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Abstract

Sea surface temperature anomalies (SSTa) in the Western North Pacific (WNP) have been linked to the development of El
Nifio Southern Oscillation (ENSO) events a full year in advance. However, the contribution of the WNP precursor to the
temporal evolution and spatial complexity of ENSO remains unclear. Using the preindustrial experiment of the Community
Earth System Model as the control climate, a partially coupled experiment is conducted in which WNP SSTa are restored to
the model climatology. By comparing the perturbed experiment to the control, we are able to clearly characterize ENSO’s
response to WNP SST variability. We find that the WNP is predominantly linked to eastern Pacific (EP) ENSO events.
Without SST variability in the WNP, central Pacific (CP) ENSO events are more likely to develop. This variation in ENSO
flavor is controlled by how the WNP projects onto wind stress anomalies in the western equatorial Pacific, which in turn
impacts the discharge and recharge of ocean heat during the ENSO cycle. Specifically, the removal of SSTa in the WNP
weakens the buildup of ocean heat in the western equatorial Pacific, which then hinders the development of EP-type events.

1 Introduction

Several studies have linked the onset of El Nifio Southern
Oscillation (ENSO) events to extratropical atmospheric and
oceanic variability. Specifically, stochastic forcing from the
second leading mode of atmospheric variability over the
North Pacific, the North Pacific Oscillation (NPO) (Rogers
1981) is thought to significantly influence the state of the
tropical Pacific several months prior to the maturation of
ENSO; this happens via the so-called Seasonal Footprinting
Mechanism (SFM). The SFM describes an SST anomaly
“footprint” in spring that is created by atmospheric fluctua-
tions of the NPO in winter and persists through summer, sus-
taining sea level pressure (SLP) and wind stress anomalies
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that are conducive to the initiation of ENSO events (Ander-
son 2003; Vimont et al. 2003; Alexander et al. 2010).

Closely dovetailed with the SFM is the Pacific Meridional
Mode (PMM) (Chiang and Vimont 2004; Chang et al. 2007;
Di Lorenzo et al. 2015). The PMM involves NPO-induced
modulation of the trade winds that lead to the establish-
ment of SST anomalies (SSTa) in the east central subtropical
North Pacific. These anomalies then propagate southwest-
ward via a wind-evaporation-SST feedback (WES) mecha-
nism (Xie and Philander 1994) and promote the initiation of
ENSO events as they reach the equator. An analogous merid-
ional mode can be found in the South Pacific with a similar
mechanism to the PMM, i.e. the South Pacific Meridional
Mode (SPMM) (Zhang et al. 2014; You and Furtado 2017).

In addition, wintertime SST variability in the subtropi-
cal northwestern Pacific, i.e. the Western North Pacific
(WNP) mode has been linked to the development of ENSO
events the following winter (Wang et al. 2012). The WNP
is manifest as a northwest-southeast SST dipole located
off southeastern Asia, with an association to equatorial
winds believed to strongly influence oceanic Kelvin wave
activity that precedes ENSO events (Pegion and Selman
2017; McPhaden 2004; Alexander et al. 2010).

Studies that first related ENSO to subtropical triggers did
not consider the occurrence of two different ENSO modes in
the tropical coupled ocean—atmosphere system. Apart from
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the generic canonical El Nifio events, which are character-
ized by warmest SSTa in the Eastern Pacific (EP), there also
exist central Pacific (CP) El Nifio events, which have their
largest SSTa near the Dateline (Larkin and Harrison 2005;
Ashok et al. 2007; Kao and Yu 2009; Kug et al. 2009; Kar-
nauskas 2013).

For a better understanding of the spatio-temporal com-
plexity of ENSO, several researchers have called for a closer
look into the linkages between the precursor dynamics of
ENSO and ENSO diversity (Timmermann et al. 2018). For
example, are there specific precursors or triggers for EP and
CP events, or are these differences happening by chance, and
how would the existence of these precursors impact our abil-
ity to predict these different events (Kirtman 2019)? While
the PMM has emerged as a key driver in the generation of
the CP type ENSO (Yu and Kim 2011; Kim et al. 2012;
Vimont et al. 2014; Stuecker 2018), the SPMM has been
linked to amplified SSTa in the eastern Pacific (Zhang et al.
2014). However, unlike these meridional modes, the mecha-
nisms by which the more distantly located WNP SSTa influ-
ences the various types of ENSO are still poorly understood.
Apart from augmenting our understanding of the range of
ENSO variations, extratropical and subtropical precursors to
ENSO can directly be utilized to improve long-lead ENSO
predictions.

