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ABSTRACT: This study utilizes observations and a series of idealized experiments to explore whether eastern Pacific
(EP)- and central Pacific (CP)-type El Niño–Southern Oscillation (ENSO) events produce surface wind stress responses
with distinct spatial structures. We find that the meridionally broader sea surface temperatures (SSTs) during CP events
lead to zonal wind stresses that are also meridionally broader than those found during EP-type events, leading to differ-
ences in the near-equatorial wind stress curl. These wind spatial structure differences create differences in the associated
pre- and post-ENSO event WWV response. For instance, the meridionally narrow winds found during EP events have
(i) weaker wind stresses along 58N and 58S, leading to weaker Ekman-induced pre-event WWV changes; and (ii) stronger
near-equatorial wind stress curls that lead to a much larger post-ENSO event WWV changes than during CP events. The
latter suggests that, in the framework of the recharge oscillator model, the EP events have stronger coupling between sea
surface temperatures (SST) and thermocline (WWV), supporting more clearly the phase transition of ENSO events, and
therefore, the oscillating nature of ENSO than CP events. The results suggest that the spatial structure of the SST pattern
and the related differences in the wind stress curl, are required along with equatorial wind stress to accurately model the
WWV changes during EP- and CP-type ENSO events.
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1. Introduction

The tropical Pacific region contains the world’s most promi-
nent interannual climate fluctuation: El Niño–Southern Oscil-
lation (ENSO) (e.g., McPhaden et al. 2006). ENSO describes
a coupled ocean–atmosphere phenomenon that fluctuates
between (i) anomalously warm eastern equatorial Pacific sea
surface temperatures (SSTs) that are accompanied by a weak-
ening or a reversal of the overlying trade winds (El Niño),
and (ii) anomalously cool eastern equatorial Pacific SSTs that
are accompanied by a strengthening of trade winds (La Niña).
More than four decades of intense research has tremendously
enhanced our understanding of ENSO and its interannual
nature (e.g., Timmermann et al. 2019). However, we still have
difficulties in unscrambling the subtleties of ENSO’s underly-
ing dynamics, and precisely predicting the ENSO state sea-
sons in advance (Timmermann et al. 2019; e.g., Santoso et al.
2019). Enhancing the predictability of ENSO, which is at least
partially reliant on an enhanced understanding of its dynam-
ics, is sought after due to the huge impact these events have
on societies around the globe through their modulation of
severe weather events and climatic conditions (e.g., Diaz et al.
2002; McPhaden et al. 2006; Taschetto et al. 2020; Sprintall
et al. 2020; Goddard and Gershunov 2020).

Traditional conceptual models of ENSO highlight our
understanding of this phenomenon by summarizing the
important mechanisms and feedbacks known at the time of
their development (Suarez and Schopf 1988; Weisberg and

Wang 1997; Picaut et al. 1997; Jin 1997; Summarized by Wang
and Picaut 2004). One of the leading conceptual models for
ENSO’s apparent oscillatory behavior is Jin’s (1997) rechar-
ge–discharge oscillator (RDO) theory. This theory suggests
that the surface zonal wind/SST anomaly (SSTA) feedback
that underpins El Niño (La Niña) event growth, generates an
oceanic (Sverdrup type) response that discharges (recharges)
equatorial upper ocean heat, conditioning the system for a
change in phase of ENSO (see also Wang and Picaut (2004)
for comprehensive description of the RDO theory). We note
here that the upper ocean heat content of the tropical Pacific
is typically measured observationally by the warm water vol-
ume (WWV), which is the thermocline depth integrated over
1208E–808W, 58N–58S (Meinen and McPhaden 2000). Jin’s
(1997) theory has largely been confirmed by observational
studies which show that the WWV leads ENSO SST by 1–3
seasons (Meinen and McPhaden 2000; Meinen and Mcphaden
2001; McPhaden 2012; Bunge and Clarke 2014). Conse-
quently, tropical Pacific WWV is seen as a precursor to
ENSO events and is largely considered to underlie their
predictability.

While the value of these conceptual models cannot be
questioned, it has become increasingly apparent that there
are many complexities of ENSO events that are not explic-
itly considered by these conceptual models. For example,
the existence of different ENSO types: central Pacific (CP,
with maximum SST anomaly found in the central equato-
rial Pacific) versus eastern Pacific (EP, with maximum SST
anomaly found in the eastern equatorial Pacific) ENSO
events (Kao and Yu 2009; Kug et al. 2009; McPhaden et al.
2011).
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One of these key simplifications in conceptual ENSO mod-
els is that the SST growth rate and coupling to the thermo-
cline (WWV) are a function of the equatorial wind stress only
(Jin 1997; Burgers et al. 2005; Clarke et al. 2007). This simpli-
fication, which neglects the wind stress curl that drives the
slower adjusted (Sverdrup) oceanic response, is akin to mak-
ing an assumption that the anomalous winds accompanying
all ENSO events can be represented by a single pattern. Simi-
lar assumptions were initially made about SSTA patterns of
ENSO events, despite it being previously recognized from
very early analysis that no two El Niño events appear to be
exactly the same (e.g., Wyrtki 1975). However, since the early
2000s the community has attempted to more systematically
classify ENSO event diversity (Capotondi et al. 2015, 2020).

This simplification around the structure of winds is poten-
tially important as the zonal extent and longitude of the zonal
wind maximum differences during CP and EP El Niño events
have been related to event duration differences (Kug et al.
2009, 2010), while the meridional extent of ENSOs equatorial
zonal wind stresses has been related to the frequency of
events (Kirtman 1997; Capotondi et al. 2006). In general,
models found to display ENSO zonal wind stresses that have
a narrow meridional extent and a related strong near-equato-
rial wind stress curl, were more likely to display ENSO events
that occur too frequently (Capotondi et al. 2006). The recent
study of Im et al. (2015) has also suggested that ENSO phase
asymmetries in the meridional extent of the zonal wind
stresses may play some role in their duration asymmetry.

The recent study of Neske et al. (2021) suggests that EP El
Niño–type SSTAs tend to have zonal wind stress anomalies
that have a narrower meridional extent and stronger near-
equatorial wind stress curl than CP-type events. Furthermore,
their results suggested that EP-type ENSO events typically
had a strong adjusted WWV response, while CP events typi-
cally displayed a weak adjusted WWV response. We note
here that the adjusted WWV response refers to the WWV
response after oceanic adjustment and can often be thought
of as the post-ENSO event WWV. The results of Neske et al.
(2021) are broadly consistent with earlier studies (Kug et al.
2009, 2010; Singh and Delcroix 2013), which show a much
weaker post-ENSO event WWV discharge occurring for CP-
type ENSO events than for EP-type ENSO events. The post-
ENSO event WWV is incredibly important as conceptual
models suggest that it is the beginning of a new ENSO event
of the opposite sign in the following boreal winter (e.g., Jin
1997). However, the fact that the relationship between SST
and wind is complex and nonlinear (Frauen and Dommenget
2010; Dommenget et al. 2013; DiNezio and Deser 2014; Izumo
et al. 2019), led Neske et al. (2021) to conclude that further
numerical experiments were needed in order to identify the
role of SST spatial structure (EP/CP ENSO events) on the
resulting winds.

