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ABSTRACT: The intertropical convergence zone (ITCZ) is a zonally elongated band of near-surface convergence and

precipitation near the equator. During boreal spring, the eastern Pacific ITCZmigrates latitudinally on daily to subseasonal

time scales, and climate models exhibit the greatest ITCZ biases during this time of the year. In this work, we investigate

the air–sea interactions associated with the variability in the eastern Pacific ITCZ’s latitudinal location for consecutive days

when the ITCZ is only located north of the equator (nITCZ events) compared to when the ITCZ is on both sides of the

equator or south of the equator (dsITCZ events) during February–April. The distribution of sea surface temperature

(SST) anomalies and surface latent heat flux (SLHF) anomalies during the nITCZ and dsITCZ events follow the classic

wind–evaporation–SST (WES) positive feedback mechanism. However, an alternative mechanism, embracing the effect of

SST anomalies on vertical stratification and momentum mixing, gives rise to a negative WES feedback. Our results show

that in the surface layer, there is a general progression of positive WES feedbacks happening in the weeks leading to the

events followed by negative WES feedbacks occurring after the ITCZ events, with an alternate mechanism involving

air–sea humidity differences limiting evaporation occurring in between. Additionally, the spatial structures of the compo-

nents of the feedbacks are nearly mirror images for these opposite ITCZ events over the east Pacific during boreal spring.

In closing, we find that understanding the air–sea interactions during daily to weekly varying ITCZ events (nITCZ and

dsITCZ) helps to pinpoint how fundamental processes differ for ITCZs in different hemispheres.

KEYWORDS: Intertropical convergence zone; Atmosphere-ocean interaction; Air-sea interaction;

Subseasonal variability

1. Introduction

The intertropical convergence zone (ITCZ) can be de-

scribed as a zonally elongated band of near-surface wind con-

vergence in the equatorial trough, typically collocated with

heavy precipitation. Unlike over the continental landmasses,

where the ITCZ follows the seasonal insolation at a 1-month

delay (Waliser and Gautier 1993), the latitudinal migration of

the ITCZ over the oceans is less pronounced and depends on

numerous other factors, such as air–sea interactions, continen-

tal geometry, and cloud-radiative effects (e.g., Philander et al.

1996; Li and Philander 1996; Voigt et al. 2014; Adam et al.

2016b). Recent studies have shown that the ITCZ position

varies on smaller time scales of days to weeks over the east

Pacific Ocean (Henke et al. 2012; Haffke et al. 2016; Gonzalez

et al. 2022). The ITCZ can even shift hemispheres during

February through April, for example, alternating between an

ITCZ in the Southern Hemisphere, Northern Hemisphere, or a

double ITCZ (one ITCZ in each hemisphere simultaneously)

multiple times within a season (Haffke et al. 2016; Gonzalez

et al. 2022; Yang and Magnusdottir 2016). Improving our under-

standing of these submonthly shifts in the east Pacific ITCZ’s

position could be important in highlighting key mechanisms

that drive ITCZs in each hemisphere. This is especially true con-

sidering the overarching problem in climate models in their in-

ability to replicate the position of the ITCZ (Mechoso et al.

1995; Lin 2007; Bellucci et al. 2010; Zhang et al. 2015; Oueslati

and Bellon 2015; Fiedler et al. 2020). This is often called “the

double ITCZ problem” because of one annual tropical precipi-

tation maximum being present in each hemisphere rather than

just north of the equator.

The double ITCZ problem is particularly prevalent during

January through May over the east Pacific Ocean and the

Atlantic Ocean (Adam et al. 2018; Song and Zhang 2019;

Tian and Dong 2020; Si et al. 2021), and the precipitation bias

is exacerbated in atmosphere–ocean coupled models (Xiang

et al. 2017) due in part to wind–evaporation–sea surface tem-

perature (SST) feedbacks (Xie and Philander 1994; Lin 2007;

Zhang et al. 2019) and Bjerknes feedbacks (Bjerknes et al.

1969; Zhang 2001; Lin 2007; Li and Xie 2014). Furthermore,

both wind–evaporation–SST (WES) feedbacks and Bjerknes

feedbacks can be more broadly linked to interhemispheric tem-

perature and energy asymmetries (Broccoli et al. 2006; Kang

et al. 2008; Chiang and Friedman 2012; Frierson and Hwang
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2012) and/or anomalously weak atmospheric net energy input

(e.g., Bischoff and Schneider 2014, 2016; Adam et al. 2016a;

Schneider 2017; Adam et al. 2018). Interhemispheric energy

asymmetries can arise due to the influence of remote forcings,

such as high-latitude ice-cover changes (Chiang and Bitz 2005;

Hwang and Frierson 2013), or forcings with tropical origins

(Xiang et al. 2017; Adam et al. 2018; Xiang et al. 2018) as well as

asymmetric radiative forcings from volcanic eruptions (Pausata

et al. 2015; Colose et al. 2016; Yang et al. 2019).

Karnauskas (2022) used an idealized air–sea coupled model

to show the effects of WES feedbacks following two mecha-

nisms, one anchored by Lindzen and Nigam (1987, mecha-

nism LN87) as proposed by Xie and Philander (1994) and the

other anchored by Hayes et al. (1989) and Wallace et al. (1989,

mechanism WH89). The LN87 mechanism drives a positive

feedback between near-equatorial north–south SST gradients,

north–south surface pressure gradients, near-surface winds, and

latent heat fluxes, which together cause the initial SST gradient

to intensify with time. On the other hand, the WH89 drives a

negative feedback mechanism involving the north–south SST

gradients, vertical stratification, and vertical momentum mixing,

causing the SST gradient to weaken with time. The simple model

developed by Karnauskas (2022) allows for both the mechanisms

to exist simultaneously and showed that under idealized condi-

tions near the equator, the evolution of the model follows LN87

for a few months, after which theWH89 acts to dampen the posi-

tive feedback on longer time scales. While WES feedbacks have

been seen in models and observations for seasonal or longer time

scales (Hayes et al. 1989; Wallace et al. 1989; Xie and Philander

1994; Chelton et al. 2001; Li and Xie 2014), it is less clear if these

mechanisms occur during submonthly ITCZ shifting and splitting

events (Gonzalez et al. 2022).