Against this backdrop, this study is designed to determine
the contribution of SST variability in the WNP to the tempo-
ral evolution and spatial diversity of ENSO using the fully
coupled global climate Community Earth System Model
(CESM) (Gent et al. 2011). The outline of this manuscript
is as follows. In Sect. 2, we present a brief description of
the utilized observational datasets, model experiments and
key analytical methods. In Sect. 3, we present and discuss
the results of our experiments. We summarize the results in
Sect. 4 and present conclusions.

2 Data and methodology
2.1 Observational datasets

The Hadley Centre Sea Ice and Sea Surface Temperature
dataset (HadISST) is used to describe variations in global
SST (Rayner et al. 2003). HadISST consists of monthly
mean values from 1870 to present. For analysis of ocean
warm water volume (WWYV) and subsurface temperature,
we utilize the NCEP Global Ocean Data Assimilation Sys-
tem at the resolution of 0.333° latitude X 1.0° longitude with
vertical levels ranging from 5 to about 4500 m depth, avail-
able from 1980 to present (Behringer and Xue 2004). Sea
level pressure and 10-m wind components are taken from
the National Center for Environmental Prediction-National
Center for Atmospheric Research (NCEP-NCAR) reanalysis
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product (Kalnay et al. 1996) and consist of monthly mean
values from 1948 to present on a 2.5° X 2.5° horizontal grid
globally.

2.2 Partially coupled experiment

To estimate ENSO’s response to SST variability in the WNP,
we perform a partially coupled perturbation experiment with
the Community Earth System Model (CESM version 1.2.2)
using pre-industrial radiative forcing. In the CESM, the
atmospheric model component is configured with CAM4
physics on a 1.9°%x2.5° horizontal grid and 26 levels in
the vertical; coupled to dynamic ocean (POP2) and sea ice
(CICE) models on a nominal horizontal resolution of 1° and
60 vertical levels. Wang et al. (2013) used the CESM to
investigate the WNP influence on ENSO development in the
historical single-forcing experiments.

The first experiment, the control, is run for 272 years. The
second, the “noWNP” experiment, branches from the con-
trol at year 52 and is integrated for 220 years. The noWNP
experiment is set up by restoring SST in the WNP region to
the monthly mean climatology of the control using a restor-
ing time scale of 2 days. Figure 1a shows the region where
SST is restored; within the inner box, the weighting coef-
ficient () is equal to 1 and reduces to zero in a 10° linearly
tapering buffer, i.e. from the edge of the inner box to the
edge of the outer boxes. In other words, the weighting coef-
ficient (a) ranges from O to 1, where 1 is full restoration
and 0 is no restoration. Outside this region, the model is
fully coupled (e.g. Liguori and Di Lorenzo 2019). The last
200 years of both experiments are analyzed.
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Fig.1 a The restoring domain and mask used in performing the
noWNP experiment. Coefficients of the mask (i.e. weighting coeffi-
cients) vary from 1 to 0 when moving from the center to the bound-
ary of the masking region. 1 is full restoration and O is no restora-
tion. b The mean SST anomalies (°C) for a cold WNP in DJF, i.e. the

WNP precursor pattern to El Nifio (Wang et al. 2012)
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Note that the restoring domain is confined to the region
where the WNP mode is considered most active, i.e. the
northwestern branch of the WNP (Fig. 1b). This is done for
two reasons: first, the eastern subtropical component of the
WNP dipole includes the westernmost tip of the ENSO SSTa
region, as well as the southeastern lobe of the PMM’s SST
expression. Secondly, the northwestern branch of the WNP
dipole (i.e. along the Kuroshio Current) starts evolving in
fall, a few months prior to the establishment of its eastern
subtropical counterpart (Ding et al. 2015; Park et al. 2017),
making SSTa there the most critical to the evolution of the
WNP. Taken together, these steps ensure that SST is reason-
ably restored within the domain peculiar to the precursor
dynamics of the WNP and that no SSTa from the PMM or
ENSO is directly imposed.

2.3 ENSO and precursor indices

For all variables, anomalies are calculated by removing the
long-term monthly climatology over the period being ana-
lyzed. Time series of the observed data are then linearly
detrended. A commonly used index for representing SST
variability associated with ENSO is the 3-month running
mean of SSTa in the region, 170° W-120° W to 5° S-5° N,
referred to as the “Niflo-3.4 index.” An El Nifio is said to
occur if the Nifio-3.4 index, averaged over December—Febru-
ary (DJF) exceeds 1 SD.

