
manuscript submitted to JGR: Atmospheres

Dynamical importance of the trade wind inversion in1

suppressing the southeast Pacific ITCZ2

Alex O. Gonzalez1,2, Indrani Ganguly2, Marissa Osterloh2, Gregory V.3

Cesana3, and Charlotte A. DeMott44

1Department of Physical Oceanography, Woods Hole Oceanographic Institution5
2Department of Geological and Atmospheric Sciences, Iowa State University6

3Center for Climate Systems Research, Columbia University7
4Department of Atmospheric Science, Colorado State University8

Key Points:9

• East Pacific ITCZ surface wind convergence is strongly controlled by SST and bound-10

ary layer horizontal temperature gradients.11

• An idealized model shows SST gradients on their own produce excessive equato-12

rial cold tongue divergence and southern hemisphere convergence.13

• The trade wind inversion counteracts SST-driven double ITCZs due to strong long-14

wave cooling at the top of the boundary layer low clouds.15

Corresponding author: Alex O. Gonzalez, alex.gonzalez@whoi.edu

–1–



manuscript submitted to JGR: Atmospheres

Abstract16

Sea surface temperature (SST) gradients are a primary driver of low-level wind conver-17

gence in the Inter-Tropical Convergence Zone (ITCZ) through their hydrostatic relation-18

ship to the surface pressure force (PGF). To what extent boundary layer virtual tem-19

perature gradients have an effect on ITCZ convergence through their modulation of the20

surface PGF is not well understood. In this study, we investigate the reasons for the ob-21

served northern hemisphere position of the east Pacific ITCZ using a slab boundary layer22

model (SBLM) driven by different approximations of the surface and boundary layer vir-23

tual temperature field within the surface PGF forcing. SBLM simulations using the en-24

tire boundary layer virtual temperature profile produce a realistic northern hemisphere25

ITCZ. However, SST-only simulations produce excessive equatorial divergence and south-26

ern hemisphere convergence resulting in a double ITCZ-like structure. Subsequent in-27

vestigations of virtual temperature gradients highlight the importance of temperature28

gradients weakening with height more strongly from the equator to 15 degrees south just29

below the trade wind inversion (TWI). Our interpretation is that the equatorial cold tongue30

induces relatively high surface pressure and a double ITCZ-like convergence. At the same31

time, relatively high surface pressure spreads out in the southern hemisphere due to long-32

wave cooling at the top of stratocumulus clouds just below the TWI. Together, the equa-33

torial cold tongue and the TWI/stratocumulus clouds enable a more northern hemisphere34

dominant ITCZ. Thus, we provide evidence of a dynamical link between double ITCZs35

and low clouds, which both continue to be problematic in Earth system models.36

Plain Language Summary37

State-of-the-art climate models have been plagued by biases in the Inter-Tropical38

Convergence Zone (ITCZ), where the trade winds converge and the world’s most intense39

rainfall occurs. Climate models often produce one ITCZ in each hemisphere, a double40

ITCZ, when there is nearly always one ITCZ in the northern hemisphere. In this study,41

we investigate why the ITCZ is nearly always located in the northern hemisphere over42

the east Pacific Ocean using an idealized model driven by observed southern and north-43

ern hemisphere contrasts in: i) sea surface temperature (SST) only and ii) both SST and44

atmospheric temperature. Experiments driven by only SST contrasts produce a double45

ITCZ-like structure that is reminiscent of climate model double ITCZ biases. A cold tongue46

of ocean water on the equator induces relatively high surface pressure and a double ITCZ-47

like wind convergence. At the same time, relatively high surface pressure spreads out in48

the southern hemisphere due to cooling at the top of stratocumulus clouds just below49

a strong temperature inversion. Together, the equatorial cold tongue and stratocumu-50

lus clouds enable a more northern hemisphere dominant ITCZ. This study provides a51

dynamical link between double ITCZs and low clouds, which both continue to be prob-52

lematic in models.53

1 Introduction54

The east Pacific Ocean intetropical convergence zone (ITCZ) is highly modulated55

by variations in the tropical boundary layer winds, which often produce horizontal con-56

vergence that is co-located with ITCZ precipitation (Lindzen & Nigam, 1987; Liu & Xie,57

2002; Gonzalez et al., 2022). The cause of these boundary layer wind variations is com-58

monly diagnosed through the zonal and meridional momentum budgets (Holton et al.,59

1971; Mahrt, 1972a, 1972b; Holton, 1975; Lindzen & Nigam, 1987; Tomas et al., 1999;60

McGauley et al., 2004; Raymond et al., 2006; Sobel & Neelin, 2006; Back & Bretherton,61

2009a; Gonzalez & Schubert, 2019; Gonzalez et al., 2022). A leading term in boundary62

layer momentum budgets is the surface pressure gradient force (PGF), especially in re-63

gions where there are strong sea surface temperature (SST) gradients (Lindzen & Nigam,64

1987; Back & Bretherton, 2009b; Duffy et al., 2020). The link between SST and surface65
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pressure gradients comes from hydrostatic balance when integrated vertically. In a hy-66

drostatic atmosphere, the surface pressure is determined by the density of the overly-67

ing atmospheric column. Therefore, regions with cool SSTs tend to have a higher sur-68

face pressure due to a heavier column above and regions with warm SSTs tend to have69

a a lower surface pressure due to a lighter column above.70

Lindzen and Nigam (1987); Back and Bretherton (2009a); Duffy et al. (2020), and71

Zhou et al. (2020) used hydrostatic balance and a linear mixed layer model (MLM) of72

