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Abstract Sea surface temperature (SST) gradients are a primary driver of low-level wind convergence in
the east Pacific Inter-Tropical Convergence Zone (ITCZ) through their hydrostatic relationship to the surface
pressure gradient force (PGF). However, the surface PGF may not always align with SST gradients due to
variations in boundary layer temperature gradients with height, that is, the boundary layer contribution to the
surface PGF. In this study, we investigate the observed northern hemisphere position of the east Pacific ITCZ
using a slab boundary layer model (SBLM) driven by different approximations of the boundary layer virtual
temperature field. SBLM simulations using the entire boundary layer virtual temperature profile produce a
realistic northern hemisphere ITCZ. However, SST-only simulations produce excessive equatorial divergence
and southern hemisphere convergence, resulting in a latitudinally confined double ITCZ-like structure.
Observed virtual temperature gradients highlight the importance of northward temperature gradients
strengthening with height from the equator to 15°S below the trade wind inversion (TWI). Our interpretation is
that the equatorial cold tongue induces relatively weak high surface pressure and double ITCZ-like convergence
because the resulting layer of cold air is shallow. Concurrently, relatively strong high surface pressure spreads
out in the southern hemisphere due to interactions between stratocumulus clouds and the ocean surface.
Together, the equatorial cold tongue and the TW1/stratocumulus clouds enable a more northern hemisphere
dominant ITCZ. Thus, we provide evidence of a dynamical link between the equatorial cold tongue, low clouds,
and double ITCZs, which continue to be problematic in Earth system models.

Plain Language Summary State-of-the-art climate models have been plagued by biases in the Inter-
Tropical Convergence Zone (ITCZ), where the trade winds converge and the world's most intense rainfall
occurs. Climate models often produce one ITCZ in each hemisphere, a double ITCZ, when there is nearly
always one ITCZ observed in the northern hemisphere. In this study, we investigate why the northern
hemisphere ITCZ dominates over the east Pacific Ocean using an idealized model driven by observed southern
and northern hemisphere contrasts in: (a) sea surface temperature (SST) only and (b) both SST and atmospheric
temperature. Experiments driven by only SST contrasts produce a double ITCZ-like structure that is reminiscent
of climate model double ITCZ biases. In observations, a cold tongue of ocean water on the equator induces
relatively weak high surface pressure and a double ITCZ-like wind convergence. At the same time, relatively
strong high surface pressure spreads out in the southern hemisphere due to stratocumulus clouds and the ocean
surface. Together, the equatorial cold tongue and stratocumulus clouds enable a more northern hemisphere
dominant ITCZ. This study provides a dynamical link between the equatorial cold tongue, low clouds, and
double ITCZs, which continue to be problematic in models.

1. Introduction

The east Pacific Ocean intertropical convergence zone (ITCZ) is highly modulated by variations in the tropical
boundary layer winds, which often produce horizontal convergence that is co-located with ITCZ precipitation
(Gonzalez et al., 2022; Lindzen & Nigam, 1987; Liu & Xie, 2002). The cause of these boundary layer wind
variations is commonly diagnosed through the zonal and meridional momentum budgets (Back & Breth-
erton, 2009a; Gonzalez & Schubert, 2019; Gonzalez et al., 2022; Holton, 1975; Holton et al., 1971; Lindzen &
Nigam, 1987; Mahrt, 1972a, 1972b; McGauley et al., 2004; Raymond et al., 2006; Sobel & Neelin, 2006; Tomas
etal., 1999). A leading term in boundary layer momentum budgets is the pressure gradient force (PGF), especially
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in regions where there are strong sea surface temperature (SST) gradients (Back & Bretherton, 2009b; Duffy
et al., 2020; Lindzen & Nigam, 1987). The link between SST and boundary layer pressure gradients comes from
hydrostatic balance when integrated vertically. In a hydrostatic atmosphere, the surface pressure is determined by
the density of the overlying atmospheric column. Therefore, regions with cool SSTs tend to have a higher surface
pressure due to a heavier column above, and regions with warm SSTs tend to have a lower surface pressure due to
a lighter column above.