While El Niño event diversity has been actively investi-
gated for some time, studies reporting on differences in the
surface wind response have largely focused on the zonal
extent and longitude of the anomalous zonal wind stress maxi-
mum (e.g., Kug et al. 2009). Thus, in this paper we utilize a
series of idealized uncoupled experiments to thoroughly

explore the role SSTA structure and location play modulating
the meridional extent of the surface winds and the resulting
oceanic response. We also assess the validity of the assump-
tion utilized in conceptual ENSO models that differences in
the wind stress patterns can be represented by the magnitude
of equatorial Pacific wind stresses alone, neglecting an explicit
presentation of wind stress curl. AGCM experiments are car-
ried out to estimate the wind stress response to prescribed
idealized SSTA patterns, while simple ocean model simula-
tions are used to estimate the WWV response resulting from
the modeled wind stresses. Observational data are then ana-
lyzed to ground truth the experiment results. These experi-
ments along with the observational datasets utilized in this
study are described in section 2. Section 3 details the results
of the AGCM experiments, while section 4 details the results
of the simple ocean model simulations. Discussion and con-
clusions are presented in section 5.

2. Data, models, and experiments

Section 2a briefly details the observational data utilized
here. Details of the idealized SSTA forcing, the atmospheric
model and its simulations, along with the simple ocean model
simulations, follow in sections 2b, 2c, and 2d, respectively.

a. Observational data

The HADISST SST dataset, extending from 1950 to 2020,
is utilized throughout this study (Rayner et al. 2003). Prior to
any analysis taking place, the SSTs were linearly detrended
throughout the entire period. Anomalies of SST were calcu-
lated by removing the long-term climatology from the
1950–2010 period.

Monthly mean 10-m surface wind data from the European
Centre for Medium-Range Weather Forecasts (ERA-
Interim) (Dee and Uppala 2009) product are used over the
1980–2015 period. These winds were first converted to wind
stresses before the long-term seasonal cycle and linear trend
were removed. Wind stresses were calculated using the qua-
dratic stress law that is detailed in McGregor et al. (2013b).

Gridded estimates of observed Pacific upper ocean temper-
atures, calculated from observed in situ temperature profiles
for the 1980–2015 period (Smith 1995), are used in the calcu-
lation of the observed WWV (Meinen and McPhaden 2000).
As introduced above, WWV is defined as the volume of water
with temperature above 208C in the equatorial Pacific
(58N–58S, 1208E–808W). [Further details of the WWV are
available in Meinen and McPhaden (2000) and at https://
www.pmel.noaa.gov/tao/wwv/data/.]

b. Idealized SSTA forcing

Here, we will define the various flavors of ENSO SSTA
(Capotondi et al. 2015) using the rotated empirical orthogonal
function (EOF) analysis methodology of Dommenget et al.
(2013). Both Takahashi et al. (2011) and Dommenget et al.
(2013) identified that the first two EOFs of tropical Pacific
SSTA [see Figs. 1a and 1b of Dommenget et al. (2013)] are
actually nonlinearly related, such that the magnitude of the
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first principle component (PC) time series can provide infor-
mation about the second PC times series. To identify two PCs
that are orthogonal, they normalized and rotated the two PCs
counter clockwise by 458 (Dommenget et al. 2013). The result-
ing PCs were named the PCEl_Nino and PCLa_Nina, but can also
be thought of as PCEP and PCCP, as proposed by Takahashi
et al. (2011), given that most La Niña events are CP type.
Here, we will utilize the Takahashi et al. (2011) notation as
our main concern is on the spatial structure of the SSTA,
rather than their typical sign (Fig. 1a). The associated rotated
EOFs are presented in Figs. 1b and c, and we note that both
patterns have the same Niño-3.4 region SSTA (1908E–1208W,
58S–58N; hereafter Niño-3.4) magnitude.

c. Atmospheric model and experiments

The atmosphere general circulation model (AGCM) utilized
here is a low resolution version of Australian Community Cli-
mate and Earth System Simulator (ACCESS) model (Bi et al.
2013), which is based around the Met Office (UKMO) Unified
Model atmospheric GCMwith Hadley Centre Global Environ-
ment Model version 2 (HadGEM2) physics (Davies et al. 2005;
Martin et al. 2010, 2011). It is configured to run at a horizontal
grid spacing of 3.758 longitude by 2.588 latitude with 38 vertical
atmosphere levels (Frauen et al. 2014).

We carry out a series of AGCM simulation to explore sur-
face wind stress differences in the atmospheric response to
EP and CP events (Figs. 1b,c). Each simulation was run for 25

years, and the difference between the simulations was in the
underlying/forcing SSTs, which in most cases included SST
anomalies (SSTA) superimposed onto the climatology
(1950–2010). The superimposed SSTAs have a fixed pattern
that is based on either the CP (Fig. 1b) or EP (Fig. 1c) event
patterns (see section 2a), or a combination of both (Fig. 2),
depending on the experiment details. In all cases the added
SSTA temporally evolves with an annually repeating idealized
evolution that approximates the apparent synchronization of
ENSO events to the seasonal cycle (Fig. 1d). These experiments
effectively explore the parameter space of EP and CP events,
where the amplitude of this idealized temporal evolution is
scaled such that it spans the EP and CP range between 62, in
increments of 0.5 (81 experiments in total). This parameter
space explored appears to be largely covered by the observa-
tional EP and CP time series displayed in Fig. 1a. The center
panel of Fig. 2 displays the peak (October–February average)
Niño-3.4 SSTAs for each of the 81 AGCM experiments, while
the outer panels provide examples of the different spatial struc-
tures and amplitudes of SSTA forcing utilized.

We note that experiment anomalies analyzed here and else-
where in this manuscript are calculated by differencing with
the climatological simulation (EP = 0 and CP = 0) output.

d. Ocean model and experiments

A linear 1.5-layer shallow water anomaly model (SWM)
with 18 horizontal grid spacing is utilized to understand how

FIG. 1. (a) Principle components (PCs) for the EP and CP modes, whose (b),(c) spatial patterns are shown. (d) The solid line displays
the idealized time series used to force the AGCM experiments, while the different magnitudes utilized are displayed by various line types
(see legend).
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the EP and CP event wind differences influence changes in
WWV. Details of the model can be found in Neske and
McGregor (2018; their Text S1) and McGregor et al. (2007).
It is worth noting here that the SWM, when forced with
ERA-Interim surface wind stress anomalies, produces
monthly mean WWV changes consistent with those observed,
as indicated by a correlation coefficient of 0.86 (Neske et al.
2021).

