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ABSTRACT

Westerly wind bursts (WWBs) are brief, anomalously westerly winds in the tropical Pacific that play a role

in the dynamics of ENSO through their forcing of ocean Kelvin waves. They have been associated with

atmospheric phenomena such as tropical cyclones, the MJO, and convectively coupled Rossby waves, yet

their basic mechanism is not yet well understood. We study WWBs using an aquaplanet general circulation

model, and find that eastward-propagating convective heating plays a key role in the generation of model

WWBs, consistent with previous studies. Furthermore, wind-induced surface heat exchange (WISHE) acts

on a short time scale of about two days to dramatically amplify the model WWB winds near the peak of the

event. On the other hand, it is found that radiation feedbacks (i.e., changes in the net radiative anomalies

accompanying westerly wind bursts) are not essential for the development of WWBs, and act as a weak

negative feedback on WWBs and their associated convection. Similarly, sensible surface heat flux anomalies

are not found to have an effect on the development of model WWBs.

1. Introduction

Westerly wind bursts (WWBs) are episodic, anoma-

lous westerly perturbations of the zonal equatorial

winds which can result in local reversals of the trade

winds. Previous studies have defined them to have a

minimum anomalous wind strength ranging from 2 to

5m s21, with a zonal extent of 58–408 and duration of

2–30 days, and found their frequency to be around 5 to 15

times per year (Hartten 1996; Harrison and Vecchi 1997;

Yu et al. 2003; Seiki and Takayabu 2007a). WWBs are an

important component of high-frequency atmospheric

wind variability in the tropics, and are known to be im-

portant to ENSO dynamics by exciting eastward propa-

gating downwelling Kelvin waves (McPhaden et al. 1992;

Kessler et al. 1995). These waves have been shown to

cause warming in the eastern Pacific (Giese and Harrison

1991) and have been associated with the onset and am-

plification of El Niño events (Luther et al. 1983; Latif

et al. 1988; Perigaud and Cassou 2000; Lengaigne

et al. 2004b).

Because of their short time scale,WWBswere initially

considered a ‘‘stochastic’’ forcing of ENSO (i.e., related

to short-term weather noise; Moore and Kleeman 1999;

Penland and Sardeshmukh 1995). Yet it is now un-

derstood that they occur more frequently and extend

farther eastward prior to and during warm-ENSO

events (Yu et al. 2003; Tziperman and Yu 2007), thus

further amplifying developing El Niño events

(Eisenman et al. 2005). The observed correlation be-

tween WWB parameters and SST (Tziperman and Yu

2007) allows parameterizing these events in an ENSO

model (Gebbie et al. 2007; Gebbie and Tziperman

2009a,b), and justifies representing them as multiplica-

tive rather than additive noise (Perez et al. 2005; Jin

et al. 2007; Sura and Sardeshmukh 2008).

Because of their importance to ENSO, it is important

to better understand why WWBs occur. Early observa-

tional studies of individualWWBs leading up to El Niño
events (Nitta and Motoki 1987) found that WWBs were

coupled to a rapid intensification of convection. Later

investigations, based on improved datasets, performed

compositing and classification on a large number of

WWBs (Harrison and Giese 1991; Harrison and VecchiCorresponding author: Minmin Fu, mjfu@g.harvard.edu
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1997) and found that WWBs were more likely to occur

in the boreal winter and less likely to occur during

cold ENSO conditions. Westerly wind bursts are found

over the tropical Pacific and Indian Oceans, and are

not observed over the Atlantic Ocean (Seiki and

Takayabu 2007a).

From a modeling perspective, the spatiotemporal

distributions of WWBs in the Community Climate Sys-

tem Model (CCSM) and Community Atmosphere

Model (CAM) were studied and found comparable to

observations in many aspects by Lian et al. (2018).

WWBs have been associated with a number of atmo-

spheric phenomena, including cold surges from mid-

latitudes (Chu 1988), single and paired tropical cyclones

(Keen 1982; Nitta 1989), Rossby waves (Kiladis and

Wheeler 1995; Puy et al. 2016), and inconclusively, to the

Madden–Julian oscillation (Chen et al. 1996; Zhang

1996; Seiki and Takayabu 2007a; Chiodi et al. 2014).

Mechanistic studies by Fasullo and Webster (2000) in-

dicated the importance of CAPE accumulation and

destruction prior to and during WWBs, and Seiki and

Takayabu (2007b) showed the importance of the back-

ground zonal wind to the eddy kinetic energy budget of

WWBs. Chao and Deng (1998) studied super cloud

clusters and found westerly wind signals resembling

WWBs, although with a zonal scale that is larger than

observed WWBs. They discuss the importance of con-

vection and identified the double cyclone structure

north and south of the westerly winds. Because of the

large variability of WWBs in strength, duration, struc-

ture, and location (Fasullo andWebster 2000), and their

complex interaction with tropical atmospheric convec-

tion, it is difficult to associate them with any single

phenomenon and there is yet no clear consensus on their

mechanism (Lengaigne et al. 2004a).

