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ABSTRACT: Westerly wind bursts (WWBs)}brief but strong westerly wind anomalies in the equatorial Pacific}are be-
lieved to play an important role in El Niño–Southern Oscillation (ENSO) dynamics, but quantifying their effects is chal-
lenging. Here, we investigate the cumulative effects of WWBs on ENSO characteristics, including the occurrence of
extreme El Niño events, via modified coupled model experiments within Community Earth System Model (CESM1) in
which we progressively reduce the impacts of wind stress anomalies associated with model-generated WWBs. In these
“wind stress shaving” experiments we limit momentum transfer from the atmosphere to the ocean above a preset thresh-
old, thus “shaving off” wind bursts. To reduce the tropical Pacific mean state drift, both westerly and easterly wind bursts
are removed, although the changes are dominated by WWB reduction. As we impose progressively stronger thresholds,
both ENSO amplitude and the frequency of extreme El Niño decrease, and ENSO becomes less asymmetric. The warming
center of El Niño shifts westward, indicating less frequent and weaker eastern Pacific (EP) El Niño events. Removing most
wind burst–related wind stress anomalies reduces ENSO mean amplitude by 22%. The essential role of WWBs in the de-
velopment of extreme El Niño events is highlighted by the suppressed eastward migration of the western Pacific warm
pool and hence a weaker Bjerknes feedback under wind shaving. Overall, our results reaffirm the importance of WWBs in
shaping the characteristics of ENSO and its extreme events and imply that WWB changes with global warming could influ-
ence future ENSO.
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1. Introduction

Episodic zonal wind anomalies, commonly known as west-
erly wind bursts (WWBs; also called westerly wind events)
are frequently observed in the equatorial Pacific during El
Niño events, in particular during extreme events such as those
in 1982, 1997, and 2015 (Fig. 1). The occurrence of WWBs de-
pends on a variety of phenomena whose time scales are
shorter than El Niño–Southern Oscillation (ENSO), including
the Madden–Julian oscillation (Yu and Rienecker 1998; Lau
et al. 1989; Seiki and Takayabu 2007a,b; Chiodi et al. 2014;
Puy et al. 2016; Feng and Lian 2018; Liang and Fedorov
2021), tropical cyclones (Keen 1982; Nitta 1989; Hartten 1996;
Seiki and Takayabu 2007b,a; Lian et al. 2018b; Liang and
Fedorov 2021), cold surges (Harrison 1984; Love 1985; Chu
1988; Yu and Rienecker 1998), and convectively coupled
equatorial Rossby waves (Puy et al. 2016).

Having dominant time scales much shorter than ENSO
time scales, WWBs provide stochastic forcing to ENSO
(Harrison and Luther 1990; Harrison and Giese 1991). In ide-
alized coupled ocean–atmosphere models with a damped
ENSO mode such forcing helps sustain an irregular, quasi-
periodic oscillation (Penland and Sardeshmukh 1995; Moore
and Kleeman 1999; Thompson and Battisti 2001; Fedorov 2002;

Fedorov et al. 2003). However, isolating the effects of intrinsic,
model-generated WWB in comprehensive, fully coupled global
climate models remains a difficult task (e.g., Guilyardi et al.
2012; An et al. 2021; Fedorov et al. 2021). The goal of this
study is to quantify these effects using coupled model experi-
ments specifically designed to reduce WWB impacts on the
ocean.

As an important component of ENSO dynamics, WWBs af-
fect equatorial sea surface temperature (SST) locally by gen-
erating anomalous eastward surface currents and remotely by
exciting downwelling Kelvin waves propagating along the
thermocline (McPhaden et al. 1988; Delcroix et al. 1993; Picaut
and Delcroix 1995; McPhaden and Yu 1999; Lengaigne et al.
2002). Such dynamical effects, leading to the warming of the
central and eastern equatorial Pacific respectively, contribute
to the development of El Niño events, and some studies
highlighted a potential role of WWBs as an early onset mech-
anism for extreme El Niño events (Fedorov 2002; Fedorov
et al. 2015; Hu and Fedorov 2019; Latif et al. 1988; Lengaigne
et al. 2004; Luther et al. 1983; McPhaden 1999; Perigaud and
Cassou 2000; Puy et al. 2019).

As more frequent and stronger WWBs are observed
over an anomalously warm ocean surface, state-dependent
WWBs are suggested to play a role in the critical positive ocean–
atmosphere feedback, the Bjerknes feedback (Bjerknes 1969),
at intraseasonal time scales (McPhaden 1999; Vecchi and
Harrison 2000; Yu et al. 2003; Lengaigne et al. 2004; Eisenman
et al. 2005; Tziperman and Yu 2007; Seiki and Takayabu 2007a;
Levine et al. 2017; Hu and Fedorov 2019). Relatedly, the fact
that WWBs can influence important characteristics of ENSO
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(e.g., its magnitude, irregularity, asymmetry, and spatial diversity)
has been shown in a hierarchy of models, including concep-
tual models (e.g., Jin et al. 2007; Levine and Jin 2010; Thual
et al. 2016; Levine et al. 2016), intermediate models (e.g.,
Zavala-Garay et al. 2003; Eisenman et al. 2005; Perez et al.
2005), hybrid models (e.g., Gebbie et al. 2007; Zavala-Garay
et al. 2008), and global climate models (GCMs; discussed
next).

So far, there have been several approaches to investigate
the role of WWBs in ENSO using ocean–atmosphere coupled
GCMs. One approach is to perform initialized ensemble simu-
lations with prescribed individual WWBs (e.g., Lengaigne
et al. 2004; Hu et al. 2014; Fedorov et al. 2015; Hu and
Fedorov 2019; Puy et al. 2019; Yu and Fedorov 2020). These
studies suggest that strong WWBs in the early year (i.e., win-
ter and spring) may strengthen the magnitude of ensemble
mean El Niño whereas the occurrence of strong WWBs dur-
ing the rest of the year (i.e., throughout the development
phase) is necessary for an extreme El Niño event to develop.
That is, WWBs increase the chances of an extreme El Niño
for a given ocean recharge state (Wyrtki 1975; Meinen and
McPhaden 2000; Yu and Fedorov 2020). In addition, WWBs
affect the spatial pattern of El Niño events; for example,
when WWBs occur more frequently, the warming center of
El Niño tends to locate farther east (Fedorov et al. 2015).
These types of studies using ensemble simulations allow us
to examine the effects of WWBs amidst the internal variability
of the climate system and show for example that El Niño devel-
opment may still be uncertain even after strong early-year
WWBs and a high ocean recharge, as demonstrated by the sharp
contrast between years 2014 and 2015 (Larson and Kirtman
2015; Hu and Fedorov 2016; Levine and McPhaden 2016; Hu
and Fedorov 2019; Puy et al. 2019; Yu and Fedorov 2020).

The second approach to examine the role of WWBs in
GCMs is by adding stochastic and possibly state-dependent
WWBs to the wind field generated by the model itself. Since
many GCMs do not simulate WWBs realistically (Seiki et al.
2011; Feng and Lian 2018; Lian et al. 2018a), imposing WWBs
may improve the simulated ENSO. The effects of stochastic
and state-dependent WWBs have been broadly studied in ide-
alized modeling frameworks, including highly simplified mod-
els (e.g., Levine and Jin 2010; Thual et al. 2016; Levine et al.
2016), intermediate complexity models (e.g., Fedorov et al.
2003; Eisenman et al. 2005; Hayashi and Watanabe 2017; Lian
et al. 2014; Chen et al. 2015), and hybrid coupled models (e.g.,
Gebbie et al. 2007; Gebbie and Tziperman 2009). More re-
cently, this approach has been employed in comprehensive
GCMs, such as CCSM3 and CCSM4 (e.g., Lopez and Kirtman
2014, 2013; Lopez et al. 2013) and CESM1.2 (e.g., Tan et al.
2020a,b).

