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Extratropical forcing of El Nifio—Southern Oscillation asymmetry
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[1] Boreal winter near-surface atmospheric circulations
over the Hawaiian region are known to influence the state
of the tropical Pacific and initiate the development of El
Nifio—Southern Oscillation (ENSO) events. Here we show
that these same preceding near-surface circulations have an
additional influence on the longitudinal position of the
resultant ENSO-related sea surface temperatures (SSTs) as
well, with warm (cold) events systematically shifted to the
east (west) of the typical SST anomalies. In influencing this
positioning, these atmospheric circulations in turn modify
the near- and far-field climate responses to these SSTs
such that during warm events, the typical ENSO-related
responses east (west) of the dateline are generally enhanced
(reduced); conversely, during cold events, the typical
ENSO-related responses are generally reduced (enhanced). The
fact that the extratropical atmospheric circulations in question
influence the asymmetry of ENSO extremes with a 12 month
lead time carries important implications for predicting the
socioeconomic impacts of these events. Citation: Anderson, B. T.,
J. C. Furtado, K. M. Cobb, and E. Di Lorenzo (2013), Extratropical
forcing of El Nifio—Southern Oscillation asymmetry, Geophys. Res.
Lett., 40, 49164921, doi:10.1002/grl.50951.

1. Introduction

[2] Changes in sea surface temperatures (SSTs) over the
equatorial Pacific associated with the El Nifio—Southern
Oscillation (ENSO) result in profound shifts in global and re-
gional climates [Ropelewski and Halpert, 1986; Schneider
and Steig, 2008; Ely et al., 1993] that impose societal and
ecological costs [Hsiang et al., 2011; Stenseth et al., 2002;
Behrenfeld et al., 2006]. However, warm (El Nifio) and cold
(La Nifa) events differ in their amplitudes, time evolution,
and climatic impacts [Burgers and Stephenson, 1999;
Hoerling et al., 2001; Larkin and Harrison, 2002,
Okumura and Deser, 2010]. In particular, El Nifio events
are on average larger, less frequent, and shifted to the east rel-
ative to La Nifa events [Larkin and Harrison, 2002]. While
numerous studies have put forward mechanisms to explain
various aspects of ENSO asymmetry [e.g., An, 2009], differ-
ences in the east-west position of maximum warming versus
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cooling, which modulate the mean state and variability of the
Pacific [Sun and Yu, 2009; Yu and Kim, 2011], have not been
fully determined [e.g., Sun and Yu, 2009].

[3] In this study, we use both observational reanalysis and
1000 years of a coupled climate model run to illustrate the
importance of boreal winter sea level pressure (SLP) varia-
tions over the Hawaiian region—linked to the North Pacific
Oscillation (NPO) [Walker and Bliss, 1932; Rogers, 1981;
Linkin and Nigam, 2008]—in explaining these asymmetries
in ENSO events. As these SLP variations have also been tied
to ENSO event initiation [ Trenberth and Shea, 1987; Barnett
et al., 1988; Vimont et al., 2001; Anderson, 2003], our work
enhances the predictability of ENSO events and their associ-
ated large-scale climate impacts during the following winter.

2. Data and Methods

[4] Observed oceanic data (i.e., SST and subsurface tem-
peratures) are acquired from the Simple Ocean Data
Assimilation (SODA) version 2.2.6 [Carton and Giese,
2008] for the period 1872-2008. Observed atmospheric
fields (i.e., SLP and near-surface winds) are taken from the
twentieth Century Reanalysis V2 (20CRv2) [Compo et al.,
2011]. To extend the analysis and demonstrate robustness
in our findings, we also conduct analyses with a 1000 year
preindustrial control run (i.e., greenhouse gas forcing is set
to preindustrial levels) of the Community Climate System
Model version 4 (CCSM4) (model specifications can be
found in Gent et al. [2011]) used as part of the Coupled
Model Intercomparison Project Phase 5 (CMIPS) [Taylor
et al.,2012]. The CCSM4 was chosen primarily for two rea-
sons: (1) availability of a very long integration (1000 years),
which allows for more statistical significance in results and
(2) the model has demonstrable improvement in ENSO vari-
ability and teleconnections over its predecessor (CCSM3)
and well simulates the SLP precursor pattern to ENSO events
of interest in our study [Deser et al., 2012].