The SWM is forced with monthly average wind stress
anomalies from the AGCM experiments detailed above.
However, rather than simply forcing the SWM continuously
with AGCM output for the full 25 years for each experiment,
the wind stress anomalies are broken into individual years
that span from April of the initial year to April of the follow-
ing year for two main reasons. First, the April–April span cov-
ers the full evolution of the applied ENSO event SSTA
forcing (Fig. 1d). Second, the separation into individual 13-
month periods, which allowed for 24 forced SWM simulations
for each AGCM simulation, was carried out as the oceanic
adjustment to the wind stress forcing is delayed, and forcing
the model continuously acts to obscure the adjusted oceanic

response we wanted to analyze. Each of these 24 simulations,
which was forced by modeled anomalous wind stresses for 13
months (i.e., from the beginning of April in year 0 to the end
of April in year 1), was extended to run for 24 months in total
(i.e., to the end of March in year 2) with no wind stress forcing
after the 13th month so that the delayed oceanic adjustment
could be observed. The resulting experiment pycnocline
depth anomalies are averaged over the total WWV region
(1208E–808W, 58N–58S), along with its eastern and western
components, WWV west region (1208E–1508W, 58N–58S),
WWV east region (1508–808W, 58N–58S), to obtain regional
average WWV anomalies.

3. The surface wind stress response to EP and CP events

a. Modeled EP/CP event zonal wind stress differences

In this section we explore the zonal surface winds resulting
from the AGCM experiments described in section 2c. Peak-
ENSO event equatorial zonal wind stress anomalies, which
are calculated as the average zonal wind stress between

FIG. 2. Outer panels display the peak (October–February average) SSTA (8C) during the ENSO event, for eight specific values of the
EP and CP indices (see panel titles). The center panel displays the peak central Pacific (Niño-3.4 region) SSTA (8C) for each simulation,
where the x and y axes denote the EP and CP index value, respectively.
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58S–58N and 1408E–1008W of all 25 simulation years during
October–February, are strongly modulated by Niño-3.4 region
SSTAs during the same period (r = 0.95). This is evidenced by
the similarity between Fig. 2 (center panel) and Fig. 3a.

These peak-ENSO equatorial zonal wind stresses also
appear to be modulated by both CP events and EP events, as
is evidenced in Fig. 3a by the transitions from strong negative
values in the bottom-left corner, toward positive values in the
top-left corner and bottom-right corner, respectively. How-
ever, CP events play a stronger modulating role (r = 0.81)
than EP events, which only display a correlation coefficient
(r) of 0.53, evidenced by a slight anticlockwise rotation of the
wind stresses (Fig. 3a) relative to the SSTA (Fig. 2, center).
Wind stresses in the western half of the equatorial region
(1408E–1608W) are largely modulated by CP events (r = 0.96;

EP events only play a minor role r = 0.10), while winds in the
eastern half of the region (1608–1008W) are largely modulated
by EP events (r = 0.98; CP events play a minor role r = 0.10).
As to why the CP play a more prominent role, the western
Pacific region wind stresses have a larger standard deviation
(s = 0.0059 N m22) than the eastern Pacific (s = 0.0012 N
m22). This fact is also reflected by the regression slope (b) of
0.0213 N m22, calculated between the CP events and western
equatorial Pacific zonal wind stresses, which is much larger
than that calculated between the EP events and zonal wind
stresses in the eastern equatorial Pacific (b = 0.0124 N m22).
The prominent role of SSTAs in the central/western Pacific is
consistent with idealized AGCM experiments of Taschetto
et al. (2016a, 2020), who identify that the region around the
date line (where CP El Niño warming is located) produces

FIG. 3. Peak-ENSO event (October–February average) zonal wind stress anomaly for the (a) equatorial region
(58S–58N, 1408E–1008W); (b) off-equatorial region, which is the sum of wind stress in the Northern Hemisphere region
(58–108N, 1408E–1008W) and Southern Hemisphere region (108–58S, 1408E–1008W); and (c) the near-equatorial wind
stress curl, which is the difference of wind stress curls in the Northern Hemisphere region (28–88N, 1408E–1008W) and
Southern Hemisphere region (88–28S, 1408E–1008W). The off-equatorial region wind stresses from the (b.1) northern
and (b.2) southern regions are displayed.
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the strongest atmospheric response in the Pacific compared to
the eastern and western Pacific regions.

Off-equatorial zonal wind stress, which is calculated as the
sum of average zonal wind stress in the north (58–108N,
1408E–1008W) and south (58–108S, 1408E–1008W) off-equato-
rial regions, presents a more complex pattern (Fig. 3b) that dis-
plays maximums in the top left corner and minimums in the
bottom right corner. This indicates that CP and EP SST pat-
terns force very different off-equatorial zonal wind stresses,
which is quantified by the correlations that having opposite
signs. CP events display a strong positive correlation with the
off-equatorial zonal wind stresses (r = 0.73), which suggests

that CP events typically have surface zonal wind stress
response is meridionally broad when combined with their
strong positive correlation with equatorial zonal wind stress.
EP events on the other hand, display a reasonably strong nega-
tive correlation with off-equatorial zonal wind stresses (r =
20.48). When this negative off-equatorial zonal wind stress
correlation is combined with the strong positive correlation
between EP event and equatorial zonal wind stress, it suggests
that the surface zonal wind response to EP events are typically
relatively narrow, meridionally. These differences in the merid-
ional width of the zonal wind stress responses to CP and EP
event SSTA are clearly shown in Figs. 4d–f.

FIG. 4. The observed (a) EP and (b) CP ENSO event surface wind stress (shading; N m22 per standard deviation) and precipitation (con-
tours; mm day21 per standard deviation) response, which is calculated as the regression of observed surface wind stress onto the EP and
CP event indices. The modeled linear (d) EP and (e) CP ENSO event surface zonal wind stress (shading) and precipitation (contours)
response is displayed, which is calculated as half the composite difference between peak (October–February) surface wind stress with posi-
tive (El Niño) and negative (La Niña) EP (EP index . 0 minus EP index , 0 for all CP index values) and CP (CP index . 0 minus CP
index, 0 for all EP index values) event indices, respectively. The modeled linear (g) EP and (h) CP ENSO event surface zonal wind stress
(shading) and precipitation (contours) response for the idealized narrow and wide SSTA experiments. In (a), (b), (d), and (e), the inset
cyan regions indicate off-equatorial regions, while dashed back regions indicate the equatorial region. (c),(f),(i) The zonal average zonal
wind stress (black) and precipitation (red) response between 1408E and 1008W seen in two panels to the left on each row. Dashed lines are
for the CP-type (meridionally wide) events, while solid black lines are for the EP-type (meridionally narrow) events.
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Separating the off-equatorial wind stress into its northern
and southern components helps aid the interpretation of the
complex relationship with EP and CP event type (Figs.
3b.1,b.2). What becomes apparent is that off-equatorial winds
in the northern box are strongly linearly negatively correlated
to EP event magnitude (r = 20.73), while the off-equatorial
winds in the southern box have no significant relationship
with EP event magnitude. Both of these relationships show
that the anomalous surface zonal wind stress/SSTA feedback
of EP events is quite well constrained to the equator, though
wind stress curls are enhanced at the northern boundary due
to a sharper wind transition. CP event magnitude, on the
other hand, has a moderate positive relationship with wind
stresses in the northern (r = 0.48) and southern (r = 0.75)
boxes.