To separate ENSO into EP and CP types, we follow the
definitions by Takahashi et al. (2011), calculated by first
performing EOF analysis on SSTa in the equatorial Pacific,
120° E-70° W, 25° S—25° N. The ENSO indices are then
defined as:

EP-index = PC1+PC2 (1)
V2

CP-index = w (2)

V2

where the EP and CP indices correspond to the canonical
and central Pacific ENSO, respectively. PC1 (PC2) refers to
the principal component time series associated with the first
(second) leading pattern of SSTa. Spatial SSTa patterns (i.e.
EP pattern and CP pattern) corresponding to the EP and CP
indices are obtained by linearly regressing the SST anomaly
field onto each index. This approach views El Nifio events as
the superposition of the two EOF modes, which results in a
continuum of ENSO characteristics.

The WNP precursor pattern is defined as the second mode
of maximum covariance analysis between low level wind
anomalies and SSTa within 90° E-170° W to 10° S-30° N in
DJF. The first mode depicts a canonical ENSO structure with
a tripole SST pattern in the central tropical Pacific, western

tropical Pacific and South China Sea (Wang et al. 2012). The
negative (positive) phase of the WNP is associated with the
development of El Nifio (La Nifia).

The vital role thermocline fluctuations play throughout
the ENSO cycle is well established. Here, we use the depth
of the 15 °C (Z15) and 20 °C (Z20) isotherms as proxies for
thermocline depth; both have extensively been used in the
literature for the analysis of thermocline depth variations in
the tropical Pacific.

2.4 Composite analysis

We analyze the development of ENSO using composites
of atmospheric and oceanic variables associated with 30 El
Nifio events identified in the last 200 years of the noWNP
experiment and a corresponding number of 30 events in
the control (Fig. S1). The composites are based on the DJF
nino3.4 index and are composed from DJF,,_, (i.e. the win-
ter a full year before ENSO reaches its mature phase or
peak) to DJF to show the seasonal evolution of ENSO. In
between DJF,,_, and DJF, composites are also calculated
for March-May (MAM), June—August (JJA), and Septem-
ber—November (SON) to complete the evolution cycle. We
then compute the difference between the composites of
the two experiments at each time step to divulge the WNP
influence.

2.5 Kelvin waves compositing

The development of Kelvin waves forced by surface winds in
the western equatorial Pacific is one of the key mechanisms
for ENSO development and growth. We measure the activity
of oceanic Kelvin waves by first, Lanczos filtering daily sea
surface height (SSH) fields to retain periods between 20 and
120 days, consistent with the frequency of oceanic Kelvin
waves activity. The filtered SSH anomalies are then used to
construct composites representative of the seasonal variation
of Kelvin waves activity in the lead up to El Nifio events.
We do this by first calculating the variance of all days within
each season of the selected El Nifio years at each longitude
along the equator. The standard deviation is then calculated
over the summed variance of the selected events.

3 Results
3.1 Modeled ENSO response to WNP forcing

Figure 2 compares the El Nifio SST composites and the
first two EOF modes from the control and the noWNP
experiments. The differences in the SST composites of El
Nifio events in Fig. 2 clearly distinguishes the impact of
the WNP mode on ENSO. While the control experiment
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Fig.2 a, b SST composites of El Nifio events in DJF. An El Nifio is
said to occur if the DJF Nifio-3.4 index exceeds 1 SD. All composites
are based on 30 El Nifio’s in the control and 30 in the noWNP experi-
ment. The first two leading modes of tropical Pacific SSTa in the ¢, d

(Fig. 2a) is characterized by pronounced warming in the
eastern Pacific, maximum SSTa in the noWNP experi-
ment are geographically constrained to the central Pacific
(Fig. 2b). This suggests that the WNP is predominantly
linked to the Eastern Pacific type ENSO. When SST vari-
ability in the WNP is muted, CP El Nifio’s are more likely
to develop.

Although the literature is replete with examples of the
Nifio-3.4 index being used to identify ENSO episodes, it
may not be optimal for describing the various ENSO fla-
vors. To better elucidate changes in the pattern of SSTa in
the tropical Pacific when SST is suppressed in the WNP, we
examine the first two empirical orthogonal functions (EOF)
of SSTa in the tropics. We interpret EOF1 in the control
experiment as the baseline pattern of ENSO, which com-
bines both the EP and CP El Nifio types (shading, Fig. 2¢).
The second EOF can be added or subtracted from EOF1 to
divulge how ENSO events express themselves differently
(shading, Fig. 2d). Such variations are achieved with the
aforementioned EP and EP patterns (Takahashi et al. 2011).