In this study, we quantify whether the “fingerprints” of pos-

itive LN87 and negative WH89 WES mechanisms coexist in

the weeks prior to and following February–April subseasonal

ITCZ events over the east Pacific Ocean using reanalysis data.

We also determine whether the atmosphere–ocean variables that

drive the WES feedbacks are structurally antisymmetric during

Northern Hemisphere versus Southern Hemisphere ITCZ events.

The paper is organized as follows: Section 2 describes the obser-

vational and reanalysis datasets used as well as the submonthly

ITCZ events dataset created from three-hourly ITCZ states

(Haffke et al. 2016; Gonzalez et al. 2022). We also present the

methods used to calculate saturation specific humidity, the method

used to compute the climatology and anomalies of all fields, and

we discuss the fundamental ideas of positive and negative WES

feedbackmechanisms. Section 3 has four subsections, with the first

motivating the investigation by showing the total precipitation and

wind patterns and their anomalies for the two ITCZ states being

studied. In the next two subsections of section 3, we illustrate the

positive and negative WES feedback mechanisms through time

evolution of composites of the surface latent heat flux (SLHF)

and the behavior of SSTs for ITCZ events, as well as the near-

surface zonal and meridional wind anomalies and air temperature.

The last subsection of section 3 discusses the time evolution of the

two feedback mechanisms. Section 4 summarizes our results and

discusses future directions to better understand February–April

east Pacific ITCZ events.

2. Data and methods

a. Observational and reanalysis data

Daily precipitation rates are obtained from the Tropical

Rainfall Measuring Mission (TRMM) Multisatellite Precipita-

tion Analysis (TMPA) dataset for 1998–2012, February–April,

at a 0.258 resolution (Huffman and Bolvin 2015). Daily averaged

SSTs, 10- and 100-m horizontal winds, 10-m air temperature,

mean sea level pressure, SLHF, and specific humidity of air

are calculated from six-hourly output from the European Cen-

tre for Medium-Range Weather Forecasts (ECMWF) ERA5

reanalysis for 1980–2012, February–April, at 0.258 resolution

(Hersbach et al. 2020). Anomalies for all variables are computed

by removing a climatological annual cycle that is smoothed using

the first three harmonics of the raw annual cycle. Additionally,

the linear least squares trend and time mean are removed for all

anomalies, and all variables have a land–sea mask applied to fo-

cus solely on variability over the ocean.

For the computation of individual terms within the ERA5

SLHF bulk aerodynamic formula, saturation specific humidity is

required. Saturation specific humidity is computed from ERA5

saturation water vapor pressure esat(T), obtained from Tetens’

formula (Tetens 1930; ECMWF 2016), and mean sea level pres-

sure p via the formula

Qs 5

Rdry

Rvap

esat(T)

p 2 1 2
Rdry

Rvap

( )

esat(T)

, (1)

where T is the SST and Rdry and Rvap are the dry air and

water vapor gas constants, respectively.

At the heart of WES feedbacks is the relationship be-

tween SST tendencies that correspond to the SLHF via the

formula

­T

­t
52

SLHF

rC
p
h
, (2)

where r 5 1025 kg m23, Cp 5 3850 J kg21 K21, and h is the

mixed layer depth. We refer to this formula throughout the

paper and use ERA5 SLHF and h from the Global Ocean Re-

analysis and Simulation (GLORYS-12v1; Lellouche et al. 2018;

Jean-Michel et al. 2021) at a 1/128 resolution to estimate SST

tendencies resulting solely from SLHF anomalies.

b. Submonthly ITCZ events dataset

Henke et al. (2012) devised a pattern recognition algorithm

that quantified the spatial extent and temporal variability of

the ITCZ using 5 years (2000–04) of GridSat satellite data

(Knapp et al. 2011) over 208S–208N and 908W–1808. Four ITCZ

states were determined: north ITCZ (nITCZ), when the ITCZ

lies only to the north of the equator; south ITCZ (sITCZ), when

the ITCZ lies only to the south of the equator; double ITCZ

(dsITCZ), when one ITCZ straddles the equator in each hemi-

sphere; and absent ITCZ (aITCZ), when no zonally elongated

convergence band is seen. A fifth state called equatorial ITCZ
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(eITCZ) was added in Haffke et al. (2016) when the ITCZ lies

over the equator. Haffke et al. (2016) also extended the Henke

et al. (2012) pattern recognition algorithm to 33 years (1980–

2012) of 3-hourly GridSat infrared imagery, producing a dataset

used in Gonzalez et al. (2022) to create submonthly ITCZ events

for February–April 1980–2012. Submonthly ITCZ events are

comprised of daily ITCZ states that last for 2–30 consecutive

days. The distribution of the submonthly ITCZ events shows that

nITCZ events occur the most (44.9%), followed by dsITCZ

events (27.6%), aITCZ events (14.7%), eITCZ events (7.2%),

and sITCZ events (5.6%), which is shown along with temporal

distribution in Fig. S1 in the online supplemental material. Since

the pattern of the anomalies associated with dsITCZ and sITCZ

events is highly correlated (e.g., Yang and Magnusdottir 2016,

and Fig. S2) and in order to increase the sample size of

events when a southern ITCZ is present, dsITCZ and

sITCZ events are grouped together (occurring 33.2%

of the time); they will be referred to as dsITCZ events

from here on. Essentially, these dsITCZ events represent

when there exists an ITCZ south of the equator. Since

nITCZ events occur most frequently followed by dsITCZ

events and climate models tend to overproduce double and

southern ITCZs during February–April (e.g., Adam et al.

2018; Si et al. 2021), we focus on these two events for this

study.