Stevens et al. (2001) to quantify how well SST gradients explain large-scale boundary73

layer winds and convergence in the tropics. One main assumption among these studies74

is that when taking the vertical integral to solve for the surface pressure gradient, they75

assume temperature gradients decrease with height in the boundary layer at the same76

rate everywhere. However, this assumption does not always hold true because of strong77

changes in lapse rates over wide swaths of tropical to subtropical latitudes, especially where78

there are low clouds and a trade wind inversion (TWI) at the top of the boundary layer79

(Klein & Hartmann, 1993; Bretherton et al., 2004; Wood, 2012). The TWI layer, where80

temperature increases with height, is typically driven by strong longwave radiative cool-81

ing at cloud top that is also shifted southward of the near-surface cold anomaly associ-82

ated with the equatorial cold tongue (Mansbach & Norris, 2007). This implies that tem-83

perature gradients above the surface are different from SST gradients, with high surface84

pressure likely extending further southward because of the effect of the strong longwave85

cooling associated with low clouds in the southern hemisphere. If this indeed the case,86

these ideas could help partially explain why surface/boundary layer winds and ITCZ con-87

vergence are more accurately diagnosed in the MLM when the surface PGF is estimated88

using boundary layer virtual temperature gradients (which include TWI effects) than89

SST gradients alone (Back & Bretherton, 2009a; Duffy et al., 2020). Furthermore, we90

wonder whether these ideas about localized changes in temperature gradients can help91

explain the overproduction of double convergence zones over the Atlantic and east Pa-92

cific in the SST-driven version of the MLM (Back & Bretherton, 2009a; Duffy et al., 2020;93

Zhou et al., 2020).94

At the same time, it is widely known that ITCZ biases in Earth system models (ESMs)95

can often be attributed in part to insufficient low cloud production in the southeast Pa-96

cific (Mechoso et al., 1995; Woelfle et al., 2019; G. J. Zhang et al., 2019). A dearth of97

low clouds in ESMs is typically associated with excessive surface insolation, large atmo-98

spheric net energy input, and/or insufficient latent heat fluxes (M. H. Zhang et al., 2005;99

Nam et al., 2012; Cesana & Waliser, 2016; Song & Zhang, 2016; Adam et al., 2018; G. J. Zhang100

et al., 2019). Of all low clouds, stratocumulus clouds are of particular interest because101

they have cloud decks that often extend thousands of kilometers horizontally, allowing102

them to potentially impact the large-scale thermodynamics and dynamics. Stratocumu-103

lus clouds form at the base of a very thin (O (10–100 m)) TWI layer (Haman et al., 2007;104

Wood, 2012) that is difficult to resolve (Bretherton et al., 2004; Woelfle et al., 2019).105

While ITCZ biases can exist in atmosphere-only model simulations (Xiang et al.,106

2017, 2018), they grow substantially when ocean coupling is employed (Xie & Philan-107

der, 1994; Lin, 2007; G. J. Zhang et al., 2019). Moreover, the significance of SST gra-108

dients in driving boundary layer winds and convergence is not to be ignored. SST gra-109

dients and their anomalies have been critical to understanding the interactions between110

the atmosphere and ocean by anchoring the theory of wind-evaporation-SST (WES) feed-111

backs, which are driven by the dynamical and surface latent heat flux response to SST112

and sea level pressure anomalies (Xie & Philander, 1994; Chelton et al., 2001; Li & Xie,113

2014). Recent work by Karnauskas (2022) demonstrated that changes in lower atmospheric114

stratification, momentum mixing, and surface latent heat fluxes are also important to115

consider as a negative feedback mechanism that counteracts WES feedbacks (Hayes et116

al., 1989; Wallace et al., 1989).117
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In this study, we seek theoretical insight into the importance of both horizontal gra-118

dients of SST and boundary layer virtual temperature on boundary layer convergence119

in the east Pacific. We interrogate hydrostatic balance in reanalyses and develop a set120

of idealized slab boundary layer model simulations with different surface PGF forcings121

based on SST versus boundary layer virtual temperature gradients. We aim to highlight122

the importance of localized, but still large scale, changes in lapse rates, i.e. those asso-123

ciated with the TWI and low clouds, in altering the surface PGF, which is known to be124

a driver of boundary layer convergence. We deem this the “dynamical” part, however,125

this is not to be confused with other important dynamical processes, such as the verti-126

cal mixing of horizontal momentum.127

This paper is organized as follows. Section 2 discusses the use of atmospheric and128

oceanic fields from reanalyses and low cloud fractions from the Cumulus and Stratocu-129

mulus CloudSat-CALIPSO Dataset (CASCCAD). We also derive two formulas, one that130

decomposes the surface PGF into components from vertically integrated virtual temper-131

ature gradients and free tropospheric PGF and the other to decompose virtual temper-132

ature gradients into a temperature only part and a covarying moisture and temperature133

part. The last part of Section 2 describes the four experiments using a nonlinear slab134

boundary layer model (SBLM) that test different forms of the surface PGF. Section 3135

begins by analyzing the surface PGF forcings and SBLM simulation boundary layer wind136

convergence across the four experiments. The latter part of Section 3 compares the meridional-137

vertical structure between boundary layer virtual temperature gradients and tempera-138

ture gradients due solely to SST gradients and ties the differences to localized changes139

in lapse rates, the TWI, and stratocumulus clouds. Section 4 summarizes the broad-reaching140

results and discusses the implications within the context of a dynamical link between low141

clouds, the equatorial cold tongue, and the ITCZ.142

2 Methods143

2.1 ERA5 Reanalysis144

We employ various monthly atmospheric and oceanic fields from the ECMWF’s Fifth145