There has been considerable work on the interaction

of the Madden–Julian oscillation (MJO; Madden and

Julian 1971; Zhang 2005) with ENSO (Kessler and

Kleeman 2000; Kessler et al. 1995; Zavala-Garay et al.

2005; Hendon et al. 2007). Furthermore, many ideas

have been proposed for the mechanism of the MJO it-

self, often framed in the context of intraseasonal vari-

ability (e.g., Bony and Emanuel 2005; Sobel et al. 2010).

These ideas regarding the MJO dynamics share some

elements with possible mechanisms for WWBs, and it is

therefore important to distinguish between the two, al-

though both involve intraseasonal wind variability. The

MJO operates on much larger spatial and temporal time

scales than WWBs; furthermore, WWBs have been

found to have a much more robust connection with

ENSO. There is a debate regarding the correlation and

mechanistic connection between WWBs and the MJO

(Slingo et al. 1999; Seiki and Takayabu 2007a; Chiodi

et al. 2014), and it has been suggested that the MJO

modulates the frequency and characteristics of embed-

ded WWBs (Seiki and Takayabu 2007a; Chiodi et al.

2014; Puy et al. 2016). However, as WWBs can occur

both in the active and suppressed phases of the MJO,

and given the fact that the MJO is one of many factors

that can affect WWB frequency, it appears that the

presence of an MJO is not strictly necessary to explain

the dynamics of WWBs. A recent work by Hayashi and

Itoh (2017) attempts to provide a general mechanism for

easterly propagating equatorial anomalies that may also

be relevant for explaining certain aspects of WWBs.

The purpose of this paper is to investigate the mech-

anism ofWWBs, and, more specifically, to identify those

critical physical feedbacks that are essential to the for-

mation of WWBs. We use a zonally symmetric aqua-

planet atmospheric general circulation model (GCM).

We choose an idealized framework in order to be able to

identify the critical ingredients of WWB dynamics. It is

possible, of course, that our idealized configuration

misses some types of WWBs and this may limit the ap-

plicability of our results. Section 2 introduces the

methodology, including model setup and WWB de-

tection criteria. Section 3 analyzes the characteristics of

WWBs in the control run and then examines the roles of

surface flux feedbacks and cloud and radiation feed-

backs. We find that radiative feedbacks, including those

due to clouds, are comparatively unimportant, but that

convective heating plays a dominant role, and that wind-

induced surface heat exchange (WISHE; Emanuel 1986;

Neelin et al. 1987) strongly amplifies the WWBs on a

short time scale of about two days near their peak. We

conclude in section 4.

2. Methodology

We use the Community AtmosphereModel, version 4

(CAM4) from the Community Earth System Model

(CESM) version 1.2.2.1 (Neale et al. 2010) in an aqua-

planet configuration with a slab ocean model. The ocean

heat transport in the model is specified from a CAM4

control run with fixed SST. The finite-volume core is

used, with a resolution of 2.58 in longitude and 1.98 in
latitude. CAM4 has been found to produce realistic

westerly wind bursts of comparable duration, size, and

intensity to observations (Lian et al. 2018). Our zonally

symmetric aquaplanet control simulation is character-

ized by mean equatorial easterlies, like the tropical Pa-

cific, of an amplitude 4ms21.

The ocean heat transport (OHT) in the slab ocean

simulations reproduces a fixed SST control run climate,

in which the SST is prescribed analytically (Medeiros

et al. 2016):
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where f is latitude, u 5 (p/2)(f/fmax), fmax 5 p/3, d5
Tmax 2 Tmin, Tmax 5 278C, and Tmin 5 08C. This SST
configuration has been commonly taken as a control

experiment in fixed-SST aquaplanet simulations as it

produces a robust single ITCZ (Neale and Hoskins

2000).

An advantage of a zonally symmetric aquaplanet is

that we may easily composite the detected wind bursts

by identifying the longitudinal and temporal coordinates

of the day of maximum wind speed, and average over

events centered on these two coordinates. For this study

we defineWWBs to have a raw zonal wind speed greater

than 5ms21, duration of two days or longer, and a zonal

extent of at least 108 longitude. These are similar criteria

to those set by prior studies (Puy et al. 2016; Hartten

1996; Vecchi and Harrison 1997; Seiki and Takayabu

2007a; Chiodi et al. 2014). In our control simulation we

identify around 15 WWBs per year based on this defi-

nition, reasonably realistic given the larger aquaplanet

sea surface area.