In composite mean analyses, we shift the time dimen-

sion back by 31 days (lag 5 231) and forward by 31 days

(lag 5 31) to show the time-lag evolution over 62 days of

each field surrounding nITCZ and dsITCZ events.

c. Positive and negative wind–evaporation–

SST feedbacks

Since the effect of both positive and negative WES feed-

backs on northern and double-southern ITCZs is a central

component of this study, we describe the basic underlying

concepts of the two mechanisms below.

As shown in Fig. 1a, the positive WES feedback for a north-

ern ITCZ begins with anomalously cool and warm SSTs south

and north of the equator, respectively (column A). This anoma-

lous northward SST gradient is associated through hydrostatic

balance with an anomalous northward surface pressure gradient

force (column B) that enhances the southerly flow across the

equator (column C). This southerly anomaly is deflected by the

Coriolis force resulting in anomalous easterlies and westerlies

south and north of the equator, respectively (column D). Since

the background flow is easterly, there are higher wind

speeds south of the equator and lower wind speeds north

of the equator, which results in more evaporation/ocean

cooling south of the equator and vice versa north of the

equator (columns E and F). This enhances the northward

SST gradient and brings us back to the beginning of the

positive feedback loop (column A).

As shown in Fig. 1b, the negative WES feedback for a

northern ITCZ begins just like the positive WES feedback

(column A), but it considers the effect of the temperature

stratification on changes to surface winds. Assuming the

temperature profile is unchanged above the surface, the

lower troposphere is more statically stable (cool below

FIG. 1. (a) Schematic of the positive WES feedback mechanism (LN87), following hydrostatic

balance. Warm SSTs get warmer and cold SSTs get colder. (b) Schematic of the negative WES

feedback mechanism (WH89), following vertical momentum mixing. Warmer SSTs become less

warm and colder SSTs become less cold. [Reproduced from Karnauskas (2022) with permission

from AMS.]
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warm) and turbulent mixing decreases south of the equa-

tor, and vice versa north of the equator (column B). As-

suming that there is stronger easterly flow above, there is a

decrease in momentum mixing south of the equator, and

vice versa for north of the equator (column C). Thus, momen-

tum mixing produces anomalous westerlies and easterlies

south and north of the equator, respectively (column D).

These anomalies are opposite as those in the positive WES

feedback mechanism, and so, there is less evaporation/ocean

cooling south of the equator and vice versa north of the equa-

tor (columns E and F). Since the initial northward SST gradi-

ent becomes weaker with time, momentum mixing due to

changes in vertical stratification is considered a negative WES

feedback mechanism.

To guide this study, we follow the fingerprints of opposing

flavors of WES mechanisms outlined above. Since both the

feedback mechanisms start off with the same gradient of

SSTs, to confirm the presence of each WES feedback, we

analyze the variables associated with columns B–E and we

hypothesize whether column F occurs. For the positive

WES feedback mechanism, we analyze the spatial struc-

tures of anomalous mean sea level pressure (MSLP), me-

ridional and zonal surface winds, and SLHF. For the

negative WES feedback mechanism, we analyze the spatial

structures of near-surface temperature stratification, zonal

and meridional wind shear, and SLHF. However, since

column E has opposing SLHF anomalies for the two WES

feedback mechanisms, we only “see” the SLHF anomalies

of the dominant WES feedback mechanism. We also look

at the time evolution of SSTs from 4 weeks before the

ITCZ event to 4 weeks after to hypothesize the order of

occurrence of the two opposing feedback mechanisms.

3. Results

a. Composites of precipitation and surface winds during

nITCZ and dsITCZ events

From Fig. 2b, it is evident that during dsITCZ events, there

are strong bands of zonally elongated precipitation south and

north of the equator, both at 28–88. Contrasting this with the

nITCZ events (Fig. 2c), this precipitation is anomalously posi-

tive south of the equator and anomalously negative north of

the equator (Fig. 2d). It is also notable that the wind speeds

decrease considerably and the winds converge at the latitudes

where the precipitation maximizes (the ITCZ) in Figs. 2a,b.

In Figs. 2c,d, strong anomalous cross-equatorial flow into the

northern and southern ITCZ is present, which changes from

southeasterly to southwesterly in the case of nITCZ events

and from northeasterly to northwesterly in the case of

dsITCZ events. The black rectangle in Fig. 2 marks the region

of interest for this study and ranges from 908 to 1258W and

from 108N to 158S. This region enables us to represent the sig-

nificant anomalous dynamical and thermodynamic features

associated with both nITCZ and dsITCZ events, without tak-

ing into consideration the effects of South Pacific convergence

zone (SPCZ).

FIG. 2. Mean precipitation obtained from TRMM-TMPA (shaded) and mean surface winds obtained from

ECMWF ERA5 (vectors), averaged over February–April 1980–2012, for (a) nITCZ and (b) dsITCZ events. Corre-

sponding anomalies in precipitation and surface winds for (c) nITCZ and (d) dsITCZ events.
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b. Positive WES feedback: Hydrostatic adjustment of sea

level pressure

This section is divided into three subsections. The first two

subsections reveal the time evolution and spatial structures as-

sociated with individual steps in the positive WES feedback

mechanism in reanalysis data, looking at the near-surface SST

gradients and dynamics, respectively. The third subsection de-

scribes the connection of the dynamics and SSTs to surface la-

tent heat fluxes associated with this mechanism.

1) SST ANOMALIES AND TIME EVOLUTION OF

SST GRADIENT

In the annual mean, SSTs are higher north of the equator

in what is commonly called the east Pacific warm pool and

there is an equatorial cold tongue due to Ekman upwelling,

shown in Fig. 3. This persistent climatological northward SST

gradient and mean northward ITCZ position explains the

dominance of the positive WES feedback over the negative

WES feedback to first order.

Figures 4a and 4b show the distribution of zonally averaged

(908–1258W) anomalous SST at daily lags of 21 days before to

21 days after nITCZ and dsITCZ events. Because we classify

ITCZ events as ITCZ states persisting for 2–30 days, 42 days

encompassing an ITCZ event is a reasonable time frame to

study the signature of the WES feedback mechanisms. For

nITCZ events, there exists an anomalously positive SST gra-

dient to the north of the equator due to the anomalous strong

cold tongue present at 08–28S and the warmest SSTs at 108N.