Although previous studies imposing individual or stochastic
WWBs confirm several important qualitative effects of WWBs
in ENSO in comprehensive GCMs, quantifying the net impacts
of WWBs on ENSO from those studies is difficult. The initialized
ensemble approach helps examine the role of WWBs in indi-
vidual El Niño events but not in ENSO long-term statistics.
On the other hand, GCM studies with added state-dependent
WWBs (wherein WWBs occurrence is tired to SST anomalies)
allow assessing qualitative effects of added WWBs on ENSO
statistics, but with several limitations. First, the imposed
WWBs are not consistent with atmospheric circulation simu-
lated by the model (in contrast to model-generated WWBs in
our study). Second, adding state-dependent WWBs modifies
the mean state of the equatorial Pacific and those mean state
changes can affect ENSO, making the attribution of ENSO
changes challenging. For example, in Community Earth System

FIG. 1. Hovmöller diagrams of anomalous daily zonal surface wind stress (t ′x) and anomalous daily sea surface temperature (SST′)
in the equatorial Pacific Ocean (28S–28N) for three extreme El Niño events in (a) 1982, (b) 1997, and (c) 2015. A 5-day running mean is
applied. Data are from ERA-Interim (Dee et al. 2011).
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Model 1.2 (CESM1.2; the same GCM as used in this study), im-
posing state-dependent WWBs causes nontrivial changes of the
mean state including changes in zonal wind stress (e.g., reduced
surface easterlies in the western/central Pacific up to 0.02 N m22)
and thermocline depth (e.g., a shoaling of the western/central
Pacific by more than 10 m) (Tan et al. 2020a). Finally, by con-
struction imposing WWBs does not allow quantifying the effect
of intrinsic WWBs in a freely run fully coupled GCM (Yu and
Fedorov 2020).

Accordingly, in the present study, we develop a new
method to quantify the effect of WWBs on both the long-
term statistics of ENSO and extreme El Niño events and
the development of individual events}by limiting the effect
of intrinsic, model-generated WWBs yet keeping potential
changes to the tropical Pacific mean state minimal. Our ap-
proach extends the approach of Puy et al. (2019), who experi-
mented with the removal of strong WWBs in year-long
initialized ensemble simulations. Specifically, we conduct a
series of multicentury simulations using a fully coupled
GCM (CESM1.2) in which we modify the effect of WWB
wind stress on the ocean. We refer to our approach as
“wind burst shaving” or “wind stress shaving” or simply the
“wind shaving” method. In the wind shaving simulations,
momentum transfer from the atmosphere to the ocean dur-
ing wind bursts are selectively limited over the tropical
Pacific, reducing wind stress anomalies acting on the ocean.
As we reduce wind stress anomalies only during relatively
short but intense wind bursts, any wind spikes are effec-
tively “shaved off.” Subsequently, the effects of WWBs on
ENSO are examined in a suite of simulations with progres-
sively stronger wind shaving. We note that, to reduce changes
to the mean state, the wind shaving procedure is applied sym-
metrically (i.e., to both westerly and easterly wind bursts).
However, it is WWBs that are predominantly shaved as they
are typically stronger in magnitude (see section 5 for further
discussion).

Even though our goals here are broadly aligned with the
previous studies that used fully coupled GCMs, this study is
novel as it aims to quantify the effect of intrinsic, model-
generated WWBs on ENSO in a freely run fully coupled GCM.
Furthermore, when mean surface winds are modified in cou-
pled GCMs, the tropical ocean mean state can easily drift due
to atmosphere–ocean interactions (e.g., with addition or re-
moval of WWBs). In contrast, the wind shaving procedure
affects the mean state minimally (see section 5 for further dis-
cussion). Thus, our approach allows us to attribute ENSO
changes to WWBs and accurately quantify the effect of intrin-
sic, model-generated WWBs on ENSO. Besides, some of the
following elements of our approach were present in previous
studies, but this study is unique in that it combines all of those
different elements. First, our simulations are sufficiently long
(400 years) to robustly examine the effects of WWBs on the
long-term statistics of ENSO and extreme El Niño events.
Second, our study uses internally generated WWBs as op-
posed to superimposed WWBs. That is, unlike superimposed
WWBs, simulated WWBs are part of the model’s large-scale
atmospheric variability. Moreover, while the representation
of WWBs in the model is not bias-free, CESM1.2 does

reproduce well the observed relationship between the likeli-
hood of WWBs and the underlying SST [see discussions in
section 3 herein and in Yu and Fedorov (2020)].

The rest of the article is organized as follows. Section 2
describes the details of the model and wind shaving simu-
lations. Section 3 compares WWBs simulated by CESM1.2
and those in atmospheric reanalyses. Section 4 shows key
results on how limiting WWBs by the wind shaving affects
the characteristics (e.g., amplitude, asymmetry, and spatial
diversity) of ENSO and the frequency of extreme El Niño.
Section 5 includes a discussion of the effects of the wind
shaving on the wind variability and background climate state
of the equatorial Pacific. Section 6 summarizes the main
findings.

2. Methods

The coupled climate model used in this study is described
in section 2a. The details of the shaving method, including the
model modification and the wind shaving threshold settings,
are given in section 2b. The description of the control and per-
turbed simulations is given in section 2c.

a. The global climate model

The Community Earth System Model (CESM) version 1.2
developed by National Center of Atmospheric Research
(Hurrell et al. 2013) is used for our study. The model resolu-
tion is 1.98 3 2.58 for the atmospheric and land components
and nominally 18 3 18 (with a finer latitudinal increment near
the equator) for the ocean and sea ice components. We em-
ploy a standard “B_1850_CAM5” configuration, which uses
preindustrial radiative forcing. CESM1.2 captures the ob-
served properties of ENSO relatively well, including ENSO
amplitude, seasonality (Bellenger et al. 2014), and asymme-
tries (DiNezio et al. 2017), showing improvement of the simu-
lated ENSO over its predecessors (e.g., CCSM3 and CCSM4;
Zhang et al. 2017; Capotondi et al. 2020).

b. The wind stress shaving approach

The aim of the wind shaving procedure is to reduce wind
stress anomalies that the ocean feels when and where WWBs
occur. We implement this procedure during the coupling pro-
cesses at the end of each day of model integration, so that the
atmospheric and ocean models share the same surface state
throughout model integration. In the absence of wind shaving
modifications surface ocean–atmosphere momentum fluxes
are coupled as follows (Fig. 2a): 1) the coupler receives sur-
face winds from the atmospheric model and surface currents
from the ocean model, 2) the atmospheric wind field is re-
mapped onto the grid of the ocean model, 3) the coupler cal-
culates surface wind stress using a bulk formula, and 4) the
calculated wind stress is sent back to the ocean and the atmo-
spheric models (in the latter case, it is remapped onto the
atmospheric grid).

