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ABSTRACT: Westerly wind bursts (WWBs) are anomalous surface wind gusts that play an important role in ENSO

dynamics. Previous studies have identified several mechanisms that may be involved in the dynamics of WWBs. In par-

ticular, many have examined the importance of atmospheric deep convection to WWBs, including convection due to

tropical cyclones, equatorial waves, and the Madden–Julian oscillation. Still, the WWB mechanism is not yet fully un-

derstood. In this study, we investigate the location of atmospheric convection which leads toWWBs and the role of positive

feedbacks involving surface evaporation.We find that disabling surface flux feedbacks a few days before aWWBpeaks does

not weaken the event, arguing against local surface flux feedbacks serving as a WWB growth mechanism on individual

events. On the other hand, directly suppressing convection by inhibiting latent heat release or eliminating surface evapo-

ration rapidly weakens a WWB. By selectively suppressing convection near or farther away from the equator, we find that

convection related to off-equatorial cyclonic vortices is most important to equatorial WWB winds, while on-equator

convection is unimportant. Despite the strong resemblance of WWB wind patterns to the Gill response to equatorial

heating, our findings indicate that equatorial convection is not necessary for WWBs to develop. Our conclusions are

consistent with the idea that tropical cyclones, generally occurring more than 58 away from the equator, may be responsible

for the majority of WWBs.
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1. Introduction

Westerly wind bursts (WWBs) are episodic, anomalous

equatorial westerly wind anomalies, which can result in local

reversals of the trade winds. Previous studies have defined

them as events with an anomalous wind strength exceeding

5–7m s21 over a zonal extent of at least 108, and meeting the

above criteria for at least 2–5 days. Following the definitions

above, they occur about 5–15 times per year (Hartten 1996;

Harrison and Vecchi 1997; Yu et al. 2003; Seiki and Takayabu

2007). The identified events, however, are generally charac-

terized by a larger zonal extent of 308–408 longitude, and can

persist for as long as 2 weeks (Harrison and Vecchi 1997;

Vecchi and Harrison 2000). WWBs occur mostly in the

western-central tropical Pacific, and only rarely in the eastern

tropical Pacific. They are also known to occur much more

frequently during El Niño events compared to La Niña events.
WWBs occurring along the equator are an important com-

ponent of high-frequency atmospheric wind variability in the

tropics, and critically participate in ENSO dynamics by excit-

ing eastward propagating downwelling Kelvin waves that in-

fluence developing El Niño events (McPhaden et al. 1992;

Kessler et al. 1995). Initially, WWBs were believed to be sto-

chastic events that trigger El Niño events, possibly via non-

normal amplification (Penland and Sardeshmukh 1995;

Kleeman andMoore 1997; Moore and Kleeman 1997a,b, 1999,

2001). However, careful analysis shows that these events are

correlated with the SST and appear to develop in response to

the beginning of a warming event (Yu et al. 2003; Tziperman

andYu 2007). Thus, theKelvin waves excited byWWBs, which

have been shown to cause warming in the eastern Pacific

(Giese and Harrison 1991) and have been associated with the

onset and amplification of El Niño events (Luther et al. 1983;

Latif et al. 1988; Perigaud and Cassou 2000; Lengaigne et al.

2004), are most likely amplifying warm events that are already

developing (Eisenman et al. 2005), and this understanding

makes it possible to develop WWB parameterizations for

ENSO models (Gebbie et al. 2007; Gebbie and Tziperman

2009a,b). WWBs are therefore perhaps best described as state-

dependent, or multiplicative, stochastic events (Jin et al. 2007;

Perez et al. 2005; Sura and Sardeshmukh 2008).

WWBs have been proposed to be caused by cold surges from

midlatitudes (Chu 1988), single and paired tropical cyclones

(Keen 1982; Nitta 1989; Lian et al. 2018a), and convectively

coupled Rossby waves (Kiladis and Wheeler 1995; Puy et al.