[5] To quantify the structural difference between ENSO-
related SST anomalies, the longitudinal position for all boreal
winter (November—January) warm and cold events is deter-
mined using the Center of Heat Index (CHI) [Giese and
Ray, 2011]. The CHI longitude gives the temperature-
weighted center of warm (cold) water anomalies (>0.5°C
and < —0.5°C, respectively) that span at least 50° longitude within
the equatorial Pacific, defined as 5°S—5°N and 120°E-70°W;
for years in which no such expanse of warm (cold) water is
found, the index is undefined. The east-west shift in observed
El Nifo versus La Nifia events, as represented by the CHI,
can be seen in Figure 1a. When calculating the CHI within
the CCSM4, the temperature threshold value is increased
to (+/—0.5°C)/0.8 to account for the known amplitude
bias in the year-to-year variance of equatorial Pacific SST
anomalies compared with observed values from 1900
to 2010 [Deser et al., 2012]. Given the structural changes
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Figure 1. (a) Distribution of the observationally constrained
Center of Heat Index (CHI) longitude for warm (red), cold
(blue), and all (black) events found in the equatorial Pacific
during each November—January from 1872 to 2008. The
distributions are determined using a kernel-smoothing density
estimate based upon a normal kernel and bin width of 5°
longitude. The distribution values for all events (black)
are normalized by the maximum value, while those for
the warm (red) and cold (blue) events are normalized such
that they sum to the black line. Thin, vertical lines on the x
axis represent the median longitude of each distribution.
(b) Distribution of the CHI longitude for HSLPI-related
warm events (HSLPI < —0.5¢ the previous year; red solid)
and HSLPI-related cold events (HSLPI > 0.5¢ the previ-
ous year; blue solid). Red (blue) dashed curves denote
non-HSLPI-related warm (cold) ENSO events (see text for
details). HSLPI region shown in Figure Sla. Distributions
are normalized such that they sum to the total number of warm
and cold events, respectively, as found in Figure 1a. Note the
change in the y axis scale. Thin, vertical lines on the x axis as
in Figure 1a.

between individual ENSO events, we will also calculate a
Symmetric ENSO Index and an Asymmetric ENSO Index
(SEI and AEI, respectively). The positive (negative) boreal
winter CHI events are used to first generate a composite map
of warm (cold) event SSTs. Following the lead of Larkin and
Harrison [2002], we invert the composite anomalies associ-
ated with the cold events (here and throughout the paper)
by multiplying by —1. The average of the warm and
inverted cold composites produces the “Symmetric” anom-
aly pattern; the difference of the two composites produces
the “Asymmetric” anomaly pattern. Selecting the SST anoma-
lies within the equatorial Pacific (120°E-70°W, 5°S—5°N)
from the symmetric and asymmetric anomaly patterns, we
perform a multivariate spatial regression against each year’s
November—January anomalies (within the equatorial Pacific).

The SEI and AEI values for a particular year are given by the
weight of the symmetric and asymmetric patterns that
optimally (in a least squares sense) reproduce the actual
anomalies for that year.

3. Observational Analysis

[6] To start, we use oceanic and atmospheric reanalysis
data to investigate the role of extratropical SLP anomalies
in shaping the degree of east-west asymmetry in ENSO
extremes. Specifically, we define a SLP index over the
Hawaiian region (hereafter the HSLPI) as the area-averaged
normalized (by the interannual standard deviation)
November—March seasonal-mean SLP anomalies in the re-
gion 175°W-140°W, 10°N-25°N [Anderson, 2003] (see also
Figure Sla in supporting information). We then sort the in-
strumental record of El Nifio extremes into those that are pre-
ceded 12 months earlier by low HSLPI (<—0.50) conditions
—termed the HSLPI-related warm events—and those that
are not—termed the non-HSLPI-related warm events; a
similar sorting using high values of HSLPI (>0.50) as a
threshold is used to classify La Nifia extremes. This anal-
ysis reveals marked HSLPI-related asymmetries in the
longitudinal positions of the subsequent El Nifio and La
Nifia events such that the mean CHI for HSLPI-related
warm events is shifted 11° east with respect to HSLPI-
related cold events (Figure 1b) whereas the longitudinal
asymmetry is significantly reduced for the non-HSLPI-
related extremes (to less than 1°). Applying a two-tailed
Kolmogorov-Smirnov goodness-of-fit test reveals that the
distributions of the HSLPI-related warm and cold events
are significantly different from one another (p <0.05),
while the distributions of non-HSLPI-related events can-
not be statistically differentiated.