We perform a mechanism denial study similar to that

of Ma and Kuang (2016) to study the importance of

physical mechanisms such as surface flux feedbacks,

WISHE, and radiative feedbacks. A summary of the

experiments is included in Table 1. To include any

feedbacks between the SST itself and radiation and

surface flux fields, we run all of these experiments in

slab-ocean mode with a mixed layer depth of 30m. To

stabilize the climatology, we perform weak nudging of

atmospheric temperature throughout the domain for all

fixed radiation experiments toward a fixed-SST refer-

ence climatology. For fixed surface flux experiments, we

do not nudge since the climatology drift is small. For

nudging experiments, we closely follow the method of

Ma and Kuang (2016) and restore a 1000-day moving

average of the temperature field toward the reference

state with a restoring time scale of 20 days, which is

longer than that used in Ma and Kuang (2016). The

longer restoring time scale can still maintain the clima-

tology well and reduces any potential changes to the

WWB statistics in the control run, as evidenced by the

similarity between CONTROL and NDG (see Fig. 7).

3. Results

We aim to identify themain feedbacks participating in

the dynamics ofWWBs by analyzing them in the control

run (section 3a), and then by comparing them in runs in

which different feedbacks such as radiative heating and

surface fluxes are eliminated (section 3b). We find that

radiative feedbacks are unimportant forWWBs, but that

convection and surface moisture fluxes play a dominant

role. In particular, the WISHE feedback acts to strongly

intensify WWBs near the time of their maximum

strength, causing the wind burst to be highly peaked

in time.

a. Characteristics and mechanism of WWBs in the
control run

Figure 1 shows key features of a composited strong

WWB from the last 40 years of a 50-yr control run,

calculated by averaging over the top 10% of events

sorted by amplitude of peak zonal wind velocity, cor-

responding to 60 events. Figure 1a, a 3D composite,

shows that the surface westerly winds are associated

with a strong convective heating anomaly aloft imme-

diately to the east and an elongated negative convective

heating anomaly aloft to the west. The lower and upper

shadings in Fig. 1 show that the wind event is associated

with a strong negative OLR anomaly and a Gill-like

convective precipitation pattern (e.g., Barlow et al.

2007) to the east of the convective center (Matsuno

1966; Gill 1980; Zebiak 1982; Kleeman 1991). In our

case, the WWB response occurs even without any SST

forcing with prescribed zonally symmetric SST (not

shown). Also, unlike the Gill’s response, it is not char-

acterized by anomalous easterlies to the east of the

heating. Closer examination of the convective heating

contours in Fig. 1a shows a similar horizontal structure

with two off-equator positive anomalies along with an

on-equator anomaly to the east. Figures 1b and 1c show

Hovmöller diagrams (averaged over 618 latitude) of

convective precipitation and surface latent heat flux

respectively. These two panels indicate that the wind

events are associated with eastward propagating latent

heat flux and precipitation anomalies. Figure 1d shows a

snapshot of a composited event at day 0 (the day of

maximum winds), showing that the region of westerly

winds is coupled to a positive convective precipitation

anomaly to the east and a corresponding negative

anomaly to the west. The positive precipitation anomaly

TABLE 1. Summary of experiments performed.

Process disabled Nudging

CTL — 3
NDG — ✓

LHFLX Interactive latent heat flux 3
SHFLX Interactive sensible heat flux 3
VMAG WISHE 3
RAD Radiative–convective feedback ✓
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FIG. 1. Characteristics of composited WWBs in the control run. (a) 3D plot of composited strong (top 10% peak

zonal wind)WWBs on day 0 (time of maximumwinds). Lower arrows show surface wind anomaly field while lower

and upper shading show convective precipitation and OLR anomalies respectively. Red (blue) 3D isosurfaces are

of anomalous positive (negative) diabatic temperature tendency due to moist processes. Left color bar is for OLR

(Wm22), and right color bar is for convective precipitation (mmday21). Vertical line shows transect of maximum

surface zonal wind. (b) Hovmöller diagram of composited strong WWBs showing convective precipitation

(shading) and surface equatorial zonal wind (contours, unit m s21) as a function of longitude and time.

(c) Hovmöller diagram of a composited strong WWB showing latent heat flux (shading) and surface equatorial

zonal wind (contours, unit m s21) as a function of longitude and time. (d) Composite snapshot of strong composite

WWB at day 0 showing anomaly wind field and contours of anomalous convective precipitation over longitude and

latitude. (e) Composite snapshot of strong composite WWB at day 0 showing anomaly wind field and contours of

anomaly latent heat flux over longitude and latitude.
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pattern is again consistent with a Gill response.