2016) and seem to be modulated by the Madden–Julian oscil-

lation (MJO; Chen et al. 1996; Zhang 1996; Seiki and Takayabu

2007; Chiodi et al. 2014; Feng and Lian 2018). A common

feature of all the above WWB theories is the importance of

atmospheric deep convection (e.g., Meehl et al. 1996; Hartten

1996; Fasullo and Webster 2000). For instance, Hartten (1996)

found that deep convection is present within 108–158 longitude
and latitude of most WWBs. In terms of the spatial location of

the related convection, some work has focused on near-

equator convection, generally within 658 latitude of the

equator (e.g., Kiladis et al. 1994; Fasullo and Webster 2000).

This body of literature has often studied WWBs in relation to

equatorially trapped disturbances such as the MJO and con-

vectively coupled equatorial waves (CCEWs). A recent study

found that the convective phase of theMJO nearly doubles theCorresponding author: Minmin Fu, mjfu@g.harvard.edu
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probability of a WWB occurring (Feng and Lian 2018).

Another subset of the literature instead focuses on the im-

portance of tropical cyclones (TCs; Keen 1982; Lian et al.

2018a), whose centers are usually located further than 58 lati-
tude from the equator. It has been found that approximately

70% ofWWBs in the western tropical Pacific can be associated

with individual or paired tropical cyclones (Lian et al. 2018a).

Finally, the double-cyclone structure associated with strong

WWBs has frequently been compared (and contrasted) to the

stationary Rossby wave pattern of the Gill response to an

equatorial heat source (Gill 1980; Fu and Tziperman 2019;

Hartten 1996; Seiki and Takayabu 2007; Harrison and Giese

1991; Levine et al. 2017; Kubota et al. 2006; Lander 1990).

However, there remains ambiguity to the precise nature of the

convection which generates WWBs. Is it the on-equator con-

vection (e.g., Gill response to a convective outburst) or off-

equator convection (e.g., tropical cyclogenesis) that is most

vital to WWB development?

The objective of this paper is to investigate the importance

of surface evaporation and deep convection to the dynamics of

equatorial WWBs, in particular the role of positive feedbacks

and the spatial position of the convection responsible for the

WWBs. In a previous paper (Fu and Tziperman 2019), it was

found that when the wind-induced surface heat exchange

(WISHE) mechanism was turned off in an aquaplanet simu-

lation, the number of WWBs went down significantly. In ad-

dition, latent heat fluxes were found to be very strong 1–2 days

before and after the peak of the event. That suggested that

WISHE may serve as a growth mechanism for individual

WWBs, whereby westerly anomalies could increase surface

wind speeds, enhancing evaporation and convection, hence

further strengthening the anomalous surface westerlies. In this

paper, we further examine the importance of convective

heating and surface fluxes to the development of individual

events through a series of initial value experiments. We find

that while WISHE seems to be enhancing the overall occur-

rence of WWBs in some model configurations, it does not

play a direct role in the growthmechanism of individual events,

at least during the 2–4 days prior to the peak of the event.

Furthermore, our experiments provide additional insight into

the role that convection plays in WWB dynamics. We design a

series of GCM experiments where we selectively suppress

convection near and away from the equator, around develop-

ing WWBs and find that convection close to the equator is

unimportant for explaining the WWB growth. Our results in-

dicate that double cyclones associated with WWBs should not

simply be considered as a Gill response to on-equator heating,

since suppressing convection on the equator starting a few days

prior to the event, either through disabling evaporation

or convective heating, fails to disable a developing event.

Suppressing tropical convection away from the equator, on the

other hand, at around 6(38–138) latitude, is found to consid-

erably weaken WWB winds. This supports the idea that cy-

clonic vortices associated with deep convection off the equator

may be the main process driving WWBs, in agreement with

Lian et al. (2018a).

Section 2 introduces the methodology, including datasets,

model configuration, and WWB detection criteria. Section 3

describes the results of our experiments where we selectively

modify surface fluxes and moist diabatic heating a few days

before individual WWBs. Here we present evidence against a

local WISHE feedback, and discuss the importance of off-

equator convection. We conclude in section 4.

2. Methods

We use model output and reanalysis to study WWBs under

realistic conditions. For initial diagnostics of modelWWBs, we

use the Community Earth System Model Large Ensemble

Project (CESM-LE), which consists of a 40-member ensemble

of fully coupled GCM simulations (Kay et al. 2015).

