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ABSTRACT: Previous research has shown that the impacts of ENSO variability on the winter climate of the western United States vary on decadal time
scales. In this study, the relationship between fall season ENSO conditions and
winter circulation anomalies over the western United States is shown to vary
with phasing of the Pacific decadal oscillation (PDO). During the PDO cold
phase of 1948–76, the majority of fall season El Niño events did not precede
winter troughing anomalies over the southwestern states that are typically associated with above-normal winter precipitation in this region. In contrast,
during the PDO warm phase of 1977–98, fall season El Niño conditions did
precede southwestern winter troughing anomalies in all but one instance. Fall
season La Niña conditions during both the cold and warm phases of the PDO
reliably preceded winter season high pressure ridging centered off the Pacific
coast. These results highlight uncertainty on decadal time scales surrounding
the use of fall ENSO conditions, particularly El Niño events, as a seasonal
climate forecast tool.
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1. Introduction
In the western United States, seasonal forecasts of winter precipitation are essential to a wide range of user groups who utilize predictive climate information in
their decision-making processes (Pagano et al. 2002). El Niño–Southern Oscillation (ENSO), the leading mode of interannual variability in the tropical Pacific
Ocean (Trenberth 1997), comprises the majority of the skill of these seasonal
precipitation forecasts. The forecasting of winter precipitation anomalies for the
western United States, based largely on ENSO conditions, can be done effectively
with a lead time of as many as 6–9 months (Hamlet and Lettenmaier 1999). The
strongest lagged relationship between ENSO conditions and western U.S. winter
precipitation occurs during the fall season (Harshburger et al. 2002), and this
3-month lead time on which winter precipitation forecasts can be based may be
operationally useful to many stakeholders (e.g., McCabe et al. 2007; Jones and
Goodrich 2008; Kalra and Ahmad 2009; Hurkmans et al. 2009).
Typically, cold ENSO events (La Niña) during the fall season precede belowaverage winter precipitation in the southwestern states and above-average precipitation in the Pacific Northwest (Kiladis and Diaz 1989), with ridging anomalies
evident in the winter circulation patterns over much of the Pacific coast (Woodhouse
1997). Approximately opposite conditions hold true during warm phases of ENSO,
with below-average winter precipitation in the Pacific Northwest and aboveaverage precipitation in the Southwest following a fall season El Niño event and
large-scale winter troughing centered over the southwestern states (Burnett 1994).
However, these ‘‘canonical,’’ or typical, ENSO teleconnections and impacts may be
constrained on interdecadal time scales because of internal ocean–atmosphere dynamics and white noise in the Pacific basin (Newman et al. 2003), dramatically
affecting the skill of winter precipitation (e.g., Gutzler et al. 2002), streamflow (e.g.,
Hamlet and Lettenmaier 1999), and other forecasts across the western United States.
The Pacific decadal oscillation (PDO), a pattern of sea surface temperature
(SST) anomalies in the North Pacific with 20–30-yr phasing (Mantua et al. 1997;
also see online at http://jisao.washington.edu/pdo), may be a useful diagnostic tool
for characterizing decadal-scale ENSO variability, in large part because of its integration of the interannual ENSO signal into the decadal SST pattern of the North
Pacific (Newman et al. 2003). Although the PDO is not a mode of climate variability itself, correlations between the PDO and climate variability in the western
United States include stakeholder-relevant implications for a range of impacts such
as drought (Balling and Goodrich 2007), streamflow (Kennedy et al. 2009), and
wildfire (Schoennagel et al. 2005; Heyerdahl et al. 2008). Moreover, the strength
of El Niño and La Niña teleconnections to western U.S. winter climate tends to
vary with phasing of the PDO pattern (e.g., Woolhiser 2008; Wang et al. 2009),
resulting in episodes of ‘‘constructive’’ and ‘‘destructive’’ interference (Gershunov
and Barnett 1998).
Although the physical mechanism(s) linking PDO, ENSO, and western U.S.
climate variability—such as the PDO’s tendency for multiseason and multiyear
persistence (Gershunov and Barnett 1998), its integration of the higher frequency
ENSO signal (Newman et al. 2003), and the location and intensity of SST anomalies across the Pacific—remain somewhat unclear, the utility of a PDO index in
climate diagnostics applications is increasingly apparent. Recently a spatial anomaly,
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or ‘‘dipole,’’ has been identified (Brown and Comrie 2004; Wise 2010) whereby fall
season El Niño (La Niña) events occurring during cold (warm) phases of the
PDO pattern did not have a significant correlation with winter season precipitation
anomalies in the Southwest (Pacific Northwest). Other studies have also linked the
impacts of neutral ENSO conditions on winter precipitation to PDO phasing (e.g.,
Goodrich 2004). These findings suggest that the predictable relationship between
ENSO and western U.S. climate, specifically the 3-month lagged relationship between fall ENSO conditions and winter precipitation, may not be spatiotemporally
consistent but rather may vary in a fashion commensurate with PDO phasing.