Here, rather than focusing on the curl of the horizontal
wind stress, which is defined as curl(t) = tyx 2 txy, we
focus on the zonal component of wind stress curl (hereafter
referred to as the zonal wind stress curl) by neglecting the first
term of the wind stress curl equation. This simplification is
carried out as the north–south scale of the wind in the equato-
rial region is typically much smaller than the east–west scale
(e.g., Clarke 2008), suggesting that the first term of the wind
stress curl is normally small. We focus on wind stress curl here
as it plays an important role in the driving thermocline depth
changes off the equator, via Ekman pumping (Qiu and Chen
2010), while the related geostrophic transports can drive
WWV changes (Jin 1997). For instance, the positive (nega-
tive) wind stress curls found in the northern (southern) off-
equatorial Pacific during an El Niño event lead to Ekman
divergence in these regions, which raises the underlying ther-
mocline depths generating upwelling westward propagating
Rossby waves, these Rossby waves enhance the zonal tilt of
the thermocline and lead to a stronger geostrophic discharge
of WWV when they impinge on the western boundary. Thus,
here we define near-equatorial zonal wind stress curl (Fig. 3c)
as the difference between the average zonal wind stress curl
in the north (28–88N, 1408–2608E) and south (28–88S,
1408–2608E) near-equatorial regions.

Figure 3c suggests that near-equatorial wind stress curl
appears to be strongly modulated by EP events (r = 0.80).
This strong relationship between zonal wind stress curl and
EP event magnitude is consistent with the correlations
reported above, whereby EP event magnitude displays a posi-
tive correlation with equatorial zonal wind stresses which
transitions sharply to a negative or near-zero correlation in
the off-equatorial regions. Taking into account the north–
south separation of off-equatorial wind stresses shown in
Figs. 3b.1 and 3b.2, this strong relationship between EP event
magnitude and wind stress curl is underpinned by the strong
negative correlation between EP event magnitude and wind
stress in the northern off-equatorial boxed region. This is con-
sistent with expectations given that spatial structure of ENSO
winds typically has a more gradual decay to the south than
the north (Figs. 4d–f).

The weaker correlation between the CP event index and
zonal wind stress curl (r = 0.56, Fig. 3c) is consistent with both
equatorial and off-equatorial zonal winds having a positive

correlation with CP events, as this acts to weaken the associ-
ated curl signature. This is also in agreement with the fact that
the zonal wind stresses of these events are meridionally
broader than those of EP events (Figs. 4d–f). The separation
of off-equatorial wind stresses into its north and south compo-
nents (Figs. 3b.1,b.2), reveals moderate-to-strong relation-
ships between the CP event index and wind stresses in the
northern off-equatorial boxed region, and a strong relation-
ship between CP event index and wind stresses in the south-
ern off-equatorial boxed region. Thus, indicating that the
positive relationship between CP event magnitude and off-
equatorial wind stresses, along with the weak relationship to
wind stress curl, is due to the equatorial winds typically having
a larger poleward extension in both hemispheres during CP
events than that seen in EP events.

b. Observational verification of EP/CP event zonal wind
stress differences

In this section we detail similarities and differences
between the observed and modeled relationships between
Pacific zonal wind stresses and the EP and CP event indices.
Indices of EP and CP events are those presented in Fig. 1a,
while those of observed zonal wind stress are calculated from
ERA-Interim 10-m winds (see section 2a). We show that
many features of the relationship between EP and CP events
and the surface zonal wind stress identified in our idealized
model experiments presented in section 3a, are also apparent
in these observations.

First, as expected, equatorial zonal wind stresses are clearly
modulated by both CP events and EP events, as is evidenced
in Fig. 5a by the transitions from strong negative values in the
bottom left-hand corner, to strong positive values in the top
right-hand corner. Consistent with our idealized model
experiments, CP events also appear to play a stronger modu-
lating role of equatorial zonal wind stresses than EP events,
as they display a larger correlation (r = 0.58) than that found
for EP events (r = 0.45). Again, this result is broadly consis-
tent with earlier studies that show a stronger atmospheric
response to date line region SSTAs (where CP El Niño warm-
ing is located) when compared to other regions of the equato-
rial Pacific (Taschetto et al. 2016b, 2020).

Second, the observed off-equatorial zonal wind stresses
have a moderate positive correlation with the CP event index
(r = 0.45). The EP event index, on the other hand, has very lit-
tle role modulating the observed off-equatorial zonal wind
stresses (r = 0.09; Fig. 5b). Both, our modeled and the
observed zonal wind stress response, suggest that CP events
display a surface zonal wind stress response that is meridio-
nally broad (consistent with the positive correlations between
the CP index and both, equatorial and off-equatorial zonal
wind stress), while EP events display a zonal wind stress
response that is meridionally narrow in comparison (consis-
tent with the positive correlations between the EP index and
equatorial zonal wind stress, and the negative or near-zero
correlations between the EP index and off-equatorial zonal
wind stress). However, where the idealized experiments differ
most from those observed, is the relationship between the EP
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index and off-equatorial wind stresses. The idealized model
experiments show a moderate negative correlation, while
the observed relationship is near zero (Figs. 3b and 5b).
Separating the impact of both hemispheres on this rela-
tionship difference, differences are apparent in the SH, as
the CP event modulation is weaker in the observations
than that produced by the idealized experiments, while the
EP event modulation is stronger in the observations than
that produced by the idealized experiments (Figs. 3b.2 and
5b.2). It is also clear that the differences between the mod-
eled and observed relationship (within 6108 latitude) lie
most prominently in the NH as the idealized model experi-
ments show a strong negative zonal wind stress response

(Fig. 3b.1), while the observed wind response in this region
is much weaker (Fig. 5b.1).

Comparing the spatial patterns of the modeled and
observed zonal wind response (Figs. 4a,d), reveals that (i) the
model produces opposing off-equatorial surface zonal winds
south and north of the equatorial response that is almost as
strong as the modeled equatorial response; and (ii) that this
modeled off-equatorial response is much larger than that seen
in the observations, which appears to show a zonal wind
response which is less than half the magnitude of the observed
equatorial response. This model enhanced off-equatorial
zonal wind response could be related to background state
biases, a bias in the anomalous response to the imposed

FIG. 5. Observed ENSO event zonal wind stress anomaly for the (a) equatorial region (58S–58N, 1408E–1008W); (b) off-equatorial
region, which is the sum of wind stress in the Northern Hemisphere region (58–108N, 1408E–1008W) and Southern Hemisphere region
(108–58S, 1408E–1008W); while (c) the near-equatorial wind stress curl, which is the sum of wind stress curls in the Northern Hemisphere
region (28–88N, 1408E–1008W) and Southern Hemisphere region (88–28S, 1408E–1008W) is presented. The off-equatorial region wind
stresses from the (b.1) northern and (b.2) southern regions are displayed.
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SSTA forcing, or a combination of both of these. However, at
present, it is beyond the scope of the current manuscript to
delve further into this topic. Despite the differences raised
here being present in both hemispheres, they are only appar-
ent in the defined northern off-equatorial region (Fig. 3b.1) as
the zonal equatorial winds transition more quickly to the
opposite sign moving northward such that this difference
occurs in the northern region.