[7] Composite maps of the ocean-atmosphere evolution
for HSLPI-related warm and cold events illustrate the
relationship between HSLPI anomalies in boreal winter and
the asymmetry of ENSO extremes the following winter
(Figure 2). In particular, the longitudinal CHI shift described
in Figure 1b is readily apparent in the concurrent subsurface
heat content anomalies (T(0-300m); Figures 2b and 2e)—a
significant precursor to mature ENSO events [Wyrtki, 1985;
Jin, 1997; Meinen and McPhaden, 2000; Newman et al.,
2011}—even more so than in the subsequent SST anoma-
lies during the mature phase of El Nifilo and La Nifa
events themselves.

4. Coupled Climate Model Analysis

[8] The above results suggest that antecedent extratropical
SLP anomalies within the southern lobe of the NPO have a
significant impact on the asymmetry between mature warm
and cold events, with a 1 year lead time. However, the limited
length of the observational record constrains our analysis to
relatively few events: 29 HSLPI-related warm and cold
ENSO extremes, and 50 non-HSLPI-related warm and cold
ENSO extremes. Therefore, we analyze the long CCSM4
run to acquire more samples of ENSO events and thus further
investigate the statistical robustness of the observed relation-
ship between extratropical North Pacific atmospheric vari-
ability and ENSO asymmetry. As in observations, there is
an eastward shift (~7°) in the median longitude of the CHI
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Figure 2. (a) Shading: Mean November—March SLP anomalies from 20CRv2 during years in which HSLPI < —0.5¢.
Minimum contour is +/—0.4hPa; contour interval is 0.2hPa. Vectors: Mean November—March 10m wind vector anomalies
from 20CRv2 during years in which HSLPI < —0.5¢. Only shown are those with an anomalous magnitude that is significant
at the 90% confidence limit, based upon a one-sample ¢ test of the mean assuming a normal distribution with unknown var-
iance. (b) Shading: Mean November—March subsurface temperature anomalies from SODA, averaged between 0 and 300m,
during years in which HSLPI < —0.5¢. Shading interval is 0.05°C; minimum shading is +/—0.1°C. Stippling indicates re-
gions where composite anomalies are significant at the 90% confidence limit, based upon a one-sample ¢ test of the mean as-
suming a normal distribution with unknown variance. (¢) Composite of November—January SST anomalies from SODA when
HSLPI < —0.5¢ the previous year. Shading interval is 0.1°C; minimum shading is +/—0.2°C. Stippling as in Figure 2b. Circle
indicates median CHI longitude for all subsequent HSLPI-related warm events, as found in Figure 1b. (d, e, f) Same as
Figures 2a, 2b, and 2c¢ except for years in which HSLPI > 0.5¢. Circle indicates median CHI longitude for all subsequent

HSLPI-related cold events.

for HSLPI-related warm events compared with HSLPI-
related cold events (Figure 3a). Non-HSLPI-related warm
and cold events, however, exhibit a very small longitudinal
shift in the CHI (less than 1°; Figure 3b). As before, the dis-
tributions of the HSLPI-related warm and cold events are sig-
nificantly different from one another (p < 0.001); further, the
distributions of HSLPI-related warm (cold) events and non-
HSLPI-related warm (cold) events are also significantly dif-
ferent from each other (p < 0.025), indicating the importance
of the HSLPI as a precursor for the ENSO SST spatial struc-
ture in the model.

[9] The cumulative effect of more eastward HSLPI-related
El Niflo events and westward HSLPI-related La Nifla events
results in relatively warm anomalies in the eastern equatorial
and off-equatorial Pacific and cool anomalies in the western
equatorial/off-equatorial Pacific (Figure 3c). Conversely,
SST anomalies associated with the more symmetric, non-
HSLPI-related ENSO extremes mostly cancel each other
out (Figure 3d). To illustrate more clearly the role of HSLPI
anomalies in driving this ENSO-related SST asymmetry, we
investigate the relationship between low-frequency variations
in ENSO asymmetry and the strength of HSLPI/ENSO cou-
pling in the model simulation (Figure 3e). In general, periods

of strong (weak) HSLPI/ENSO coupling coincide with more
asymmetry (symmetry) between warm and cold ENSO events.
Hence, our model analyses strongly support the HSLPI precur-
sor as a dominant control on mature ENSO event asymmetry
with a 1 year lead time.

