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Abstract Previous studies have indicated that boreal winter subtropical and extratropical sea surface
pressure (SLP) anomalies over both the North and South Pacific are significantly related to the El
Niflo-Southern Oscillation (ENSO) state in the following boreal winter. Here we use observational data and
model simulations to show that the ability of the boreal winter North Pacific SLP anomalies to initiate ENSO
events a year later may strongly depend on the state of the simultaneous South Pacific SLP anomalies and
vice versa. When the boreal winter North Pacific SLP anomalies are of the opposite sign to the simultaneous
South Pacific anomalies, the correlation of the North or South Pacific anomalies with the following ENSO state
becomes much weaker, and the strength of the ENSO events also tends to be weaker. One possible reason
for this is that when the boreal winter North and South Pacific SLP anomalies have the opposite sign, the
westerly anomalies over the western-central equatorial Pacific during the following boreal summer are greatly
reduced by the interference between the antecedent North and South Pacific SLP anomalies, thereby not
favoring the development of ENSO events. Further analysis indicates that a combination of North and South
Pacific precursor signals may serve to enhance the ENSO prediction skill.

1. Introduction

The El Nifno-Southern Oscillation (ENSO) is the dominant climate fluctuation in the tropical Pacific over
seasonal to interannual time scales and has substantial effects on climate around the world. Over recent
decades, significant advances have been made in our understanding of ENSO, and it is generally accepted
that the development of ENSO events involves a positive feedback between the intensity of the trade winds
and zonal contrasts in sea surface temperature (SST); i.e., the Bjerknes feedback [Bjerknes, 1969]. Previous
studies have suggested that higher-frequency atmospheric variability over the western-central equatorial
Pacific, such as the Westerly Wind Events (WWEs) [McPhaden et al., 1992; McPhaden, 1999] and Madden-
Julian Oscillation (MJO) [Madden and Julian, 1994], can act as a trigger of the Bjerknes feedback. In addition,
observational and modeling studies have suggested that atmospheric variability originating outside the
tropical Pacific also has a significant impact on the onset of ENSO, including the effects of extratropical atmo-
spheric variability over the North Pacific [Vimont et al,, 2003a, 2003b, 2009; Anderson, 2003; Anderson and
Maloney, 2006; Alexander et al.,, 2010; Yu et al.,, 2010; Yu and Kim, 2011; Ding et al., 2015a], over the South
Pacific [Jin and Kirtman, 2009; Terray, 2011; Hong et al., 2014; Zhang et al., 2014a; Ding et al., 2015b], and over
the Southern Indian/Atlantic Oceans [Terray, 2011]. Fluctuations in these extratropical atmospheric patterns
have been found to be useful as precursors for ENSO events [Vimont et al., 2003a; Anderson, 2003; Terray,
2011; Larson and Kirtman, 2014; Ding et al., 2015b].

Given that both the North and South Pacific extratropical atmospheric variability exert influence on subse-
quent ENSO events, the question arises as to whether the North Pacific influence on ENSO interferes with
the impact of the South Pacific. The aforementioned studies focused mainly on the individual influence of
the North and South Pacific atmospheric variability on ENSO events, rather than their joint role. In contrast,
this paper will focus on the joint effect of this North and South Pacific extratropical atmospheric variability
on subsequent ENSO events. The rest of the paper is organized as follows. Section 2 describes the observa-
tions, model data sets, and the analysis method used in this study. Section 3 examines the joint relationship
between the tropical Pacific SST anomalies and antecedent North and South Pacific atmospheric variability in
both observations and numerical simulations. Our findings are summarized and discussed in section 4.
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2, Observations, Model Data Sets, and the Analysis Method
2.1. Observational Data Sets

We use the SST field from the National Oceanic and Atmospheric Administration (NOAA) Extended
Reconstructed SST version 3b data set (ERSSTv3b) [Smith et al., 2008]. We use atmospheric fields from the
National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR)
reanalysis (NCEP1) data set [Kalnay et al., 1996]. The NCEP1 data set includes surface wind and sea level pres-
sure (SLP) fields. The monthly anomalies are obtained by removing the climatological (1981-2010) mean
annual cycle and linear trends. Our analysis mainly focused on the period 1948-2015, because both the
ERSST and NCEP1 data sets were available for this time span. To validate the results obtained from the
NCEP1 data set, we also use the latest reanalysis data sets including the NCEP-Department of Energy
Reanalysis 2 (NCEP2) [Kanamitsu et al., 2002] and the ECMWF (European Centre for Medium-Range
Weather Forecasts) Interim Reanalysis (ERA-Interim) [Dee et al., 2011] over the period 1979-2015.

2.2. Model Data Sets

To evaluate if the current coupled models can reproduce the joint relationship between the tropical Pacific
SST anomalies and antecedent North and South Pacific atmospheric variability, we use the historical simula-
tions of the large ensemble with the fully coupled Community Earth System Model 1 (CESM1), hereafter
CESM-LE. CESM1 consists of coupled atmosphere (Community Atmosphere Model version 5 (CAM5), 30
vertical levels), ocean (Parallel Ocean Program version 2 (POP2), 60 vertical levels), land (Community Land
Model version 4 (CLM4)), and sea ice (Los Alamos Sea Ice Model version 4 (CICE4)) component models. The
CESM-LE historical simulations are an ensemble of 30 simulations from 1920 to 2005 at approximately 1°
horizontal resolution in all model components. In CESM-LE, each simulation began with a 1500 year control
simulation under constant preindustrial (year 1850) forcing and was then forced with the same historical
greenhouse gases and aerosol emissions (up to 2005) but starting from a slightly different initial atmospheric
state (created by randomly perturbing temperatures at the level of round-off error). Details of the CESM-LE
simulations may be found in Kay et al. [2015].