2. Objective
The goal of this study is a scientific visualization of winter season atmospheric
dynamics across the western United States within the context of both interannual ENSO variability and interdecadal phasing of the PDO pattern. Specifically, analyses of the relationship between fall ENSO conditions and winter
circulation anomalies during distinct interdecadal climate regimes are needed to
better understand the behavior of the ENSO system on decadal time scales, to
identify climatic impacts in the western United States associated with decadalscale ENSO variability, and to enhance the skill of seasonal climate outlooks for
the western United States. To these ends, the following research questions are
addressed in this study:
d

d

How do winter atmospheric circulation anomalies across the western United
States associated with antecedent fall season ENSO events differ during
warm and cold phases of the PDO pattern?
Do winter atmospheric circulation anomalies preceded by fall El Niño and
La Niña conditions conform to the expected canonical patterns during both
phases of the PDO pattern?

3. Data and methods
To identify winter season [December–February (DJF)] circulation anomalies
across the western United States, the National Centers for Environmental Prediction–
National Center for Atmospheric Research (NCEP–NCAR) reanalysis dataset
(Kalnay et al. 1996) was employed. This dataset is a 501 yr record of global
analyses of atmospheric fields designed for climate research and monitoring. A
comprehensive data assimilation system is used to ensure data homogeneity by
removing false ‘‘climate jumps’’ from the dataset. The reanalysis dataset is ideally
suited to a study of circulation variability because of its continuous temporal
coverage (1948–present), the availability of a wide range of atmospheric variables
at multiple atmospheric levels, and the online data interface and mapping capabilities provided via the National Oceanic and Atmospheric Administration (NOAA)/
Climate Diagnostics Center (available online at http://www.cdc.noaa.gov). The reanalysis dataset does have important limitations, especially given that it is model
driven more than observation driven over many parts of the globe. This makes its
utility and reliability less robust in certain areas, particularly over oceans, and the
use of reanalysis data in this study is thus undertaken within the context of these
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Figure 1. Circulation data from the reanalysis dataset are available beginning in
1948. This temporal coverage corresponds closely to the most recent cold
(1947–76) and warm (1977–98) phases of the PDO, shown as standardized
annual index values. This allows for an analysis of winter circulation variability over the western United States during these two discrete climatic
periods.

underlying assumptions and limitations. Fortunately, geopotential height fields are
among the highest quality elements in the reanalysis dataset (Kalnay et al. 1996), and
their widespread use in previous studies lends confidence to their application here.
The time period of the study was chosen as a function of PDO phasing during the
twentieth century. Annual values of the PDO index, obtained from the University
of Washington’s Joint Institute for the Study of the Atmosphere and Ocean (JISAO;
available online at http://tao.atmos.washington.edu), are shown in Figure 1. This
index of the PDO represents a time series of the first rotated component from an
empirical orthogonal function (EOF) analysis of North Pacific sea surface temperatures. Because the reanalysis dataset begins in 1948, circulation anomalies
prior to this date could not be analyzed. However, the beginning of the dataset in
1948 closely corresponds to a phase shift in the PDO index that occurred around
1947 (Figure 1), and the temporal coverage of the reanalysis dataset to the present
time allowed for circulation variability analysis during two discrete PDO phases:
cool (1948–76) and warm (1977–98). Phasing of the PDO since the late 1990s
remains unclear and thus was not considered.
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Table 1. Winter seasons (DJF) selected for circulation analysis, based on the occurrence of antecedent fall season (SON) El Niño or La Niña events (3-month mean
SOI anomaly of 60.4), and stratified by PDO phase.
PDO cold (1948–76)

PDO warm (1977–98)