Both the EP (contours, Fig. 2c) and CP (contours, Fig. 2d)
patterns are ENSO-like. While the EP pattern has its strong-
est amplitude along the eastern equatorial Pacific (east of
150° W), maximum SSTa of the CP pattern are located in
the central equatorial Pacific (along 160° E-160° W), mim-
icking the observed EP and CP ENSO types respectively.
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control and e, f noWNP experiment. The number in the bottom-left
corner of each panel indicates the amount of explained variance. Cor-
responding EP and CP EOF patterns (as in Takahashi et al. 2011) are
superposed in contours. The unit is °C

By contrast, EOF1 of the noWNP experiment shows a
warming maximum in the central equatorial Pacific that is
consistent with the CP type ENSO (shading, Fig. 2e). The
zonal east—west equatorial SST dipole that is seen in EOF2
of the control is suppressed without SST variability in the
WNP (shading, Fig. 2f). Both the EP (contours, Fig. 2e) and
CP (contours, Fig. 2f) patterns favor the spatial expression
of CP ENSO due to the apparent suppression of a zonal SST
dipole in EOF2, which effectively removes the diversity in
ENSO. This is perhaps the clearest indication yet that the
WNP is linked to EP El Nifio dynamics and an important
contributor to ENSO diversity.

3.2 Seasonal controls of ENSO to WNP forcing

The evolution of ENSO and its precursor pattern is presented
in Fig. 3 through composites of surface temperature anoma-
lies, subsurface potential anomalies and surface winds. By
juxtaposing the evolution of ENSO in the control (Fig. 3a)
with the noWNP experiment (Fig. 3b), and by examining the
differences (Fig. 3c) between the two experiments, one can
discern the means by which the absence of SSTa in WNP
affects ENSO diversity in the coupled system.

To examine the extent to which the model is fit for the
research purpose, we first take a look at the correlation
between indices of the WNP and ENSO in the CESM (Fig.
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S2) and make a general comparison between the evolution of
ENSO in the CESM control and the observed pattern (Fig.
S3). The WNP as a precursor has a fairly good correlation
with ENSO in the CESM (Fig S2a). As expected, the opti-
mal correlation between the WNP and ENSO occurs when
the WNP lags ENSO by a year (Fig. S2b) as was shown in
Wang et al. (2012).

Like in most coupled models, the most conspicuous bias
in the CESM is the westward extension and magnitude of
SSTa in the tropical equatorial Pacific (Fig. S3b). In obser-
vations (Fig. S3a), the core of the warming is over the warm
pool in DJF,,_, and relatively narrow in the zonal direction
as ENSO grows. These biases are primarily linked to an
overestimation of the mean zonal wind stress in the model,
which in turn generates spurious thermocline anomalies that
propagate eastward as downwelling Kelvin waves (Taschetto
et al. 2014). Evidence of such rampant Kelvin waves activity
can be seen in the early evolution of subsurface temperature
anomalies in the control (DJF Fig. S3b), contrary to the
observed pattern (Fig. S3a).

Despite such systematic biases, the CESM’s apparent
realism in replicating key features of the ENSO cycle and
its precursor dynamics (Deser et al. 2012; Wang et al. 2015;
Yoon et al. 2015) made it possible to undertake this research;
this is encapsulated by the realistic representation of ENSO’s
phase locking to the seasonal cycle as seen in Fig. S3b. As
well, the WNP precursor pattern is realistically simulated
(Wang et al. 2013); characteristically featured northeast of
Papua New Guinea, with cooling in the northwestern part
and warming in the southeastern part during the initial
stages of ENSO development (DJF,,_)).

Several studies have demonstrated that prior to boreal
spring, a charged western tropical Pacific heat content (i.e.
Pacific warm pool) is necessary for the subsequent devel-
opment of El Nifio (Vimont et al. 2003; Alexander et al.
2010). In the control experiment (DJFyr_l, Fig. 3a), we see
a charged western equatorial Pacific characterized by basin-
wide subsurface temperature anomalies and a deep thermo-
cline. At the surface, wind vectors are directed from negative
SSTa in the vicinity of the WNP toward warmer SSTa at
the edge of the warm pool (Fig. 3a). Unlike the control, the
noWNP experiment (Fig. 3b) is characterized by a relatively
shallow thermocline and a less expansive warm pool, which
appears to curtail westerly wind development over the west-
ern Pacific (Fig. 3c).