To further investigate the role of internal variability in the joint relationship of the antecedent North and
South Pacific atmospheric variability to ENSO, we use the preindustrial control (piControl) simulations of
CESM and the Community Climate System Model version 4 (CCSM4). CCSM4 is a fully coupled model of
the earth’s physical climate system, which is made up of coupled atmosphere (CAM4, 26 vertical levels),
ocean (POP2, 60 vertical levels), land (CLM4), and sea ice (CICE4) component models. A general description
of CCSM4 is given in Gent et al. [2011]. In the piControl simulation, CCSM4 is configured at nominal 1°
latitude-longitude resolution with external forcings fixed at 1850. The CCSM4 (CESM) piControl simulation
spans 1300 (1500) model years, but only a 501 year segment between model years 800 and 1300 (1000
and 1500) is used in the present analysis, in order to avoid the initial adjustment period due to the model
spin-up process [Danabasoglu et al., 2012].

2.3. Statistical Methods

We primarily employ correlation and regression analysis to study the relationship between ENSO and ante-
cedent North and South Pacific atmospheric variability. The significance of correlation and regression coeffi-
cients is determined using a two-tailed Student’s t test. For the correlations between variables x and y, the
effective number of degrees of freedom N is determined via the method defined in Bretherton et al. [1999]:
1 —ryry

Negs = N
eff .I+rxry7

where N is the total number of available time steps and r, and r, are the lag-1 autocorrelations of variables x
and y, respectively.

3. Results
3.1. Observations
Figure 1a shows the spatial map of correlation between the boreal winter (November-March (NDJFM)) SLP

anomalies and the Nifo3.4 index (defined as the average of SST anomalies over the region 170°-120°W,
5°5-5°N) a year later (i.e., during the following boreal winter). We note that the precursor SLP signal in the
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Figure 1. (a) Map of correlation between the boreal winter (November-March (NDJFM)) SLP anomalies and the Nifi03.4
index during the following boreal winter. Areas with a correlation significant at or above the 90% confidence level are
shaded. The two green boxes (positive correlation box: 175°-117°W, 50°-74°N and negative correlation box: 179°E-135°W,
8°-31°N) are used to define the NPI, and the two magenta boxes with significant negative correlations (from left to right:
162°E-140°W, 46°-24°S and 107°-75°W, 59°-38°S) are used to define the SPI. (b) Time series of the boreal winter NPI

(red line) and SPI (green line) overlaid with the Nifo3.4 index (black bars) during the following boreal winter. All indices are
standardized, and the correlations of the boreal winter NPl and SPI with the Nif03.4 index a year later are given in the lower
left corner.

North Pacific shows a pattern similar to the North Pacific Oscillation (NPO) [Walker and Bliss, 1932; Rogers,
1981], characterized by a north-south dipole pattern of SLP anomalies, whereas the precursor SLP signal in
the South Pacific shows a pattern similar to the Pacific-South American (PSA) [Mo, 2000], characterized by
a wave train extending from the midlatitude southwestern Pacific to the South Pacific near Antarctica and
then bending to the southeastern Pacific off the southwest coast of Chile. The NPO and PSA are known as
the prominent atmospheric circulation anomaly patterns in the Northern and Southern Hemispheres
(NH and SH), respectively. The canonical NPO pattern is generally defined as the second empirical orthogonal
function (EOF2) of the seasonal mean SLP anomalies over the North Pacific (120°E-100°W, 15°-80°N) [e.g.,
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Figure 2. (a) Lead-lag correlations of the monthly (a) NPl and (b) SPIwith ~ South Pacific was constructed by taking

the monthly Nifo3.4 index. In Figures 2a and 2b, the red (blue) horizontal ~ the sum of standardized SLP anomalies
dashed lines indicate the 99.9% (99%) confidence level.

SPI lags month SPI leads

averaged over the two significant nega-
tive correlation centers located in the
extratropical South Pacific (see Figure 1a). Note that the sign of the SPI is reversed so that the positive SPI
is associated with El Nifio. The boreal winter NPI exhibits a significant correlation (R=0.77, at the 99.9% con-
fidence level) with the simultaneous NPO index, whereas the boreal winter SPI is significantly correlated with
the simultaneous PSA index (R=0.51, at the 99.9% confidence level). The time series of the boreal winter NPI
and SPI, overlaid with the Nifo3.4 index a year later, are shown in Figure 1b. The correlation of the boreal win-
ter NPl with the Nifo3.4 index a year later is 0.52 (significant at the 99.9% confidence level), which is slightly
greater than the correlation (R=0.47; also significant at the 99.9% confidence level) of the boreal winter SPI
with the Nifio3.4 index a year later.