Figure 1e, of the same event, shows a patch of intense

positive latent heat flux anomaly directly collocated with

the peak equatorial westerly wind event. In addition,

two intense positive latent heat flux anomalies slightly to

the west around 6158 latitude are observed. These in-

dicate an influx of dry air from midlatitudes to the west

of the wind burst, leading to enhanced evaporation.

Overall, the control run shows that WWBs are cou-

pled to deep convection anomalies, in agreement with

the observations mentioned in the introduction and with

the recent modeling study of Lian et al. (2018). This

suggests that surface flux and radiative feedbacks are

candidates for explaining the mechanism of WWBs. We

found that the strongest individual WWBs tend to be

associated with twin gyre pairs, while weaker ones were

often associated with only a single gyre or none at all.

We note that our compositedWWB anomaly wind fields

are characterized by meridional divergence along the

equator while observedWWBs and composites from full

GCMs tend to show meridional convergence. On the

other hand, WWBs modeled in zonally symmetric

aquaplanets (e.g., Chao and Deng 1998) have tended to

find meridional divergence. Hence, these differences

can thus likely be ascribed to our idealized aquaplanet

configuration including the absence of seasonal cycle,

lack of topography, and idealized SST configuration and

the resulting changes to both the WWB characteristics

and the mean state.

This vertical structure is further revealed in Fig. 2 by

longitude–pressure sections of the same event depicted

in Fig. 1. Figure 2a shows again that the vertical velocity

(shading) is to the east of the zonal velocity (white

contours), and Fig. 2b shows that the heating is also to

the east of the maximum westerly wind. The vertical

velocity and moist diabatic heating are maximal near

500 hPa while the cloud fraction has two maxima, at

around 600 and 200 hPa. This baroclinic structure is

reminiscent of that found in the study of super cloud

clusters by Chao and Deng (1998).

To further understand the convective processes in-

volved in the WWB dynamics, Fig. 3 shows vertical

profiles of temperature tendencies due to shallow con-

vection, deep convection, and stratiform and total moist

processes, showing both climatology and a WWB com-

posite averaged temporally over the peak of WWBs and

spatially over 6108 longitude of the location of maxi-

mum wind. The WWB composite in Fig. 3b indicates

that WWBs are characterized by an anomalous shallow

convective heating in the lower troposphere and a strong

stratiform heating anomaly in the upper troposphere.

This results in a total moist convective heating centered

around 500 hPa. Contributions to the stratiform ten-

dency include the heating from prognostic clouds and

from cloud sediment evaporation.

Next, we take a closer look at the time evolution,

growth, and decay of WWBs. Figure 4 shows the spatial

maximum of anomaly over the equator of various fields

FIG. 2. Longitude–pressure sections from composited strong (top 10%peak zonal wind)WWBs.White contours are of zonal wind velocity

(units m s21), with shading indicating (a) 2omega, (b) T tendency from moist diabatic processes, and (c) cloud fraction.
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as a function of time for a composited strong WWB.

Statistical significance is computed nonparametrically

by finding the longitudinal location of the maximum

signal at each time, and computing the 5th and 95th

percentile values of the signal at this spatiotemporal

location over individual events. Regions where zero lies

outside of the 5th to 95th percentile limits are consid-

ered significantly different from zero and are indicated

by a solid line. The westerly wind signal (Fig. 4a) begins

to become significant around 5 days before the day of

maximum winds (t 5 0 in the figure), increases rapidly,

and then decays on a similar time scale. Figures 4b and

4c show that the peaks in OLR and convective pre-

cipitation anomalies on the equator (both indicators of

atmospheric convection) precede the wind anomaly, and

that the convection signal grows more slowly, on a scale

of 20 days compared to 10 days for the winds themselves.

This is in agreement with the spatial phase difference

observed in the Hovmöller plot in Fig. 1b, showing the

shaded precipitation and wind anomaly to be shifted

with respect to one another. Last, the spatial maximum

of the latent heat flux anomaly (Fig. 4d) is strong, but

very brief, indicating that evaporation (to be shown

below to be due to the WISHE feedback) is active only

within 5 days prior and after the day of maximum wind

anomaly.

To investigate the time evolution of the zonal struc-

ture of surface fluxes and convection, Fig. 5 shows the

zonal wind, OLR, convective precipitation, and latent

heat flux anomalies (with respect to climatology) as a

function of longitude at various days before and after the

day of maximum wind, for a composited strong WWB.

