow variability were used to identify relationships with seasonal SST and
500 mbar geopotential height fields using two methods. First, point-correlation maps were generated to iden-
tify simple linear relationships between the leading streamflow PC time series and the SST and geopotential
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Figure 2. (a–h) Point correlation map of streamflow PC1 and PC2 on 500 mbar geopotential height anomaly fields for each season in the Northern Hemisphere
(WY1975–2011). Stippled areas show local statistical significance (𝛼 = 0.05).

height fields. Pearson product-moment correlation coefficients for each leading PC and field grid point were
mapped and local, statistical significance tested (𝛼 = 0.05).

Point-correlation maps were supplemented with nonparametric composite analysis maps. These maps iden-
tify areas in a SST or geopotential height field that exhibit statistically significant mean differences between
positive and negative signs of a streamflow PC time series. These maps were created for each leading stream-
flow PC for each climate field. Differences between the patterns for years with negative and positive PC
loadings were tested using Welch’s unequal variance t test for each grid point in the field. This procedure tests
against the null hypothesis that the two composite samples have equal means while accounting for the vari-
ance of each sample. Grid points that exhibited consistent changes with streamflow PCs, rejecting the null
hypothesis (𝛼 = 0.05), were mapped.

Our analysis was performed in Python using several Open Source scientific software libraries [Hunter, 2007;
van der Walt et al., 2011; Dawson, 2016]. Code used in our data collection and analysis is available online
(https://github.com/brews/riverpca) or by request from the corresponding author.

4. Results and Discussion

Interannual western U.S. streamflow is characterized by two leading and well-separated patterns of variability
in the past century (Figure 1). The leading pattern, or principal component (PC1), accounts for approximately
one half of streamflow variability (48%), while the second pattern (PC2) accounts for approximately one quar-
ter of variability (22%). A linear combination of these two patterns accounts for roughly three quarters of the
variability in standardized streamflow. Time series of PC1 and PC2 are shown in supporting information Figure
S4. The two leading PCs for streamflow are including in supporting information Data Set S1.

The leading patterns of streamflow variability have distinct spatial characteristics that relate to cool season
moisture delivery. PC1 is associated with widespread flow anomalies of the same sign across western U.S.

MALEVICH AND WOODHOUSE WIDESPREAD WESTERN U.S. STREAMFLOW 5126

https://github.com/brews/riverpca


Geophysical Research Letters 10.1002/2017GL073536

Figure 3. (a–h) Composite mean difference 500 mbar geopotential height anomaly for each season. This difference is the composite of positive streamflow PC
years minus negative PC years for PC1 and PC2. Stippled areas show composite means with local statistical significance (𝛼 = 0.05).

streamflow (Figure 1a). This widespread single-sign covariability has been noted previously in western U.S.
streamflow, snowpack, and coastal precipitation analyses [McGuirk, 1982; Cayan and Peterson, 1989; Lins, 1997;
McCabe and Dettinger, 2002]. The spatial expression of PC2 (Figure 1b) is a contrasting north-south seesaw or
dipole pattern, a well-established characteristic of the western U.S. linear climate response to ENSO in the cool
season [Dettinger et al., 1998; Wise, 2010]. These two streamflow patterns and their climate relationships are
replicated in the WY1925–2011 PCA. Analysis for this longer PCA is available in the supporting information.