Previous studies have suggested that ENSO can influence the extratropical climate in the North and South
Pacific via the so-called atmospheric bridge [e.g. Lau and Nath, 1996; Klein et al., 1999; Alexander et al.,
2002; Liu and Alexander, 2007; Guan et al., 2014a, 2014b]. This leads us to question whether the precursor
SLP patterns over the North and South Pacific originate from the tropical Pacific. To address this question,
we calculate the lead-lag correlations of the monthly NPI and SPI, respectively, with the monthly Nifo3.4
index (Figures 2a and 2b). For lead times of a few months to more than a year, both the NPl and SPI show
significant correlations with the Niflo3.4 index, with the peak correlations occurring when the NPI (SPI) leads
the Nifo3.4 index by 6-9 months (~7 months). The simultaneous correlations between the monthly NPl and
Nifo3.4 index, and between the monthly SPl and Nifio3.4 index, are 0.03 and 0.06, respectively, both of which
are much lower than their correlations with the Nifio3.4 index a few months later. In addition, both the NPI
and SPI do not show significant correlations even at the 99% confidence level with the Nifio3.4 index when
the Nifio3.4 index leads the NPI or SPI by more than a few months. Thus, we conclude that the precursor SLP
patterns over the North and South Pacific may not simply be a passive response of the North and South
Pacific atmosphere to a self-oscillating ENSO cycle; instead, these intrinsic atmospheric variability patterns
originating outside the tropical Pacific may make an important contribution to the stochastic forcing of ENSO.
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Previous studies have indicated that fluctuations in the boreal winter NPO-like or PSA-like atmospheric pat-
tern can influence the onset and development of ENSO events by changing the wind stress fields over the
North or South Pacific, which in turn give rise to a boreal spring SST footprint on the North or South Pacific
Ocean [Vimont et al., 2003a, 2003b; Anderson, 2003; Wang et al., 2012; Ding et al., 2015a, 2015b] (see also
Figure 3). This SST footprint, which is termed the Victoria mode (VM) [Bond et al., 2003; Ding et al., 2015a]
or North Pacific meridional mode (NPMM) [Chiang and Vimont, 2004; Chang et al., 2007] over the North
Pacific and the quadrapole SST mode [Ding et al., 2015b] or South Pacific meridional mode [Zhang et al.,
2014a, 2014b] over the South Pacific, may persist until the boreal summer and can subsequently forces the
overlying atmosphere, inducing surface zonal wind anomalies along the equator that are conducive to initi-
ating an ENSO event (the seasonal footprinting mechanism (SFM)) [Vimont et al., 2003a, 2003b]. Considering
that both the NPl and SPI anomalies influence subsequent ENSO events by modifying the surface zonal wind
fields along the equator, the influence of the NPl anomalies on the tropical Pacific might be expected to inter-
fere or interact with the effect of the SPl anomalies.

To test this hypothesis, we explored the joint relationship of the NPl and SPI anomalies to ENSO through scat-
terplots of the boreal winter (NDJFM) NPI or SPI versus the Nifo3.4 index a year later, plotted separately for
years in which the NPl and SPI have the same or opposite signs (Figures 4a—4d). We note that the correlation
between the boreal winter NPI and the Nifio3.4 index a year later is high (R=0.68; significant at the 99.9%
confidence level for the 36 events) when the NPl and SPI have the same sign, whereas the correlation is only
0.15 (not significant even at the 90% confidence level for the 30 events) when they have the opposite sign.
Likewise, the correlation of the boreal winter SPI with the Nifo3.4 index a year later also strongly depends on
the NPI: it is 0.66 when the NPl and SPI have the same sign and only 0.08 when they have the opposite sign.

In addition, we compared the strength of the boreal winter Nifio3.4 index (represented by its interannual
standard deviation (SD)) preceded by the same-sign and opposite-sign NPIs and SPIs and found that the
strength of the Nif03.4 index is weaker when the NPI and SPI have the opposite sign in comparison with
years in which they have the same sign (onno3.4 = 0.80 and anno3.4 = 1.23, respectively; for the full time series
oniNo3.4 = 1.0 by definition). Furthermore, we compared the percentage of strong, weak, and neutral ENSO
events preceded by the same-sign NPl and SPI (Figure 4e). A strong (weak, neutral) ENSO event is defined
as a year in which the NDJFM Nifo3.4 SST has an intensity greater than 1.0 (0.5-1.0, <0.5) SD of its 1948-
2015 time series (Table 1). A high percentage (>75%) of strong ENSO events are preceded by same-sign
NPI and SPI. Conversely, only a very low percentage (around 30%) of neutral ENSO events are preceded by
same-sign NPl and SPI; instead, around 70% of neutral ENSO events are preceded by opposite-sign NPI
and SPI (Figure 4f). These results suggest that when the NPl and SPI are of the opposite sign, the ENSO events
following the NPI/SPI anomalies tend to be weaker.

The robustness of the jointimpact of the preceding NPl and SPlanomalies on ENSO was validated by repeating
similar analyses with two additional reanalysis data sets: the NCEP2 and ERA-Interim. Figures 5a and 5b shows
the correlation maps of the boreal winter Nifio3.4 index with the previous boreal winter SLP anomalies from the
NCEP2 and ERA-Interim data sets, respectively. We note that the NCEP2, ERA-Interim, and NCEP1 (see Figure 1a)
data sets show almost identical correlation patterns in the North Pacific poleward of 10°N. The differences
among these three data sets mainly lie in the extratropical South Pacific. Compared with the NCEP1, the ERA-
Interim and especially NCEP2 show relatively weaker correlations over the southeastern Pacific off the south-
west coast of Chile. In addition, significant negative correlations off the east coast of Australiain the NCEP1 data
set extend father east than those in the NCEP2 and ERA-Interim data sets. These results are generally consistent
with Bengtsson et al. [2004] and Chen et al. [2008], who reported that due to available observations being more
sparse in the SH than in the NH, the reanalysis data are more prone to errors and uncertainties in the SH.