For dsITCZ events, SSTs are anomalously positive in two lim-

ited regions south of the equator, 28–58S and south of 128S. In

contrast to nITCZ events, anomalously cold SSTs are present

near the ITCZ latitudes (Fig. 2), over 58–118S, for dITCZ

events. This region is also characterized by anomalously

warm boundary layer air (not shown). Despite this unex-

pected cold SST feature, there is a strong southward SST gra-

dient from 28S to 28N for dsITCZ events, which is associated

with a strong cold SST anomaly north of the equator. For

both ITCZ events, the latitudinal location of the anomalously

positive SSTs coincides with the latitudinal extent of the

anomalously positive precipitation (Fig. 2), with the exception

of 58–118S for dsITCZ events. To broadly quantify the time

evolution of positive and negative WES feedbacks, we select

two regions, one around the warmest statistically significant

SST anomalies (red shaded) and one around the coldest

statistically significant SST anomalies (blue shaded) for both

types of ITCZ events. The difference in SST anomalies in

these two regions represents the anomalous SST gradient per

degree latitude, shown in Figs. 4c and 4d as a function of time,

from 31 days before to 31 days after each ITCZ event.

For nITCZ events, there is a general increase in the SST

gradient leading up to the day of the event (lag 0) and a de-

crease in the SST gradient after the event. This suggests the

positive WES feedback is active in the days or weeks before

an nITCZ occurs and the negative WES feedback takes over

after the event. For dsITCZ events, the increase in SST gradi-

ent is seen up until 10 days before the event (positive WES

feedback) after which the gradient decreases, which suggests

the presence of the negative WES feedback mechanism.

2) MSLP, NEAR-SURFACE MERIDIONAL WIND, AND

ZONAL WIND ANOMALIES

In Fig. 5a, 68–88N in red shading (PN) refers to a region of

relatively low MSLP anomalies (corresponding to the statisti-

cally significant highest SST anomalies in Fig. 4) and 28S–08 in

blue shading (PS) refers to a region with relatively higher

MSLP anomalies (corresponding to statistically significant

anomalously low SSTs Fig. 4). There is a broad trend toward

negative MSLP anomalies from lag 221 to lag 21 for nITCZ

events and the cross-equatorial MSLP gradient (PN 2 PS) is

strongest at lag 211 and generally weakens thereafter. A rela-

tive maximum in cross-equatorial MSLP gradient occurs

1 day before the ITCZ event (Fig. 5c) and rapidly weakens in

the days following the event.

For dsITCZ events in Fig. 5b, 58–78S in red shading (PS) in-

dicates anomalously lower MSLP corresponding to higher

SST anomalies in Fig. 4 and 48–68N in blue shading (PN) is the

region of anomalously high MSLP due to cold SST anomalies.

The MSLP gradient, PS 2 PN, is generally constant in the

days and weeks leading up to the event, with numerous oscil-

lations. After the dsITCZ event, the cross-equatorial gradient

decreases steadily with time.

FIG. 3. Mean SST in (a) annual climatology and (b) February–April climatology over the east Pacific.
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The anomalously low MSLP to the north of the equator for

nITCZ events in Fig. 5a sets up near-surface (10 m) southerly

wind anomalies across the equator through the meridional

pressure gradient force, shown in Fig. 5e. Furthermore, there

are anomalously stronger southerlies corresponding to en-

hanced wind convergence at 28–58N. For dsITCZ events,

strong anomalous cross-equatorial northerlies are present in

Fig. 5f following the negative MSLP gradient to the south of

the equator in Fig. 5b. The cross-equatorial winds are de-

flected due to the Coriolis effect, creating a zonal wind accel-

eration on top of the background climatological easterly

winds (Fig. 3 vectors). For nITCZ events, this results in anom-

alous westerlies (weaker easterlies) to the north and stronger

easterlies to the south of the equator during nITCZ events, as

seen in Fig. 5g. During dsITCZ events, anomalous westerlies

are produced south of the equator, peaking at the spatial loca-

tion of anomalously positive precipitation. To the north of the

equator, stronger easterlies are present (Fig. 5h). Thus, the

composite mean nITCZ and dsITCZ anomalous meridional

and zonal surface winds follow along qualitatively with col-

umns C and D of Fig. 1a.

For both these ITCZ events, the MSLP gradient becomes

strongest before lag 0 and generally weakens after lag 0. This

timing is generally consistent with SST gradients, particularly

after lag 0. Furthermore, both the zonal and meridional wind

anomalies are largest at lag 0 (black lines in Figs. 5a–h), in

agreement with Gonzalez et al. (2022). The time delay be-

tween the strongest SST/MSLP gradients and dynamical fields

suggests that the positive WES feedback is a key ingredient to

both nITCZ and dsITCZ events.

3) SLHF ANOMALIES AND POSITIVE WES FEEDBACK

The second to last step/process in the positive WES

feedback incorporates how changes in wind speeds are as-

sociated with variations in SLHF (column E of Fig. 1a).

According to the Northern Hemisphere ITCZ example of

the positive WES feedback in Fig. 1a, anomalous south-

easterly and southwesterly surface winds south and north

of the equator result in an increase in SLHF to the south

and a decrease in latent heat flux to the north of the equa-

tor. To diagnose this behavior, we decompose SLHF via

the bulk aerodynamic formula in ERA5. In this formula,

FIG. 4. Zonally averaged (908–1258W) SST anomalies of (a) nITCZ events and (b) dsITCZ events from 21 days be-

fore to 21 days after each event. Opaque lines show SST at 95% confidence levels using a two-tailed t test. (c),(d) The

time evolution of cross-equatorial SST gradient between the red region (68–88N for nITCZ; 58–78S for dsITCZ) and

blue region (28S–08 for nITCZ; 48–68N for dsITCZ) from 31 days before to 31 days after nITCZ and dsITCZ events.
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SLHF is a function of air density r, moisture exchange co-

efficient Ce, latent heat of vaporization Ly, surface satura-

tion specific humidity Qs, 10-m air specific humidity Qa,

and 10-m wind speed U10 given by

SLHF 5 rCeLy
(Qs 2 Qa)U10: (3)