The anomalous northerlies over the WNP begin to wane
off after winter (DJF,,_,), at the same time the climatological
northerlies (not shown) begin to subside. Superimpose the
anomalous winds on the climatology, the northerlies will
amplify in response to a speed up of evaporation, which then
leads to an intensification of the WNP cooling in a manner
that is consistent with a positive WES feedback mechanism
(Park et al. 2017). So, when the climatological northerlies

yr—1°
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begin their seasonal retreat in spring, the anomalous north-
erlies also die down as the cool SSTa along the east Asian
coast gradually begins to reverse sign. This is particularly
evident in observations (Fig. S3).

A well-known characteristic of observed ENSO events is
the concurrent evolution of the Indian Ocean dipole (I0D)
(Yu and Rienecker 1999; Schott et al. 2009; Izumo et al.
2010). Beginning in the summer of an El Nifio year, SSTa
in the tropical Indian Ocean exhibit an east—west asym-
metry, synchronous with easterly wind anomalies over
Sumatra and strong westerlies over the western equatorial
Pacific. The simulation of this feature in the control (Fig. 3a)
is generally in agreement with the observed pattern (Fig.
S3), although the easterly wind anomalies off Sumatra are
rather weak in observations. Annamalai et al. (2005) argue
that the presence of the IOD modulates convective activity
over the eastern equatorial Indian Ocean and the tropical
western Pacific during the developing phase of El Nifio and
remotely strengthens westerly anomalies in the western and
central Pacific via an atmospheric Kelvin wave. Without
SST variability in the WNP, this IOD feature weaken after
spring (Fig. 3c), suggesting a WNP-associated process that
prolongs the IOD and its effects.

Through air—sea coupling and a positive Bjerknes feed-
back (Bjerknes 1969), westerly wind anomalies and posi-
tive SSTa strengthen and expand eastward, concomitant with
the eastward advection of the Pacific warm pool by down-
welling Kelvin waves (i.e. the eastward propagation of sub-
surface oceanic temperature anomalies from DJF,_,) until
ENSO reaches its mature phase (DJF). The location of the
maximum warming at this stage conforms to the “baseline
ENSO” pattern (as in Fig. 2c) in the control (Fig. 3a), and
the CP type ENSO (as in Fig. 2d) in the noWNP experiment
(Fig. 3b). A comparison between Fig. 3a, b (DJF) yields a
manifestation of ENSO diversity, directly introduced into
the coupled system by the suppression of SSTa in the WNP
(Fig. 3c).

The air—sea coupling during the evolution of ENSO in
both experiments are similar, although anomalies from the
noWNP experiment are weaker. The initial accumulation
of ocean heat, deep and basin-wide in the control but shal-
low and constrained in the perturbed run, seems to be the
initial modulating factor of the subsequent air—sea coupling
that eventually leads to diversity in ENSO. This assertion is
consistent with Fedorov et al. (2015), who found that initial
subsurface ocean conditions could modulate the role of sto-
chastic wind forcing in producing ENSO diversity.

3.3 The WNP’s impact on ENSO diversity

In this section, an attempt is made to divulge the mecha-
nisms linking WNP SSTa variability to ENSO diversity.
In Fig. 4 we use the ENSO based composites of 500-hPa
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Fig.4 El Nifio composite of 500-hPa vertical velocity (shading,
units: 1072 Pa/s) and 850-hPa divergent winds (vectors, units: ms™)
in the control and noWNP experiments, as well as their difference.
All composites are based on 30 El Nifio’s in the control and 30 in the

vertical velocity and 850-hPa divergent wind anomalies
to show the large-scale circulation pattern associated with
ENSO evolution. Figure 4 is discussed in tandem with
Fig. 5, which is a similar plot but for precipitation and
850-hPa streamfunction. A year before a mature El Nifio
(DJF,,_;), when the western equatorial Pacific warm water
volume is sufficiently charged (Fig. 3a), anomalous deep
atmospheric convection develops over the Pacific warm
pool. This induces strong surface divergence and subsid-
ence (Fig. 4a), as well as diabatic cooling (Fig. 5a) over
the WNP and the Indian Ocean. The tropical lower-level
streamfunction anomalies display a classic Gill Rossby
wave response to the heating in the western equato-
rial Pacific (Gill 1980), i.e. two low-level anticyclonic
anomalies straddling the equator west of the convention
center and a zone of westerlies lying between them. The

—

1

noWNP experiment. Only the statistically significant differences are
plotted at the 95% confidence level based on the Student’s t-test. The
vector scale is shown at the bottom right side of the figure

dynamical effect of the westerlies is to flatten the equato-
rial thermocline by shoaling it in the western equatorial
Pacific whiles deepening it in the east through the genera-
tion of equatorial Kelvin waves (Fig. 3a). Consequently,
an El Nifio can develop as positive subsurface temperature
anomalies are upwelled to the surface along the mean ther-
mocline by the eastward propagating Kelvin waves.