Despite the differences of the precursor SLP patterns for ENSO events among three reanalysis data sets, the
NPI/SPI in the NCEP2 and ERA-Interim data sets are defined as SLP anomalies area averaged over the same
boxes as those in the NCEP1 data set (Figures 5a and 5b). We explored the joint relationship of the preceding
NPl and SPI with the Nifo3.4 index in the ERA-Interim and NCEP2 data sets. A significant difference in the cor-
relation of either the boreal winter NPI or SPI with the Nifo3.4 index a year later between the same-sign and
opposite-sign NPI/SPI years is found in these two additional data sets (Figures 5c-5f), confirming the results
obtained above from the NCEP1 data set. It should be pointed out that the focus of this study, the joint rela-
tionship between the antecedent North and South Pacific SLP anomalies and ENSO, is not sensitive to the
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Figure 3. Correlation maps of the December-February (DJF) (left column) NPI and (right column) SPI with the 3 month averaged SST (shading) and surface wind
(vectors) anomalies for several lead times (MAM, JJA, September-November (SON), and DJF). The impact of the Nifo3.4 index from the previous DJF season was
excluded from the 3 month averaged SST and surface wind anomalies using the linear regression method. Positive (red) and negative (blue) SST anomalies with
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Table 1. Classification of Strong, Weak, and Neutral ENSO Events During the Period 1948-20152

Strong ENSO
Weak ENSO
Neutral ENSO

1949, 1955, 1957, 1965, 1968, 1970, 1972, 1973, 1975, 1982, 1986, 1988, 1991, 1994, 1997, 1998, 1999, 2002, 2007, 2009, 2010
1950, 1954, 1963, 1964, 1967, 1969, 1971, 1974, 1976, 1977, 1984, 1987, 1995, 2000, 2004, 2005, 2006, 2008, 2011, 2014
1951, 1952, 1953, 1956, 1958, 1959, 1960, 1961, 1962, 1966, 1978, 1979, 1980, 1981, 1983, 1985, 1990, 1992, 1993, 1996, 2001, 2003, 2012, 2013

an strong (weak, neutral) ENSO event is defined as a year in which the NDJFM Nif03.4 SST has an intensity greater than 1.0 (0.5—1.0, <0.5) SD of its 1948-2015

time series.

definition of the NPI or SPI. Similar results can also be obtained in the NCEP2 and ERA-Interim data sets when
the NPI (SPI) is defined as SLP anomalies area averaged over only one box region of negative correlation coef-
ficients in the North (South) Pacific (see Figure S1 in the supporting information).

To provide a possible physical interpretation for the joint impact of the preceding NPI and SPI anomalies on
ENSO, we show the lagged correlations of the 3 month averaged surface wind and SST anomalies with the
December—February (DJF)-averaged NPI of the previous year for years in which the NPl and SPI have the same
(left column) and opposite (right column) sign, respectively (Figure 6). To isolate the impacts of the NPl and
SPI anomalies on the tropical Pacific climate variability, the ENSO effect (represented by the Nifi03.4 index
from the previous DJF season) is first removed from the 3 month averaged SST and surface wind anomalies
using the linear regression method. For the same-sign NPI/SPI years, an anomalous circulation resembling the
NPO generates a marked horseshoe-like SST pattern in the North Pacific during the boreal spring (March-May
(MAM)), with a band of positive SST anomalies in the subtropical central-eastern North Pacific extending
toward the central equatorial Pacific. At the same time, the NPI-related surface wind anomalies also extend
across the entire equatorial Pacific, with the anomalous westerlies over the western-central equatorial
Pacific. In addition to anomalous SST anomalies in the North Pacific, significant negative SST anomalies
can be clearly seen in the southwestern Pacific. The horseshoe-like SST pattern (primarily its subtropical
portion) in the North Pacific persists until the following boreal summer (i.e., June-August (JJA)), which
induces the anomalous westerlies over the western-central equatorial Pacific and subsequently results in
the development and persistence of anomalous westerlies there. At this time the anomalous southwesterlies
generated in response to the significant negative SST anomalies in the southwestern Pacific tend to
strengthen the westerly anomalies over the western equatorial Pacific [Ding et al., 2015b]. The strengthened
westerly anomalies over the western equatorial Pacific in turn are related to the appearance of significant
positive SST anomalies in the eastern equatorial Pacific and favor the initiation of an ENSO event [Bjerknes,
1969]. In general, the physical process associated with the effects of the NPI anomalies on the equatorial
Pacific is slightly different from the SFM proposed by Vimont et al. [2003a, 2003b]. The SFM suggests that
the NPO-associated extratropical signals propagate into the equatorial Pacific until JJA. However, our analysis
indicates that the NPI anomalies affect the surface winds in the equatorial Pacific earlier during MAM.