To limit anomalous zonal momentum transfer from the at-
mosphere to the ocean, we intervene in step 4 (bold arrow in
Fig. 2a). Once the coupler calculates zonal wind stress tx, the
anomalous zonal wind stress t ′x relative to the climatological
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annual cycle of daily zonal wind stress tx is computed (i.e.,
t ′x 5 tx 2 tx). Then, the magnitude of the anomalous zonal
wind stress |t ′x| is replaced by a preset threshold a if |t ′x | is
larger than a. This procedure is summarized as follows:

tx,shaved 5

tx 1 a, if t ′x . a;

tx, if a $ t ′x .2a;

tx 2 a, if t ′x # 2a:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1)

Note that tx,shaved is sent back only to the ocean model as
the wind shaving procedure is applied only to wind stress that
the ocean feels. Following this expression, both westerly and
easterly wind bursts (WWBs and EWBs) are shaved to reduce
potential changes to the ocean mean state. Implications of
this symmetric wind shaving are discussed in section 2d.

The wind shaving procedure modifies only the zonal com-
ponent of surface wind stress. Even though twin vortices are
often observed during WWB episodes, their meridional wind
stress anomalies are very small in the vicinity of the equator
(58S–58N) in comparison with zonal wind stress anomalies
[see Fig. 4 in Puy et al. (2016) or Fig. 6 in Hu and Fedorov
(2019)]. Therefore, keeping meridional wind stress anomalies
associated with wind bursts unchanged should not impact the
results of our study.

Figures 2b and 2c demonstrate how the wind shaving works.
Figure 2b shows equatorial t ′x averaged over 1908–2058E dur-
ing a randomly picked extreme El Niño event from the control
simulation, while Fig. 2c shows t ′x after wind shaving has been
applied using threshold a 5 0.075 N m22. The shaving is

applied at each grid cell of the model across the tropical Pacific
(108S–108N) as shown on the map in Fig. 2d. The wind shaving
is tapered off at the margins of the tropical Pacific domain
except at the eastern boundary. For tapering at the northern
and southern boundaries we use tanh functions; for example,
the fraction of wind shaving applied is computed as
0.5{tanh[1.25(f 1 108)] 2 tanh[1.25(f 2 108)]}, where f is
latitude in degrees. At the western boundary we use a linear
taper, namely (k 2 1188)/108 for 1188 # k , 1288, where k is
longitude in degrees east.

To quantify the effects of WWBs, selecting an appropriate
wind shaving threshold is crucial. A too large value of the
threshold a would remove WWBs only partially; this can be
used to examine the effect of WWBs by gradually decreas-
ing a. However, a too small value of a would cause the
shaving procedure to affect slower wind stress variations on
interseasonal and longer time scales coupled to variations
in the zonal SST gradient during El Niño development, thus
going beyond our intent to selectively reduce WWB wind
stress only.

To decide on the choice of a, let us consider the Control
run first. Following Puy et al. (2016), we define WWB as west-
erly wind stress anomalies longer than 5 but shorter than
90 days (within the intraseasonal range). We also require their
zonal extent be greater than 12.58. Finally, we require their
magnitude to be greater than a preset threshold a. Figure 3
shows examples of the time–longitude structure of WWBs
during a randomly chosen extreme El Niño event in the
control simulation (the same event as in Fig. 2b) for four
different thresholds (a 5 0.1, 0.075, 0.05, and 0.04 N m22).
These examples suggest that making the threshold smaller

FIG. 2. (a) A schematic of the wind shaving method. Wind stress is modified within the model coupler before being sent to the ocean
model (see section 2 for details). (b),(c) An example of wind shaving, with threshold a 5 0.075 N m22, applied during an extreme El Niño
event randomly chosen from the control simulation. These two panels show zonal wind stress anomalies (blue lines) relative to the model
daily climatology, averaged over the central equatorial Pacific (28S–28N, 1908–2058E), before and after the shaving. Gray dashed lines indi-
cate threshold a. (d) The region where wind shaving is applied. The wind shaving magnitude is tapered off at the boundaries except in the
very east.
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than 0.05 N m22 may result in some of the bursts being longer
than 90 days.

To investigate this issue further we apply these different
thresholds to the 400-yr control simulation and combine the
durations of WWBs into a histogram (Fig. 4). The total num-
ber of the detected WWBs increases for smaller a as one
would expect, while the probability of too long WWB remains
low for all these threshold values (Figs. 4a–d). To better visu-
alize the distribution of WWBs for longer durations, the dis-
tribution tails are displayed in Figs. 4e–h. As the threshold
decreases, the maximum duration of the identified WWBs in-
creases and the tail of probability distribution extends further.
For example, WWB detection using the 0.1 and 0.075 N m22

thresholds yields wind bursts all shorter than 60 days, but
0.04 N m22 threshold includes a few WWBs with longer dura-
tions. The 0.05 N m22 threshold produces several WWBs last-
ing beyond 60 days, but their occurrence is very rare: for this
threshold, out of 2028 WWBs identified in the 400-yr simu-
lation only 11 wind bursts are longer than 60 days and only
7 longer than 90 days. Therefore, we use the 0.1, 0.075, and
0.05 N m22 thresholds in our wind shaving experiments to
successively reduce wind stress anomalies associated with
WWBs, and we consider the 0.05 N m22 threshold to be close
to a critical value that allows removing most of WWB cumula-
tive wind stress effects without affecting interseasonal wind
stress variations.

c. Simulations

Although CESM provides spun-up initial conditions, we
first run the model for additional 350 years to finish the
spinup. The first day of year 351 is then used for initializing

both the control and the wind shaving experiments, which are
integrated for 400 years. The control simulation is used to
compute the climatological annual cycle of daily zonal surface
wind stress (i.e., tx in section 2b) necessary for the wind shav-
ing procedure.

The wind shaving simulations are integrated for three different
wind shaving thresholds as described in the previous subsection:
a 5 0.1, 0.075, and 0.05 N m22. We refer to these simulations,
reflecting different strengths of wind shaving, as weak shaving
(a 5 0.1 N m22), moderate shaving (0.075 N m22), and strong
shaving (0.05 N m22).

For our analysis, we retain the entire 400 years of each ex-
periment since there is no significant mean state drift in the
tropical Pacific even in the beginning of the perturbed simu-
lations (Fig. S1 in the online supplemental material). The
absence of initial mean climate drift is likely due to the
episodic}not constant}nature of wind shaving that affects
the system only during ENSO events.

d. Validation of the wind stress shaving procedure

In this subsection, we demonstrate that our wind stress
shaving procedure affects predominantly WWBs, not EWBs,
despite the fact that the wind stress shaving limits both west-
erly and easterly wind stress anomalies symmetrically; that is,
the same threshold is applied to both positive and negative
wind stress anomalies.

Figure S2 shows the histograms of EWB durations detected
from the 400-yr control simulation (cf. Fig. 4 for WWBs). We
find that applying weaker thresholds leads to predominant de-
tection of WWBs. For example, the fraction of detected
EWBs relative to WWBs is approximately 0.3% and 13% for

FIG. 3. (a) Hovmöller diagrams of daily equatorial (28S–28N) zonal wind stress anomalies generated by the atmospheric component of
the model during the same El Niño event as shown in Fig. 2b. (b)–(e) As in (a), but with black contours identifying WWWs in accordance
with different thresholds a: a 5 0.04, 0.05, 0.075, and 0.1 N m22, respectively. Choosing thresholds below 0.05 N m22 may combine shorter
wind bursts into events longer than 3–4 months, which implies that the wind shaving procedure using small threshold values could start re-
moving wind variations longer than WWBs. A 5-day running mean is applied to the data.
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the 0.10 and 0.075 N m22 thresholds, respectively. Accord-
ingly, in these simulations ENSO is predominantly affected
by the shaving of WWBs. The fraction of EWBs increases to
74% when using the 0.05 N m22 threshold. This rise likely re-
sults from the quadratic bulk formula for wind stress and the
dominance of mean easterly winds in the equatorial Pacific
(Hayashi and Watanabe 2016). Nevertheless, even for this
stricter threshold the accumulated wind stress forcing due to
EWBs reaches only 52% or 42% (after normalization) of that
due to WWBs (Fig. S3). Thus, given this weaker accumulated
forcing and generally weaker dynamical effects of EWBs, we
expect the impacts of WWB removal to dominate the results.