The Rossby—Kelvin wave response is symmetric to the
tropical heating source as ENSO evolves (Fig. 5a) and
amplifies with the eastward expansion of maximum tropi-
cal Pacific SSTa (Fig. 3a). This is evident from the eastward
migration of the Pacific warm pool and a speedup of the
Pacific Walker cell (Fig. 4a). Accompanying the continued
growth of positive SSTa are positive precipitation anomalies
across the equatorial Pacific and negative anomalies along
the poleward flanks of the convergence zones (Fig. 5a).
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val is 1. Only the statistically significant differences are plotted at the 95% confidence level based on the Student’s t-test

The Gill and Walker cell responses in the noWNP experi-
ment track the control throughout ENSO evolution, albeit
with a weaker amplitude (Figs. 4c, 5c¢). This is due to the
weak initial convection over the warm pool, arising from
a relatively shallow warm water volume in the western
equatorial Pacific, and is also why westerlies in the noWNP
experiment are weaker during the early stages of El Nifio
development (Fig. 3c).

Subsurface temperature anomalies constitute a reasonable
proxy for tracking the activity of oceanic Kelvin waves as
shown in Fig. 3. However, since Kelvin waves are the major
means by which ocean heat is transferred from the western
pacific to the central-eastern Pacific, we utilize a more sta-
tistically robust metric in measuring oceanic Kelvin waves
activity in the lead up to El Nifio. That is, the standard devia-
tion of 20-120-day filtered oceanic dynamic height anom-
alies (Fig. 6). It is inferred from the considerably higher
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standard deviation in Fig. 6a that Kelvin waves occur more
frequently in the control than in the noWNP run (Fig. 6b).
The timing and location of the wave activity are also telling.
In the control, strong Kelvin waves activity start early and
persist through the year and extend from the central to the
eastern Pacific. Strong Kelvin waves are not initiated in the
perturbed run until spring, and when they do, are confined
to the central equatorial Pacific. Recall that when Kelvin
waves carry warm subsurface water from west to east, they
are meant to stratify and flatten the thermocline relative to
the mean. Weak Kelvin waves are characterized by a zonal
tilt of the thermocline that precludes them from achieving
such stratification, leading to a greater probability of a CP
pattern (Vasquez 2015).

Both realizations of ENSO in the control and perturbed
run manifest the Rossby—Kelvin wave response to western
equatorial heating, which highlights aspects of the delayed
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Fig.6 Standard deviation of 20-120 days filtered sea surface height
anomalies (cm) averaged from 5° S to 5° N, showing Kelvin waves
activity in the lead up to El Nifio events. DJF,,_, is the winter a full
year before a mature El Nifio

oscillator paradigm of ENSO (Schopf and Suarez 1988;
Battisti and Hirst 1989). Likewise, the evolution of subsur-
face temperature anomalies in both experiments as shown
in Fig. 3 is well within the framework of the recharge—dis-
charge theory of Jin (1997). The evolution mechanisms
of the two ENSO types are thus comparable. The EP and
CP ENSO types are rather separated by differences in
the strength of the air—sea coupling by which they evolve
(Figs. 3c, 4c, 5c¢).

It appears the suppression of SSTa in the WNP is effec-
tive in damping wind stress anomalies in the western equa-
torial Pacific, which in turn limits the heat discharge and
recharge of the Pacific heat during the ENSO cycle. In a
positive feedback loop, the initial buildup of subsurface
water modulates the ensuing air—sea interactions; so that, a
strong (weak) buildup of ocean heat in the western equato-
rial Pacific can induce a strong (weak) Gill response and an
equally strong (weak) Bjerknes feedback, which are favora-
ble for the development of EP (CP) type events.