Antecedent El Niño

Antecedent La Niña

Antecedent El Niño

Antecedent La Niña

1952
1954
1958
1959
1964
1966
1970
1973

1951
1956
1957
1963
1965
1971
1972
1974
1976

1978
1983
1987
1988
1991
1992
1993
1994
1995
1998

1989
1999

The individual winter seasons selected for circulation analysis were chosen
based on antecedent fall season [September–October (SON)] ENSO conditions.
The Southern Oscillation index (SOI), an atmospherically based measure of tropical Pacific climate conditions that has been used successfully in other western U.S.
climate analyses (e.g., Redmond and Koch 1991), was obtained from the NOAA/
Climate Prediction Center and used to capture variability in the ENSO system. The
SOI has been shown to compare favorably to other ENSO indices as a measure
of tropical Pacific variability (Hanley et al. 2003). A 3-month normalized SOI
anomaly threshold of 60.4, utilized in prior analyses (e.g., Brown and Comrie
2004), was used to quantify warm (El Niño) and cold (La Niña) ENSO events for
the fall season. These ENSO events were then stratified by PDO phase; 29 fall
season ENSO events since 1948 and their delineation by PDO phase determined the
29 corresponding winters used in the circulation analysis (Table 1).
Using the reanalysis dataset, maps of DJF geopotential height anomalies at the
700-mb level were generated for the western United States for winters following
SON ENSO events. Circulation patterns at 700 mb are broadly integrative and
representative of lower- and midtropospheric conditions, when compared to corresponding height anomalies at 850 and 500 mb (not shown). The maps were
grouped by PDO phase and by antecedent SON ENSO conditions, resulting in four
sets of maps for each pressure level (i.e., El Niño/PDO cold, La Niña/PDO cold,
El Niño/PDO warm, and La Niña/PDO warm).

4. Results
4.1. PDO cold phase (1948–76)
Fall season El Niño conditions, as defined by a 3-month (SON) average SOI
threshold of 20.4, occurred 8 times during the PDO cold phase of 1948–76. The
winter (DJF) circulation patterns over the western United States following the
occurrence of these SON El Niño events exhibited a large degree of heterogeneity.
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Figure 2. Winter (DJF) 700-mb geopotential height anomalies following antecedent
fall (SON) El Niño events during the 1948–76 cold phase of the PDO pattern.

Mean 700-mb DJF geopotential height anomaly maps for three of the eight winters
(1952, 1966, and 1973) reveal the presence of lower-than-normal heights over
much of the western United States (Figure 2) in a manner consistent with the
expectation of a southerly displacement of the midlatitude jet stream associated
with El Niño conditions. However, for a majority of the winters (1954, 1958, 1959,
1964, and 1970), this expected El Niño–driven anomaly pattern is either shifted
offshore or absent entirely, with higher-than-normal heights (ridging) prevailing
instead over much of the west. This suggests that, on average, SON El Niño events
that occurred during the 1948–76 cold phase of the PDO were not well correlated
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Figure 3. Winter (DJF) 700-mb geopotential height anomalies following antecedent
fall (SON) La Niña events during the 1948–76 cold phase of the PDO pattern.

with expected DJF troughing patterns, especially over parts of Southern California,
Arizona, and New Mexico.
Nine SON La Niña episodes occurred during this same PDO cold phase. In
contrast to the winter circulation anomalies associated with fall El Niño events,
there is a marked level of consistency in the DJF geopotential height patterns
associated with fall La Niña events. At the 700-mb level, seven of the nine winters
(1957, 1963, 1965, 1971, 1972, 1974, and 1976) are characterized by the presence
of an above-normal height anomaly centered just off the Pacific coast (Figure 3).
Moreover, the height patterns during four of the most recent five of these winters
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show a striking similarity, with a juxtaposition of the offshore ridge and a deep
trough located over the central United States. Only the DJF circulation patterns
of 1951 and 1956 do not clearly conform to the expected ridge–trough pattern
associated with La Niña conditions at any of the three geopotential height levels.
4.2. PDO warm phase (1977–98)
Fall season El Niño conditions prevailed in 10 years during the warm PDO phase
of 1977–98, and the circulation anomalies for the majority of the winter seasons
that followed reflect the canonical circulation signature typically associated with
strong El Niño events. The mean 700-mb DJF geopotential height anomalies for 6
of the 10 winters (1978, 1983, 1992, 1993, 1995, and 1998) exhibit troughing along
the Pacific coast and, during the especially strong El Niño events of 1983, 1993,
and 1998 (normalized SOI anomaly much greater than 60.4), across much of the
western United States as well (Figure 4). Winters that were preceded by the generally weaker SON El Niño episodes of 1987, 1988, 1991, and 1994 (normalized
SOI anomaly close to 60.4) do not reflect this same height anomaly pattern but
instead are biased toward ridging over nearly all of the western United States.
Taken together, these circulation anomalies indicate that weak-to-moderate SON
El Niño events during the most recent PDO warm phase did not produce the same
DJF troughing pattern over the west that the strong SON El Niño events did.
Fall season La Niña conditions occurred only twice during this PDO warm
phase, resulting in a very limited sample size from which to make inferences about
associated winter circulation variability. Strong ridging is present in the 700-mb
DJF geopotential height anomaly maps following both of these SON La Niña
events (Figure 5), with a center of ridging located just off the Pacific coast and
higher-than-normal heights present over nearly the entire western United States.
Despite the small sample size of SON La Niña events during the PDO warm phase
of 1977–98, it is worth noting that DJF geopotential height anomalies for both
winters in question did conform to the expectation of ridging over much of the
West Coast.