[10] The significant asymmetry in SST anomalies during
HSLPI-related ENSO extremes directly impacts extratropical
temperature and precipitation anomalies associated with
ENSO (Figure 4). Besides near-surface temperature changes
over the equatorial Pacific noted earlier, ENSO asymmetry
during HSLPI-related events yields asymmetric cooling over
the southern United States and warming over northern North
America (Figure 4a) that tends to enhance (by nearly 50%)
the linear (or symmetric) response during warm events
(Figure S2c¢). By contrast, over central Eurasia, asymmetric
warm anomalies (Figure 4a) negate the cool anomalies asso-
ciated with the linear response to warm ENSO events (Figure
S2c), which is actually extended eastward over northeast
Eurasia and the extratropical North Pacific during HSLPI-
related warm events (Figure 4a). Enhanced warming also
exists over northern South America and India/Southeast
Asia during HSLPI-related warm events (cf. Figures 4a
and S2c). These asymmetric responses are present even
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Figure 3. (a) Distribution of the CHI longitude for HSLPI-related warm events (HSLPI < —0.5¢ the previous year; red
solid) and HSLPI-related cold events (HSLPI > 0.5¢ the previous year; blue solid) from the CCSM4 preindustrial control
run. HSLPI region for CCSM4 shown in Figure S1b. The distributions are determined using a kernel-smoothing density
estimate based upon a normal kernel and bin width of 5° longitude. Distributions are normalized such that the maximum value
for the total number of warm and cold events is set to “1”. Thin, vertical lines on the x axis represent the median longitude of
each distribution. (b) Same as Figure 3a except for non-HSLPI-related warm (cold) ENSO events. (c) Shading: Difference
between the mean November—January surface temperatures anomalies from the CCSM4 for all HSLPI-related warm (174)
events and the inverted mean (mean multiplied by —1) for all HSLPI-related cold (163) events, representing the asymmetric
difference pattern between HSLPI-related warm and inverted cold event composites. Shading interval is 0.1°C; minimum
shading is +/—0.1°C. Stippling indicates regions where composite anomalies are significantly different from one another at
the 90% confidence limit, based upon a two-sample ¢ test of the means assuming a normal distribution with unknown vari-
ance. (d) Same as Figure 3c except for the difference between the mean November—January surface temperatures anomalies
for non-HSLPI-related warm (117) and inverted cold (142) events. (e) Blue line: 30 year running mean value of the standard-
ized anomalies of the November—January Asymmetric ENSO Index (AEI—see text for details). Green line: Time variations in
strength of the coupling between the HSLPI and the state of the ENSO 1 year later, as represented by the 30 year run-
ning correlations between the November—March HSLPI and the following year’s November—January Symmetric ENSO
Index (SEI—see text for details). For presentation, the correlation values are multiplied by —1 and standardized. Original
values of both time series are shown in Figure S7. The correlation between the AEI and the HSLPI-ENSO coupling index
is also shown (r=0.51; p < 0.05).

when accounting for possible differences in warm and cold
event intensities within the two sets of composites (Figure
S3a). In contrast, the asymmetric anomalies associated
with non-HSLPI-related events are substantially weaker
and less significant than HSLPI-related events (Figures
4c and S3c).

[11] Corresponding composites for precipitation also show
substantial asymmetry in anomalous wet and dry conditions
during HSLPI-related ENSO extremes (Figure 4b). The
eastward shift of the CHI longitude during HSLPI-related
warm events influences precipitation across the tropical
Indo-Pacific basin (Figure 4b), enhancing the expected warm
event wetting in the central and eastern tropical Pacific but
offsetting drying in southern India and parts of Southeast
Asia, again by up to 50% (Figure S4c). Asymmetric ENSO