The individual events exhibit very noisy signals, and

therefore the zonal extent of individual events is much

smaller than suggested by the figure (as supported by the

histogram of Fig. 7b). We measure statistical signifi-

cance nonparametrically by constructing a histogram of

individual events at each longitude and computing the

5th and 95th percentile values as limits. Regions where

zero lies outside of the 5th to 95th percentile limits are

considered significantly different from zero and are in-

dicated by a solid line (this is demonstrated for the cyan

curves in Fig. 5a, where the 5th and 95th percentiles are

shown by thin dashed lines). The fact that the signal is

FIG. 3. Vertical profiles of convective heating. (a) Climatology temperature tendency from all moist processes

(DTCOND), deep convection (ZMDT), shallow convection (CMFDT), stratiform processes (STRATDT), and the

sum of deep, shallow, and stratiform (SUM) over the equator. (b) Composite for strongWWBs averaged over6108
longitude at day 0.
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mostly not statistically significant away from the peak

shows that the zonal extent of individual events is small

and that our identification criteria selects WWBs rather

than large-scale eastward-propagating disturbances in

general (e.g., Hayashi and Sumi 1986).

Figure 5a shows the zonal wind anomaly, whichmoves

eastward and becomes more spatially peaked leading up

to the day of the event. Figure 5b shows corresponding

OLR disturbances, with a strong negative peak which

increases in magnitude toward day 0, but does not

drastically change in shape. The convective precipita-

tion anomaly (Fig. 5c) clearly shows that convective

heating is an important player, yet it reaches its maxi-

mum magnitude at around t 5 23 days. At t 5 0, the

maximum on the equator has already moved east of the

peak zonal winds, indicating that the convective pre-

cipitation signal is both temporally and spatially out of

phase with U. Finally, the latent heat flux (Fig. 5d) un-

dergoes an explosive growth and then a rapid decay

between t 5 23 and t 5 3 days. We will see below that

the WISHE contribution to the latent heat flux is a

critical feedback for these WWBs, and that WISHE

activates temporally near the peak of the WWB to fur-

ther amplify it significantly.

FIG. 4. Composited time series of maximum strongWWB equatorial zonal wind, OLR, convective precipitation,

and latent heat flux anomalies as a function of time. Events are composited and averaged over618 latitude, and the

maximum value over all longitudes is evaluated at different time lags. Solid lines show statistically significant

regions; dotted lines show regions not statistically different from zero. (a) Maximum zonal wind anomaly as a

function of time relative to day 0. (b) Maximum negative OLR anomaly as a function of time. (c) Maximum

convective precipitation anomaly as a function of time. (d) Maximum latent heat flux anomaly as a function of time.
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Finally, to see the full spatiotemporal evolution of

these events, Fig. 6 shows snapshots of anomalous latent

heat flux taken at two day intervals before and after the

peak of a composited strong event. A strengthening

positive latent heat flux anomaly on the equator flanked

by two off-equatorial positive anomalies at latitudes

10–15 steadily propagates to the east, with the winds

strengthening until the day of the event, after which the

positive latent heat flux anomaly on the equator dissi-

pates. Throughout the duration of the event no corre-

sponding easterly wind anomaly is observed to the east

of the convection center, as opposed to the MJO, for

example, which is characterized by a westerly wind to

the west of the heating and an easterly wind anomaly to

its east [e.g., Fig. 15 of Zhang (2005); see also refer-

ences therein]. Our simulated WWBs are, in fact,

characterized by a spatially averaged net westerly wind

stress, as observed in Lengaigne et al. (2003).

The equatorward advection of air across contours of

surface specific humidity leads to positive latent heat

anomalies off the equator at latitudes 10–15, to the west

of the events (e.g., Fig. 10). At the same time, there are

two areas of negative latent heat flux anomalies just

north and south of the peakwesterly wind (latitude 3–10),

due to poleward winds bringing moist equatorial air and

reducing evaporation. The convergence of dry air occurs

FIG. 5. Composited zonal wind, OLR, convective precipitation, and latent heat flux anomalies from composited

strong (top 10% peak zonal wind)WWBs as a function of longitude taken before and after day of peak winds. Solid

lines show statistically significant regions, dotted lines show regions not statistically different from zero. (a) Zonal

wind anomaly as a function of longitude. Two dashed lines indicate the 5th and 95th percentile limits. (b)Maximum

negative OLR anomaly as a function of longitude. (c) Maximum convective precipitation anomaly as a function of

longitude. (d) Maximum latent heat flux anomaly as a function of longitude.
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from the midlatitudes to the west of the wind event (e.g.,

t5 0 inFig. 8). The spatial scale and structure of the latent

heat flux anomaly beneath aWWB are alsomade clear in

the panel corresponding to t 5 0.