Finally, the observed zonal wind stress curls of the near-
equatorial region (Fig. 5c) have a larger correlation with EP
events (r = 0.62), than the correlation found with CP events (r =
0.32). The stronger near-equatorial curl response for EP events
is consistent with the narrower meridional structure of their
zonal winds relative to CP events, which is again consistent with
the model results (Fig. 3c). Furthermore, these observational
and model results suggest that near-equatorial wind stress curl
can be viewed as largely a function of EP events alone.

c. Understanding the EP and CP event zonal wind stress
meridional extent differences

Initial analysis undertaken to better understand why CP
ENSO events generate a meridionally broader wind response
than EP events reveals that, in the zonal average, CP event
SSTAs are meridionally broader than those of EP events
(Figs. 6a–c). This meridional extent difference in the SSTAs
and zonal wind stresses are most apparent in the NH, but

they still exist in the SH (Fig. 6c). There are also differences
in EP and CP event SSTAs in the location and magnitude of
SSTAs that may play a role in the wind response differences.
To isolate only the width of the SSTA, we carried out a fur-
ther AGCM experiment that followed a similar method to
that outlined in section 2c. However, the SSTAs added in
these experiments were highly idealized (Figs. 6d,e), such that
only the meridional width of the anomaly varied between the
experiments (Fig. 6f). As much more energy is available in
the experiment with meridionally broad SSTAs, we also
experimented with meridionally broad SSTA pattern that had
a maximum SSTA that was half the magnitude of the meridio-
nally narrow experiment.

Results of these experiments revealed the experiment with
the large SSTA meridional extent, produced a surface zonal
wind stress response that also displayed a large meridional
extent (Figs. 6d–f). The consistency of the results of these ide-
alized experiments with the EP and CP event experiment
results presented in section 3a, suggests that the width of the
SSTA is largely responsible for the width of the zonal wind
stress response, while the SSTA cooling differences between
the EP and CP events between 108 and 208N plays a relatively
minor role (Figs. 6a–c).

Simple atmospheric models suggest that there are two
potential pathways that would allow meridionally broader
SSTAs to modulate the meridional width of the surface wind

FIG. 6. The modeled linear (a) EP and (b) CP ENSO event SSTA (shading) and surface zonal wind stress response (contours), which is
calculated as half of the composite difference (used to represent the linear response) between peak (October–February) surface wind stress
with positive (El Niño) and negative (La Niña) EP and CP event indices, respectively. The idealized meridionally (d) narrow and (e) broad
ENSO event SSTA (shading) and surface zonal wind stress response (contours). (c) The zonal average SSTA (black lines) and zonal wind
stress (red lines) response between 1408E and 1008W for EP (solid lines) and CP (dashed lines) events, respectively. (f) The zonal average
SSTA (black lines) and zonal wind stress (red lines) response between 1408E and 1008W for the meridionally narrow (solid lines) and
broad (dashed lines) experiments, respectively.
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response, and it is possible both of them are working at the
same time (e.g., Fu and Wang 1999). First, the broader SSTAs
can directly generate a broader wind response as the SSTA
forcing directly creates gradients in sea level pressure (Figs.
6d–f) (e.g., Lindzen and Nigam 1987). Second, as the broader
SSTAs typically generate a meridionally broader precipitation
response, as seen in Figs. 4g–i, the related atmospheric heat-
ing anomalies project onto higher-order Rossby waves with a
Gill-type atmospheric response (e.g., Gill 1980). Though dif-
ferences are apparent in the off-equatorial regions of both
hemispheres, we also note that the largest wind stress differ-
ences between the meridionally narrow and broad SSTA
experiments appear between 58 and 108N. In this region, the
strong negative zonal wind anomalies of the meridionally nar-
row SSTA experiment make way for the small positive zonal
wind anomalies of the meridionally broad SSTA experiment.
We expect that the EP and CP event differences are largest in
this northern off-equatorial region as the EP events seem to

produce an equatorward migration of the ITCZ during El
Niño events (Figs. 4g,i), while very little migration is apparent
in the CP El Niño events (Figs. 4h,i). This equatorward ITCZ
migration, which is symbolized by the relatively large negative
precipitation anomalies north of ∼78N in the narrow SSTA
experiments, is also apparent in the observed and modeled
EP event response (Figs. 4a–f).

4. The WWV impact of EP and CP event zonal wind
stress meridional extent differences

In this section we aim to develop a better understanding of
the pre- and post-ENSO event WWV impact of the EP and
CP event zonal wind stress meridional extent differences. The
temporal evolution of equatorial Pacific WWVs from our
ocean model experiments (see section 2d) are presented in
Fig. 7 (outer panels). The focus on WWVs is because existing

FIG. 7. The center panel displays the pre-ENSO event WWVs for each simulation, where the x and y axes denote the experiment EP
and CP event index, respectively. Outer panels display the total, western, and eastern region WWVs (see legend) during ENSO events, for
eight specific EP and CP magnitudes (see panel titles). In each of these outer panels, the light blue region represents the pre-ENSO event
period, the pink region represents the post-ENSO event period.
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literature and conceptual ENSO models suggest that (i) pre-
ENSO event buildups (discharges) of WWV are important
precursors of El Niño (La Niña) events; while (ii) a WWV dis-
charge (build up) is often the are related to the termination of
individual events and the oscillatory nature of ENSO (Jin
1997; Meinen and McPhaden 2000; Burgers et al. 2005).

a. EP/CP-type pre-ENSO event WWV differences

Pre-ENSO event WWV from each of the experiments car-
ried out here (see section 2d), which is defined here as the
WWV average during the July–September of the event
growth year, can be seen in the center panel of Fig. 7. As the
SWM experiments utilized here are set up as a series of dis-
crete events that start from a zero-anomaly state, the potential
impact of preceding ENSO events on the pre-ENSO event
WWV has been removed (i.e., that a pre–El Niño event
WWV buildup is due to slow ocean dynamically induced post
event WWV recharge from the preceding La Niña event; e.g.,
Jin 1997). Thus, the WWV changes seen during the pre-
ENSO event period in these simulations can be thought of as
a subset of the expected total pre-ENSO event WWV
changes. Further to this, we find the modeled pre-event
WWV responses are largely a response to meridional Ekman
transport, with geostrophic transport typically playing a
smaller damping roll (not shown). This is consistent with
expectations given the short amount of time from the simula-
tion start up to generate pre-event WWVs along with the rela-
tively small SSTA utilized in the initial 3 months of these
simulations (Fig. 1d).