For the opposite-sign NPI/SPI years, the North Pacific horseshoe-like SST pattern tends to weaken, and its
subtropical band of positive SST anomalies does not extend deep enough into the equator during MAM (see
Figure 6 (right column)), possibly because of the interference between the NPI- and SPI-related surface wind
anomalies over the equatorial Pacific. In the South Pacific, significant negative SST anomalies are no longer
evident in the southwestern Pacific but instead occur in the southeastern Pacific during MAM. At the same
time, easterly winds strengthen in the eastern equatorial Pacific, which is unfavorable for the development
of warm SST anomalies in the region because the stronger winds promote local Ekman upwelling [Zhu et al.,
2016]. The area-averaged westerly anomalies over the western-central equatorial Pacific for the opposite-sign
NPI/SPI years are much weaker than those for the same-sign NPI/SPI years, thereby not favoring the develop-
ment of ENSO events, as shown in Figure 7. In addition, we also examine the lagged correlations of the 3 month
averaged surface wind and SST anomalies with the DJF-averaged SPI of the previous year for years in which the
NPl and SPI have the same or opposite signs (supporting information Figure S2). Similarly, the westerly anoma-
lies over the western-central equatorial Pacific for the opposite-sign NPI/SPl years are greatly reduced possibly
by the interference between the North and South Pacific surface wind anomalies.

The results presented above indicate that the ability of either the NPI or the SPI to initiate subsequent ENSO
events depends on the status of the other index. Furthermore, we note that there is a weak correlation
(<0.25) between the boreal winter NPI and SPI time series in Figure 1b, suggesting that the NPl anomalies
are relatively independent of the SPI anomalies. Given the relative independence of the NPl and SPI
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Figure 5. (a) Correlation map of the boreal winter (NDJFM) Nif03.4 index with the previous boreal winter SLP anomalies based on the NCEP2 data set. Areas with a
correlation significant at or above the 90% confidence level are shaded. The two green boxes (175°-117°W, 50°-74°N and 179°E-135°W, 8°-31°N) are used to define
the NPI, and the magenta box (155°E-150°W, 46°-24°S) is used to define the SPI. (c) Scatterplots of the boreal winter NPI versus the Nif03.4 index a year later.

Red (blue) circles indicate the years in which the NPI has the same (opposite) sign as the SPI. Both the NPI and SPI are calculated from the NCEP2 data set. (e) As in
Figure 5c but for scatterplots of the boreal winter SPI versus the Nifo3.4 index a year later. (b, d, and f) As in Figures 5a, 5¢, and 5e, respectively, but for ERA-Interim.
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Figure 6. Correlation maps of the 3 month averaged SST (shading) and surface wind (vectors) anomalies with the NPI from the previous DJF season for several lead
times (MAM, JJA, SON, and DJF), calculated respectively for years in which the NPl and SPI have the (left column) same and (right column) opposite sign. The impact of
the Nino3.4 index from the previous DJF season was excluded from the 3 month averaged SST and surface wind anomalies. Positive (red) and negative (blue) SST

anomalies with correlations significant at or above the 90% confidence level are shaded. Only surface wind vectors significant at the 90% confidence level are shown.
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Figure 7. (a) Lagged regressions of the 3 month averaged Nifi03.4 index
(red ling; scale on the left y axis) and area-averaged surface zonal wind
anomalies over the western-central equatorial Pacific (140°E-170°W, 5°S-
5°N) (blue line; scale on the right y axis), calculated against the DJF NPI for
years in which the NPl and SPI have the same sign. (b) As in Figure 7a but
for years in which the NPI and SPI have the opposite sign.

anomalies and their joint relationship
with ENSO, an empirical model is estab-
lished to predict the boreal winter
(NDJFM-averaged) Nifo3.4 index
(referred to as WIN(0)_NINO3.4) based
on both the NPI and SPI of the previous
boreal winter (referred to as WIN(-1)
_NPI and WIN(-1)_SPI, respectively):

WIN(0)_NINO3.4(t)
= axWIN(—1)_NPI(t)
+ BXWIN(=1)_SPI(t), (1)

where t is time in years. The perfor-
mance of the model was cross validated
using a leave-one-out scheme (by
repeatedly excluding 1year from the
period 1948-2015, determining the
coefficients of the linear regression
model using the remaining data and
then hindcasting the value for the miss-
ing year) [Ham et al., 2013; Ding et al.,
2015c]. The leave-one-out cross-
validation scheme shows that when
both the NPI and SPI are applied to
hindcast the Nino3.4 index, the cross-
validated correlation reaches 0.61,
which is higher than using only the NPI
(R=0.47) or SPI (R=0.42) to forecast
the Nifo3.4 index (Figure 8), suggesting
that the combined SPI and NPI do pro-

vide additional predictability of subsequent ENSO events beyond that associated with the NPI or SPI alone.
Ding et al. [2015b] developed a similar empirical prediction model of the boreal winter Nifo3.4 index, but
the model was based on the combined North and South Pacific precursor SST signals (not precursor SLP sig-

mm NINO3.4 ——NPI ——SPl  ——NPI&SPI

SST(°C)

P I.NIN03.4)=0.47
—3.01 ~(SPLNIN03.4)=0.42
T(NPI&SPI,NINOSA-) =0.61
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Year (with respect to ENSO)

Figure 8. Time series of the observed boreal winter Nif03.4 index (black
bars), and the cross-validated hindcasts of the boreal winter Nifo3.4 index
generated by empirical model (1) using both the combined NPI and SPI
(green line), using the NPI alone (red line) and using the SPI alone (blue
line). The correlations between various time series are given in the bottom
left corner.

nals like this study) for ENSO events.
Their results also showed that the com-
bined North and South Pacific precursor
SST signals provide more useful infor-
mation than the North or South Pacific
precursor SST signal alone for the pre-
diction of subsequent ENSO events.