Simulations are run at a 18 longitude/latitude grid with the

Community Atmosphere Model (CAM) version 5.2 as the at-

mospheric component, and are subject to historical radiative

forcing during the period of 1920–2005, the 85-yr period that is

used in this paper. The large number of ensemble members

allows many events to be identified and composited.

Separate from the CESM-LE dataset, we also utilize a 60-yr

run of CESM 1.2.2.1 with CAM4 as its atmospheric compo-

nent. The finite-volume core is used, with a resolution of 1.258
in longitude and 0.98 in latitude. Versions of CAM later than

CAM3 use improved convection schemes that are expected to

simulate WWBs reasonably well (Lian et al. 2018b). Deep

convection in CAM4 utilizes the parameterization scheme of

Zhang and McFarlane (1995), based on a plume ensemble

approach. When the atmosphere is conditionally unstable,

updrafts exponentially eliminate the instability over a specified

time scale. For reanalysis, we use ERA-Interim (ERA-I), a global

atmospheric reanalysis, from 1979 to 2019 (Dee et al. 2011).

In this paper, westerly wind bursts are defined as episodes of

anomaly zonal wind averaged between658 latitude, exceeding
5m s21 over a longitude spanning more than 108 longitude, and
meeting the above criteria for at least two consecutive days. All

anomaly fields refer to differences relative to the seasonal

climatology and are computed by subtracting the daily-

averaged seasonality. Although other studies have discussed

the effect of filtering winds (e.g., Puy et al. 2016; Feng and Lian

2018), in this study, no filtering in space or time is applied to the

data, as our simulation does not use a dynamical ocean and is

not expected to generate strong interannual variability. The

central longitude and date are defined as the day and longitude

of the maximum WWB zonal wind anomaly within an indi-

vidual event. In our 60-yr control run of CESM, 4.1 WWBs per

year are identified on average in the Pacific basin. Out of these,

25 individual events are identified between the longitudes of

1608 and 1708E over the course of this 60-yr simulation. The

longitude band is narrower than those used by Harrison and

Vecchi (1997), to avoid zonal smearing of the composited

events. We focus on these longitudes because WWBs most

frequently happen in this region of the western-central equa-

torial Pacific.

3. Results

Wefirst show initial analyses that suggest thatWISHEmight

be an amplifying mechanism for WWBs happening in the
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western-central tropical Pacific, and a damping for those

happening farther east, seemingly consistent with Fu and

Tziperman (2019). Later, though, we show that individual

events are not, in fact, amplified byWISHE. To investigate the

role of WISHE, we first utilize CESM-LE. To verify that

CESM accurately simulates WWB statistics (e.g., Lian et al.

2018b), we plot in Fig. 1a the longitudinal probability density

function (PDF) of WWB frequency in both CESM-LE and

ERA-I. In both reanalysis and CESM-LE, WWBs are most

likely to occur in the western-central tropical Pacific between

1508E and 1808, and their probability of occurring decreases

strongly toward the eastern tropical Pacific.

To investigate the difference between those WWBs occur-

ring in the west versus central Pacific, we composite WWBs

occurring at two different longitude intervals in Figs. 1b–e.

Because of the importance of surface evaporation flux to the

overall statistics of WWBs (Fu and Tziperman 2019), we focus

on the surface latent heat flux here. Figures 1b–e show that, in

both CESM-LE and reanalysis, events occurring west of

around 1808 are on average characterized by strong positive

latent heat flux anomalies, while those occurring to the east are

not. For instance, Figs. 1c and 1e show composites of WWBs

between 1608 and 1708E, which are associated with strong

anomalous latent heat fluxes. This is because strong westerly

anomalies superimposed on the weak easterly trade winds in

this region lead to large absolute westerlies, which enhance

surface wind speeds and surface fluxes. On the other hand,

those events occurring between 1608 and 1708W(Figs. 1b,d) are

not associated with surface evaporation anomalies because the

easterly trade winds are much stronger in this region. Westerly

FIG. 1. (a) Longitudinal WWB frequency distribution, and composites of WWBs between

(b),(d) 1608 and 1708W and between (c),(e) 1608 and 1708E showing their anomaly surface

wind field and latent heat fluxes. Shown in (a) are histograms of the longitudinal distribution

of WWBs in units of WWBs per decade for two datasets with a bin width of 58 longitude.
Histograms are constructed for ERA-I reanalysis (blue) and the CESM large ensemble

(orange). WWB composites in (b) and (c) are constructed from ERA-I reanalysis from 1979

to 2019, while composites in (d) and (e) are constructed from the CESM Large Ensemble.