The climatological SLHF can be written as

SLHF 5 rC
e
L

y
(Q

s
2 Q

a
)U10 , (4)

where each term with an overbar is the climatological aver-

age. It is to be noted that the bulk formulas in Eqs. (3) and (4)

neglect surface-to-surface air temperature differences, which

in some cases might be important (Siler et al. 2019). Assuming

rCeLy to be constant, where r 5 1.2 kg m23, Ce 5 1.1 3 1023

(Fairall et al. 2003), and Ly 5 2.53 106 J kg21, we can decom-

pose the SLHF anomaly as

dSLHF 5 rC
e
L

y

[

(Q
s
2 Q

a
)dU10

︸�������︷︷�������︸

dynamic

1 d(Q
s
2 Q

a
)U10

︸�������︷︷�������︸

thermodynamic

1 d(Q
s
2 Q

a
)dU10

︸��������︷︷��������︸

covariant

]

1 residual, (5)

where each term with a d(?) is the anomaly. From Eq. (5), var-

iations in SLHF can be driven to first order by anomalous

10-m wind speeds (dynamic component of SLHF), differences

between the anomalous 10-m and saturation specific humidity

(thermodynamic component of SLHF), or a combination of

both (covariant component of SLHF). Since both positive and

FIG. 5. Zonally averaged (908–1258W) anomalies of (a),(b) MSLP, (e),(f) meridional surface wind, and (g),(h) zonal surface wind anom-

alies of (left) nITCZ and (right) dsITCZ events from 21 days before to 21 days after each event. The opaque lines show the fields at 95%

confidence level using a two-tailed t test. (c),(d) Time evolution of cross-equatorial MSLP gradient between the red region (68–88N for

nITCZ; 58–78S for dsITCZ) and blue region (28S–08 for nITCZ; 48–68N for dsITCZ) from 31 days before to 31 days after nITCZ and

dsITCZ events.
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negative WES feedbacks involve only the effects of changes

in wind speeds on SLHF anomalies, they apply to the dynamic

component of SLHF. At the same time, we expect the ther-

modynamic component to be important in damping positive

WES feedbacks (Karnauskas 2022).

Figure 6 shows the anomalous SLHF along with its thermo-

dynamic, dynamic, and covariant components, and the resid-

ual from Eq. (5) for nITCZ and dsITCZ events for 14 days

before the event (Figs. 6a,b), day of the event (Figs. 6c,d), and

14 days after the event (Figs. 6e,f). From Figs. 4c and 4d,

10–20 days before and after lag 0 capture the strong increase

and decrease in SST gradients quite well for both types of

events. Looking at lag 214 and lag 14 provides a reasonable

snapshot of the time evolution of SLHF following the SST

tendency. Focusing first at lag 214 and the anomalous SLHF

(blue curves), nITCZ events are characterized by a strong posi-

tive SLHF anomaly south of the equator (28–108S), where

anomalously strong wind speeds and weak precipitation exist

(Figs. 2a,b). In addition, there is a strong negative SLHF anom-

aly north of the equator (38–108N), where winds are anoma-

lously weak and the ITCZ precipitation band exists (Figs. 2a,b).

The amplitude of SLHF is quite similar between lag 214 and 0

and weakens by lag 14, particularly at the off-equatorial peaks.

For dsITCZ events (right panels of Fig. 6), the anomalous

SLHF (blue curves) structure is similar to nITCZ events but

with the opposite sign. Strong negative SLHF anomalies are

observed at 58–78S, coinciding with weaker wind speeds and

the location of the anomalous ITCZ precipitation to the south

of the equator (Figs. 2c,d). SLHF anomalies are positive north

of 38N where wind speeds are larger and negative precipitation

FIG. 6. Zonally averaged (908–1258W) anomalies of SLHF for (left) nITCZ and (right) dsITCZ events. The anomalous SLHF (blue

curves) along with its thermodynamic (green curves), dynamic (yellow curves), and covariant (pink curves) components, and residual (pur-

ple curves) are shown for (a),(b) 14 days before the event, (c),(d) day of the event, and (e),(f) 14 days after the event. Opaque lines show

the fields at 95% confidence using a two-tailed t test.
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anomalies peak (Figs. 2c,d). While the negative SLHF region

south of the equator generally weakens from lag 214 to 0 and

to 14, the positive SLHF region north of the equator strength-

ens from lag214 to 0 and weakens substantially by lag 14.

Considering there is a broad anticorrelation between SLHF

and horizontal wind speeds for nITCZ and dsITCZ events, it

is not surprising that the dynamic SLHF component (yellow

curves) is structurally more similar to the anomalous SLHF

(blue curves) off the equator. At the same time, the anoma-

lous SLHF is shifted 18–28 southward of the dynamic SLHF in

the Southern Hemisphere due to the relatively strong con-

structive interference of the thermodynamic SLHF compo-

nent (green curves). The thermodynamic SLHF becomes

even more important near the equator because the dynamic

SLHF is smaller. In fact, the thermodynamic SLHF helps ex-

plain why the anomalous SLHF often changes signs near the

equator for both nITCZ and dsITCZ events. However, the re-

sidual is of a comparable magnitude to the thermodynamic

component near the equator for dsITCZ events, so some cau-

tion must be taken. The covariant SLHF is generally small

enough compared to the dynamic, thermodynamic, and resid-

ual terms during both nITCZ and dsITCZ events and is thus

considered unimportant in this analysis.

To first order in nITCZ and dsITCZ events, SLHF anoma-

lies are dominated by the dynamic SLHF component, that is,

where wind speeds are anomalously strong, SLHF are anoma-

lously large and vice versa for anomalously weak wind speeds

(column E of Fig. 1a). However, the dynamic SLHF compo-

nent weakens and the thermodynamic component strengthens

near the equator enough so that they are of a similar magni-

tude but opposite in sign. This implies that the thermody-

namic SLHF may be considered an alternate mechanism for

abating positive WES feedbacks. Thus, we investigate the

anomalous (Qs 2 Qa) terms to seek a deeper understanding

of the structure of thermodynamic SLHF in Fig. 7.