Re-Analysis (ERA5) at a horizontal resolution of 0.25◦ for the period of 1979–2020 (Hersbach146

& coauthors, 2020). All fields are zonally averaged over the east Pacific (90–125◦W) us-147

ing only ocean points after any covarying terms, numerical derivatives, or numerical in-148

tegrals are computed. For horizontal derivatives, we use central second-order spatial fi-149

nite difference methods. For vertical integrals, we use the numerical approximation given150

in Table 1.151

2.2 The Cumulus and Stratocumulus CloudSat-CALIPSO Dataset (CASC-152

CAD)153

The Cumulus and Stratocumulus CloudSat-CALIPSO Dataset (CASCCAD, Cesana154

et al. (2019)) distinguishes stratocumulus (Sc), cumulus (Cu), and the transitioning clouds155

in between, i.e., broken Sc, Cu under Sc and Cu with stratiform outflow, at the orbital156

level based on morphology (geometrical shape and spatial heterogeneity). The CASC-157

CAD algorithm is utilized on instantaneous profiles of active-sensor CALIPSO-GOCCP158

(Chepfer et al., 2010) from 2007 through 2016 and CloudSat-CALIPSO GeoProf (Mace159

& Zhang, 2014) from 2007 through 2010. The results of a case study analysis show that160

CASCCAD robustly captures Sc, Cu, and transitions between the two regimes, even bet-161

ter than previous satellite data products (Cesana et al., 2019). Thus, CASCCAD rep-162

resents one of the best currently-available observational constraints on the global scale163

distribution of Sc, which we will use in this project to study the relationship between164

the ITCZ, TWI, and Sc clouds over the east Pacific.165
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With a longer time record and a better horizontal resolution (90 m every 333 m)166

than CloudSat-CALIPSO GeoProf, CALIPSO-GOCCP CASCCAD makes it possible to167

detect all fractionated shallow cumulus clouds and to analyze climatological values of168

Sc and Cu clouds. However, as the lidar penetrates within cloudy layers, the CALIPSO-169

GOCCP signal eventually attenuates completely for optical thickness greater than 3 to170

5. In these instances, i.e., in deep convective clouds or in the storm tracks, the Cloud171

Profiling Radar (CPR) capability of CloudSat complements cloud profiles beneath the172

height at which the lidar attenuates, making CloudSat-CALIPSO CASCCAD a better173

choice than CALIPSO-GOCCP CASCCAD, although the CPR clutter prevents using174

CloudSat data below 1000 m and its shorter time record.175

2.3 Surface Pressure Gradient Force from Hydrostatic Balance176

Given that output from ERA5 is on pressure levels, we integrate the horizontal gra-
dient of hydrostatic balance of the form ∂Φ

∂(ln p) = −RdTv, from the surface pressure ps
to some lower free tropospheric pressure p, arriving at the equation

− 1

ρs
∇ps = − (∇Φ)ps

= Rd

∫ ps

p

(∇Tv) d ln p
′ − (∇Φ)p . (1)

where ρs is the surface density, ∇ is the horizontal gradient operator, Tv =
(
1 + Rv

Rd
q
)
T177

is virtual temperature, Rv is the water vapor air gas constant, Rd is the dry air gas con-178

stant, T is temperature, and q is specific humidity. Equation (1) implies that the hor-179

izontal surface PGF (note the negative sign in front of ∇Φ) is driven by: i) horizontal180

Tv gradients from the surface up until the some pressure level (here we assume where181

the TWI maximizes, 850 hPa) and ii) the horizontal PGF at TWI level (here 850 hPa).182

Equation (1) will be numerically integrated using formulas in Table 1 for each of four183

experiments using an idealized boundary layer model, which will discussed in the next184

subsection.185

Since the form of hydrostatic balance we use involves the role of water vapor through
virtual temperature Tv rather than T alone, the role of water vapor on Tv gradients will
be diagnosed by decomposing Tv gradients into a T -only part and a part involving the
q and T , i.e.,

∇Tv = ∇T +

(
Rv

Rd
− 1

)
∇ (qT ) = ∇Tdry +∇Tmoist (2)

where Tdry involves is the T -only part and ∇Tmoist =
(
Rv

Rd − 1
)
(q∇T + T∇q) is the q186

and T part. A basic scale analysis, where q = 10−2, T = 102 K, and horizontal gra-187

dients are represented by δq = 10−3 and δT = 1 K implies that ∇Tdry is typically one188

order of magnitude larger than ∇Tmoist. Futhermore, T∇q is typically one order of mag-189

nitude larger than q∇T . This suggests that horizontal moisture gradients can only be190

significant contributor to the surface PGF when horizontal temperature gradients are191

relatively small (Yang, 2018a, 2018b).192

2.4 Slab Boundary Layer Model Experiments193

A zonally symmetric, slab boundary layer model (SBLM) on the sphere (Gonzalez194

& Schubert, 2019) is employed to simulate the boundary layer dynamics of the east Pa-195

cific Ocean forced by ERA5’s boundary layer height, free tropospheric velocities (700–196

800 hPa averaged zonal and meridional velocity fields), and the estimated surface merid-197

ional PGF.198

Consider zonally symmetric motions that depend on time t and latitude ϕ of an
incompressible fluid of a frictional boundary layer of variable depth h. The boundary
layer zonal and meridional velocities u(ϕ, t) and v(ϕ, t) are independent of height between
the top of a thin surface layer and height, h, and the vertical velocity at the top of the
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boundary layer is denoted by w(ϕ, t). The governing system of differential equations is