Black boxes in (b)–(e) show regions where WWBs are composited.
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anomalies superimposed on strong trade winds, on the other

hand, tend to merely weaken the strong trades and are unlikely

to increase the absolute surface wind speed. The anomaly la-

tent heat flux fields are qualitatively similar between CESM-

LE and ERA-I reanalysis. If individual WWBs were to be

amplified by a WISHE mechanism, this could potentially ex-

plain the stronger and more frequent WWBs in the western-

central tropical Pacific, although we now show WISHE turns

out not to be an amplifying mechanism of individual WWBs.

Next, to examine if individual WWBs are, in fact, amplified

by WISHE, we perform a series of experiments to probe the

importance of evaporation and convection, on and off the

equator, to the development of WWBs. For this purpose, we

selectively modify evaporation and latent heat release in spe-

cific regions. The model surface fluxes and convective heating

are set to climatology in these regions n days before the peak of

an individual WWB occurs, and the effects on the subsequent

evolution of the WWB are examined. This overwrites the

model-computed values with climatology values independent

of time. To do this systematically, we define a set of three 308-
longitude-wide boxes (shown in Fig. 3, top row, center and

right columns) surrounding the central longitude of 1658E, one
on the equator (38S–38N) and two off the equator (38–138N,

38–138S).
First, to examine the importance of surface flux feedbacks to

WWB dynamics, we set the latent heat fluxes to the annual

mean climatology within the entire area covered by the three

boxes at either 2 or 4 days before day 0 (the day of maximum

westerly wind anomaly) for the 25 WWBs located between

1608 and 1708E (defined in section 2). Then, the zonal wind

anomalies are averaged between 658 latitude and the maxi-

mum anomaly between 1558 and 1758E is plotted as a function

of time relative to the day of peak WWB wind strength

(Fig. 2a). We find that the WWB development and growth are

not halted, and the event reaches its peak amplitude, regardless

of whether the interactive latent heat fluxes are disabled 2 or

4 days before the peak. The results of the experiment done

here show that WISHE is not needed for sustaining and am-

plifying individual WWB events once they have begun.

However, when latent heat fluxes are set to zero, rather than

to climatology, in the domain covered by the boxes, the WWB

is considerably weakened (Fig. 2b). This can be explained by

the expected weakening of convection caused by the absence

of surface evaporation. The event is further suppressed when

the fluxes are removed 4 days rather than 2 days before the

event peak. This suggests that there is a delay between evap-

oration of moisture and its condensation/latent heat release,

which strengthens the event, as is further tested next. We

conclude that interactive latent heat fluxes (i.e., WISHE) do

not appear to act as a local feedback or growth mechanism for

these individual events once they have started, although the

climatological evaporation must be present to sustain the

convection necessary for WWBs.

Next, we perform the related experiment of directly setting

the convective heating from the CESM deep convection

scheme (output variable ZMDT) to climatology (Fig. 2c) or to

zero (Fig. 2d), by overwriting the model values throughout the

entire region covered by the three boxes, at all vertical levels,

either 2 or 4 days before day 0. This replaces the heating ten-

dency in the region with a fixed vertical profile that is inde-

pendent of time. As a result, the positive feedback leading to

atmospheric convection is eliminated, and no convection is

expected in this region (Fig. 3). This experiment achieves a

similar result; in both cases (2 or 4 days) the equatorial westerly

anomalies weaken drastically and immediately, and cause the

event to no longer meet the WWB threshold. This experiment

confirms that deep convection plays a crucial role in the de-

velopment of a WWB. These results are in agreement with the

fact that convection is known to occur in association with

WWBs, in both observations (Hartten 1996; Fasullo and

Webster 2000) and numerical simulations (Fu and Tziperman

2019; Lian et al. 2018b).