We note that the effects of the wind stress shaving proce-
dure are concentrated along the equator, although the wind

stress shaving is applied for a broader equatorial region
(108S–108N). Figure 5 shows the daily-averaged magnitude of
shaved tx during WWB and EWB episodes, after normalizing
by the annual climatology of zonal surface wind stress, that is,

�(|t ′x,WWB(EWB)|)|tx,clim|21dt�
dt

, (2)

where t ′x,WWB(EWB) is t ′x during WWB or EWB episodes de-
fined by threshold a, and tx,clim is the annual daily climatology
of tx. This figure confirms that the effect of wind shaving is
mostly confined near the equator, which assures that we
mainly limit WWBs in the vicinity of the equator, and not off-
equatorial wind stress anomalies around the chosen boundaries

FIG. 4. A histogram of durations of individual WWBs corresponding to four different thresholds a used to isolate
wind bursts: (a) 0.1, (b) 0.075, (c) 0.05, and (d) 0.04 N m22. (e)–(h) As in (a)–(d), but visualizing the distribution tails.
The wind burst duration is computed using zonal wind stress anomalies, relative to the model daily climatology, aver-
aged over the central equatorial Pacific (28S–28N, 1908–2058E). Each simulation lasts 400 years. The total number of
wind bursts detected during 400 years is shown at the top right corner of each panel. Note that a vast majority of wind
bursts defined using these thresholds are shorter than 60 days; however, the number of longer bursts starts increasing
when the threshold is smaller than 0.05 N m22. A similar figure for EWBs is included in the online supplemental
material (Fig. S2).
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of the tropical domain (Fig. 2d), which could produce spurious
wind stress forcing.

3. WWBs in CESM1.2 versus atmospheric reanalyses

Since the wind shaving simulations modify WWBs inter-
nally generated by the model, we briefly examine how well
WWBs are simulated in the control simulation of CESM1.2 as
compared to the observations. Two atmospheric reanalysis
products are used to characterize the observed WWBs: ERA-
Interim (Dee et al. 2011) and MERRA-2 (Gelaro et al. 2017),
which span 40 (1979–2018) and 39 (1980–2018) years, respec-
tively. The ERA-Interim andMERRA-2 datasets are interpo-
lated to the atmospheric model grid of CESM1.2 before
extracting WWBs.

WWBs are identified as described in section 2b. The model
and the two reanalyses have somewhat different magnitudes
of daily surface wind stress variability: the standard deviation
of daily t ′x in the central equatorial Pacific (an average of grid-
wise standard deviation over 28S–28N and 1608–2108E) is
0.028, 0.030, and 0.034 N m22 for the CESM1.2 control simu-
lation, ERA-Interim, and MERRA-2, respectively. Conse-
quently, the magnitude threshold for wind bursts is set
individually in each dataset at 1.77 times the standard devia-
tion (based on the threshold in the strong-shaving experiment,
0.050 N m22). For dataset comparison, we use a normalized
strength of WWBs (hereafter simply WWB strength). It is cal-
culated by (i) integrating t ′x of identified WWBs (t ′x,WWB)
in space over equatorial Pacific basin and in time and then
(ii) normalizing by grid cell area (DA), time resolution
(Dt; one day in this case), and standard deviation (st); that
is, WWB strength5 (DA Dt st)21� � t ′x,WWBdAdt.

The annual cycle of monthly-integrated WWB strength
over the equatorial Pacific is shown in Fig. 6a. While the
ERA-Interim (magenta line) and MERRA-2 (cyan line) re-
sults are computed as climatology for their entire periods
of the data (40 and 39 years, respectively), results from the

control simulation are shown for the median (gray line) and
95% confidence interval (gray shading; the range is between
the 2.5th and the 97.5th percentiles) as estimated from a
100 000 block bootstrap resampling of 40-yr segments with
30-yr overlaps.

In general, CESM1.2 simulates a gradual reduction of
WWBs in winter and a strengthening of WWBs toward the
end of the year, similar to ERA-Interim and MERRA-2.
However, the two observational data products show a much
stronger annual cycle in the strength of WWBs, including a
significant midyear reduction in WWBs that the model does
not replicate. This issue can be due to model mean state biases
and/or due to a sampling bias related to the short length of
the observational data}that is, there are only four observed
El Niño events with the November–January (NDJ) mean
Niño-3 index above one standard deviation of about 1.28C
(the events of 1982/83, 1991/92, 1997/98, and 2015/16), while
in the model strong events are more frequent and responsible
for a large fraction of generated WWBs (Yu and Fedorov
2020).

On the other hand, CESM1.2 can reproduce the modula-
tion of WWBs by SST reasonably well, as compared to ERA-
Interim and MERRA-2. Figures 6b–d show the longitudinal
profiles of average monthly WWB strength based on the loca-
tion of the eastern boundary of the tropical Pacific warm pool
for the control simulation and the reanalyses; the warm pool
edge is defined by the location of the 288C isotherm. Only El
Niño years are included in Figs. 6b–d (when the Niño-3 index
averaged for NDJ is greater than one standard deviation).
Consistent with ERA-Interim and MERRA-2, WWBs in
CESM1.2 become stronger and migrate eastward as the warm
pool shifts eastward as part of El Niño development. Never-
theless, there are some minor differences between CESM1.2
and the reanalysis data. For example, CESM1.2 shows zonally
broader WWB activity at the peak of El Niño events (i.e.,
when the warm pool reaches the eastern Pacific; brown lines

FIG. 5. Normalized daily-mean accumulated t ′x of (i) shaved WWBs, (ii) shaved EWBs, and (iii) the difference, that is, (i) minus (ii), for
the (a) weak, (b) moderate, and (c) strong shaving experiments. The values shown are normalized by the annual daily climatology of zonal
surface wind stress, see Eq. (2). A version of this plot without normalization is provided in Fig. S4. In effect, since the accumulated t ′x of
EWBs is small, bottom panels show the average horizontal distribution of shaved WWBs.
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in Figs. 6b–d). This is likely due to the model’s ENSO SST
variability being stronger than the observed (DiNezio et al.
2017). Another difference is a weaker WWB activity in the
western Pacific when the warm pool stays in the western
Pacific (light blue lines in Figs. 6b–d). These differences how-
ever might stem from (i) the observational record being too
short, since only four qualified El Niño events are used for
the ERA-Interim and MERRA-2 composites compared to
59 events for CESM1.2 and/or (ii) other common coupled
GCM biases, such as the so-called cold tongue SST and double
intertropical convergence zone biases (Mechoso et al. 1995;
Lin 2007; Li and Xie 2014; Burls et al. 2017; Thomas and
Fedorov 2017; Tian and Dong 2020).