4.1. Midlatitude Atmospheric Circulation and Blocking Pressure Anomalies in PC1
The correlations between the leading pattern of streamflow variability (PC1) and 500 mbar geopotential
height from fall through spring (Figures 2b–2d) reflects the pattern’s association with cool season synoptic-
scale atmospheric circulation. No significant, organized relationship is evident in the summer correlation map
(Figure 2a). During fall and winter, the significant positive correlations over the North American Cordillera and
northwest coast are flanked by negative correlations near the Aleutian Islands and eastern North America,
reflecting midlatitude atmospheric circulation wave-train dynamics (Figures 2b and 2c). The area of signifi-
cant positive correlation near the northwest U.S., specifically, is found in fall (Figure 2b), winter (Figure 2c), and
spring (Figure 2d). This suggests that widespread low streamflow is associated with anomalously high pres-
sure characteristic of a persistent ridge. This is a pressure anomaly which can preferentially block, separate,
or suppress incoming cool season moisture from the Pacific. The high PC1 value in 1977, a year with an intense
ridge and widespread streamflow drought, is an example of this (see supporting information Figure S4a).
Inversely, negative pressure anomalies over this area are associated with widespread high streamflow anoma-
lies. This relationship with geopotential height is inverted farther to the south near the Baja California
peninsula in winter and spring (Figures 2c and 2d). The consistency and strength of the anomalies near the
northwest U.S. is further emphasized in the PC1 composite test for 500 mbar geopotential heights from
fall through spring (Figures 3b–3d), demonstrating statistically significant geopotential height differences
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Figure 4. (a–h) Point correlation map of streamflow PC1 and PC2 on detrended SST anomaly fields for each season (WY1975–2011). Stippled areas show local
statistical significance (𝛼 = 0.05).

between positive and negative PC1 years (i.e., years of widespread high and low streamflow anomalies). These
composite maps show significance near the North American Pacific coast, but not near the semipermanent
Aleutian low.

The widespread covariability in streamflow has been associated with the semipermanent Aleutian low [Cayan
and Peterson, 1989; Lins, 1997], and this is shown in our results: a center of negative correlation near the
Aleutian islands in fall and winter (Figures 2b and 2c), but not spring (Figure 2d). Interestingly, geopotential
height anomalies at the Aleutian Islands do not show widespread significant difference between positive and
negative PC1 years in any season (Figures 3a–3d). This suggests that a relationship does exist with pressure
anomalies near the Aleutian Islands; however, widespread variability in western U.S. streamflow may have
a more immediate and consistent relationship with the anomalies relating to North American Pacific coast
ridging behavior.

The leading pattern of streamflow variability does not have widespread significant correlations with SSTs
(Figures 4a–4d), especially when compared to PC2 (Figures 2e–2h). Positive North Pacific SST correlations
with PC1 are found in the winter (Figure 4c) along the coast of southern Alaska and British Columbia with
opposite-sign SST correlations from the central North Pacific to northeast Asia. More generally, negative SST
correlations in the central North Pacific are found in fall, winter, and spring (Figures 4b–4d). This pattern
hints at a possible relation between west-wide streamflow and the leading mode of variability for North
Pacific SST [Mantua and Hare, 2002]. This relationship has been proposed for western U.S. snowpack variabil-
ity [McCabe and Dettinger, 2002] and in earlier streamflow studies [e.g., Tootle et al., 2005; Tootle and Piechota,
2006; Sagarika et al., 2016]. However, the fall-through-spring SST composite-test map for PC1 shows no corre-
sponding widespread areas of the North Pacific with statistically significant differences between the years of
positive and negative PC1 values (Figures 5b–5d), though PC1 in the WY1925 PCA does have an area of sig-
nificance in winter (supporting information Figure S8). PC1 may be influenced by North Pacific SSTs, but our
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Figure 5. (a–h) Composite mean difference detrended SST anomaly for each season. This difference is the composite of positive streamflow PC years minus
negative PC years for PC1 and PC2. Stippled areas show composite means with local statistical significance (𝛼 = 0.05).

results suggest that organized SSTs in the North Pacific are not a consistent driver of interannual covariability
in streamflow across the western U.S.

4.2. ENSO Teleconnection in PC2
Point-correlation maps of the second leading pattern of streamflow variability with winter 500 mbar geopo-
tential height anomalies show an ENSO-like influence with significant correlations to higher latitudes near
Alaska and northwest Canada, and a wide area of opposite sign correlation off the California coast (Figure 2g).
Correlation maps with winter SST anomalies show significant correlations across the equatorial Pacific that
extend symmetrically into the higher latitudes (Figure 4g). This ENSO-like pattern is also found in the PC2
composite maps for SST anomalies in all seasons (Figures 5e–5h).