∂u

∂t
+ v

∂u

a∂ϕ
= fev − cDU

u

h
+

w−

h
(u− uFT) +Ku, (3)

∂v

∂t
+ v

∂v

a∂ϕ
= −feu− cDU

v

h
−RdTv

∂ ln p

a∂ϕ
+

w−

h
(v − vFT) +Kv, (4)

w = −∂(hv cosϕ)

a cosϕ∂ϕ
, (5)

where fe =
(
2Ω sinϕ+ u tanϕ

a

)
is the effective Coriolis force, including the metric term,

Ω and a are Earth’s rotation rate and radius, cDU is the parameterized surface wind drag

factor (more details below), U = 0.78
(
u2 + v2

)1/2
is the wind speed at 10 meter height

(Powell et al., 2003), w− = 1
2 (|w| − w) is the rectified Ekman suction, uFT(ϕ) and vFT(ϕ)

are the respective zonal and meridional velocities in the overlying free troposphere, Ku =

K ∂
a∂ϕ

(
∂(hu cosϕ)
a cosϕ∂ϕ

)
is the zonal diffusion, Kv = K ∂

a∂ϕ

(
∂(hv cosϕ)
a cosϕ∂ϕ

)
is the meridional dif-

fusion, and K is the constant horizontal diffusivity. The drag factor cDU is assumed to
depend on the 10 meter wind speed according to the following formula from (Large et
al., 1994)

cDU = 10−3
(
2.70 + 0.142U + 0.0764U2

)
. (6)

A derivation of the SBLM equations starting from first conservation principles is given199

in the Appendix of Gonzalez and Schubert (2019). For all experiments, the constants200

used are Ω = 7.292×10−5 s−1, a = 6.371×106 m, K = 1.0×106 m2 s−1, ∆t = 300 s,201

and a ∗∆ϕ = 0.25◦.202

We perform a suite of SBLM simulations, one for each month of the year and over203

four different experiments for a total of 48 simulations (see Table 1). Each of the four204

SBLM experiments contains the same boundary layer height and free tropospheric ve-205

locity forcings but they have a different surface PGF forcing. The surface PGF forcings206

for each experiment are: i) surface PGF from surface to 850 hPa, mass-weighted and vertically-207

integrated Tv gradients (Full Tv), ii) surface PGF only from SST gradients (SST-only),208

iii) surface PGF only from Tv gradients averaged over 850–900 hPa (Tv,850−900), and iv)209

surface PGF only from 850 hPa PGF (PGF850).210

For all experiments, horizontal gradients are computed before selecting ocean-only
points and before computing pressure level averages. Given that the Full Tv SBLM ex-
periments involve numerical integration, we quantify the month-by-month errors in the
Full Tv surface PGF against the “observed” surface PGF in Figure S1. The observed sur-
face PGF is estimated using second-order central finite difference methods via the equa-
tion,

− 1

ρs
∇ps = −Rd (SST)∇ ln ps, (7)

where SST is the sea surface temperature. We find that the numerically integrated Full211

Tv surface PGF is quite accurate, with a minimum pattern correlation of 0.999 and a212

maximum standardized root-mean-squared difference of 0.066 compared to the estimate213

from equation (7). Note since the SBLM is a zonally symmetric model, only the merid-214

ional component (∂/∂y) of the surface PGF is used in this study. However, the use of215

the ∇ gradient operator is retained to keep the derivations as general as possible for fu-216

ture applications.217

For the SST-only SBLM experiment, the assumption is that Tv gradients linearly
decay with pressure (Lindzen & Nigam, 1987; Back & Bretherton, 2009a; Duffy et al.,
2020) according to the formula

∇Tv(p) = ∇SST

(
1− δT

(ps − p)

(ps − pT )

)
, (8)
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Table 1. The four SBLM experiments, including the numerical equations used to estimate the

surface PGF forcings. We use pT = 850 hPa for all experiments and ps = 1013 hPa for only

the SST and Tv,850−900 experiments. For Full Tv, the SST is used in place of Tv at the surface

and the surface pressure is the observed mean sea level pressure, i corresponds to each pressure

level from the surface to 850 hPa, and N is the total number of pressure levels. In the Tv,850−900

experiment, the overbar represents an average over 850–900 hPa.

Experiment Surface PGF Equation

Full Tv Rd

∑N−1
i=1 (∇Tvi) ln

(
pi+1

pi

)
− (∇Φ)pT

SST-only RdA (∇SST) ln
(

ps

pT

)
− (∇Φ)pT

Tv,850−900 Rd

(
∇Tv

)
ln

(
ps

pT

)
− (∇Φ)pT

PGF850 − (∇Φ)pT

where δT is a fraction representing how fast the SST gradient linearly decays from the
surface, ps, to the top of the boundary layer, pT . For this study, we choose δT = 0.75,
which implies that the SST gradients have decayed by 75% at p = pT . The assump-
tion of the SST gradient only changing in magnitude in the vertical allows for the sur-
face PGF forcing formula in (1) to be written as

− (∇Φ)ps
= Rd ln

(
ps
p

)
A∇SST− (∇Φ)p , (9)

where

A = 1− δT

(
ps

ps − pT
− 1

ln(ps/pT )

)
. (10)