4. Results of perturbation experiments

Here, we discuss the systematic weakening of ENSO
(section 4a) and the reduced occurrence of extreme El Niño
events (section 4b) under the wind shaving procedure. Indi-
vidual El Niño events across different perturbation experi-
ments are compared in section 4c and the WWB–warm pool
feedback is discussed in section 4d. In all our analyses, anoma-
lies (denoted by primes) are defined with respect to the clima-
tology of each simulation. Zonal wind stress (tx) comes from
the atmospheric model unless mentioned otherwise; when
necessary, we use the subscript “atm” (e.g., tx,atm) to avoid
confusion. Zonal wind stress from the ocean model is always
denoted by the subscript “ocn” (e.g., tx,ocn). We remind the
reader that we only modify zonal wind stress that the ocean
feels (tx,ocn), while zonal wind stress computed within the at-
mospheric model (tx,atm) remains unaltered.

a. Reduction of ENSO amplitude

To demonstrate the response of ENSO to the wind shaving
we first consider the standard deviation of daily t ′x and SST′

in the equatorial Pacific, which clearly shows that ENSO
weakens in the wind shaving experiments (Fig. 7). Variability

FIG. 6. (a) Climatological annual cycle of monthly WWB strength
summed over the equatorial Pacific basin for the control (gray), and

←−
atmospheric reanalyses ERA-Interim (magenta) and MERRA-2
(cyan). While ERA-Interim and MERRA-2 are shown for the cli-
matological average of the entire dataset period of 40 and 39 years,
respectively, the control simulation is shown for its median (gray
line) with the 95% confidence interval (gray shading). WWBs are
defined as events whose magnitude, duration, and zonal extent of
anomalous surface zonal wind stress in the equatorial Pacific
(28S–28N) are greater than 1.77 times the standard deviation of
central equatorial wind stresses, 5 days, and 12.58, respectively. The
confidence interval is estimated by 100000 block bootstrap resam-
pling with 40-yr segments with 30-yr overlaps. The zonal structure
of WWBs binned by the longitudinal location of the eastern edge
of the western Pacific warm pool (288C) during moderate El Niño
years (NDJ Niño-3 index greater than one standard deviation) for
(b) the control simulation, (c) ERA-Interim, and (d) MERRA-2.
The number of qualified El Niño events is 58, 4, and 4 for the con-
trol simulation, ERA-Interim, and MERRA-2, respectively. The
four bins are bounded by longitudes 1608, 1908, 2208, 2508, and
2808E and are marked by background color shadings. WWBs typi-
cally occur to the west of the warm pool eastern edge.
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of both t ′x and SST′ becomes smaller monotonically as the
wind shaving intensifies. ENSO SST anomalies in the eastern
Pacific appear to be more sensitive to the imposed changes
than those in the central Pacific, indicating that the spatial
patterns of El Niño are affected by WWBs.

Since the largest reduction of variability for t ′x is centered
around the Niño-4 region (1608–2108E, 58S–58N) and for SST′

around the Niño-3 region (2108–2708E, 58S–58N), next we
consider changes in the standard deviations of these two
variables averaged for the respective region (Fig. 8). The
standard deviation of Niño-3 SST′ is reduced to 97.9%, 87.4%,
and 78.4% in the weak, moderate, and strong shaving simu-
lations, respectively.

Changes of t ′x variability over the Niño-4 region are smaller
(100.7%, 97.0%, and 94.0%); the slight 0.7% increase of t ′x
variability relative to the control in the strong shaving simula-
tion is statistically insignificant (p value 5 0.2) based on an F
test with an effective number of degrees of freedom of 14600.
Since tx in the atmosphere model is not shaved, changes in t ′x
magnitude are caused by the general weakening of ENSO in
the wind shaving experiments. The smaller sensitivity of the
atmospheric t ′x variability, as compared to SST′, confirms that
the wind shaving approach does not dampen intraseasonal at-
mospheric surface wind variability directly. A further discussion

of the response of atmospheric surface wind variability is pro-
vided in section 5.

As indicated by the greater reduction in SST variability in
the eastern Pacific than in the central Pacific (Fig. 7b), the
warming center of El Niño shifts westward under the action
of wind shaving. Scatterplots connecting Niño-4 and Niño-3
SST indices for NDJ after normalized by the standard devia-
tion of the control simulation confirm this shift (Figs. 9a–c).
The relative magnitudes of the Niño-4 and Niño-3 indices pro-
vide a simple classification of the spatial pattern of El Niño
events: the central Pacific (CP) type if Niño-4 . Niño-3 and
the eastern Pacific (EP) type if Niño-3 . Niño-4 (Kug et al.
2009; Hu et al. 2014; Fedorov et al. 2015; Capotondi et al.
2015). We find that the westward shift of the El Niño warming
center (Fig. 7b) corresponds to reduction in both intensity
and frequency of EP El Niño events (Figs. 9d,e), while
changes in the frequency of CP events do not show any robust
trend.

b. Reduced frequency and intensity of extreme
El Niño events

Limiting the momentum transfer from WWBs to the ocean
by the wind shaving procedure reduces the frequency and typ-
ical intensity of extreme El Niño events as the histograms of

FIG. 7. Standard deviation of daily anomalies of (a) zonal surface wind stress and (b) SST along the equator
(averaged 58S–58N). Zonal surface wind stress anomalies are from the atmospheric model, i.e., not shaved.
Note the monotonic reduction in STD as more of the WWB wind stress effect on the ocean is eliminated. The
largest reduction of SST variance happens in the eastern Pacific.

FIG. 8. Standard deviation of daily (a) Niño-4 zonal surface wind stress anomalies and (b) Niño-3 SST anomalies.
For (a) only, the standard deviation is calculated at each grid cell and then averaged over the Niño-4 region. Percent-
age values relative to the control simulations are shown at the top of each bar. The slight increase in the wind stress
STD over the Niño-4 region in the weak shaving experiment is compensated by the STD reduction over the Niño-3
region (Fig. 7).
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the NDJ Niño-3 SST index show (Fig. 10). The medians and
90% confidence intervals (ranges between the 5th and the
95th percentiles) are estimated by a 100000-block bootstrap
resampling of 100-yr segments with an 80-yr overlap. For fur-
ther comparison, we define extreme El Niño events in the
model as events with the NDJ Niño-3 index greater than
3.58C, which corresponds to roughly 2.5 times the standard
deviations of the NDJ Niño-3 index in the control simulation.
The frequency of extreme El Niño events diminishes mono-
tonically with the strength of wind stress shaving. For example,
while the weak-shaving simulation does not exhibit distinguish-
able changes in the frequency of extreme El Niño events, the
moderate- and strong-shaving experiments are unable to simu-
late extreme El Niño events with the NDJ Niño-3 index greater
than 4.58 and 3.58C, respectively (such events are present in the
400-yr control simulation).

Along with the frequency of extreme El Niño events, the
frequency of strong La Niña events also responds to the wind
stress shaving procedure. While no noticeable changes are
seen in the weak and moderate shaving experiments, the
strong shaving experiment demonstrates a clear reduction in
La Niña events colder than 21.58C. We speculate about two
possible causes of the reduction of strong La Niña events.

First, although our wind shaving procedure predominantly
limits WWBs, and not EWBs, the shaving of the EWBs might
still play a role; however, the effect of EWBs on the develop-
ment of La Niña has not been studied extensively, and the ex-
isting studies disagree on their impacts (Chiodi and Harrison
2015; Puy et al. 2016). Second, the reduction of strong El
Niño events could be important, given that strong La Niña
events usually follow strong El Niño events and the subse-
quent ocean heat discharge. A simple analysis of the equato-
rial ocean heat content gives weight to the latter hypothesis.
As expected, we find that after strong El Niño events, the
equatorial Pacific experiences a large ocean heat discharge
(Fig. S5). With the reduction in extreme El Niño event occur-
rence, episodes of such large heat discharge become less
frequent, especially in the moderate and strong shaving simu-
lations. However, this link is only tentative as in this model
strong La Niña events can still occur even after a weak heat
discharge (Fig. S6), and therefore a further analysis is re-
quired to confirm this hypothesis.