For nITCZ events, there are large negative anomalies of

(Qs 2 Qa) from 58S to 28N that coincide with the latitudinal

location of the anomalous cold tongue in SST (Fig. 4a) and a

strong negative Qs anomaly (Fig. 7c). This is unsurprising

since surface saturation specific humidity is a function of sur-

face temperature [Eq. (2)]. On the other hand, it is surprising

that Qa does not contain a strong dry anomaly near the equa-

tor (Fig. 7e). In fact, the Qa anomalies have a better corre-

spondence with lower boundary layer (1000–850 hPa) specific

humidity anomalies (Fig. 7g). Thus, for nITCZ events, nega-

tive thermodynamic SLHF anomalies suppress positive dy-

namic SLHF anomalies because the cooler SSTs restrict the

amount of moisture available for evaporation.

For dsITCZ events, there are strong negative (Qs 2 Qa)

anomalies south of 58S and positive (Qs 2 Qa) anomalies just

south of the equator that are driven by significant anomalies

in both Qs and Qa. Just like for nITCZ events, Qs anomalies

in Fig. 7d correspond well with SST anomalies in Fig. 4b for

dsITCZ events. The strong negative (Qs 2 Qa) south of 58S

can be explained by the aforementioned cold SST anomaly

from 118 to 58S in Fig. 4b as well as positive Qa anomalies.

Again, Qa anomalies have a better correspondence with bound-

ary layer specific humidity anomalies (Fig. 7h). Thus, negative

thermodynamic SLHF anomalies constructively interfere with

dynamic SLHF anomalies due to both cool SSTs and moist air

above limiting evaporation. Just south of the equator, there is a

weak positive (Qs) anomaly (not statistically significant) and a

strong negative (Qa) anomaly collocated with the weak warm

SST anomaly in Fig. 4b (not statistically significant). Therefore,

for dsITCZ events, positive thermodynamic SLHF anomalies

suppress negative dynamic SLHF anomalies just south of the

equator because of drier air above the sea surface that decreases

the amount of moisture available for evaporation.

Following Fig. 1a, the negative northward gradient of SLHF

would work to increase SSTs to the north of the equator and de-

crease SSTs to the south of the equator, thus setting up the posi-

tive WES feedback mechanism. From our investigation of the

fingerprints of the positive WES feedback mechanism, particu-

larly Figs. 4c,d and 5c,d, we know that this positive WES feed-

back is not a runaway feedback and is abated by another

process. Karnauskas (2022) suggests the simultaneous presence

of a negative WES feedback mechanism that would work to

curb the infinite increase of SST to the north and decrease to

the south of the equator through vertical momentum mixing

(Wallace et al. 1989; Hayes et al. 1989; Chelton et al. 2001). In

the next subsection, we look at the structure of near-surface sta-

bility and the resulting dynamics and thermodynamics for the

two types of ITCZ events.

Last, note that using Eq. (2), our observed SLHF anomalies

(blue curves in Fig. 6) on their own amount to SST tendencies

from about10.25 to20.25 K month21 (Fig. S3). This is signif-

icant, especially when compared to the SST anomalies in

Fig. 4.

c. Negative WES feedback: Near-surface stability and

vertical momentum mixing

In this section, we assess both stability and vertical momen-

tum mixing in the lower troposphere by analyzing near-

surface temperature stratification and wind shear. This is

guided by the fingerprints of the negative WES feedback

mechanism discussed in section 2c.

Just like the positive WES mechanism discussed so far, a

northward gradient of SST anomalies during nITCZ events

(Fig. 4a) also sets the ground to initialize the WH89 negative

WES feedback mechanism illustrated in Fig. 1b, column A.

To move to column B in Fig. 1b, an alteration of the near-

surface stability must be present. Figure 8a shows the distribu-

tion of zonally averaged (908–1258W) anomalous SST minus

10-m air temperature at daily lags of 21 days before to 21 days

after nITCZ and dsITCZ events.

During nITCZ events, SSTs are anomalously higher than

10-m air temperature from 28 to 108N, with the maximum dif-

ference occurring at 58–78N that coincides with the ITCZ lati-

tude (Fig. 2a). The anomalously colder temperature above

and warmer temperature below create less stably stratified at-

mospheric conditions. South of 28N all the way to almost

128S, 10-m air temperatures are anomalously larger than

SSTs, creating more stable near-surface conditions.

For dsITCZ events, SSTs are anomalously lower than 10-m

air temperature in two regions: one south of the equator,
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from 88 to 158S, and one north of 18S (Fig. 2b). The anoma-

lously colder temperatures below warmer temperatures in

these regions indicate larger stability. From 18 to 98S, the

near-surface air is less stable than usual, with 10-m air temper-

atures being lesser than SST.

Since near-surface stability of the atmosphere is inversely

related to the vertical momentum mixing according to the

WH89 framework (illustrated by Fig. 1b, column C), we quan-

tify the negative WES feedback mechanism by assessing how

the vertical shear of zonal and meridional winds change for

each ITCZ event relative to background climatology (shown

in Fig. S4).

During nITCZ events (Fig. 8c), there are anomalously

larger easterly winds at 100 m versus 10 m from 28 to 108N

that coincide with unstable near-surface conditions (Fig. 8a).

Warmer SSTs in this region suggest more vertical mixing of

zonal momentum. From 28N to 108S, 100-m zonal winds are

weaker than winds at 10 m, corresponding to cooler SSTs and

warmer 10-m air temperatures in that region. Cool surface be-

low warm air suggests less vertical momentum mixing to the

south of the equator.