We have now found that interactive surface fluxes are un-

important to the development of an individual WWB, but that

directly suppressing convection, by either eliminating moist

convective heating or surface evaporation, dramatically

weakens the event. We can now direct our attention to the

spatial position of the surface latent heat fluxes and convection,

which lead to the WWB development. We perform the ex-

periments of setting latent heat flux to zero in the on-equator

boxes and in the off-equator boxes separately to better un-

derstand the spatial location of the convection that is necessary

for causing the WWBs. In Figs. 2e and 2f, we again plot the

maximum zonal wind anomaly between 1558 and 1758E at

various days before and after the peak of the individual events

and demonstrate that only suppressing evaporation off the

equator weakens theWWB.When convection is suppressed on

the equator, the events are slightly weakened (Figs. 2e,g), but

much less than for the off-equator experiments (Figs. 2f,h). The

same result—that only suppressing the convection away from

the equator strongly weakens the event—is found for setting

the convective heating or surface evaporation to zero

(Figs. 2e–h).

To investigate the changes that cause the WWBs to weaken,

we plot the changes to the wind fields and convective precip-

itation caused by the experiments of disabling convective

heating (described above). The effect of disabling deep con-

vection on or off of the equator for individual events is shown

in Fig. 3. First, the convective precipitation and surface wind

fields for a composite and five individual events, at day 0, are

shown on the left column for reference. Next, the surface wind

changes and full precipitation fields that result from convective

heating being disabled on-equator (center column) or off-

equator (right column) two days prior to the peak of the events

are plotted. From the composites (first row), we observe that

consistent with our expectations, convective precipitation is

decreased in the region where convective heating has been

disabled. Virtually no precipitation occurs in the regions where

convective heating has been set to zero, consistent with the fact

that such a procedure effectively eliminates convective insta-

bility. Furthermore, we observe that the westerly anomalies

are greatly weakened when convection is suppressed off-

equator (right column) but not on-equator (center column).

From individual events in the following rows, we show that

WWBs are associated with a variety of different convection

patterns both on and off the equator. For some of the events,
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the convection is concentrated in a patch and results in a clear

cyclone (e.g., Fig. 3, rows 2 and 5, left column). In other events,

the convection is more spread out and the presence of a cyclone

is more ambiguous (e.g., Fig. 3, rows 3 and 6, left column). We

find that eliminating surface evaporation leads to qualitatively

similar results (not shown).

Next, we evaluate the role of convection and cyclones by

plotting the anomalous surface winds and surface vorticity of

WWBs in Fig. 4. By comparing individual events (cf. left col-

umns in Figs. 3 and 4), we observe that convective precipitation

is correlated with cyclonic surface vorticity. In all five indi-

vidual events in the control simulation, relatively strong

cyclonic surface vorticity is observed both north and south of

the equator, at around 58N and 58S. When convection is dis-

abled on the equator, the few events involving cyclones very

close to the equator are impacted (e.g., row 6). However, the

majority of events involve cyclones located farther than 58 from
the equator (e.g., rows 2, 3, and 5), and disabling convection

near the equator (within 638 latitude) has little effect on these

events, as the off-equator vorticity associated with these events

does not change. This is consistent with the fact that vorticity is

small near the equator due to the weak Coriolis force. On the

other hand, disabling the convection off-equator virtually

eliminates vorticity in the specified boxes, drastically

FIG. 2. Composited maximumWWB zonal wind anomalies between 1558 and 1758E as a function of time for the

control simulation (blue), and for experiments where surface fluxes or convective heating are modified starting at

day22 (orange) or day24 (green). The plotted curve indicates themean, and the shaded region corresponds to61

standard deviation of the 25 ensemble members. (a),(b) Experiments where surface latent heat fluxes in the three-

box domain (see section 2) are set to climatology or to zero, respectively. (c),(d) Experiments where the heating

from the deep convection scheme is set to climatology or to zero, respectively. Also shown are results when (e),(f)

latent heat fluxes are set to zero near the equator and off the equator, respectively, and (g),(h) the convective

heating rather than latent heat fluxes is set to zero.
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weakening the WWB. We note that sometimes the cyclones

that were originally within the off-equator boxes re-emerge

closer to the equator, leading to a strongly weakened, albeit not

totally eliminated westerly anomaly (e.g., rows 4 and 6). Since

WWB are defined near the equator, and their wind anomalies

do not extend beyond 108 latitude, the fact that the climato-

logical southeasterly (northeasterly) winds from the south

(north) of equator must turn to become westerlies near the

equator during a WWB is consistent with the vortices we ob-

serve at around 58N and 58S.