The most striking result of this section is that the pre-event
WWV is only a function of the CP index (r = 0.98) and is
essentially not dependent on the EP index (r = 0.04). To
understand why, we plot the modeled pre-ENSO event WWV
against the modeled anomalous equatorial zonal wind stress,
during the same period, revealing a reasonably strong rela-
tionship (r = 0.72) (Figs. 8a,b). The relationship is relatively
weak, however, when compared to the relationship between
pre-ENSO event WWV and the anomalous off-equatorial
wind stresses, which records a correlation coefficient of 0.98
(Figs. 8c,d). Now, as CP events are typically meridionally
broader than EP events, as has been shown above for the
peak-ENSO event period (Figs. 3b, 4c,f,i and 5b), they have a
larger influence on winds in the off-equatorial region and the
zonal winds along 58N and 58S (Figs. 4c,f,i) that determine the
Ekman transport into the WWV region. This relationship
appears to be enhanced during the pre-ENSO event period
where off-equatorial wind stresses are most solely a function
CP events (r = 0.95), while EP events have a negligible role
(r = 20.14) (not shown). The prominent role of CP events is
also clear in Fig. 8, where CP event magnitude appears
to play a strong role modulating pre-ENSO event WWV
(Figs. 8a,c, when EP event magnitude is fixed), while EP
event magnitude plays a negligible role (Figs. 8b,d, when CP
event magnitude is fixed).

To understand what is driving the pre-ENSO event WWVs,
we calculate (offline) the estimated WWV changes in this pre-
event period due to Ekman and meridional geostrophic

transports along 58N and 58S (not shown). First, we find a
strong positive correlation (r = 0.92) between the Ekman-
induced pre-event WWV changes and those WWV changes
modeled (Fig. 7, center), while we also find a reasonably
strong negative correlation (r = 20.78) between the geo-
strophic WWV changes and those WWV changes shown in
Fig. 7 (center panel). The WWVs estimated by combining
Ekman and geostrophic WWV changes (not shown) compare
very well to that directly output from the model (Fig. 7, center
panel), with a correlation coefficient of 0.97. In regard to what
is driving CP induced pre-event WWVs, the results of this
analysis highlight a strong positive relationship between CP
events and the pre-event WWVs generated due to Ekman
transport calculated along 58N and 58S (r = 0.90; b = 4.67 3

1013 m23), and a strong, but weaker, negative relationship
between CP events and the pre-event WWVs generated due
to meridional geostrophic transport (r = 20.74; b = 21.88 3

1013 m23). As the CP events generate an Ekman transport
into the WWV region whose magnitude is approximately 2.5
times larger than the opposing geostrophically induced WWV
changes they induce, the resulting WWV changes are pre-
dominately driven by Ekman transport.

As to why EP events do not appear to modulate pre-ENSO
event WWV, our results highlight a moderate positive rela-
tionship between EP events with the Ekman transport calcu-
lated along 58N and 58S (r = 0.42; b = 2.18 3 1013 m23), and a
similar strength and magnitude negative relationship between
EP events with the meridional geostrophic transport calcu-
lated along 58N and 58S (r = 20.65; b = 21.66 3 1013 m23).
Thus, EP events appear to generate pre-event Ekman trans-
ports into the WWV region, but they also generate opposing
meridional geostrophic transports into the WWV that are of
the opposite sign and of similar magnitude. Thus, due to can-
celation between Ekman and geostrophic transports into the
WWV region, EP events result in very little actual pre-event
WWV change. This signal cancelation during EP events is
also seen as east–west contrasts of pre-event WWVs, where
the western and eastern Pacific WWV responses largely can-
cel out in the basin wide average (cf. Fig. 7, panel EP:0, CP:1
with panel EP:1 and CP:0), suggestive of a strong east–west
tilt of the thermocline during EP events in this pre-ENSO
event period.

b. EP/CP post-ENSO event WWV differences

As discussed above, post-ENSO event WWV changes are
often thought of as triggers for the termination of the events
(Jin 1997; Meinen and McPhaden 2000; Burgers et al. 2005).
In these experiments we analyze the post-ENSO event aver-
age WWV during the March–May period following the events
December peak (Fig. 7, pink region of outer panels). Similar
results can be found if we instead analyze the western Pacific
WWV during the event peak, which is consistent with the
results of Planton et al. (2018) and Neske et al. (2021). Plot-
ting post-ENSO event WWV against the peak equatorial
wind stress (Figs. 9a,b), reveals relatively strong relationship
between the two, with a correlation coefficient of 20.80. A
similar result is found plotting the post-ENSO event WWV
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against the peak Niño-3.4 region SSTA (not shown, r =
20.87). However, there is clearly a lot of scatter, which sug-
gests that equatorial zonal wind stress or Niño-3.4 SSTA
alone are not the sole drivers of post-ENSO event WWV.

Looking at the magnitude of predicted postevent WWV
(Fig. 10b), where the postevent WWVs are predicted using
the linear regression model with equatorial region wind
stresses depicted by the dashed black line in Figs. 9a and 9b,
reveals significant differences with the modeled postevent
WWV (Figs. 10a,c). The largest differences are negative in
the bottom right corner (i.e., for positive EP events and nega-
tive CP events) and positive in the top left corner (i.e., for
negative EP events and positive CP events) (Fig. 10c), in what
can be perceived as a clockwise rotation of the actual poste-
vent WWV changes compared to those predicted with equa-
torial wind stresses. Furthermore, the postevent WWV
appears to be more a function of EP event magnitude (r =

20.89) than CP event magnitude (r = 20.41) (Fig. 10a), while
the opposite is true for equatorial wind stresses and postevent
WWV predicted with the same stresses (Fig. 10b). The large
differences seen between actual (Fig. 10a) and equatorial
wind stress predicted postevent WWV (Fig. 10b) suggest that
post-ENSO event WWV cannot accurately be predicted with
only knowledge of equatorial zonal wind stress anomalies
(Fig. 10c).

Plotting the postevent WWV against the near-equatorial
wind stress curl (Figs. 9c,d) reveals a much stronger correla-
tion (r = 20.97), and much less scatter is seen as compared to
when plotting the postevent WWV against equatorial wind
stress (r = 20.8 Figs. 9a,b). As discussed above in section 3a,
the focus on wind stress curl here is because it is known to
drive thermocline depth changes off the equator, while geo-
strophic transports created due near-equatorial thermocline
depth changes can drive WWV changes. A somewhat similar