Lindzen and Nigam (1987); Stevens et al. (2002); Back and Bretherton (2009a); Duffy et al. (2020), and Zhou
et al. (2020) used hydrostatic balance and different forms of a linear boundary layer model to quantify how well
SST gradients explain large-scale surface winds and convergence in the tropics. When integrating vertically to
solve for the surface pressure gradient, most of these studies assume temperature gradients decrease with height in
the boundary layer at a constant rate determined solely from the SST distribution (i.e., larger lapse rates for warm
than cool SSTs). However, this assumption does not always hold true because of variations in boundary layer
lapse rates that are inconsistent with SST over wide swaths of tropical latitudes. For example, near the equatorial
cold tongue, SST gradients are large. However, air-sea temperature differences are minimal such that surface
turbulent heat fluxes (especially sensible) are very small (Raymond et al., 2004), and the upper marine boundary
layer becomes decoupled from the surface mixed layer (de Szoeke et al., 2005; Fairall et al., 2008). This implies
that the layer of cool air associated with the equatorial cold tongue is shallow and should have a relatively small
effect on the large-scale surface pressure gradient field. The second example is the region of cool SSTs south of
the equator where there is a strong trade wind inversion (TWI) and stratocumulus clouds at the top of the boundary
layer (Bretherton et al., 2004; Klein & Hartmann, 1993; Wood, 2012) surrounded by moderate SST gradients. In
this region, surface turbulent heat fluxes (especially latent) are large and the boundary layer is relatively deep
(Fairall et al., 2008; Kalmus et al., 2014) such that the associated cool marine boundary layer air should have a
relatively large effect on the large-scale surface pressure gradient field. Additionally, the TWI layer in this region
tends to be associated with strong longwave cooling at cloud top, which is a dominant term in the energy budget
(Caldwell et al., 2005; Kalmus et al., 2014).

Therefore, there should be a cool anomaly associated with the TWI that is elevated and shifted southward of the
near-surface cold anomaly associated with the equatorial cold tongue (Mansbach & Norris, 2007; Mitchell &
Wallace, 1992). This implies that meridional temperature gradients above the surface are significantly different
from SST gradients, with high surface pressure likely extending from the cold tongue to the tropical TWI and into
the subtropics (Schubert et al., 1995). These ideas could help partially explain why surface winds and ITCZ
convergence are more accurately diagnosed in linear boundary layer models when the surface PGF is estimated
using boundary layer virtual temperature gradients (which include lapse rate variation effects) than SST gradients
alone (Back & Bretherton, 2009a; Duffy et al., 2020). Furthermore, we wonder whether these ideas about
localized changes in the vertical structure of boundary layer temperature gradients can help explain the over-
production of double convergence zones over the Atlantic and east Pacific in the SST-driven version of the linear
boundary layer models of Back and Bretherton (2009a); Duffy et al. (2020); Zhou et al. (2020).

It is widely known that ITCZ biases in Earth system models (ESMs) can often be attributed in part to insufficient
low cloud production in the southeast Pacific and/or an anomalously strong and westward extended equatorial
cold tongue in the central Pacific (Adam et al., 2018; Li & Xie, 2014; Mechoso et al., 1995; Woelfle et al., 2019;
G.J. Zhang et al., 2019). A dearth of low clouds in ESMs is typically associated with excessive surface insolation,
large atmospheric net energy input, and/or insufficient latent heat fluxes (Adam et al., 2018; Cesana & Wal-
iser, 2016; Nam et al., 2012; Song & Zhang, 2016; M. H. Zhang et al., 2005; G. J. Zhang et al., 2019). Of all low
clouds, stratocumulus clouds are of particular interest because they have cloud decks that often extend thousands
of kilometers horizontally, allowing them to potentially impact the large-scale thermodynamics and dynamics.
Stratocumulus clouds form at the base of a very thin (© (10-100 m)) TWI layer (Haman et al., 2007; Wood, 2012)
that is difficult to resolve with models (Bretherton et al., 2004; Woelfle et al., 2019).