Careful study of diagnostics of WWBs on a zonally

symmetric aquaplanet reveals important features of the

WWBmechanism.WWBs in our model are an eastward

propagating convective phenomena characterized by a

strong convective heating aloft (Fig. 1) and a brief but

intense latent surface heat flux anomaly (Figs. 4 and 5).

They are associated with strong vertical motions and

with enhanced cloud fraction (Fig. 2) aloft. Hence our

improved understanding of WWBs in the control sim-

ulation motivates closer investigation of individual

processes related to moist convection.

b. Essential ingredients of WWBs

Motivated by the seeming relevance of OLR, con-

vective heating, and precipitation and latent heat flux

anomalies to the dynamics of WWBs, we now try to

isolate the role of each of these factors.We first note that

an idealized physics component set of CAM4, replacing

radiation, convection, and other physics processes by a

restoring term to an equilibrium temperature Teq with a

time scale of 40 days and boundary relaxation of 4 days

did not produce any WWBs (Held and Suarez 1994).

The Held–Suarez model is dominated by baroclinic

eddies and does not simulate organized convection in

the tropics. This suggests, not surprisingly, that moist

convection must play a vital role inWWB dynamics. We

now present a series of model experiments disabling

various radiative and other feedbacks in examining

which of them plays a dominant role in the evolution

of WWBs.

We then perform a mechanism denial study similar to

that of Ma and Kuang (2016). A summary of the ex-

periments is included in Table 1. An overview of the

statistics of the various model runs is presented in Fig. 7,

showing probability distribution functions (PDFs) of

WWB duration, zonal extent, and peak wind velocity.

This figure shows the key ingredients of WWBs are la-

tent heat flux including the WISHE feedback. Re-

markably, fixing the radiative forcing to climatology

(‘‘Fixed radiation’’ curves) does not reduce the WWB

FIG. 6. The evolution of a composited strongWWB from the control run. The anomalouswind field (vectors) and anomalous surface latent

heat flux (shading, unit of Wm22) are taken at time intervals of 2 days from 26 to 14 days.
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frequency, indicating that radiation feedbacks are not a

major player. It is interesting to note that WWB fre-

quency in fact increases slightly in the fixed radiation

experiments (Fig. 7), which are characterized by stron-

ger precipitation and convection signals (Figs. 8 and 9).

As such, combined shortwave and longwave radiative

feedbacks may act as a weak negative feedback to sup-

press WWBs and their associated convection. This is

consistent with the findings of Chao and Deng (1998),

whose model did not include interactive radiation, yet

found large westerly wind patches developing along the

equator.

Similarly, setting the sensible heat flux to climatology

does not significantly change the WWB distribution.

However, when the latent heat flux is set to climatology,

the WWB events become much weaker and fewer. In

the bulk parameterization for surface evaporation over

water

FIG. 7. Statistics of all WWBs in 40-yr control and modified runs. (a) Histogram of the

duration of identified WWBs. The number in the legend indicates the number of WWBs

identified in each experiment. (b) Histogram of the maximum zonal extent of identified

WWBs. (c) Histogram of the maximum wind strength of identified WWBs over 40 years.
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E5 r
A
jDvjC

E
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where rA is the atmospheric density andCE is the surface

exchange coefficient. The evaporation, or latent heat flux

in this case, can be enhanced either through an increase in

Dq or in jDvj. When the wind velocity in the bulk formula

for latent heat flux is set to climatology (‘‘Fixed vmag’’),

some westerly wind bursts may still occur, but there is a

large reduction in the number of events, indicating a

major role for the WISHE feedback, by which the west-

erly wind burst reinforces itself by enhancing latent heat

fluxes through the jDvj term. The diagnostics shown in the

previous subsection indicate that the latent heating

plays a role only near the very peak of the events, and

together with the results here we conclude thatWISHE is

responsible for the amplification of theWWBs near their

peaks, rather than for their very existence.

Next, we compare characteristics of WWBs from

three main experiments that further demonstrate some

of the above lessons. Figure 8 shows composited snap-

shots of anomaly latent heat flux, specific humidity,

and wind anomalies from the control run (left), fixed

radiation (middle), and fixed wind velocity in the bulk

formula for latent heat flux (right). The similarity of the

composites in the fixed radiation and control cases re-

inforces the conclusion that radiation is indeed not a

major player. The similarity of the composite for the

experiment with disabled WISHE feedback (‘‘Fixed

vmag’’) to the control case indicates that although the

WISHE mechanism is necessary for explaining the fre-

quency of events, the fewer events that occur in the

absence of WISHE remain comparable in terms of

precipitation and surface winds. Additionally, we note

strong latent heat flux anomalies off the equator to the

west, corresponding to the convergence of cold, dry air

from the extratropics. The contours of q and latent heat

flux are almost collocated in the case of ‘‘Fixed vmag’’

since latent heat flux is no longer sensitive to wind speed.