5. Conclusions
Seasonal forecasts of winter precipitation in the western United States, based
largely on ENSO conditions, benefit a wide range of user groups. Previous
studies have shown that the skill of these forecasts and the expected impacts
associated with ENSO vary on multidecadal time scales in a manner consistent
with phasing of the PDO pattern. The results presented in this paper build on
previous analyses (e.g., Brown and Comrie 2004) by highlighting the tendency
of fall season (SON) El Niño and La Niña events to correlate with canonical
winter (DJF) geopotential height anomaly patterns over the western United
States as a function of PDO phase.
During the PDO cold phase of 1948–76, SON El Niño events tended not to
precede the expected DJF troughing pattern over the west that would suggest
above-normal precipitation in many areas, particularly the southwestern states.
However, SON La Niña conditions during this PDO cold phase were well correlated with the occurrence of DJF high pressure ridging centered off the Pacific
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Figure 4. Winter (DJF) 700-mb geopotential height anomalies following antecedent
fall (SON) El Niño events during the 1977–98 warm phase of the PDO pattern.
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Figure 5. Winter (DJF) 700-mb geopotential height anomalies following antecedent
fall (SON) La Niña events during the 1977–98 warm phase of the PDO
pattern.

coast. Thus, during the 1948–76 PDO cold phase, fall season La Niña events were a
more reliable predictor of expected ENSO-driven winter circulation patterns over
the western United States than were fall season El Niño events.
For the PDO warm phase of 1977–98, the reliability of SON El Niño conditions
as a predictor of canonical DJF geopotential height anomalies tended to be tied to
the strength of the particular fall season ENSO event. The strongest SON El Niño
episodes preceded DJF troughing along the Pacific coast, as would be expected
during a strong El Niño regime. Weak-to-moderate SON El Niño events during this
PDO warm phase, however, did not produce the same DJF troughing pattern that
the strong SON El Niño events did and in fact were more closely associated with
DJF ridging over much of the western United States. This suggests that fall season
El Niño conditions were generally a reliable predictor of winter circulation anomalies over the western United States during this PDO warm phase only when the
SON El Niño event was a moderate-to-strong event. Only two SON La Niña events
occurred during this PDO warm phase, but in both cases the DJF geopotential height
anomalies did exhibit La Niña–driven ridging along much of the Pacific coast.
Forecast lead times of several months are of particular operational utility in the
decision-making processes of many of these stakeholders. The reliability of fall
season ENSO events as a predictor of winter precipitation and circulation anomalies in the western United States is especially important because winter climate
impacts can affect a range of important physical (e.g., snowpack depth, rain-onsnow flooding) and social (e.g., transportation, energy costs) systems. The results
presented here highlight uncertainty at interdecadal time scales surrounding the use
of ENSO conditions, particularly El Niño events, as a seasonal climate forecast
tool. Further work is necessary to fully understand the physical underpinnings of
ENSO teleconnections and impacts on the western United States within the context
of interdecadal variability across the Pacific basin, particularly the implication that
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the regional robustness and predictive value of ENSO-based forecasts may vary
substantially on multidecadal time scales.
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