While ITCZ biases can exist in atmosphere-only model simulations (Xiang et al., 2017, 2018), they grow sub-
stantially when ocean coupling is employed (Lin, 2007; S.-P. Xie & Philander, 1994; G. J. Zhang et al., 2019).
Moreover, the significance of SST gradients in driving boundary layer winds and convergence is not to be
ignored. SST gradients and their anomalies have been critical to understanding the interactions between the at-
mosphere and ocean by anchoring the theory of wind-evaporation-SST (WES) feedbacks, which are driven by the
dynamical and surface latent heat flux response to SST and sea level pressure anomalies (Chelton et al., 2001; Li
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Table 1 & Xie, 2014; S.-P. Xie & Philander, 1994). Recent work by Karnaus-
The Two SBLM Experiments, Including the Numerical Equations Used to kas (2022) demonstrated that changes in lower atmospheric stratification,

Estimate the Surface PGF Forcings

momentum mixing, and surface latent heat fluxes are also important to

consider as a negative feedback mechanism that counteracts WES feedbacks

Experiment Surface PGF equation
Full 7, RZS (V) n() - (v@),,
SST-only

(Hayes et al., 1989; Wallace et al., 1989).

In this study, we seek theoretical insight into the importance of both hori-
zontal gradients of SST and boundary layer virtual temperature on surface

R,A(VSST) 1n(&_) ~(VD), , , < _ , :
2 wind convergence in the east Pacific. We interrogate hydrostatic balance in

Note. We use p, = 850 hPa for both experiments and p, = 1,013 hPa for the

reanalyzes and develop a set of idealized slab boundary layer model simu-

SST-only experiment. For Full T, the SST is used in place of T, at the surface lations with different forms of the boundary layer contribution to the surface
and the surface pressure is the observed mean sea level pressure, i corre-  PGF forcing based on SST versus boundary layer virtual temperature gradi-
sponds to each pressure level from the surface to 850 hPa, and N is the total ents. We aim to highlight the importance of changes in lapse rates, for

number of pressure and surface levels (e.g., eight in ERAS).

example, those associated with the TWI/low clouds, in altering the boundary
layer contribution to the surface PGF, which is known to be a driver of surface
wind convergence. We deem this the “dynamical” part, however, this is not to be confused with other important
dynamical processes, such as the vertical mixing of horizontal momentum.

This paper is organized as follows. Section 2 discusses the use of atmospheric and oceanic fields from reanalyzes
and low cloud fractions from the Cumulus and Stratocumulus CloudSat-CALIPSO Data set (CASCCAD). We
also derive two formulas, one that decomposes the surface PGF into components from vertically integrated virtual
temperature gradients and free tropospheric PGF and the other that decomposes virtual temperature gradients into
atemperature only part and a covarying moisture and temperature part. The last part of Section 2 describes the two
experiments using a nonlinear slab boundary layer model (SBLM) that test different forms of the surface PGF.
Section 3 begins by comparing the meridional-vertical boundary layer virtual temperature structure between the
two experiment forcings. The next parts of Section 3 analyze the surface PGF forcings and SBLM simulation
wind convergence across the two experiments. The latter parts of Section 3 tie the differences between the two
SBLM simulations to localized changes in lapse rates over the equatorial cold tongue and south of the equator (the
TWI), discussing the role of stratocumulus clouds. Section 4 summarizes the broad-reaching results and discusses
the implications within the context of a dynamical link between low clouds, the equatorial cold tongue, and the
ITCZ.

2. Methods
2.1. ERAS Reanalysis

We employ various monthly atmospheric and oceanic fields from the ECMWF's Fifth Re-Analysis (ERAS) at a
horizontal resolution of 0.25° for the period of 1979-2021 (Hersbach et al., 2020). A monthly climatology over
1979 to 2021 is computed for each field of interest after which any covarying terms, numerical derivatives, or
numerical integrals are computed. Finally, all fields are zonally averaged over the east Pacific (90-125°W) using
only ocean points. We use central second-order spatial finite difference methods for both horizontal and vertical
derivatives. Vertical integrals are computed using the numerical approximation presented in Table 1. We use
ERAS data because of better alignment of low cloud properties with satellite-based estimates of low clouds over
the east Pacific compared to NASA's Modern-Era Retrospective Analysis for Research and Applications, version
2 (MERRA-2, not shown). In addition, ERAS has been shown to be more accurate than all other reanalyzes in
terms of vertical motions over the tropical east Pacific (Huaman et al., 2022). Serra et al. (2023) also show that
ERAS more accurately reproduces the strong tropical rainfall rates (compared to MERRA-2) observed during the
Propagation of Intraseasonal Tropical Oscillations field campaign in the west Pacific.