The structure of precipitation and surface q is simi-

lar between the three runs, confirming that even with-

out the WISHE feedback, the events are similar, and

therefore that WISHE is an amplification mechanism of

events that do not owe their existence to this feedback.

To further demonstrate that radiation feedbacks are

not essential and better understand the role of WISHE,

we next compare the eastward propagation of WWBs in

FIG. 8. Comparison of composites of strong events from three main experiments. (from left to right) Control run, fixed radiation, and

fixed velocity in bulk formula for latent heat flux. White and red contours indicate latent heat flux anomalies (unit Wm22) and near-

surface specific humidity anomalies (unitless), respectively. Shading indicates convective precipitation anomaly and arrows show the

anomaly wind field.
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FIG. 9. Hovmöller diagrams of composite strong (top 10% peak zonal wind) events from three main experiments. (from top to bottom)

Hovmöller diagrams of convective precipitation (mmday21), latent heat flux (Wm22), surface specific humidity (unitless), OLR (Wm22),

and zonal wind velocity (Wm22). White contours are of positive zonal wind at intervals of 3m s21. (from left to right) Control run, fixed

radiation, and fixed velocity in bulk formula for latent heat flux.
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the three experiments. The direction of propagation is

opposite to that found by Lian et al. (2018), who found

thatWWBs propagate westward, a discrepancy that may

have to do with the idealized setup used here versus the

realistic configuration used in this other study, and un-

derstanding the reason for this would require further

work. Figure 9 shows Hovmöller diagrams of convective

precipitation, latent heat flux, and surface specific hu-

midity from three experiments: the control run, fixed

radiation, and fixed ymag in the bulk formula for latent

heat flux. This figure demonstrates that the eastward

propagation at around 15 to 20ms21 is also not affected

by the elimination of the radiation feedbacks. The

propagation speed is the same between the control and

fixed radiation experiment, but is somewhat slower for

the case of fixed ymag, suggesting that WISHE not only

amplifies the events but also contributes to their prop-

agation mechanism. This is possibly related to the

mechanism by which wind–evaporation feedbacks have

been found to slow the eastward propagation of the

MJO by partially counteracting eastward MSE advec-

tion anomalies (Kiranmayi and Maloney 2011). It is in-

teresting to note that the recent mechanism of Hayashi

and Itoh (2017) for eastward propagating anomalies did

not include WISHE as part of the dynamics.

Finally, having gained some insight into the main feed-

backs participating in the creation and amplification of

WWBs, and in order to demonstrate some of the variability

of WWBs in addition to the above analysis of composites,

Fig. 10 shows snapshots of anomalous latent heat flux and

specific humidity from three individual events of differing

strength from the control run. This figure shows that the

strongest events are associated with more pronounced,

more symmetric cyclonic wind anomalies, and with stron-

ger advection of drier air from midlatitudes toward the

WWB. These individual events have the general character

of observed WWBs in spite of the highly idealized aqua-

planet configuration, and are consistent with realistic sim-

ulation using the Community Atmosphere Model (Lian

et al. 2018). This raises the hope that the dynamical insights

obtained here may be relevant to the real world.

4. Conclusions

Westerly wind bursts (WWBs) are an important

forcing of El Niño events, and while prior work has

FIG. 10. Snapshots of three individual WWBs from the control run. (from left to right) WWBs of 100th, 75th, and 50th percentile peak

wind strength. White and red contours indicate latent heat flux anomalies (unit Wm22) and near-surface specific humidity anomalies

(unitless), respectively. Shading indicates convective precipitation anomaly and arrows show the anomaly wind field.
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associated WWBs with enhanced convection, tropical

cyclones, cold surges from midlatitudes, and the MJO,

the mechanism of WWBs is still not satisfactorily un-

derstood. In the present work, we used an idealized

zonally symmetric aquaplanet model with a slab ocean

model to identify and study the essential ingredients of

the WWB mechanism. We find that convective heating

and surface evaporation, and the WISHE feedback

in particular, are very important in explaining the fre-

quency and magnitude of WWBs, while radiative feed-

backs and sensible surface heat flux are of lesser

importance. We find that interactive surface latent heat

flux fluxes, even in the absence of WISHE, still play a

role in exciting WWBs, but that the WISHE feedback

then leads to a strong amplification near the peak of the

event. Additionally, we find that the advection of dry air

from the cooler midlatitudes toward the WWB and the

advection of moist air from the WWB area poleward

both create significant latent heat signals, indicating that

the meridional structure of the SST plays a role inWWB

dynamics.