The reduced frequency of extreme El Niño events makes the
equatorial eastern Pacific SST distribution less asymmetric as
seen from the histograms of 3-month moving-averaged SST for
the Niño-3 region (Fig. 11). The frequency of extreme El Niño

FIG. 9. Scatterplots connecting Niño-4 (on the y axis) and Niño-3 (on the x axis) SST indices for the (a) weak,
(b) moderate, and (c) strong shaving simulations. The indices are averaged for NDJ and normalized by the standard
deviations of the control simulation (s). The control simulation is shown in gray. The dashed line shows a one-to-one
line. The standard deviations of NDJ-mean Niño-3 and Niño-4 indices are shown at the bottom right corner of each
panel. (d),(e) The total number and the relative fraction of CP and EP El Niño events, respectively, following the clas-
sification of Kug et al. (2009).
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decreases monotonically with wind stress shaving, while the
mean values of Niño-3 SST (colored dashed lines) do not change
relative to the control simulation (gray dashed line). As a result,
ENSO skewness decreases for stronger wind shaving, making
the distribution more symmetric. The excess kurtosis of the dis-
tribution (i.e., kurtosis minus three) also decreases and becomes
negative due to the reduction of extreme El Niño and the con-
current increase of the frequency of weak El Niño events.

c. Individual El Niño events

In this section, we compare individual El Niño events
across the wind shaving simulations. The three categories of
ENSO years are compared: neutral (|NDJ Niño-3| # 0.58C),
moderately strong El Niño (NDJ Niño-3 ≈ 38C, which corre-
sponds to 2.2 times the standard deviation of the control
simulation), and top-1% El Niño (NDJ Niño-3 $ the 99th
percentile). One event satisfying the above conditions is ran-
domly chosen from each simulation and displayed in Fig. 12.
In this figure, columns and rows are arranged by simulations

and ENSO categories, respectively. Each subpanel shows
Hovmöller diagrams for daily zonal wind stress anomalies
from the atmospheric model (t ′x,atm; left) and from the ocean
model (t ′x,ocn; center), and for daily sea surface temperature
anomalies (SST′; right). We remind the reader that the wind
shaving procedure is applied only to the wind stress that the
ocean feels, and accordingly t ′x,ocn describes shaved wind
stress anomalies versus the original t ′x,atm.

The wind shaving procedure has little impacts during ENSO-
neutral years. Figures 12a–c show ENSO-neutral years from
the perturbed experiments. In fact, in all wind shaving simula-
tions, the t ′x,atm and t ′x,ocn fields look indistinguishable during
ENSO-neutral years, since WWBs are not frequently ob-
served during ENSO-neutral years. The SST′

fields also look
indistinguishable across different simulations in these panels.

Moderately strong El Niño events can still develop even un-
der strong wind shaving, although the likelihood of their oc-
currence might be reduced (e.g., Yu and Fedorov 2020).
Figures 12d–f show the years of moderately strong El Niño

FIG. 10. Histograms of Niño-3 SST, NDJ-averaged, for the (a) weak, (b) moderate, and (c) strong shaving simulations and compared to
the Control (gray bars). The bars and whiskers show medians and 90% confidence intervals for each bin, obtained by a block bootstrap
method with 100 000 resamplings of 100-yr segments with an 80-yr overlap. Note the reduction of extreme EP El Niño events (amplitude
$ 2.58C) in all wind shaving experiments. For the strong wind shaving, the reduction happens for all strong events (amplitude $ 1.58C).
The number of La Niña events decreases as well.

FIG. 11. Histograms of monthly Niño-3 SST variations in the (a) weak, (b) moderate, and (c) strong shaving simulations. A 3-month
running mean is applied and the annual cycle is not subtracted from the data before the computations. Dashed lines show mean values,
and skewness and excess kurtosis (kurtosis minus three) are provided at the top-left corner of each panel. The histogram for the control
simulation is shown in gray.
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FIG. 12. Each set of three Hovmöller diagrams shows (left) daily zonal surface wind stress anomalies t ′x from the atmospheric
model, (center) “shaved” t ′x from the ocean model, and (right) daily sea surface temperature anomalies, SST′ in the equatorial Pacific
Ocean (28S–28N). (a)–(c) Randomly chosen ENSO-neutral years (NDJ Niño-3 index below 0.58C) in the weak, moderate, and strong
shaving simulations, respectively. (d)–(f) As in (a)–(c), but for strong El Niño years (NDJ Niño-3 index of about 38C). (g)–(i) As in
(d)–(f), but for top-1% El Niño years in the model (NDJ Niño-3 index above the 99th percentile for a given simulation). The position
of the eastern edge of the warm pool (the 288C isotherm) is shown as a green contour in (g)–(i).
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events from the perturbed simulations. While those events in
the weak shaving simulation do not exhibit much difference
(Fig. 12d), El Niño events in the moderate and strong shaving
simulations (Figs. 12e,f) show noticeable effects of wind shav-
ing on the daily zonal wind stress fields as seen from the dif-
ference between t ′x,atm and t ′x,ocn. Regardless of the strength of
wind shaving, moderately strong El Niño can still develop.
More generally, the intraseasonal component of wind forcing
such as WWBs appears to be not critical for the existence of
El Niño events up to this magnitude (about 2 times the stan-
dard deviation) in this model.

In contrast to moderately strong El Niño events, the role of
WWBs turns out to be critical for extreme El Niño events, as
indicated by the histograms of Niño-3 indices (Fig. 10). In ad-
dition, Figs. 12g–i show top-1% El Niño events in the per-
turbed simulations. The magnitude of the strongest El Niño
events varies; the 99th percentile NDJ-mean Niño-3 index de-
creases monotonically with the strength of wind stress shaving
(Fig. 10). Another noticeable difference is the different location
of WWBs in the middle of the year for different experiments,
whereas all WWBs in the early part of year reside in the western/
central Pacific. Finally, although WWBs generated by the atmo-
spheric model are active throughout the year regardless of the
degree of wind shaving, a stronger shaving limits the eastward
migration of WWBs as El Niño develops.

d. The WWB–warm pool feedback

The aforementioned results highlight the positive intrasea-
sonal feedback that links WWBs and the Pacific warm pool

eastward migration (e.g., Lengaigne et al. 2004; Fedorov et al.
2015; Hu and Fedorov 2019; Puy et al. 2019) and its role in
the development of extreme El Niño. The eastern boundary
of the western Pacific warm pool (defined as the 288C iso-
therm; hereafter referred to as the warm pool eastern edge) is
overlaid as a dark green contour in Figs. 12g–i. In the strong
shaving simulation, the warm pool eastern edge stays in the
western and central Pacific throughout the development of El
Niño. In contrast, the warm pool eastern edge can reach the
eastern Pacific in the weak and moderate shaving simulations,
although the arrival of the warm pool edge to the South
American coast may happen later in the year in the moderate
shaving simulation.

Figure 13 shows the monthly mean median (dots) and
90% confidence intervals (a range between the 5th and the 95th
percentiles; error bars) for the warm pool eastern edge’s loca-
tion for El Niño events whose NDJ Niño-3 indices are larger
than one standard deviation of the control simulation (1.378C).
Comparing the shift of the median of the warm pool edge with
the control indicates that the wind stress shaving procedure
clearly restricts the eastward migration of the warm pool during
El Niño development in the second half of the year.