FIG. 8. Average pre-ENSO event WWV (defined as the July–September average WWV before the ENSO event
peak) plotted against (a),(b) equatorial zonal wind stress and (c),(d) off-equatorial wind stress. Note, (a) and (b) dis-
play the same data, the difference is whether the plotted colors are chosen to highlight EP events (when CP events of
fixed magnitude are displayed, see legend) or CP events (when EP events of fixed magnitude are displayed, see leg-
end). The above statement also directly relates to the data presented in (c) and (d).
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result is also found in the observations, where post-ENSO
event WWV displays a stronger relationship with peak-ENSO
event near-equatorial wind stress curl (r = 20.68) than it dis-
plays with peak-ENSO event equatorial zonal wind stress (r =
20.53; Fig. 11). It is also noted that (i) any identified relation-
ship in our idealized experiments (whether it be with equato-
rial zonal wind stress or near-equatorial wind stress curl) is
likely enhanced by the lack of atmospheric noise throughout
the majority of this post-ENSO event period, as the applied
wind stress forcing is set to zero in April after the event peak;
and (ii) the same idealized conditions do not apply in the
observations. Figures 9b and 9d (when CP event magnitude is
fixed) also show that EP event magnitude plays a strong role
modulating postevent WWV, while CP event magnitude plays
a much smaller role (Figs. 9a,c, when EP event magnitude is
fixed). Correlations between postevent WWV and EP event
magnitude support this visual analysis (r = 20.89) and suggest

that EP event magnitude alone can explain ∼80% of the
WWV variance, which is much larger than the ∼17% of
WWV variance that can be explained with CP event magni-
tude (r = 20.41) (Fig. 10a). This is somewhat expected as the
results presented in section 3a suggested that zonal wind
stress curl is largely a function of EP events only (r = 0.80).
Thus, the post-ENSO event WWV, during both El Niño and
La Niña phases, is much better modeled as function of near-
equatorial zonal wind stress curl than as a function of equato-
rial zonal wind stress. It is also notable that virtually no asym-
metry exists between ENSO phases. This result somewhat
expected given the underlying role of ocean dynamics in the
post-ENSO event WWV response, and the prominent role
wind stress curl plays in driving the adjusted ocean dynamic
response.

The importance of the structure of the wind response is
highlighted by the fact that for very similar equatorial zonal

FIG. 9. Average post-ENSO event WWV (defined as the March–May average WWV after the ENSO event peak)
plotted against the (a),(b) ENSO event peak equatorial wind stress and (c),(d) wind stress curl. Note, (a) and (b) dis-
play the same data, the difference is whether the plotted colors are chosen to highlight EP events (when CP events of
fixed magnitude are displayed) or CP events (when EP events of fixed magnitude are displayed). The above statement
also directly relates to the data presented in (c) and (d).
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wind magnitudes, you can have very different WWV
responses (Figs. 9a,b). Furthermore, when separating the
equatorial zonal wind stresses according to their sign (i.e.,
where positive wind stress anomalies are typically associated

with El Niño–like warming and negative wind stress anoma-
lies are typically associated with La Niña–like cooling), the
correlation coefficient for positive equatorial wind stress val-
ues and postevent WWVs is much closer to zero at 20.36,
than the same relationship for negative equatorial wind stress
values (r = 20.82) (Figs. 9a,b). As such, a large negative equa-
torial wind stress, like those that occur during a La Niña event
peak, will typically lead to a large post-ENSO event WWV
recharge. On the other hand, a large positive equatorial wind
stress during an El Niño event, will not always result in a large
discharge in the post-ENSO event WWV and a small post-

FIG. 10. (a) The average post-ENSO event WWV (defined as
the average WWV 4–6 months after the event peak) is shown, and
(b) the post-ENSO event WWV predicted from equatorial wind
stress using the relationship depicted in Fig. 8a (dashed gray line).
(c) The difference between (a) and (b) is displayed.

FIG. 11. Observed average post-ENSO event WWV (defined as
the March–May average WWV after the ENSO event peak) plot-
ted against peak-ENSO event (October–February) (a) equatorial
zonal wind stress and (b) near-equatorial zonal wind stress curl.
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ENSO event increase in WWV is also possible (Figs. 8a,b).
This implies that, given the same diversity in SSTAs, positive
zonal equatorial wind stress (El Niño) events have a larger
diversity in their spatial structure than negative equatorial
wind stress (La Niña) events.

5. Discussion and conclusions

In this manuscript we investigated observations, along with
carrying out a series of numerical experiments to thoroughly
explore the role SSTA structure and location (i.e., EP- and
CP-type ENSO events) play modulating the meridional
extent of the surface wind response. We also carried out a
series on linear Shallow Water Model (SWM) simulations to
better understand the impact of these wind response differ-
ences have on the pre and post-ENSO event WWV. The
WWV focus is because previous literature suggests that pre-
ENSO event WWV changes are important precursors of
ENSO events, while post-ENSO event WWV changes are
often associated with the termination of ENSO events (Jin
1997; Meinen and McPhaden 2000; Burgers et al. 2005). It is
important to note that while utilizing uncoupled AGCM and
simple ocean models experiments separately allows us to sim-
plify a complex problem and allows for a clear comparison of
the impact of ENSO SSTA diversity, it also removes the
ocean–atmosphere coupling that is fundamental to ENSO.
Thus, the results of this work act as an initial guide as to how
ENSO SSTA diversity make impact ENSOs dynamics, further
experimentation with more complex models and experiments
will likely be required to refine details of the relationships
identified here.

Our AGCM experiments and observational analysis sug-
gest that both EP and CP events, which both project onto
Niño-3.4 region SSTA, modulate equatorial zonal wind
stresses (58N–58S). Although, our results also suggest that CP
events appear to play a slightly stronger role in the modula-
tion of equatorial zonal wind stresses. On the other hand,
both lines of evidence show that EP and CP events have dis-
tinctly different off-equatorial wind stress responses. That is,
CP events are positively correlated with off-equatorial zonal
wind stresses (58–108 latitude), while EP events have either a
negative correlation (AGCM experiments) or near-zero cor-
relation (observations). Both of these results, which are
broadly consistent with the work of Neske et al. (2021), show
that EP and CP events have distinctly different off-equatorial
wind stress responses such that CP-type events generate a
zonal wind stress response that is typically meridionally
broader than EP events. Initial results from an additional
series of AGCM experiments suggest that these changes in
zonal wind stress meridional extent in CP events are at least
partially due to the increased meridional extent of the under-
lying SSTA.

Changes in the meridional structure of equatorial zonal
wind have been considered important for the period of ENSO
(e.g., Kirtman 1997; Capotondi et al. 2006), but meridional
structure differences between ENSO event flavors have not
been identified prior to this study. We note that several

studies have focused on the EP and CP event differences in
the zonal extent and longitude of the anomalous zonal wind
stress maximum, where CP events generally display zonal
stresses that are displaced to the west of those during EP
events (e.g., Kug et al. 2009). The similarity between the aver-
age equatorial zonal wind stress response for EP and CP
events implies that it would be very difficult to distinguish
between event types if provided with the magnitude of equa-
torial wind stress alone. This is important as it suggests that
current conceptual models of ENSO, which have ocean feed-
backs based solely on equatorial zonal wind stress akin to hav-
ing a fixed wind stress pattern, would not be able to represent
the diversity of this atmospheric response. Further to this,
while the representation of ENSO diversity is improving in
CMIP class models, it is usually assessed in terms of the loca-
tion of maximum warming (e.g., Chen et al. 2017). As such, it
is currently unclear whether these models can reproduce the
increased meridional extend of CP event SSTAs.