2.2. The Cumulus and Stratocumulus CloudSat-CALIPSO Data Set (CASCCAD)

The Cumulus and Stratocumulus CloudSat-CALIPSO Data set (CASCCAD, Cesana et al. (2019)) distinguishes
stratocumulus (Sc), cumulus (Cu), and the transitioning clouds in between, that is, broken Sc, Cu under Sc, and Cu
with stratiform outflow, at the orbital level based on morphology (geometrical shape and spatial heterogeneity).
The CASCCAD algorithm is utilized on instantaneous profiles of active-sensor CALIPSO-GOCCP (Chepfer
et al., 2010) from 2007 through 2016 and CloudSat-CALIPSO GeoProf (Mace & Zhang, 2014) from 2007
through 2010. The results of a case study analysis show that CASCCAD robustly captures Sc, Cu, and transitions
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between the two regimes, even better than previous satellite data products (Cesana et al., 2019). Thus, CASCCAD
represents one of the best currently available observational constraints on the global scale distribution of Sc,
which we will use in this project to study the relationship between the ITCZ, TWI, and Sc clouds over the east
Pacific.

With a longer time record and a better horizontal resolution (90 m every 333 m) than CloudSat-CALIPSO
GeoProf, CALIPSO-GOCCP CASCCAD makes it possible to detect all fractionated shallow cumulus clouds
and to analyze climatological values of Sc and Cu clouds. However, as the lidar penetrates within cloudy layers,
the CALIPSO-GOCCEP signal eventually attenuates completely for optical thickness greater than three to five. In
these instances, for example, in deep convective clouds or in the storm tracks, the Cloud Profiling Radar (CPR)
capability of CloudSat complements cloud profiles beneath the height at which the lidar attenuates, making
CloudSat-CALIPSO CASCCAD a better choice than CALIPSO-GOCCP CASCCAD, although the CPR clutter
prevents using CloudSat data below 1,000 m.

2.3. Surface Pressure Gradient Force From Hydrostatic Balance

Given that output from ERAS is on pressure levels, we integrate the horizontal gradient of hydrostatic balance of

el

the form np =

—R,T,, from the constant surface pressure, p,, to the top of the boundary layer, p,, arriving at the

equation

1 Psc
—wp =R [ (VE)dInp - (v0),, o
pr

s

where p, = p(x, y, z,, 1) is the surface density, z; is the surface height, p, = p(x, y, z,, 1) is the surface pressure, V is
the horizontal gradient operator, 7, = (1 + 1%‘ q) T is virtual temperature, R, is the water vapor air gas constant, R,

is the dry air gas constant, T is temperature, and ¢ is specific humidity. Note that the left hand side of Equation 1
technically has two terms, —(V®), and —/{Vps. The former term vanishes while the latter remains because we

assume p, varies with space. Equation 1 implies that the horizontal surface PGF (note the negative sign in front of
prps) is driven by: (a) horizontal 7, gradients from the surface up until the top of the boundary layer (the

boundary layer contribution) and (b) the horizontal PGF at the top of the boundary layer (here 850 hPa).
Equation 1 will be numerically integrated using formulas in Table 1 for each of two experiments using an
idealized boundary layer model, which will discussed in the next subsection.

Since the form of hydrostatic balance we use involves the role of water vapor through virtual temperature 7', rather
than T alone, the role of water vapor on 7, gradients may be diagnosed by decomposing 7T, gradients into two
parts: one involving only 7 and the other involving ¢ and 7. We find that horizontal moisture gradients are
typically a secondary contributor to the surface PGF over the east Pacific Ocean on monthly climatological
timescales in this study (not shown).

2.4. Slab Boundary Layer Model Experiments

A zonally symmetric, slab boundary layer model (SBLM) on the sphere (Gonzalez & Schubert, 2019) is
employed to simulate the surface winds of the east Pacific Ocean in a similar vein as Back and Bretherton (2009a);
Duffy et al. (2020) and Zhou et al. (2020). The SBLM is forced by the boundary layer height, free tropospheric
velocities (700-800 hPa averaged zonal and meridional velocity fields), and the estimated surface meridional
PGF. Note that each SBLM forcing is a prescribed field from ERAS.