In contrast, the eastward migration of the warm pool edge
during the first half of the year appears to be insensitive to the
removal of WWB wind stress (although this does not neces-
sarily imply that early-year WWBs are not important). These
results confirm the importance of midyear WWBs in the de-
velopment of strong El Niño events (Puy et al. 2019; Hu and
Fedorov 2019; Yu and Fedorov 2020). Interestingly, the
monthly migration of the medians is similar between the

FIG. 13. The monthly location of the eastern edge of the Pacific warm pool at the equator (28S–28N) during El Niño
events in the (a) weak, (b) moderate, and (c) strong shaving simulations. The control simulation is shown in gray.
Dots represent median values; error bars indicate the range between the 5th and the 95th percentiles. The warm pool
edge is defined as the 288C isotherm of SST. The numbers of qualified El Niño events (with amplitudes greater than
one standard deviation of NDJ Niño-3 SST anomaly of the control simulation) are shown at the bottom-right corner
of each panel. Removing WWBs suppresses the Pacific warm pool eastward expansion in the second half of the year
critical for El Niño development.
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moderate and strong shaving simulations, but the spread (er-
ror bars) and the 95th percentile (the maximum extent of er-
ror bars) are widely different, again pointing to the
importance of WWBs in the migration of the warm pool edge
and the corresponding positive ocean–atmosphere feedback
during strong El Niño events. Therefore, this positive feed-
back should be treated as part of the Bjerknes feedback that
controls El Niño growth.

5. Discussion

The primary objective of the wind shaving approach is to
limit the effect of WWB wind stress variations that the ocean
feels while maintaining intraseasonal variability of atmo-
spheric surface winds. To confirm that intraseasonal surface
wind variations on WWB time scales are not affected by the
wind shaving procedure, we compute longitudinally resolved
power spectra of daily surface zonal wind stress anomalies

produced by the atmospheric model (Fig. 14). This figure shows
the power spectral density of daily equatorial (58S–58N mean)
zonal surface wind stress anomalies averaged for consecutive
108 longitude segments for the control and the perturbation
simulations. Most of the daily wind variability is concentrated
in two bands, intraseasonal (5–90 days) or ENSO (2–7 years);
the two weaker peaks at roughly 10 and 15 months are combi-
nation modes that arise from the interaction between ENSO
and the annual cycle (Stuecker et al. 2013). Figures 14e–g
display the difference between the control and the wind
shaving simulations.

Spectral power in the intraseasonal band shows only
minimal changes under wind shaving. The weak shaving
experiment shows no notable changes (Fig. 14e), while the
moderate and strong shaving simulations show a slight shift
of power density from the central to the western Pacific
(Figs. 14f,g), which might be related to restricted eastward
migration of WWBs during the development of El Niño

FIG. 14. Power spectra of daily zonal surface wind stress anomalies [(N m22)2] generated by the atmospheric model
in the equatorial Pacific for (a) the control and the (b) weak, (c) moderate, and (d) strong shaving experiments.
(e)–(g) The difference between the wind shaving simulations and the control. The power spectra are averaged in con-
secutive 108 longitude segments and shown in a “variance-preserving” form, i.e., the power spectral density is multi-
plied by frequency and the frequency axes use a natural logarithmic scale. To estimate power spectral density a multi-
taper method is used (Thomson 1982; Park et al. 1987). Wind stress is averaged between 58S and 58N.
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(Figs. 12g–i). By contrast, spectral power in the interannual
band shows systematic weakening in the moderate and strong
shaving simulations (Figs. 14f,g), but only minor changes un-
der weak wind shaving (Fig. 14e). The reduction of spectral
power density in the interannual band is consistent with the
weakened ENSO (Figs. 7 and 8).

Next, we examine potential changes in the mean state
(background climate) of the equatorial Pacific Ocean caused
by the wind shaving procedure. Such changes could result
from mean state rectification caused by ENSO nonlinearity
(Rodgers et al. 2004; Ogata et al. 2013; Choi et al. 2013; Kohyama
et al. 2017) or might be due to nonlinear aspects of the wind shav-
ing procedure. In turn, ENSO properties can be further affected
by these changes in the mean state (Fedorov and Philander 2000;
Wang and An 2002; Zhao and Fedorov 2020; Fedorov et al.
2021). Acknowledging the possibility of this two-way interaction
between the mean state and ENSO, we therefore need to evalu-
ate mean state changes over the equatorial Pacific.

The climatological annual-mean zonal surface wind stress (tx)
and SST over the equatorial Pacific Ocean are shown in Fig. 15
(note that tx plotted in this figure is given by the atmosphere
model and hence not shaved). The background state changes in-
duced in the perturbation experiments are systematic but small
as compared to the standard deviation of annual mean (Fig. S7).

In addition, these background state changes do not have prefera-
ble seasons with a particularly large response (Figs. S8 and S9).
The pattern of the mean state changes is La Niña–like; that is,
SST warms in the western Pacific and cools in the eastern Pacific
(Figs. 15b,d). Consistent with mean SST changes, background tx
develops mean westerly and easterly wind anomalies in the west-
ern and eastern equatorial Pacific, respectively (Figs. 15a,c). This
mean La Niña–like response under the wind shaving is likely
due to a weaker ENSO and, specifically, less frequent extreme
El Niño events. We note that the annual-mean Niño-3 SST is in-
distinguishable between the wind shaving and the control simula-
tions, but the frequencies of extreme El Niño are noticeably
different (Fig. 11).

Likewise, the subsurface structures of the equatorial Pacific
show subtle La Niña–like mean changes under the wind shaving
(Fig. 16). Nevertheless, despite the small temperature anomalies
in the upper ocean, the depth and slope of the equatorial Pacific
thermocline (e.g., the 208C isotherm) in all three perturbation
experiments are indistinguishable from those in the control simu-
lation. Overall, these long-term changes in the mean state appear
to be an order of magnitude too small to cause noticeable
changes in ENSO. Previous work using CESM1.2 (Zhao and
Fedorov 2020) has shown that much greater changes in the zonal
winds and/or the equatorial ocean thermal structure would be

FIG. 15. Profiles of climatological annual-mean (a) zonal surface wind stress (tx) and (b) SST along the equator in
the wind shaving and control experiments, and (c),(d) the corresponding mean state anomalies in the wind shaving
experiments relative to the control. SST and wind stress are averaged between 58S–58N and over 400 years. The
estimated differences between the mean states of the experiments are small. Differences between climatological annual
cycles in the experiments are plotted in Figs. S8 and S9. In addition, dashed lines in (c) show long-term mean residual tx
anomalies in the equatorial Pacific that would arise when the shaving procedure is applied offline to the wind stress of
the control simulation (i.e., without any further adjustment of the system). These mean residuals have a different struc-
ture and much smaller amplitudes than the already small rectification of the mean state (solid lines) that occurs in the
wind shaving experiments due to ocean–atmosphere coupling.
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needed to induce ENSO changes comparable to the observed
in our wind shaving experiments. In their study, a reduction of
Niño-3 variability (standard deviation) by 0.48C resulted from
imposing anomalous easterlies (20.018 N m22 at the largest).
In comparison, in our strong shaving simulation the Niño-3 vari-
ability is reduced by the same order of magnitude (by 0.268C;
Fig. 6b), while the change to the mean zonal wind stress is an
order of magnitude smaller than in Zhao and Fedorov (from
20.002 to 0.003 N m22; Fig. 14c), implying that the changes of
the mean-state surface wind in the strong shaving experiment
are an order of magnitude too weak to cause the observed weak-
ening of ENSO. In addition, Zhao and Fedorov (2020) docu-
mented a deepening of the thermocline in the western and
central Pacific by about 30 m as a result of the mean state wind
change, but the wind shaving procedure does not induce any
noticeable change of the thermocline structure as stated above.