3.2. Model Simulations

We first use CESM-LE simulations to
evaluate if the current coupled models
can reproduce the joint relationship
between the tropical Pacific SST anoma-
lies and antecedent North and South
Pacific atmospheric variability. Figure 9
shows the correlation maps between
the boreal winter (NDJFM) SLP anoma-
lies and the Nifo3.4 index (the defini-
tion being the same in models and in
observations) a year later for the 30 indi-
vidual CESM-LE members. Almost all
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Figure 9. Correlation maps between the boreal winter (NDJFM) SLP anomalies and the Nifno3.4 index a year later for the 30 individual CESM-LE members. Areas with
a correlation significant at or above the 90% confidence level are shaded. For all members, the green box (173°E-138°W, 8°-33°N) is used to define the NPI, and the
magenta box (155°E-150°W, 39°-16°S) is used to define the SPI.
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CESM-LE ensemble members show the significant SLP signals over the subtropical and extratropical regions
of the North and South Pacific that precede ENSO by 1 year, indicating that the CESM-LE simulations can cap-
ture the close connection between boreal winter subtropical and extratropical SLP anomalies over both the
North and South Pacific and ENSO a year later. However, there are some differences in the locations of sig-
nificant positive and negative correlation regions over the North and South Pacific among ensemble mem-
bers. Specifically, the characteristic dipole pattern of the NPO in the North Pacific is generally captured
well by almost all ensemble members but the centers of the northern and southern poles (especially the
northern pole) of the NPO do not match spatially well with those of observations (Figures 5a and 5b). In
the South Pacific, most CESM-LE ensemble members capture significant negative correlations off the east
coast of Australia and positive correlations near Antarctica but do not reproduce significant negative correla-
tions in the southeastern Pacific off the southwest coast of Chile as seen in observations. Given the differ-
ences between the observed and simulated precursor SLP patterns of ENSO, the NPl was constructed by
only taking the standardized SLP anomalies area averaged over the southern pole of the precursor NPO pat-
tern (173°E-138°W, 8°-33°N). Similarly, the SPI was constructed by only taking the standardized SLP anoma-
lies area averaged over the area off the east coast of Australia (155°E-150°W, 39°-16°S). We note that both
these two areas used to define the NPI and SPI show significant negative correlations for almost all CESM-
LE ensemble members (Figure 9). The signs of both the NPI and SPI are reversed in CESM-LE simulations.

Figure 10a shows the correlations of the boreal winter (NDJFM) NPI with the Nii03.4 index a year later for the
30 individual CESM-LE members, stratified by whether the NPI has the same or the opposite sign as the SPI
(see scatterplots in the supporting information Figure S3). For all CESM-LE ensemble members, the correla-
tions of the boreal winter NPI with the Nifio3.4 index a year later are higher when the NPI and SPI have the
same sign compared with years in which they have the opposite sign. Likewise, the correlations between
the boreal winter SPI and the Nifo3.4 index a year later are also strongly influenced by the NPI for all
CESM-LE ensemble members (Figure 10b). In addition, for almost all CESM-LE ensemble members (with only
one exception occurring in member 27), the strength of the Nif03.4 index is also weaker when the NPl and
SPI have the opposite sign in comparison with years in which they have the same sign (Figure 10c). By exam-
ining the values of the Nifo3.4 index in member 27, we found that there exists one extreme year in which the
boreal winter Nifo3.4 index reaches 2.92°C when the NPl and SPI have the opposite sign. With the removal of
this extreme year, the SD of the boreal winter Nifio3.4 index for the opposite-sign NPI/SPI years is reduced
from 1.0 to 0.9, and the latter is lower than the SD (0.99) of the Nifi03.4 index for the same-sign NPI/SPI years.
These results presented above suggest that the interdependence between the North and South Pacific extra-
tropical atmosphere variability in initiating ENSO events can be well represented in CESM-LE.

The above analysis examines the joint relationship between the antecedent North and South Pacific SLP
anomalies and ENSO in CESM-LE simulations with externally varying forcings. It further indicates that the
SPI anomalies are important for the relationship of the NPl anomalies with ENSO and vice versa. Next, we
explore the joint effect of the North and South Pacific atmospheric variability on subsequent ENSO events
in the piControl simulations from CESM and CCSM4. Because the external forcing is fixed at the preindustrial
level in the piControl simulation, it is possible for us to discuss the role of internal variability alone in the extra-
tropical atmosphere variability-ENSO relationship based on the piControl simulation.

Figure 11a shows the correlation maps between the boreal winter SLP anomalies and the Nifio3.4 index a
year later in the piControl simulation from CESM. The piControl simulation exhibits generally realistic precur-
sor SLP patterns for ENSO events, characterized by a marked NPO-like pattern over the North Pacific and a
PSA-like pattern over the South Pacific that are similar to observations (Figures 5a and 5b). Based on these
precursor SLP patterns over the North and South Pacific, we construct the NPI (SLP anomalies area averaged
over the box (165°E-138°W, 8°-35°N)) and SPI (SLP anomalies area averaged over the box (155°E-150°W, 39°-
16°S)) for the piControl simulation. Note that the boxes used to define the NPl and SPI in the piControl simu-
lation of CESM are very similar to those in CESM-LE simulations (Figure 9).