This zonal wind stress pattern difference between CP and
EP events is most prominently highlighted in the near-equato-
rial wind stress curl (28–88 latitude). As EP events typically
transition from a strong equatorial zonal wind stress response
to a weak (observations) or opposite signed (AGCM experi-
ments) off-equatorial wind response, they typically display a
strong relationship with near-equatorial zonal wind stress
curl. On the other hand, the typically meridionally broad CP
event zonal wind stress response is consistent with a weaker
relationship with near-equatorial wind stress curl. In fact,
coefficient of determination (r2) suggests that EP events
explain more than double the near-equatorial zonal wind
stress curl variance of CP events, a result that is consistent in
both, our idealized AGCM experiments and the observed
wind response. Given that the post-ENSO event adjusted
ocean response is a function of wind stress curl through the
initiation of oceanic Rossby waves, these strong EP and CP
event near-equatorial curl differences suggest that these off-
equatorial wind stress changes have the potential to signifi-
cantly impact the temporal evolution of ENSO events. Im
et al. (2015) reported an asymmetry in the meridional width
of the zonal wind response between El Niño (narrow) and La
Niña (wide) events, while also showing that these width dif-
ferences led to a larger sensitivity of the oceanic response to
wind stress forcing in El Niño events compared to La Niña
events.

A build up (discharge) of WWV is often considered a pre-
cursor of El Niño (La Niña) events (Meinen and McPhaden
2000). The work of Neske and McGregor (2018), qualitatively
agreed with the study of Kessler (2002), showing that roughly
half of these initial changes in WWV are an instantaneous
response to anomalous wind stress forcing, rather than slow
ocean dynamics response suggested by ENSO conceptual
models. Here our results show that while equatorial wind
stresses can provide a reasonable estimate of pre-ENSO event
WWV (r = 0.78, r2 = 0.61), off-equatorial wind stresses pro-
vide a much more accurate estimate (r = 0.97, r2 = 0.94). Fur-
ther to this, what is also clear from our analysis is that CP
event magnitude is almost solely responsible modulating ini-
tial WWV (r = 0.98), while EP event magnitude plays a
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negligible role in modulating initial WWV (r = 20.11). Our
analysis suggests that these pre-event WWV changes are
largely due to Ekman transport along 58N and 58S into the
equatorial region, though we do identify a compensating geo-
strophic transport that is important for minimizing the pre-
event WWVs of EP events. It is noted that the idealized
experiment set up utilized here only focused on understand-
ing the role of wind stresses in modulating pre-ENSO event
WWV (i.e., the ocean dynamic response from preceding
ENSO events had been neglected). We would expect the
dominance of the CP events to remain on total wind driven
component of pre-ENSO event WWV change in a different
experiment format. However, as the wind driven WWV
changes are one of two components that can drive pre-ENSO
event WWV in the observations, we expect the role CP events
to be reduced in the changes observed.

Conceptual models of ENSO suggest a discharge (build up)
of WWV is often considered to lead to the termination of El
Niño (La Niña) events (Jin 1997). This change in WWV is
thought to be predominantly underpinned by the slow ocean
dynamical processes described by Sverdrup transport (Jin
1997). Other components are also known to play a role in the
discharge of WWV during El Niño events are the meridional
movement of ENSO anomalous winds (McGregor et al. 2012,
2013a; Abellán and McGregor 2016), which are generated by
interaction between ENSO and the seasonal cycle (Stuecker
et al. 2013, 2015, 2016), and western Pacific wind changes
driven by interbasin interactions (Okumura et al. 2011). How-
ever, these are not the focus of the present study.

ENSO conceptual models typically assume that the dis-
charge (recharge) of WWV during an El Niño (La Niña)
event is a function of the equatorial wind stress (Jin 1997;
Burgers et al. 2005; Clarke et al. 2007). As discussed above,
this simplification is akin to making an assumption that the
anomalous winds accompanying all ENSO events can be rep-
resented by a single pattern. Similar assumptions were ini-
tially made about SSTA patterns of ENSO events; however,
since the early 2000s the community has attempted to more
systematically classify ENSO event diversity (Capotondi et al.
2015, 2020). Our results suggest that a similar transition needs
to occur for surface wind stresses as it is becoming apparent
that while the explicit representation of the wind stress curl
may not be essential for conceptual models of ENSO to oper-
ate (Clarke et al. 2007; Zhu et al. 2017), it is proposed to play
a prominent role in both, the pre to post-2000 changes in the
WWV–ENSO SSTA relationship (Neske et al. 2021), and
ENSO phase asymmetries (Im et al. 2015). These results are
supported by the experiments carried out here that show cor-
relations between wind stress curl and post-ENSO event
WWV have a much stronger correlation (r = 20.97, r2 = 0.94)
than that of equatorial wind stress alone (r = 20.8, r2 = 0.64).
Further to this, the positive correlation between EP event
magnitude and equatorial wind stress along with the negative
correlation between EP event magnitude and off-equatorial
wind stress ensures that EP event magnitude plays a promi-
nent role in modulating our estimated wind stress curl. As a
result, we also find a stronger relationship between EP event
magnitude and the postevent WWV (r = 20.89) compared to

the relationship between CP event magnitude and postevent
WWV (r = 20.41). This latter finding suggests that EP- and
CP-type ENSO events may have a distinctly different balance
of feedbacks underpinning their termination, as CP events are
less reliant on the traditional discharge of WWV. This result
is broadly consistent with several earlier studies that identified
weaker WWV changes occurring during CP events when com-
pared to EP events (Kug et al. 2009, 2010; Singh and Delcroix
2013).

Thus, whether you are interested in distinguishing EP and
CP events, or modeling the pre and post ENSO event WWVs,
or understanding the predictability of ENSO event phase
transitions, the results presented here suggest the inclusion of
wind stresses in the off-equatorial region and near-equatorial
wind stress curl is essential. Furthermore, our results suggest
that simply adding additional SSTA diversity to conceptual
models of ENSO is not enough, these models require explicit
representation of off-equatorial zonal wind stresses and near-
equatorial wind stress curl to represent ENSO diversity in the
underlying dynamics. This does not mean that our conceptual
models are incorrect, as all of the processes represented in
these models still appear to operate. However, it seems that
the balance of processes determining the growth and termina-
tion of the event likely varies with event type (CP or EP).
For instance, in the framework of the ENSO recharge
oscillator model, our results suggest that EP events have
stronger coupling between sea surface temperatures (SST)
and thermocline (WWV), supporting more clearly the oscil-
lating nature of EP events than CP events. This would also
imply a more predictable element in the EP event termina-
tion and phase transition. In turn, the growth rate of SST is
related to the wind-driven pre-event WWV changes that are
stronger in CP events. Although we identify further impor-
tant dynamical differences between EP- and CP-type ENSO
events, the main results of this work agree with the earlier
work of Ren and Jin (2013), who suggest that the current
conceptual models may need to operate with different sets
of parameters depending on the event type they are trying
to represent.
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