Our results are broadly in agreement with previous

works regarding the importance of convective heating to

WWBs. We found that composited WWBs appear to be

baroclinic, in agreement with the work of Nitta and

Motoki (1987), who found that WWBs were associated

with abrupt enhancement of convective activity, and

Fasullo and Webster (2000), who found that strong

WWBs were significantly baroclinic. Furthermore, our

compositedWWBs showmeridional convergence of dry

air from midlatitudes to the west of the convective

center, supported by work of Chu (1988), who analyzed

two WWBs and found that surges from the midlatitudes

forced equatorial sea level pressure gradients, and were

important to the formation of WWBs. Paired cyclones,

which were found to result in the strongest, longest

lasting, and most horizontally extensive WWBs (Keen

1987; Hartten 1996; Moustaoui et al. 2002), were also

observed in association with many of the strongest

WWBs in our simulations. The structure of our WWBs,

particularly those characterized by such paired cyclones,

was found to have considerable resemblance to the op-

timal perturbations for intermediate ENSO models

(Moore andKleeman 1999). The difference between the

eastward propagating WWBs found in our simulation

and the westward propagation found in the realistic

configuration of Lian et al. (2018) is possibly due to one

of our idealizations, and this difference requires further

investigation.

Atmospheric Kelvin waves are observed in our sim-

ulation.WWBs andKelvin waves both propagate east at

roughly 15–20ms21. We note some differences between

our observed WWBs and convectively coupled Kelvin

waves (CCKWs). For instance, Fig. 6 of Straub and

Kiladis (2003) shows that CCKWs should be charac-

terized by a latent heat flux anomaly to the east of the

convection center, a feature of WISHE theories applied

to both the MJO and CCKW (Emanuel 1987). This

theory was shown to be flawed in the context of

MJO, since ‘‘however, that, on average, maximum sur-

face evaporation is in or to the west of the convective

center of the MJO where its surface westerly wind’’

(Zhang 2005, p. 13). Similarly, in our simulations, the

latent heat flux is found to the west of the convective

center, disagreeing with these models of CCKWs.

Furthermore, to the east of the westerly wind anomaly,

no corresponding easterly wind anomaly is observed in

our simulated WWBs, again disagreeing with most

models of CCKWs. For these reasons, we believe that

the two phenomena should be considered separately.

Furthermore, a recent paper by Puy et al. (2016) that

studied WWBs and their connection to convectively

coupled waves and the MJO found no statistical corre-

lation between WWBs and convectively coupled

Kelvin waves.

We attempted to identify the main feedbacks that

participate in the dynamics of WWBs using a highly

idealized atmospheric model in an aquaplanet configu-

ration. This allowed us to more easily identify the 3D

structure of the wind event and perform compositing

on a large number of events. Crucially, we were able to

turn off different atmospheric feedbacks and processes

to understand their importance to the WWB mecha-

nism. We omitted interactive SST, zonal SST gradients,

the effects of ENSO, the seasonal cycle, continents, to-

pography, and more. It would be useful to go back to a

fuller model configuration and re-examine the insights

obtained using the idealizations used here. At the same

time, it can be also useful to further abstract the mech-

anism using a simpler model incorporating the in-

gredients identified here.

The MJO, the main source of tropical intraseasonal

variability, has been hypothesized to impact WWB

events. Slingo et al. (1999) found that the 1997/98 El

Niño was characterized by strong WWBs embedded in

the active phase of the MJO, while Kiladis et al. (1994)

used longer-term data to show that the WWBs associ-

ated with convection on an MJO time scale were dy-

namically distinct from those associated with shorter

time scale convective disturbances. Similarly, Fasullo

and Webster (2000) distinguished between brief and

sustained WWBs, and argued that sustained WWBs

were unique to the MJO and possibly forced by the

MJO’s modulation of CAPE. Although the present

work aimed to understand WWBs independently

from the MJO, future work studying WWBs subject to
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MJO-like forcing, or in a model that produces a robust

MJO, such as the Superparameterized Community

Earth System Model (Randall et al. 2003; Grabowski

2001), could be used to better understand the interaction

between MJO and WWBs.

The hope is that the combination of more realistic

models together with simpler ones would lead to a more

complete understanding of WWBs, and therefore of

how they might change for different climate conditions.

Given the importance of WWBs to ENSO, such

knowledge may provide deeper insight into how ENSO

may behave in different climate states.
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