For dsITCZ events (Fig. 8d), to the north of the equator

and to the south of 78S, there are stronger anomalous easter-

lies at 10 m than 100 m. This indicates less vertical mixing of

zonal momentum, which corresponds well with negative val-

ues of (SST 2 T10) and anomalously stable conditions. In the

region from the equator to 78S, there are anomalously weaker

easterlies at 10 m below stronger easterlies at 100 m, which

corresponds with more vertical mixing of zonal momentum

due to unstable conditions (Fig. 8b).

During nITCZ events, the meridional 100-m minus 10-m

winds are anomalously southerly from 108N to 88S and they

FIG. 7. (a),(b) The zonally averaged (908–1258W) anomalous difference of surface saturation specific humidityQs and specific humidity

of air Qa for (left) nITCZ and (right) dsITCZ events. (c) Anomalous surface saturation specific humidity Qs and (e) anomalous specific

humidity of air Qa for nITCZ events. (d),(f) As in (c) and (e), but for dsITCZ events. Anomalies of boundary layer (1000–850 hPa) spe-

cific humidity for (g) nITCZ and (h) dsITCZ events. Opaque lines show the fields at 95% confidence using a two-tailed t test.
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become weak northerlies south of 88S (Fig. 8e). Climatologi-

cal meridional winds at 10 and 100 m are northerlies to the

north of 48N and southerlies to the south of 48N (Fig. S4).

From 48 to 108N, therefore, anomalous southerlies over north-

erlies create weaker vertical wind shear and more vertical

mixing.

For dsITCZ events (Fig. 8f), from 78 to 158S, there are

stronger 100-m meridional winds above weaker 10-m winds,

creating anomalous southerlies, which indicates less vertical

momentum mixing. Comparing to Fig. 8b, (SST 2 T10) in this

region is negative or close to zero, indicating stable near-

surface temperature stratification. North of 48N, anomalous

northerlies on top of climatological northerlies create stronger

wind shear and thus less momentum mixing in the vertical.

Higher 10-m air temperature compared to SSTs in this region

results in a more stable atmosphere.

This interpretation of anomalous winds is important be-

cause we cannot directly quantify column E of Fig. 1. Quali-

tatively, the anomalous easterlies resulting due to more

momentum mixing in the warmer hemisphere act to amplify

the background easterlies in this hemisphere, thus leading to

an increase in the latent heat flux and vice versa for the

cooler hemisphere (Fig. 1 column E). As a result, the anoma-

lous SST gradient would become less pronounced. This chain

of events establishes a negative feedback mechanism, with

the warmer SSTs getting less warm and cooler SSTs becom-

ing less cool.

d. Time evolution of positive and negative WES

feedback fingerprints

Figure 9 shows the time evolution of the most critical fields

that tie together the occurrence of the positive and negative

WES mechanisms for nITCZ and dsITCZ events. Figures 9a

and 9b show that SLHF gradients peak in strength at negative

lags and they are nearly in phase with SST gradient tenden-

cies for both nITCZ and dsITCZ events. This in-phase rela-

tionship between SLHF and SST tendencies corresponds well

with Eq. (2), which is key to both negative and positive WES

feedback mechanisms. The dynamic component of SLHF

broadly describes this relationship between SLHF and SST

tendencies, which signifies that at the very least positive WES

feedbacks are occurring before these ITCZ events. However,

note that the peak SLHF and SST gradients occur approxi-

mately 5–15 days earlier for dsITCZ events than nITCZ

events. Figures 9c and 9d illustrate the importance of the ther-

modynamic SLHF component gradients in abating positive

WES feedbacks through limiting evaporation near the equa-

tor. Note that the thermodynamic SLHF gradients are in

phase with the SST gradients unlike the dynamic SLHF gra-

dients, which are out of phase. In Figs. 9e and 9f, we can see

FIG. 8. Zonally averaged (908–1258W) anomalous difference between (a),(b) SST and 10-m air temperature. (c),(d) 100- and 10-m zonal

winds (U100m 2 U10m) and (e),(f) 100- and 10-m meridional winds (V100m 2 V10m) for (left) nITCZ and (right) dsITCZ events at 95% con-

fidence, indicated in opaque lines.
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the role of negative WES feedbacks through cross-equatorial

gradients of SST minus 10-m air temperature (SST 2 T10),

which is a measure of vertical stratification, and 100-m minus

10-m zonal wind, which is a measure of zonal wind shear. For

both nITCZ and dsITCZ events, the (SST 2 T10) gradients

peak strongly near lag 0 which implies a loose correlation

with SST gradients for nITCZ events but a delayed response

for dsITCZ events. Zonal wind shear gradients are generally

in phase with (SST 2 T10) gradients for dsITCZ events, which

implies that about 10 days after the peak SST gradients, the

negative WES feedback is strongest and likely contributes to

the decrease in SST gradients. On the other hand, zonal wind

shear gradients are not in phase with (SST 2 T10) gradients

for nITCZ events, peaking near lag 215, which complicates

our interpretation of the role of negative WES feedbacks for

nITCZ events.

4. Summary and conclusions

The latitudinal location of the ITCZ varies across a wide range

of time scales, including seasonal as well as daily–weekly time

scales over the east Pacific during February–April (Haffke et al.

2016; Gonzalez et al. 2022). In this study, we have investigated

the latitudinal structure of near-surface dynamics and thermody-

namics associated with submonthly Northern Hemisphere ITCZ

(nITCZ) and double/Southern Hemisphere ITCZ (dsITCZ)

events over the east Pacific through the lens of two opposing fin-

gerprints of wind–evaporation–SST (WES) feedbacks in the

ERA5 reanalysis. While earlier studies have shed light on the im-

portance of the classical positive WES feedbacks on longer time

scales (Lindzen and Nigam 1987; Xie and Philander 1994; Li and

Xie 2014), analyzing the variability on time scales of days to

weeks is relatively new. This study also focuses on the effect of

FIG. 9. Time evolution of (a),(b) cross-equatorial SST gradient, anomalous SLHF gradient, and gradient of dynamic component of

SLHF; (c),(d) cross-equatorial SST gradient and gradient of thermodynamic component of SLHF; and (e),(f) cross-equatorial SST gradi-

ent, (SST 2 T10) gradient, and zonal wind shear (100 m minus 10 m) gradient for (left) nITCZ and (right) dsITCZ events. All gradients

are computed between the northern and southern latitudes highlighted in Figs. 4a and 4b.
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SST on near-surface vertical stratification and momentum mixing

that results from negative WES feedbacks (Wallace et al. 1989;

Hayes et al. 1989; Karnauskas 2022).