Using the constant values ps = 1013 hPa, pT = 850 hPa, and δT = 0.75, A = 0.614,218

which implies that the net amplitude (when verticall integrated) of the SST gradient on219

the surface PGF is 61.4% due to the assumption of the SST gradient decaying linearly220

with height.221

For the Tv,850−900 experiment, we assume that Tv gradients at 850–900 hPa are the
same in amplitude and pattern throughout the entire boundary layer, which allows for
the surface PGF forcing formula in (1) to be written as

− (∇Φ)ps
= Rd ln

(
ps
p

)
∇Tv − (∇Φ)p , (11)

where the overbar represents a pressure level average after the computation of Tv gra-222

dients (only the meridional component in this study). See Table 1 for the exact form of223

the surface PGF equation for each of the SBLM experiments.224

Note that for the entirety of the paper, SBLM simulation solutions will be shown225

at the equilibrium time of 30 days, which is when the meridional integral of the kinetic226

energy and its tendency vanish over the entire domain (not shown). For comparisons be-227

tween the dynamical solutions of the SBLM versus boundary layer (850–1000 hPa) av-228

eraged ERA5 data, see Figures S2 and S3 in the Supporting Information section.229
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3 Results230

3.1 ERA5 Surface PGF SBLM Forcings231

To help with our interpretations of the SBLM surface PGF forcing fields for each232

of our four SBLM experiements, Figure 1a,b shows the “surface geopotential anomaly”233

during the contrasting months of September and March using ERA5 data. The surface234

geopotential anomaly is technically the latitudinally integrated surface PGF field from235

Figure 1c,d with the 15◦S–15◦N mean removed. Since all four experiments have the same236

850 hPa PGF, panels e and f show the surface PGF that comes solely from Tv gradients.237

We examine the surface PGF (and its surface geopotential anomaly) because it is our238

only varying forcing between our four SBLM experiments and it is one of the three lead-239

ing terms in the meridional momentum budget in all of our SBLM simulations, as shown240

in Figure S4.241

The surface geopotential anomalies associated with all four surface PGF forcings242

show broadly that September is dominated by high geopotential south of the equator243

and low geopotential north of the equator (Figure 1a). From this general latitudinal struc-244

ture of geopotential, one would expect a northern ITCZ to develop in all SBLM simu-245

lations. During March, all four surface PGF forcings also show qualitative agreement that246

surface geopotential anomalies are nearly symmetric about the equator with low geopo-247

tential anomalies centered on the equator (Figure 1b). Thus, one would expect either248

one single ITCZ centered on the equator or two ITCZs stradding the equator, a double249

ITCZ, during March. A double ITCZ structure typically occurs when there is a relatively250

high geopotential centered on the equator (Figure 1b) or the surface PGF switches from251

negative to positive abruptly near the equator (Figure 1d,f,), inducing divergence away252

from the equator (Gonzalez et al., 2016). Thus, we anticipate a double ITCZ to be pro-253

duced from the SST-only and Full Tv (to a lesser extent) SBLM simulations during March254

(Figure 1b,d,f, blue curves). Despite many broad similarities between all four surface PGF255

forcings, there are key differences between the SBLM surface PGF forcings for Full Tv256

(black), SST-only (blue), and Tv,850−900 (red).257

South of the equator during both September and March, the high surface geopo-258

tential anomalies and PGF are consistently weaker in SST-only (Figure 1a–d, blue curves)259

than in Full Tv (black curves) and Tv,850−900 (red curves). This would suggest that SST-260

only SBLM simulations have an anomalous low south of the equator and too much south-261

ern hemisphere convergence. Near the equator during September and March, SST-only262

surface geopotential anomalies are anomalously higher than Full Tv and Tv,850−900 (Fig-263

ure 1a,b), implying there may be excessive equatorial divergence in SST-only SBLM sim-264

ulations. North of the equator, comparisons of surface geopotential anomalies and sur-265

face PGF between SST-only versus Full Tv and Tv,850−900 are a bit messier than they266

are near and south of the equator. However, SST-only surface geopotential anomalies267

are anomalously higher than in Tv and Tv,850−900 north of 4◦N during September and268

from 4◦N–8◦N during March. Given that the ITCZ is located near 5◦N–15◦N in Septem-269

ber and 3–8◦N in March (Liu & Xie, 2002), one would expect these anomalously high270

surface geopotential anomalies to yield weaker ITCZ convergence in SST-only than in271

Full Tv or Tv,850−900 SBLM simulations.272

3.2 Boundary Layer Wind Convergence from the Four SBLM Exper-273

iments274

Figure 2c,d illustrates that SST-only SBLM simulations produce a year-round dou-275

ble ITCZ and excessive equatorial divergence compared to Full Tv SBLM simulations.276

In observations and reanalyses, a double ITCZ peaks during February through April (C. Zhang,277

2001; Liu & Xie, 2002; Gu et al., 2005; Gonzalez et al., 2022). Similar to the Full Tv SBLM278

simulations in Figure 2a, the Tv,850−900 SBLM simulations (Figure 2e) also prefer a north-279

ern hemisphere ITCZ. However, near-equatorial divergence is shifted northward (up to280
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ERA5 East Pacific (90-125 W) Surface PGF Forcings

Figure 1. ERA5 surface geopotential anomaly and pressure gradient force (PGF) averaged

over the east Pacific Ocean (90–125◦W) for the four SBLM experiments (see Table 1): Full

Tv (black), SST-only (blue), Tv,850−900 (red), and PGF850 (gold) during the months of a,c,e)

September and b,d,f) March. ERA5 surface geopotential anomaly (relative to the 15◦S–15◦N

mean) during a) September and b) March. ERA5 surface PGF during c) September and d)

March. ERA5 surface PGF minus PGF850 during e) September and f) March.