FIG. 3. Surface wind field (arrows) and convective precipitation (shading) forWWBs between 1608 and 1708E at day 0. (left) The control

experiment. Two days before day 0, convective heating is disabled (center) near the equator or (right) off the equator. Difference in

surface winds from control is shown in the center and right columns; full convective precipitation rate is shown in all panels. The first row

shows a composite, and rows 2–6 show the five strongest individual events. The longitudinal position of the WWB center in the control

simulation is marked by a blue cross. In the center and right columns of row 1, arrows are shown where either zonal or meridional wind

differences are statistically significant to a 95% confidence level by Student’s t test.
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We note there is uncertainty regarding the relevance of our

results to observed WWBs. To look into this, we plotted the

anomalous convective precipitation and surface winds for

composites and five strongest events in both CESM and

reanalysis. The results can be compared in Fig. 5, suggesting

that the off-equator variability is a signature of both model and

observed WWBs. It is, however, difficult to tell based on that

alone that convection off the equator is the key WWB

FIG. 4. Anomaly surface wind field (from climatology; arrows) and anomaly surface wind vorticity (from climatology; shading) for

WWBs occurring between 1608 and 1708E at day 0. (left) The control experiment. Two days before day 0, convective heating is turned off

(center) near the equator or (right) off the equator. The region in which convection is suppressed is indicated by the red boxes. The

longitudinal position of the WWB center in the control simulation is marked by a blue cross. The first row is a composite of the 25 events,

and rows 2–6 show the five strongest individual events.
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mechanism in reanalysis, and it is not possible to verify that

without being able to stop convection on and off the equator as

we did in CESM.

Finally, to better understand the time evolution of the re-

sponse to turning off convective heating on and off the equator,

and the overall amplitude of the WWBs under the above de-

scribed experiments, we plot Hovmöller diagrams of the zonal

wind anomalies of composited and individual WWBs. We

construct the plots for composited (Fig. 6, row 1) and individual

(Fig. 6, rows 2–6) events, for the control (left column) and

experiments where convective heating is disabled two days

prior on the equator (center column) and off the equator (right

column). Consistent with previous diagnostics, the center col-

umn shows that the overall development, amplitude, and

propagation of a WWB is not strongly changed when convec-

tion is disabled on the equator (center column). On the other

hand, when convection is disabled off-equator, the WWB is

strongly suppressed in the longitude interval where the original

event occurred (right column). We note that especially for

those events exhibiting eastward propagation, a secondary

event sometimes develops east of the date line, outside the

eastern boundary of the boxes where convection is turned off

(e.g., rows 2 and 5). We remark that from the composites, it is

difficult to distinguish whether WWBs propagate east or west,

as there appears to be aV-shaped pattern in the composite (see

lighter shades of red, left column, row 1). Some events prop-

agate strongly to the east (e.g., row 5) while others show a

westward propagation (e.g., row 2). Nearly all WWBs have a

weak westerly signal that propagates eastward (lighter shades

of red, left column, row 1) outside of the domain of the WWB

itself (shown by the solid black contour). This weak eastward

propagating signal may be related to an atmospheric Kelvin

FIG. 5. Anomaly surface wind field (from climatology; arrows) and anomaly convective precipitation (from climatology; shading) for

WWBs between 1608 and 1708E in ERA-I, for (a) the composite and (b)–(f) the five strongest events in reanalysis. (g) As in (a), but for

CESM; (h)–(l) as in (b)–(f), but for individualWWBs in CESM.Black boxes in (a) and (g) show regionswhereWWBs are composited, and

the longitudinal position of the WWB center is marked by a blue cross.
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FIG. 6. Hovmöller diagrams of zonal wind anomalies between 658 latitude (shading) for WWBs occurring between 1608 and 1708E.
Results are plotted for the (left) control experiment, and experiments where convective heating is turned off (center) near the equator or

(right) off the equator two days before the peak of the event (day 0). The first row is a composite of the 25 events, and rows 2–6 show the

five strongest individual events. The solid black contour corresponds to a 5m s21 anomaly zonal wind, while the dashed black contour

denotes a 0m s21 anomaly zonal wind.
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wave, as tropical cyclone tracks are generally westward at low

latitudes. The diverse propagation characteristics of WWBs

are a feature that should be evaluated more carefully in future

studies.