Based on our findings, the warmer SSTs to the north of the

equator and colder to the south act as a seed for the classical

WES feedback for a northern ITCZ to begin. The northward

SST gradient results in a southward gradient of the MSLP,

thus promoting the intensification of cross-equatorial south-

erly surface winds. Coriolis force results in the winds becom-

ing anomalous westerlies (weak easterlies) to the north of the

equator and stronger easterlies to the south of the equator.

The gradient of SLHF, especially the dynamic SLHF compo-

nent [Eq. (5)], is in phase with the SST tendency, that is, SSTs

become warmer in the Northern Hemisphere and cool down

further in the Southern Hemisphere prior to lag 0 of nITCZ

events (Fig. 9a). Nearly the same structures (reversed direc-

tion) and order of processes exist for dsITCZ events with

the exception that cross-equatorial SST gradients maximize

5–15 days earlier than nITCZ events.

We find that this basic dynamic component-dominant SLHF

structure of positive WES feedbacks is altered for nITCZ and

dsITCZ events near the equator mainly in the thermodynamic

component of SLHF, that is, by a nonnegligible contribution of

d(Qs 2 Qa) [Eq. (5)]. We find that the thermodynamic compo-

nent of SLHF acts against the positive WES feedback mechanism.

We attribute the structure of d(Qs 2 Qa) to differences between

the anomalous SSTs (e.g., the anomalous cold tongue) and bound-

ary layer humidity features (e.g., top of the boundary layer stability

changes near 58–108S, not shown) that limit evaporation. Contrary

to the dynamic component, the thermodynamic component of

SLHF peaks in phase with SST rather than SST tendency.

The runaway positive WES feedback is controlled by the

presence of a simultaneous negative WES feedback that starts

off with similarly asymmetric SSTs about the equator but is

driven by the vertical stratification of the atmosphere for both

nITCZ and dsITCZ events. Relatively warmer SSTs near the

ITCZ create warmer air at the surface below colder air at

10 m. Less stable air in the warmer hemisphere is associated

with more mixing of vertical momentum, evident in smaller

100-m minus 10-m zonal wind shear. In the cooler hemisphere,

cold surface below warmer 10-m air creates a stable environ-

ment, resulting in less vertical mixing of zonal momentum,

seen through stronger 100-m minus 10-m zonal wind shear.

Because of climatological easterlies in the Northern Hemi-

sphere and westerlies in the Southern Hemisphere, more mix-

ing in the warmer hemisphere and less mixing in the cooler

hemisphere lead to stronger surface easterlies and westerlies

in the two hemispheres, respectively (Fig. 1b). The zonal and

meridional wind shear (100–10 m) anomalies are structurally

the same as the surface wind anomalies in Fig. 1a, meaning

there is less evaporation (latent heat) in the cooler hemi-

sphere and more in the warmer hemisphere. The net result is

a weakening of the initial SST gradient, thus setting up a neg-

ative feedback mechanism.

We find that the negative WES feedback fingerprints (zonal

wind shear and near-surface stratification) do indeed peak

approximately 10 days after the peak cross-equatorial SST

gradient for dsITCZ events. However, for nITCZ events, the

gradient of vertical zonal wind shear is strongest about 2 weeks

before the cross-equatorial SST gradients maximize, which is

not entirely consistent with negative WES feedback theory. On

the other hand, the near-surface temperature-stratification gra-

dient is more consistent with the negative WES feedback the-

ory, with a peak in strength near and after lag 0.

Therefore, this study shows the presence of both the mech-

anisms through composites of the dynamic and thermody-

namic factors during the two most prevalent types of ITCZ

events (nITCZ and dsITCZ). Both positive and negative feed-

back mechanisms are present and important during the evolu-

tion of the ITCZ on shorter time scales. Moreover, the spatial

structure of the variables is almost mirror images for the op-

posing nITCZ and dsITCZ events. However, the timing is

slightly different between dsITCZ and nITCZ events, with

nITCZ events having a peak in cross-equatorial SST gradients

near lag 0 and dsITCZ events having a cross-equatorial SST

gradients maximizing near lag 210. We see a similar progres-

sion for both ITCZ events, with positive WES feedbacks oc-

curring before the peak in cross-equatorial SST gradients,

then the thermodynamic component of SLHF acting as a miti-

gating factor during the peak in cross-equatorial SST gra-

dients, and finally the stratification aspects of negative WES

feedbacks taking over after the peak in cross-equatorial SST

gradients. This study provides a framework to build upon to

effectively quantify the relative importance of the fingerprints

of both positive and negative WES feedback mechanisms, as

well as alternate mechanisms (e.g., the thermodynamic com-

ponent of SLHF) in models and observations. It is especially

important to apply our results to climate model representa-

tion of both WES feedback mechanisms over the east Pacific

during February–April considering the fact that models pro-

duce more than normal precipitation to the south of the equa-

tor and less to the north of the equator during these months

and over this region (Wang et al. 2015; Song and Zhang 2019;

Baldwin et al. 2021; Si et al. 2021).

Moving forward, studying the ocean processes that control

SST variability (e.g., temperature advection, Ekman pumping)

and boundary layer temperature and humidity variations, possi-

bly in relation to low clouds (Woelfle et al. 2019), would further

build upon our understanding of air–sea–cloud coupling. This

“double-ITCZ bias” that results is an overarching problem in cli-

mate models that affects more than the east Pacific (Adam et al.

2018), and considering the fact that the addition of an oceanic

component to the models exacerbates the problem (Xiang et al.

2017), quantifying both WES feedback mechanisms through a

similar analysis as this one is imperative.
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