Scatterplots of the boreal winter NPl and SPI versus the Nifio3.4 index a year later in the piControl simulation
of CESM, plotted separately for years in which the NPl and SPI have the same or opposite signs, are shown in
Figures 11b and 11¢, respectively. We can see that the correlation between the NPI and the Nifi03.4 index is
strongly influenced by the SPI: it is 0.62 and 0.37, respectively, for the same-sign and opposite-sign NPI/SPI
years. Likewise, the correlation between the SPI and the Nifio3.4 index is substantially different for the
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Figure 10. (a) Correlations of the boreal winter (NDJFM) NPI with the Nino3.4 index a year later for the 30 individual CESM-
LE members. Gray (red) bars indicate the years in which the NPI has the same (opposite) sign as the SPI. (b) The strength
of the boreal winter Nifo3.4 index (represented by its interannual standard deviation (SD)) preceded by the same-sign
(gray bar) and opposite-sign (red bar) NPIs and SPIs for the 30 individual CESM-LE members.

same-sign and opposite-sign NPI/SPI years (0.59 and 0.01, respectively). Furthermore, a large difference in
the strength of the boreal winter Nifo3.4 index preceded by the same-sign and opposite-sign NPIs and
SPIs is also found in the piControl simulation (onno34=1.08 and onNo3.4=0.91, respectively). Similar
results can also be obtained for the piControl simulation of CCSM4 in which the correlation between
the boreal winter NPI (SPI) and the Nifi03.4 index a year later is 0.64 and 0.18 (0.59 and 0.09), respectively,
for the same-sign and opposite-sign NPI/SPI years (Figure 12), and the SD of the boreal winter Nifo3.4
index preceded by the same-sign and opposite-sign NPIs and SPIs is 1.11 and 0.84, respectively. These
results from both the CESM and CCSM4 piControl simulations are very similar to those from observations
and CESM-LE simulations, which provide further evidence of the joint role of atmospheric circulation pre-
cursors over the North and South Pacific in initiating ENSO. These results also suggest that interval varia-
bility may play a dominant role in the extratropical atmosphere variability-ENSO relationship, considering
the piControl simulation without externally varying forcings. It is speculated that this joint relationship
between the North/South Pacific extratropical atmosphere variability and ENSO may not change signifi-
cantly under future climate conditions. Further research is necessary to verify this speculation by analyzing

DING ET AL.

NORTH AND SOUTH PACIFIC IMPACT ON ENSO 292



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025502

80S T y T T T T

120E 150E 180 150W 120W 90W
—— [ [ T I ——
—99.9% —99% —95% —90% 90% 95% 99% 99.9%

Figure 11. (a) Correlation maps between the boreal winter (NDJFM) SLP anomalies and the Nifio3.4 index a year later in the
501 year piControl experiment of CESM. Areas with a correlation significant at or above the 90% confidence level are
shaded. The green box (165°E-138°W, 8°-35°N) is used to define the NPI, and the magenta box (155°E-150°W, 39°-16°S) is
used to define the SPI. (b) Scatterplots of the boreal winter NPI versus the Nifo3.4 index a year later. Red (blue) circles
indicate the years in which the NPI has the same (opposite) sign as the SPI. (c) As in 11b but for scatterplots of the boreal
winter SPI versus the Nif03.4 index a year later.
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Figure 12. As in Figure 11 but for (a) correlation maps between the boreal winter SLP anomalies and the Nifio3.4 index a
year later and (b and c) scatterplots of the boreal winter NPI/SPI versus the Nifio3.4 index a year later in the 501 year
piControl experiment of CCSM4. The boxes used to define the NPl and SPIin the piControl simulation of CCSM4 are same as
those in the piControl simulation of CESM.
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Figure 13. As in Figure 6 but for correlation maps of the 3 month averaged SST (shading) and surface wind (vectors) anomalies with the NPI from the previous DJF
season for several lead times in the piControl simulation of CCSM4.

DING ET AL. NORTH AND SOUTH PACIFIC IMPACT ON ENSO 295



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025502

the historical and future climate simulations in phase 5 of the Coupled Model Intercomparison Project
(CMIP5) [Taylor et al., 2012].

The evolutions of the 3 month averaged NPI-related surface wind and SST anomalies for years in which the
NPl and SPI have the same and opposite sign are also evaluated in the piControl simulation of CCSM4
(Figure 13). For the same-sign NPI/SPI years, the horseshoe-like SST pattern in the North Pacific and significant
negative SST anomalies off the east coast of Australia are clearly seen during the boreal spring (MAM). These
SST anomalies persist until the following boreal summer (i.e., JJA) and subsequently induce the anomalous
westerlies over the western equatorial Pacific, strengthening the latter and thereby leading to the develop-
ment of positive SST anomalies in the eastern equatorial Pacific. In contrast, for the opposite-sign NPI/SPI
years in the piControl simulation, anomalous SST anomalies in the South Pacific becomes indistinct during
MAM, which might hinder the development of the anomalous westerlies over the western equatorial
Pacific during the following boreal summer and hence the initiation of ENSO events. These results suggest
that the processes in the North Pacific involved in initiating ENSO events for both the same-sign and
opposite-sign NPI/SPI years in the CCSM4 piControl simulation are generally similar to those in observations
and strongly depend on the state of the South Pacific.