In addition to the 25WWBs occurring in the western-central

Pacific (1608–1708E) in our 60-yr model run, we reproduced all

analyses for the 17 WWBs occurring from 1608 to 1708W, to

verify our results are insensitive to the longitude at which

WWBs occur (not shown). Indeed, we find the same qualitative

results for all experiments. Minor differences are observed in

the characteristics of WWBs occurring farther east. For in-

stance, those WWBs occurring farther east are more likely to

be caused by Northern Hemisphere cyclones, and their zonal

wind anomalies generally do not show westward propagation.

None of the differences change our conclusion, namely that

off-equator moist convection drives tropical cyclones, which

can in turn lead to WWBs on the equator.

4. Conclusions

The objective of this paper was to better understand the

role that convection plays in the dynamics of individual

WWBs.We studied the importance of convective heating and

surface fluxes through an initial-value framework in which

they are turned off selectively near individual developing

WWBs. We found that off-equator convection is of greatest

importance to the growth of individual WWBs, as disabling

convective heating or evaporation just north and south of the

central equatorial location of a developing WWB reduces

surface wind vorticity and decreases the vortex’s westerly

anomaly near the equatorial region. This is consistent with

Lian et al. (2018a).

These results complement those of Fu and Tziperman

(2019), who used global mechanism denial experiments in

which WISHE is turned off globally. They found that turning

off WISHE globally reduced the number of WWBs dramati-

cally in an aquaplanet model, and the results hinted, although

did not prove, that WISHE may be amplifying individual

events as well. We have shown here that WISHE, in fact, does

not amplify individual events. Furthermore, as part of the

current work, we performed experiments in which we set latent

heat fluxes to climatology globally in a GCM with realistic

boundary conditions, including the presence of continents and

topography (not shown). Under these conditions, we find that

theWWB strength and frequency are not significantly reduced.

Our conclusion is that the global effect of WISHE on the sta-

tistics of WWBs is sensitive to model configuration, and this

requires some additional work to decipher. It appears that off-

equator convection, such as associated with tropical cyclones,

is most important for explaining WWBs. More generally, the

factors related to tropical cyclones may therefore be most

important for creating and amplifying WWBs.

The double-cyclone structure associated with some WWBs

has often been described as resembling the stationary Rossby

wave pattern of the Gill response to an equatorial heat source

(Fu and Tziperman 2019; Hartten 1996; Seiki and Takayabu

2007; Harrison andGiese 1991; Levine et al. 2017; Kubota et al.

2006; Lander 1990). For example, Lander (1990) described the

importance of convection along the equator for initiating twin

cyclones. Our results indicate that the double cyclones asso-

ciated with WWBs are not a Gill response to on-equator

(convective) heating, since we find that suppressing convec-

tion on the equator either through disabling evaporation or

convective heating generally fails to disable a developing

event. Instead, cyclonic vortices, whether on both sides of the

equator or only one, associated with deep convection off the

equator, appear to be the main processes driving WWBs.

We remark that our experiments do not rule out the possi-

bility of surface flux feedbacks such as WISHE contributing to

other forms of tropical variability, (e.g., MJO, atmospheric

waves), that could impactWWBs indirectly.We do not address

such indirect links in this paper, but note that this could be an

interesting topic for future studies. Furthermore, although the

coarse resolution of our model fails to properly resolve the full

dynamics of tropical cyclones, many GCMs generate TC-like

vortices with properties qualitatively similar to tropical cy-

clones (Camargo andWing 2016). Combined with the fact that

GCMs are able to modelWWB statistics reasonably well (Lian

et al. 2018b) and are able to generate such cyclonic vortices,

our results are consistent with the view that cyclones or

cyclone-like features may be of importance to the majority of

WWBs. Furthermore, we demonstrate that the convection

observed in those cyclonic vortices is best understood as an

active part of the WWB mechanism rather than as a forced

response to near-equator convection.
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