4◦N) and is only present from June through October. Equatorial convergence is present281

year-round in both the Tv,850−900 and PGF850 simulations (Figure 2b). PGF850 simu-282

lations contain off-equatorial divergence and equatorial convergence that is nearly sym-283

metric about the equator during May through December, in large contrast to the Full284

Tv and Tv,850−900 simulations. These quasi-symmetric features of the PGF850 bound-285

ary layer convergence during May through December highlight the importance of north-286

south asymmetries in boundary layer Tv in the production a northern hemisphere-dominant287

ITCZ in observations.288

From Figure 2d, it is evident that SST-only SBLM simulations overproduce equa-289

torial divergence and southern hemisphere convergence. However, how significant the con-290

vergence pattern biases are in SST-only SBLM simulations relative to Full Tv SBLM sim-291
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Figure 2. SBLM-simulated boundary layer convergence over the east Pacific Ocean (90-

125◦W) for the four experiments: a) Full Tv PGF, b) PGF850, c) SST-only PGF, and e)

Tv,850−900-only PGF. Panel d shows SST-only minus Full Tv PGF and panel f shows Tv,850−900-

only minus Full Tv PGF. Panel g shows the ratio of the maxima of NH convergence and SH

convergence and panel h shows the ratio of the maxima of equatorial divergence and SH con-

vergence for the Full Tv PGF (black), SST-only PGF (blue), and Tv,850−900-only PGF (red). In

panels a, c, and e, the gray circles are the latitudes of maximum SH and NH convergence and the

gray triangles are the latitudes of maximum equatorial divergence.
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ulations is not as clear. This is relevant since SH convergence is present all year in the292

Full Tv SBLM simulations and in observations (Liu & Xie, 2002; Gonzalez et al., 2022)293

but it is relatively weak for most of the year, especially compared to northern hemisphere294

(NH) convergence. Panels g of Figure 2 suggest there is indeed a substantial pattern prob-295

lem in SST-only SBLM simulations in that SH convergence is two to five times too strong296

compared to NH convergence for all months except from February through April. Fur-297

thermore, SST-only SBLM simulations have excessive SH convergence compared to equa-298

torial (EQ) divergence (one and a half to five times too strong) during June through De-299

cember (Figure 2h). February through April also shows substantial discrepancies in SST-300

only SBLM simulations, with EQ divergence being three to four times too strong com-301

pared to SH convergence (Figure 2h). Meanwhile, the Tv,850−900 SH/NH convergence302

ratio is also an accurate predictor of the latitudinal asymmetry in ITCZ convergence (Fig-303

ure 2g, red curves). However, caution is taken with our interpretation of the Tv,850−900304

SBLM simulations as there is not well-defined divergence or convergence near the equa-305

tor (why Tv,850−900 is not shown in Figure 2h). Overall, we center the rest of our anal-306

yses on the idea that SH convergence is too strong compared to EQ divergence and NH307

convergence in SST-only SBLM simulations during the months of June through Decem-308

ber, peaking in September.309

3.3 Connection to the Variation of Virtual Temperature Gradients within310

the Boundary Layer311

To better visualize the contrasting roles of upper boundary layer and near surface312

meridional Tv gradients on ITCZ convergence, we compare the vertical structure of SST313

gradient-driven Tv gradients using equation (8) with those using observed Tv gradients.314

Figure 3a,b shows that both observed and SST gradient-driven Tv gradients broadly315

agree that there are northward Tv gradients everywhere except from 5–10◦S to the equa-316

tor which is where the equatorial cold tongue exists. Figure 3c shows that most of the317

differences occur in the upper boundary layer, as expected, but the largest differences318

are present throughout the boundary layer near the equator. There is a strong south-319

ward Tv gradient anomaly because the equatorial cold tongue signal is weaker in the ob-320

served Tv gradient than the SST gradient-driven Tv gradient and it is also shifted slightly321

north. Upper boundary layer Tv gradient anomalies highlight that there are consistently322

stronger northward Tv gradients above the surface. In other words, there is a significant323

change in the Tv gradient with height within the boundary layer. For example, there is324

a complete reversal in the Tv gradient with height over 6◦S–EQ, which we hypothesize325

plays a role in mitigating the southern hemisphere ITCZ in SST-only SBLM simulations.326

In addition, there is a northward tilt in the northward Tv gradient with height near 5◦N327

that is not present in SST gradient-driven Tv gradients. Figure 3d,e show that most of328

the differences in observed and SST gradient-driven Tv gradients are due to tempera-329

ture gradient (∂Tdry/∂y) differences with moisture gradient effects (∂Tmoist/∂y) being330

of secondary importance. Moisture gradient effects act to increase northward temper-331

ature gradients, especially south of the ITCZ and in the upper boundary layer where mois-332

ture gradients are largest.333

Figure 4a,b shows that observed and SST gradient-driven Tv gradients are gener-334

ally weaker during March than September. Differences between these Tv gradients are335

largest in the upper boundary layer south of 5◦S but they are otherwise quite weak (Fig-336

ure 4c). Similar to September, the cold tongue signature is weaker and shallower in the337

observed Tv gradient compared to the SST gradient-driven Tv gradient. Furthermore,338

the southward Tv gradient just south of the equator reverses to northward Tv gradient339

near 925 hPa, albeit it is quite weak compared to September. Figure 4d,e also show that340

most of the differences in observed and SST gradient-driven Tv gradients are due to tem-341

perature gradient (∂Tdry/∂y) differences, however, moisture gradient effects (∂Tmoist/∂y)342

do play a relatively larger role in March compared to September. This is not surprising343
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based on our crude scale analysis in section 2.3, as we expected moisture gradient effects344

to be most significant during months when temperature gradients are smallest. Another345

interesting feature in this decomposition is that moisture gradient effects do not strictly346

enhance temperature gradients. For example, moisture gradients work against temper-347

ature gradients as it is anomalously warm and dry near the equator in the observed Tv348

gradient compared to the SST gradient-driven Tv gradient.349

Since it may be difficult to conceptualize Tv gradients, Figure 5 shows the verti-350

cal structure of the observed Tv, SST gradient-driven Tv, and Tv - SST gradient-driven351