4, Summary and Discussion

This study examined the joint relationship of the subtropical/extratropical precursor SLP anomalies over the
North and South Pacific with the onset of ENSO events. We have found that the relationship of the North
Pacific precursor SLP anomalies to the onset of subsequent ENSO events may strongly depend on the state
of the simultaneous South Pacific precursor SLP anomalies and vice versa. When the boreal winter
subtropical/extratropical SLP anomalies over the North and South Pacific have the opposite sign, the correla-
tion of the North Pacific or South Pacific anomalies with the subsequent ENSO state becomes much smaller,
and the strength of the ENSO events also tends to be weaker. One possible reason for this is that the westerly
anomalies over the western-central equatorial Pacific during the following boreal summer are greatly
reduced by the interference between the antecedent North and South Pacific SLP anomalies, thereby not
favoring the development of ENSO events. The relative independence of the precursor SLP anomalies over
the North and South Pacific leads us to speculate that their fluctuations may work together to be useful pre-
dictors of ENSO events. Thus, we developed an empirical model to hindcast the boreal winter Nifo3.4 index
using a combination of two indices that are derived from the previous boreal winter North and South Pacific
SLP anomalies. The results indicate that the model does have the potential to improve the ENSO prediction
skill with a lead time of up to 1year.

The modeled results from the CESM-LE confirm that the North Pacific precursor SLP anomalies influence on
ENSO interferes with the impact of the South Pacific precursor SLP anomalies. This joint impact of North and
South Pacific atmospheric variability on the onset of ENSO events is a robust feature of the CESM-LE and
appears in all ensemble members. In addition, the joint relationship between the tropical Pacific SST anoma-
lies and antecedent North and South Pacific atmospheric variability can be well reproduced in the piControl
simulations of CESM and CCSM4 without externally varying forcings, suggesting that the extratropical atmo-
sphere variability-ENSO relationship is not sensitive to changes in external forcings.

It should be noted that 2014 was a typical year in which the NPl and SPI in the previous boreal winter showed
large-amplitude anomalies of the opposite sign (1.25 and -1.53, respectively; see Figure 1b). At the beginning
of 2014, many climate scientists [Glantz, 2015], and most climate models [http://iri.columbia.edu/our-exper-
tise/climate/forecasts/enso/2014-April-quick-look], predicted the occurrence of a super El Nifilo, comparable
with the 1997/1998 event, in the subsequent boreal winter. However, the 2014 event did not develop as
expected and turned out to be a weak El Nifio event. Considerable attention has been devoted to under-
standing the reasons for this. Menkes et al. [2014] and Chen et al. [2015] emphasized the effects of WWEs,
whereas Min et al. [2015] and Zhu et al. [2016] argued that the abrupt termination of the 2014 warming
was caused primarily by negative SST anomalies in the southeastern Pacific. In view of the combined effect
of the NPI and SPI anomalies on the subsequent ENSO events presented above, we speculate that the
absence of a super El Nifio in 2014 can be attributed, at least in part, to the opposite-sign NPl and SPl anoma-
lies in the previous boreal winter. As shown in Figure 6, opposite-sign NPl and SPl anomalies are associated
with anomalous SSTs in the southeastern Pacific and weakened westerly anomalies (presumably associated
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simulation data used in this study are
available from the Coupled Model
Intercomparison Project Phase 5
(CMIP5) at http://cmip-pcmdi.linl.gov/
cmip5/data_portal.html.

with the suppression of WWEs) in the western equatorial Pacific during MAM, which tend to favor a weaker El
Nifo in the subsequent boreal winter. At this point, our results are generally consistent with those of previous
studies [Menkes et al., 2014; Chen et al., 2015; Min et al., 2015; Zhu et al., 2016].

In addition, although ENSO predictions have made remarkable progress over the past three decades, they are
still hampered by the boreal spring predictability barrier [Webster and Yang, 1992; Torrence and Webster,
1998]. Our results suggest that the boreal winter subtropical/extratropical precursor fields over the North
and South Pacific can together have a great influence on the onset of ENSO events. Thus, the combination
of North and South Pacific precursor fields may be a good candidate for ENSO predictions across the boreal
spring. We speculate that if the joint relationship of the North and South Pacific precursor fields with the
onset of ENSO events could be captured satisfactorily by the forecast models, this may lead to a significant
improvement in ENSO predictions across the boreal spring. An assessment of the real predictive use of the
North and South Pacific precursor SLP signals as a supplemental tool for the prediction of ENSO events within
a forecast framework is currently underway. In addition, Anderson [2007] suggested that the processes of the
North Pacific subtropical SLP anomalies in initiating ENSO also strongly depend on the state of the tropical
Pacific. When the subtropical SLP anomalies over the central North Pacific and the heat content anomalies
in the western equatorial Pacific have the same sign, their impact on ENSO is much weaker. Additional ana-
lysis of the joint impact of the tropical and extratropical precursors on the onset of ENSO would also
be worthwhile.
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