Geopotential height correlation maps show areas of significant correlation establishing and sustaining a lin-
ear relationship with PC2, leading and lagging winter by several months (Figures 2e–2h). A similar lag-lead
relationship is found with SST anomalies (Figures 4e–4h). The SST correlations cover considerably more area
through each of the seasons (Figures 4e–4h). This relationship begins as early as summer (JJA) and contin-
ues through spring (MAM). Explaining approximately one quarter of the streamflow variability, ENSO state
is clearly important for seasonal forecasts of streamflow, yet potentially limited as a predictor when used
by itself.

4.3. Implications for Widespread Streamflow Anomalies
Our results show that roughly 50% of interannual streamflow variability in the western U.S. can be expressed
as widespread streamflow anomalies without consistent need for Pacific SST forcing. Orthogonal to this pat-
tern, approximately 25% of interannual streamflow variability is linked to the well-established western U.S.
hydroclimate response to ENSO teleconnections. Rather than stressing the role of the ENSO or North Pacific
multidecadal variability [e.g., Tootle et al., 2005; Sagarika et al., 2016], our results stress the potential influence
of internal climate variability and the role of persistent coastal-ridge pressure anomalies in the eastern North
Pacific as a consistent and direct source of cohesion for multibasin streamflow variability. These mechanisms
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closely correspond to those discussed in recent drought studies [e.g., Cook et al., 2014; Seager and Hoerling,
2014; Teng and Branstator, 2016; Wise, 2016]. We show that these two streamflow patterns have likely been a
robust characteristic of streamflow variability through to the early half of the twentieth century.

These results suggest that widespread interannual streamflow anomalies may be especially difficult to antic-
ipate with seasonal hydroclimate forecasts because the widespread streamflow variability in PC1 is not
consistently related to ENSO variability nor does it show strong and widespread seasonal lag-lead correlations
with Pacific SSTs to the extent that we have seen with PC2’s reflection of ENSO-like teleconnections. In con-
trast, ENSO-related anomalies in PC2 may be more readily forecasted, but this variability is associated with
approximately one quarter of the variability in western U.S. streamflow.

Years with extremely widespread and intense streamflow drought relating to persistent coastal ridges, such as
1977, can be interpreted as an extreme expression of PC1, which we associate with semipermanent 500 mbar
ridging along the Pacific coast and a deepening of Aleutian low anomalies. Future climate change is projected
to significantly shift semipermanent air masses and midlatitude storm tracks [e.g., Yin, 2005; Lu et al., 2007;
Scheff and Frierson, 2012; Langenbrunner et al., 2015; Choi et al., 2016]. If these shifts in North Pacific atmo-
spheric circulation are realized, it could change the way that semipermanent air masses impact widespread
streamflow anomalies. Unfortunately, it may be challenging to project these changes and how they will
affect water management since there are still a number of outstanding uncertainties in climate model projec-
tions [e.g., Reclamation, 2016b], particularly in the eastern North Pacific [e.g., Langenbrunner et al., 2015; Choi
et al., 2016].

5. Conclusion

Our analysis suggests that widespread western U.S. streamflow anomalies are most strongly associated with
midlatitude atmospheric circulation relating to persistent atmospheric ridges, independent of direct inter-
action from ENSO and equatorial Pacific SSTs. This result appears to be a consistent characteristic of the
instrumental streamflow record in the past century, accounting for roughly one half of the variance in western
U.S. annual streamflow. Roughly one quarter of streamflow variability is associated with ENSO-like teleconnec-
tions. Because ENSO-state provides forecasting skill, this influence on streamflow may be anticipated seasons
in advance. However, ENSO-driven streamflow anomalies can be complicated by significant and more spa-
tially widespread influence from midlatitude atmospheric circulation, as seen in the extreme 1977 drought.
This western U.S.-wide influence from midlatitude circulation is not as strongly associated with Pacific SSTs
and will likely be a challenge to anticipate in seasonal hydroclimate forecasts. These patterns in streamflow
may change with shifting North Pacific atmospheric circulation under future climate change, though we do
not see evidence of these changes in our analysis of the past century.
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