3.4 Source of thermocline variability

How then does the WNP remotely contribute to the dis-
charge and recharge of the equatorial Pacific? The first two
modes of thermocline variability defined through EOF anal-
ysis of Z15 anomalies have been interpreted as consistent
with the recharge oscillator paradigm of ENSO (Meinen and
McPhaden 2000; Capotondi et al. 2006). The first mode in
the control (Fig. 7a) is similar to the noWNP experiment
(Fig. 7b)—both are characterized by an east—west dipole

representative of changes in the zonal thermocline slope. As
a result, this EOF1 mode is often called the “tilting mode,”
and represents the mature phase of an El Nifio, marked by
a deeper thermocline in the central-eastern Pacific and a
shallower thermocline in the western Pacific.

On the other hand, EOF2 describes a deepening or
shoaling of the equatorial thermocline as a whole (i.e.
recharge—discharge mode). The positive phase of EOF2
is characterized by the anomalous zonal slope of the ther-
mocline, which is associated with an anomalous poleward
Sverdrup transport that is responsible for discharging
warm water from the equatorial thermocline resulting in a
shallower-than-average thermocline across the equatorial
Pacific. Upwelling of colder water in the eastern Pacific
subsequently erodes the original warm SSTa and leads to
the opposite phase of the cycle. In this view, the two lead-
ing EOFs are expected to be approximately in quadrature
(Deser et al. 2012).

The lag correlation analysis between the two principal-
component (PC) time series reveals that PC1 leads PC2 by
about 10 months in the control (Fig. 7c) and about 12 months
in the noWNP experiment (Fig. 7d), with maximum corre-
lations of about 0.8 and 0.6 respectively when PC1 leads.
The approximate 10-month lag is in good agreement with
the observed ENSO cycle and observations (Meinen and
McPhaden 2000). The reduced peak correlations in the
perturbed run suggest that in comparison to EP El Nifio’s,
thermocline feedbacks and the recharge of heat in the equa-
torial Pacific prior to a CP El Nifio are not as intense. This
supposition is confirmed by Fig. 8, comprising equatorial
Pacific (5° S—5° N) SSTa (shading) and wind stress (vec-
tors) composited based on PC2 (i.e. the recharge—discharge
mechanism). The evolution in both the control and noWNP
experiments are characterized by relatively simple oscilla-
tory transitions: a positive mode leads to El Nifio and is
preceded by a La Nifia. This is consistent with the existing
view that a La Nifia event produces a wind stress pattern
that tends to charge the equatorial Pacific thermocline (i.e.
the positive phase of the recharge—discharge mechanism)
and subsequently leads to the onset of an El Nifio event,
and similarly, to a La Nifia from the negative phase (Yu and
Fang 2018). We note here that the charging associated with
La Nifia and the discharging associated with El Nifio can be
asymmetric in amplitude (Chen et al. 2015; Hu et al. 2017).

The control experiment exhibits a positive SSTa pattern
consistent with EP ENSO events, characterized by strong wind
stress and negative SSTa anomalies (Fig. 8a), which indicates
of a strong recharge of the western equatorial Pacific warm
water volume in the lead up to El Nifio (Fig. 3a). In a sharp
contrast to the control, the noWNP experiment exhibits a
central Pacific pattern of maximum SSTa that is proceeded
by extremely weak wind stress and negative SSTa anomalies
(Fig. 8b). The differences between the two experiments are
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Fig.7 a, b The two leading EOFs of thermocline depth (Z15 in
meters). Blue shading is for negative values (thermocline shallower
than average), and indianred shading is for positive values (thermo-
cline deeper than average). The percent variance explained by each

readily apparent in Fig. 8c and explains why we notice a rela-
tively weak buildup of ocean heat in the western equatorial
Pacific prior to the onset of CP ENSO events (Fig. 3b).

4 Summary and conclusions
The contribution of the WNP precursor mode (Wang

et al. 2012, 2013) to the evolution and spatial complexity
of ENSO was investigated by running a partially coupled
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mode is shown on the bottom left corner of each panel. ¢, d Lagcor-
relation curves between PC1 and PC2; negative (positive) lags are
for PCI1 leading (lagging) PC2. The lag of maximum correlation, in
absolute value, is approximately a quarter of a cycle

experiment on NCAR’s Community Earth System Model
(CESM 1.2.2) under pre-industrial radiative forcing. The
CESM was chosen for its apparent realism in simulating
the ENSO cycle and its dynamics. The partially coupled
experiment, dubbed “noWNP,” was set up by restoring SSTa
within the bounds of the most active component of the WNP
mode to the monthly mean climatology of the control. By
comparing the perturbed experiment to the control, we were
able to isolate the characteristics of ENSQO’s response to
WNP SST variability with increased confidence.
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Fig.8 The evolution of equatorial Pacific (5° S—5° N) SSTA (shad-
ing, °C) and wind stress (vectors, dyne/cm?) composited for the posi-
tive phase of the rechargedischarge mechanism. Blue (crimson) shad-
ing is for La Nifna (El Nifio) and the recharging phase (discharging
phase). The green stipplings represent statistically significant SST