behavior also projects strongly on the northeastward
displacement of the South Pacific Convergence Zone
(Figure 4b) and enhances expected dryness across the
Amazon during warm events (Figure S4c). Outside the
tropical Indo-Pacific, asymmetric ENSO behavior during
HSLPI-related warm events enhances wet conditions along
the western and eastern North American coasts and parts of
central Eurasia (cf. Figures 4b and S4c). For non-HSLPI-re-
lated ENSO events (Figure 4d), the asymmetric signatures
are substantially reduced in magnitude and less prevalent
relative to the HSLPI-related events (Figure 4b). The global
precipitation and temperature responses to ENSO asymmetry
discussed here can be interpreted in the context of significant
differences in the structure of the global atmospheric circula-
tion (supporting information and Figures S5 and S6).
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Figure 4. (a) Shading: Difference between the mean November—March near-surface temperature anomalies from the
CCSM4 for all November—January HSLPI-related warm (174) events and the inverted mean (mean multiplied by —1) for
all HSLPI-related cold (163) events, representing the asymmetric difference pattern between HSLPI-related warm and
inverted cold event composites. Individual composite anomalies can be found in Figures S2a and S2b. For clarity, anomalies
are multiplied by 2 for comparison with symmetric mean patterns (Figure S2c). Shading interval is 0.3°C; minimum shading
is +/—0.3°C. Stippling indicates regions where composite anomalies are significantly different from one another at the 90%
confidence limit, based upon a two-sample ¢ test of the means assuming a normal distribution with unknown variance. (b)
Same as Figure 4a except for normalized precipitation anomalies in which the precipitation anomaly at a given grid point
is divided by its year-to-year standard deviation value. Individual composite anomalies and symmetric mean patterns can
be found in Figure S4. Shading interval is 0.3¢; minimum shading is +/—0.30. (c, d) Same as Figures 4a and 4b except for

all November—January non-HSLPI-related warm events (117) and inverted cold events (142).

5. Summary and Discussion

[12] Here we present evidence that North Pacific atmo-
spheric circulations during boreal winter can influence
the asymmetric nature of ENSO events 12 months later.
Observationally constrained ocean data indicate that El
Nifo/La Nifia events that are preceded by substantial nega-
tive/positive SLP anomalies near Hawaii tend to be shifted
by 10° in longitude from one another. Conversely, the longi-
tudinal positions of El Niflo/La Nifia events with no
extratropical SLP precursor are nearly identical. The ob-
served relationship between extratropical boreal winter SLP
anomalies and ENSO asymmetry is confirmed in a 1000 year
preindustrial control simulation of the CCSM4. Further, anal-
yses reveal that a high degree of asymmetry in the spatial
footprint of ENSO extremes translates into appreciable dif-
ferences in ENSO teleconnections with temperature and pre-
cipitation effects in many regions of the globe.

[13] Overall, the results of our study indicate that the
HSLPI is not only a precursor to ENSO extremes but also
contributes fundamentally to the longitudinal structure of
the resulting warm and cool events. This asymmetric re-
sponse of the ENSO system to the SLP precursor serves as
an additional test of numerical Earth system models’ veracity
in representing tropical/extratropical interactions, as well as
their potential changes under future global warming.
Moreover, as the degree of ENSO asymmetry alters regional
climate responses to ENSO extremes and the SLP precursor
for this asymmetry appears nearly 1 year earlier, our findings
carry important implications for predictability of, and pre-
paredness for, boreal winter climate impacts across North
America and Eurasia and monsoonal impacts in Southeast
Asia and Australia. Further, the time-varying influence of

the HSLPI upon ENSO has important extrapolations to the
reconstruction of ENSO activity back in time, which is based
upon proxy-derived temperature and precipitation estimates
that fall within the spatial footprint of HSLPI-induced re-
gional climate asymmetries identified here. Finally, longitu-
dinal shifts correspond to an increase in event magnitude
[e.g., Sun and Yu, 2009; Dommenget et al., 2013]; accord-
ingly, the median CCSM4 CHI longitudes for the largest
warm and cold events (those with absolute magnitudes
>1.5°C or approximately the upper quartile) are shifted by
~15° with respect to one another. That these very large events
(in the CCSM4) are 3 times more likely to be HSLPI-related
than non-HSLPI-related (110 and 37, respectively) suggests
HSLPI activity (both during a particular year as well as dur-
ing periods of extended coupling) may additionally modulate
ENSO event intensity, either directly or by shifting the
events’ longitudinal structures.
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