Tv for September and March. The observed and SST gradient-driven Tv anomalies for352

September show the broad northward Tv gradient over the domain with an equatorial353

cold tongue. However, the observed Tv anomaly shows a cold anomaly 15–20 degrees south354

of the equatorial cold tongue that twice as strong and is situated well above the surface.355

At the same time, the equatorial cold tongue signature is weaker in the observed Tv anomaly356

compared to the SST gradient-driven Tv anomaly. It is this cold anomaly that aids in357

weakening the southern hemisphere convergence and it is the weaker cold tongue that358

subdues the equatorial divergence seen in the SST-only SBLM simulations during Septem-359

ber (and more generally, June through December). Furthermore, there is a warm anomaly360

above the surface near 15◦N that helps explain the slight underestimation of northern361

hemisphere convergence in SST-only SBLM simulations (Figure 2a–b).362

The observed and SST gradient-driven Tv anomalies for March show broad sim-363

ilarities with relatively warm air north of the equator and a cold anomaly south of 8–364

9◦S. However, SST gradient-driven Tv anomalies show an equatorial cold tongue signa-365

ture that is absent from the observed Tv anomalies. This feature helps explain why the366

main bias in the SST-only SBLM simulations during March (and more generally, February–367

April) is excessive equatorial divergence (Figure 2a–b). Fortunately, the discrepancies368

in SST gradient-driven Tv anomalies suring March do not have a significant effect on the369

double ITCZ compared to September.370

3.4 Connection to the TWI and Low Clouds371

To better quantify the reasons for the seasonal change in the equatorial and south-372

ern hemisphere meridional Tv gradients within the context of the TWI, Figure 6a,b shows373

the disappearance of the TWI from September to March in ERA5. Associated with the374

TWI during September is a clear difference in vertical structure of Tv at both 7.5◦S and375

the EQ compared to the 30◦S–30◦N domain (Figure 6c) such that both locations expe-376

rience relative warming above cooling, with the cool anomaly at 7.5◦S centered well above377

the surface at 900 hPa and the maximum cooling at/near the surface at the EQ. To come378

back to the connection between the TWI and changing meridional Tv gradients with height,379

Figure 6d computes the difference between the September 7.5◦S and EQ Tv profiles. The380

differences in vertical Tv structure between 7.5◦S and the EQ suggest there is an increased381

north-south Tv gradient in the upper part of the boundary layer (cooler to the south)382

and a decreased temperature gradient near the surface (cooler at the EQ). It is the dis-383

placement of these two cool anomalies that causes the differences in the resulting sur-384

face PGF and boundary layer convergence between Full Tv and SST-only SBLM sim-385

ulations (Figures 1 and 2).386

Near the surface, the SST cold tongue signature at the equator causes a high sur-387

face pressure and a prominent double ITCZ structure while in the upper boundary layer,388

the cool anomaly is displaced south of the equator which contributes to a displacement389

of the high surface pressure south of the equator and a relaxation of the double ITCZ390

structure. These effects are due to the localized (at the equator and in the SH) changes391

in lapse rates in the 800–900 hPa layer, which are tied to the presence of the TWI and392

low-level cloud decks (namely, stratocumulus clouds). How do we suspect these features,393
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Figure 3. Meridional Tv gradients averaged over the east Pacific Ocean (90-125◦W) during

September: a) observed ∂Tv/∂y, b) SST-only ∂Tv/∂y, c) observed minus SST-only ∂Tv/∂y, d)

observed minus SST-only ∂Tdry/∂y, and e) observed ∂Tmoist/∂y.
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Figure 4. Same as Figure 3 but for March.
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Figure 5. Tv anomaly averaged over the east Pacific Ocean (90-125◦W) during September

(left) and March (right): a,b) observed Tv, c,d) SST-only Tv, and e,f) observed minus SST-only

Tv. Anomalies are relative to the 15◦S–15◦N average.

e.g., TWI stronger to the south, are related to stratocumulus clouds? The next section394

provides evidence to support these arguments.395

Figure 7 show the stratocumulus (Sc) cloud fraction in a) GOCCP CASCCAD and396

b) CloudSat-CALIPSO at 7.5◦S (shaded) and EQ (black contour lines) as a function of397

month of the year and averaged over the east Pacific (90-125◦W). As expected, the Sc398

cloud fraction maximizes just below the 850 hPa level (1.2 km) during August through399

October in a similar way as TWI layer lapse rates minimize during September in ERA5.400

Sc cloud fraction minimizes during February through April, which also agrees with the401

maxima in TWI layer lapse rates during March in ERA5. Despite slightly different mag-402

nitude of Sc cloud fraction between the Cloudsat-CALIPSO CASCCAD and GOCCP403

CASCCAD, the two datasets show general seasonal agreement, especially at 7.5◦S. One404

noticeable difference is that Cloudsat-CALIPSO CASCCAD shows a peak in Sc cloud405

fraction at the EQ that is slightly lower in altitude (700 m–1 km) compared to GOCCP406