It was found that the WNP is directly linked to the EP
type of ENSO; without SST variability in the WNP, ENSO
is dominated by the central Pacific type. The WNP is thus
an important contributor to ENSO diversity. The mecha-
nism by which the WNP causes variations in the ENSO
flavor is presented schematically in Fig. 9. The response
of the ocean to the wind perturbations and ocean—atmos-
phere interactions that results in ENSO is determined by
the initial state of the ocean. The presence of a charged
oceanic heat content in the western equatorial Pacific (1)
can lead to an anomalous deep atmospheric convection (2)
at the surface that is characterized by strong surface diver-
gence and diabatic cooling over the WNP and the Indian
Ocean (3). Two off-equatorial Rossby waves (4) develop
in response to this interaction with a band of westerlies
sandwiched between them (5). The ocean responds to the
westerlies by triggering equatorial Kelvin waves (6). Con-
sequently, an El Nifio can develop through the upwelling
(7) of positive subsurface temperature anomalies (1) in the
eastern tropical Pacific along the mean thermocline (8) by
the eastward propagating Kelvin waves.

differences at the 95% confidence level based on the Student’s t-test.
Likewise only the statistically significant differences in the surface
winds are plotted, also at the 95% confidence level. The vector scale
is shown at the bottom right side of the figure

The WNP modulation stems from how it projects onto
wind stress variations (4) in the western equatorial Pacific.
When SST in the WNP is suppressed, wind stress anomalies
in the western equatorial Pacific are equally muted. This
leads to a weak recharge of the western Pacific warm water
volume (1) and a shallow equatorial thermocline prior to
the onset of an El Nifio, which effectively weakens the ensu-
ing Gill response (5—6) through a positive feedback loop. A
weak Gill response begets weak and less frequent Kelvin
waves that are characteristically unable to advect the warm
subsurface ocean temperatures in the western equatorial
Pacific all the way to the east. The upshot is the develop-
ment of a central Pacific pattern of warming.

Our results are consistent with the general view that EP
El Nifio’s occur through oceanic Kelvin wave variability and
feedbacks that engage the thermocline in the eastern Pacific,
while CP events lack the classical thermocline feedbacks in
the eastern Pacific and are more dependent on zonal advec-
tion feedbacks (Kug et al. 2009, 2010; Dommenget 2010;
Ren and Jin 2013; Capotondi 2013). These varied mecha-
nism are tied to the initial subsurface conditions in the
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Fig.9 Schematic of the proposed mechanism for the impact of WNP on El Nifio development

western equatorial Pacific—a deep (shallow) thermocline
is said to favor the development of EP (CP) ENSO because
of the relative dominance of thermocline (zonal advective)
feedbacks under such a mean state (Fedorov et al. 2015;
Capotondi and Sardeshmukh 2015; Xie and Jin 2018).

This study could also be relevant to the ongoing debate
about whether indeed ENSO exists as two distinct modes of
variability, or whether ENSO can be more aptly described
as a diverse continuum (Capotondi et al. 2015). Our results
seem to support the idea that ENSO is a continuum, and
that a single physical ENSO mode could generate diver-
sity in amplitude, spatial structure and temporal evolution
(Giese and Ray 2011; Timmermann et al. 2018). CP ENSO
events can thus be viewed as a variation of the EP type when
the western equatorial Pacific is characterized by a shallow
thermocline and weak westerly winds in the lead up to an
El Nifio event.

We expect that the results we have presented herein will
contribute to our understanding of WNP-ENSO interac-
tions. In particular, these results highlight the importance
of WNP driven thermocline adjustments in causing ENSO
diversity and advance our general understating of ENSO
complexity. It also brings us a step closer to utilizing the
WNP as a supplementary tool for useful seasonal ENSO
predictions. Notwithstanding, we caution that our results
may be model-dependent. Future work will include the
determination of the extent to which such dependencies

@ Springer

are likely to affect the interpretation of our results. The
modulation of the WNP precursor pattern by tropical intra-
seasonal variability such as the MJO and other modes of
climate variability on different timescales also warrant
investigating.
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