There is yet another possibility, namely that the estimated
mean state changes might have been caused directly by net
nonzero wind stress anomalies associated with the wind shav-
ing procedure as it removes more WWBs than EWBs (Fig. 4;
see also Fig. S2). To investigate this possibility, we estimate
residual mean wind stress anomalies generated by applying
wind shaving to the control simulation (Fig. 15c; see also Fig. S10).
We find that the long-term mean residuals of intraseasonal
wind stress anomalies are a factor of 3 or 4 smaller}and have
a very different spatial structure}than the actual mean wind
stress changes (Fig. 15c). This result suggests that the rectifica-
tion effect due to ENSO nonlinearities is the primary cause of
the observed mean state changes.

Thus, these findings confirm that the changes of ENSO
characteristics in our wind shaving simulations are indeed
caused by the reduction of WWB wind stress acting on the
ocean rather than by changes in atmospheric intraseasonal
wind variability or changes in the mean state of the tropical
Pacific.

6. Summary and conclusions

In this study, the role of WWBs in ENSO characteristics
and extreme El Niño event frequency has been investigated
using “wind shaving” climate model experiments. In the
wind shaving simulations, zonal momentum transfer from the
atmosphere to the ocean (i.e., zonal surface wind stress

associated with WWBs) is reduced to match a prescribed
threshold. That is, the effect of strong surface wind variations
to the ocean is “shaved.” We have completed three wind
shaving perturbation experiments with different strengths of
wind shaving as indicated by the experiment’s name (weak,
moderate, and strong shaving simulations). The long model inte-
grations (each lasting 400 years), minimizing the influence of
multidecadal ENSO modulation, reveal major systematic ef-
fects of WWBs on ENSO as summaries below. Our findings
echo the results of previous studies, but we emphasize that
unlike those studies, the wind shaving experiments 1) limit
changes to the tropical Pacific mean state in a fully coupled
GCM and 2) reduce the effects of intrinsic, model-gener-
ated WWBs and hence enable us to rigorously quantify the
WWB effects on ENSO.

Limiting WWB wind stress weakens ENSO monotonically
in accordance with the strength of wind shaving, agreeing
with several previous studies (e.g., Fedorov 2002; Eisenman
et al. 2005; Gebbie et al. 2007; Lopez and Kirtman 2013;
Hu and Fedorov 2019; Puy et al. 2019). The standard devia-
tion of daily Niño-3 SST anomalies is reduced to 98%, 87%,
and 78% for the weak, moderate, and strong shaving simula-
tions. In the strong wind stress shaving experiment, we re-
move most of the WWB wind stress effect on the ocean, while
still not affecting more gradual wind stress variations. Conse-
quently, eliminating the cumulative effect of WWBs leads to
the reduction of ENSO Niño-3 SST amplitude by about 22%.
The maximum SST standard deviation along the equator
decreases even more, by over a quarter. Along with the
weakening of ENSO, the spatial pattern of El Niño events is
also affected}on average the warming center of El Niño
shifts westward under wind shaving, and the magnitude and
the frequency of EP El Niño decreases. The westward shift
of El Niño warming pattern under reduced WWBs is in
agreement with previous findings (e.g., Lopez and Kirtman
2013; Hu et al. 2014; Lian et al. 2014; Chen et al. 2015;
Fedorov et al. 2015; Thual et al. 2016; Hayashi and Watanabe
2017).

Limiting WWB dynamical effects has a particularly strong
impact on the frequency of extreme El Niño events, confirm-
ing the role of WWBs in the development of extreme El Niño
events (e.g., Lopez et al. 2013; Fedorov et al. 2015; Levine
et al. 2016; Hu and Fedorov 2019; Puy et al. 2019; Yu and

FIG. 16. Mean changes (color shading) in annual-mean upper-ocean temperature along the equator in the (a) weak,
(b) moderate, and (c) strong shaving simulations, relative to the control. Shading intervals are 0.058C. The contours
show isotherms for the perturbed (cyan) and control (black dashed lines) experiments. Temperature is averaged be-
tween 58S and 58N. The averaging time period is 400 years.
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Fedorov 2020). While the weak shaving simulation does not
produce noticeable changes, the moderate and strong shaving
experiments exhibit systematic decrease in the frequency of
extreme El Niño events; for example, these experiments no
longer simulate El Niño events with amplitude stronger than
4.58 and 3.58C, respectively, within 400-yr model integrations.
Such events are present in the control simulation. The re-
duced frequency of extreme El Niño events and the concur-
rent increase in the frequency of weaker El Niño events make
ENSO less asymmetric.

In addition, the frequency of strong La Niña events in the
perturbation experiments decreases as well. One potential
factor contributing to the reduction of strong La Niña events
is that the wind shaving procedure is also applied to EWBs
(to reduce potential changes to the mean state of the equa-
torial Pacific). Another potential factor is the reduced
occurrence of extreme El Niño events. Such events typi-
cally cause a large ocean heat discharge that often leads
to strong La Niña events. Investigating EWBs and La Niña
is an important topic, but it lies beyond the scope of this
study.

The positive ocean–atmosphere feedback between WWBs
and the tropical Pacific warm pool operating on intraseasonal
time scales is shown to be crucial for the development of ex-
treme El Niño events and hence should be considered as part of
the Bjerknes feedback, corroborating previous studies that ex-
amined interactions between SST and WWBs (e.g., McPhaden
1999; Vecchi and Harrison 2000; Yu et al. 2003; Lengaigne et al.
2004; Eisenman et al. 2005; Tziperman and Yu 2007; Seiki and
Takayabu 2007a; Levine et al. 2017; Hu and Fedorov 2019).
The weak shaving experiment shows that the Pacific warm
pool eastward migration during El Niño events is practically
indistinguishable from that in the control simulation; however,
the moderate shaving and especially the strong shaving
experiments show much more limited eastward warm pool mi-
grations, never reaching the far eastern equatorial Pacific. On the
other hand, moderately strong El Niño events (up to 2.2 times
the standard deviation of NDJ Niño-3 anomalies) can develop
even in the strong shaving experiment, suggesting that model
WWBs are not necessarily critical for the development of
moderately strong and weaker El Niño events.

We have also demonstrated that the induced changes in
ENSO in the wind shaving experiments arise as a direct con-
sequence of limiting the effect of WWB wind stress anomalies
on the ocean, and not because of changes in atmospheric in-
traseasonal wind variability itself or changes in the back-
ground climate state of the equatorial Pacific. The power
spectra of atmospheric surface wind show minimal differences
in the intraseasonal band, which indicates that WWBs gener-
ated by the atmosphere are not affected by the wind stress
shaving procedure. Likewise, the mean state of the equatorial
Pacific shows only very small, La Niña–like changes in back-
ground SST and zonal surface winds under the wind shaving.
Given very small changes in the equatorial SST and the ocean
thermocline, this background state response is likely caused
by the reduced frequency of extreme El Niño events via a
mean state rectification.

In this study, we have demonstrated the importance of
WWBs in modulating the frequency and intensity of extreme
El Niño and other ENSO characteristics (e.g., nonlinearity
and asymmetry, spatial diversity, and ENSO rectification of
the mean state) in a global climate model. Our results further
imply that future changes in WWBs could alter the frequency
of extreme El Niño events and other ENSO characteristics.
How will WWBs change under global warming (WWB dura-
tion, location, fetch, and intensity)? Could those future changes
increase the frequency of extreme El Niño? These are the topics
of an ongoing complementary study.
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