CASCCAD (≈1.2 km). This shallower Sc feature is reminiscent of the equatorial TWI407

being located lower in height (875–900 hPa) than the 7.5◦S TWI (850 hPa) in Figure 6a,b.408

A latitudinal cross-section during September supports the presence of this tilt of Sc low409

clouds with latitude, as shown in Figure S5. Despite a slightly smaller Sc % and a slight410

deviation in the height of maximum Sc %, GOCCP CASCCAD manages to capture Sc411

cloud fractions to the same extent as CloudSat-CALIPSO. This is even true during March412

when convection could attenuate the low cloud signal based on subsequent analyses of413

the vertical profiles of specific humidity and vertical pressure velocity (not shown).414
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Figure 6. ERA5 ∂Tv/∂p (solid) and ∂T/∂p (dashed) over the east Pacific Ocean (90-125◦W)

at a) 7.5◦S and b) EQ for September (black) and March (blue). Tv anomaly (relative to the

30◦S–30◦N annual mean Tv) at 7.5
◦S (solid) and EQ (dashed) for c) September (black) and d)

March (blue). e) EQ minus 7.5◦S Tv for September (black) and March (blue), which highlights

the change in direction of the Tv gradient near 950–975 hPa.
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Figure 7. Stratocumulus (Sc) cloud fraction (%) averaged over the east Pacific Ocean (90-

125◦W) at 7.5◦S (shaded) and EQ (black contour lines) as a function month and height for a)

Cloudsat-CALIPSO CASCCAD (2007–2010) and b) GOCCP CASCCAD (2007–2016).
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Figure 8. Conceptual figure of the importance of the cooling: i) at the top of Sc low clouds

and ii) near the equatorial cold tongue on ITCZ wind convergence. (Contours) The ERA5 Tv

anomaly (relative to the 30◦S–30◦N annual mean Tv) averaged over the east Pacific Ocean (90-

125◦W) during September.

4 Summary and Conclusions415

In this study, we have illustrated the important role of meridional virtual temper-416

ature (Tv) gradients varying with height in the boundary layer on ITCZ wind conver-417

gence over the east Pacific Ocean on monthly timescales. We employed an idealized, slab418

boundary layer model to conduct four main experiments using different surface pressure419

gradient force (PGF) forcings from ERA5 reanalysis data: i) mass-weighted, boundary420

layer (surface–850 hPa) integrated Tv PGF (Full Tv), ii) SST-only PGF, iii) upper bound-421

ary layer (850–900 hPa) averaged Tv PGF (Tv,850−900), and iii) PGF at 850 hPa (PGF850).422

We find that two factors distinguish near-surface meridional Tv gradients from those423

in the upper boundary layer. Near the surface, there is an equatorial cold tongue that424

promotes strong equatorial divergence and off-equatorial divergence, a double ITCZ-like425

structure. In the upper boundary layer, there is a cool anomaly that is shifted 15 to 20426

degrees south of the equator that is associated with a strong trade wind inversion (TWI)427

above it and a high amount of stratocumulus low clouds slightly below it. Presumably,428

this cool anomaly is associated with the longwave radiative cooling at the top of stra-429

tocumulus clouds and there is adiabtic warming above them (Figure 6c). Another in-430

terpretation (based on hydrostatic balance as a relationship between surface pressure and431

density of the atmosphere above) is that the ITCZ is less prevalent near the equator and432

south of the equator because the atmospheric column (mainly the boundary layer) is denser433

(cooler and drier) than it is north of the equator due to these two mechanisms. These434

mechanisms are not mutually exclusive, however, the TWI and low clouds typically have435

a relatively larger impact south of the equator while the cold tongue has a relatively larger436

impact near the equator. These main ideas are conceptualized in Figure 8.437

Our SBLM experiments show that the largest discrepancies in ITCZ wind conver-438

gence between the SST-only and Full Tv SBLM simulations occur at the same time that439

the equatorial cold tongue, the TWI, and stratocumulus clouds peak in intensity dur-440
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ing June through December. Our interpretation is that the upper boundary layer TWI441

and stratocumulus clouds help in providing a large-scale north to south (NH versus SH)442

asymmetry in ITCZ convergence as they mitigate the excessively strong equatorial di-443

vergence and SH ITCZ convergence that would otherwise be produced by the SST dis-444

tribution alone.445

While SST gradients can help explain essential features of the east Pacific ITCZ,446

such as the year-round weak convergence in the SH (Liu & Xie, 2002) and more latitu-447

dinally concentrated ITCZ convection (Gonzalez et al., 2016), Tv gradients well above448

the surface (but in the boundary layer) altered by low clouds also play a key role in the449

observed preference of a NH-dominant ITCZ in the east Pacific Ocean (Philander et al.,450

1996). We describe our findings within the framework of a “dynamical” link between the451

TWI/low clouds, the equatorial cold tongue, and the ITCZ mainly because we are defin-452

ing ITCZ based on boundary layer wind convergence. However, there is much more to453

be learned about these connections and how other thermodynamics factors, such as low-454

to mid-free tropospheric moisture, moist static energy, and turbulent mixing fit into the455

big picture of what controls tropical convection in and near the ITCZ (Bony et al., 2017;456

Stevens et al., 2017; Fuchs-Stone et al., 2020; Raymond & Fuchs-Stone, 2021).457
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Figure 5.
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Figure 6.
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Figure 7.
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Figure 8.
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