Consider zonally symmetric motions that depend on time ¢ and latitude ¢ of an incompressible fluid of a frictional
boundary layer of variable depth 4. The boundary layer zonal and meridional velocities u(¢, f) and v(¢, 1) are
independent of height between the top of a thin surface layer and height, %, and the vertical velocity at the top of
the boundary layer is denoted by w(¢, ). The governing system of differential equations is

du ou u

e
E‘FV%:ng—CDUh+7(u—MT)+Ku, (2)
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E-I—V %— fou —cpU h P, ay + A (V VT)+KV’ (3)
_ 9 cos §)
" acos ¢pdg’ @

where f, = (29 sin ¢ + W) is the effective Coriolis force, including the metric term, Q and a are Earth's

rotation rate and radius, c¢pU is the parameterized surface wind drag factor (more details below),

U =0.78(u* + vz)l/2 is the wind speed at 10 m height (Powell et al., 2003), w™ = 1 (Jw| — w) is the rectified
Ekman suction, ur(¢) and vy(¢) are the respective zonal and meridional velocities in the overlying free tropo-

sphere, K, = K & (%‘M) is the zonal diffusion, K, = K ﬁ(‘ﬁﬁ:‘;ﬁﬁ)) is the meridional diffusion, and K

is the constant horizontal diffusivity. The drag factor ¢, U is assumed to depend on the 10 m wind speed according
to the following formula from Large et al. (1994)

cpU =107°(2.70 + 0.142U + 0.0764U%). 5)

A derivation of the SBLM equations starting from first conservation principles is given in the Appendix of
Gonzalez and Schubert (2019). For all experiments, the constants used are Q = 7.292 X 1073 s_l,
a=6371%x10°m, K =1.0x 10°m*s™!, Ar =300 s, and A¢ = 0.25°.

We perform a suite of SBLM simulations, one for each month of the year and over two different experiments for a
total of 24 simulations (see Table 1). Each of the two SBLM experiments contains the same prescribed ERAS
boundary layer height, A, free tropospheric velocities, ur, vy, and 850 hPa PGF, (V®), , but they have a different
form of the boundary layer contribution to the surface PGF forcing, R, pp;" (VT,)d In p: (a) surface to 850 hPa,
mass-weighted and vertically integrated T, gradients (Full 7,) and (b) SST gradients (SST-only), which is
described below. We also performed two additional experiments that are shown in the Figures S2 and S3 in
Supporting Information S1: (c) T, gradients averaged over 850-900 hPa (7, gs9_999) and (d) 850 hPa PGF
(PGFgs).

For all experiments, horizontal gradients are computed before selecting ocean-only points and before computing
pressure level averages. Given that the Full 7, SBLM experiments involve numerical integration, we quantify the
month-by-month errors in the Full 7, surface PGF against the “observed” surface PGF in Figure S1 in Supporting
Information S1. The observed surface PGF is estimated using second-order central finite difference methods via
the equation,

1
——Vp, = —R,;(SST)V Inp,, (6)
Dy

s

where SST is the sea surface temperature. We find that the numerically integrated Full 7, surface PGF is quite
accurate, with a minimum pattern correlation of 0.999 and a maximum standardized root-mean-squared differ-
ence of 0.066 compared to the estimate from Equation 6. Note since the SBLM is a zonally symmetric model, only
the meridional component (0/dy) of the surface PGF and its components (SST, 7, and 850 hPa PGF gradients) are
used in this study. However, the use of the V gradient operator is retained to keep the derivations as general as
possible for future applications.

For the SST-only SBLM experiment, the assumption is that 7, gradients linearly decay with pressure (Duffy
et al., 2020; Lindzen & Nigam, 1987; Zhou et al., 2020) according to the formula

VT,(p) = VSST(I _6TH)’ )

where 6 is a fraction representing how fast the SST gradient linearly decays from the surface to the top of the
boundary layer. For this study, we choose §;= 0.75, which implies that the SST gradients have decayed by 75% at
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p = p- The assumption of the SST gradient only changing in magnitude in the vertical allows for the surface PGF
forcing formula in Equation 1 to be written as

1
——Vp, =R, 1n<£> AVSST — (V®), , ®)
s Pr
where
p.YL' 1
A=1-6 - . ©
! (psc —Pr ln(psc/pT) )

Using the constant values p,. = 1,013 hPa, p; = 850 hPa, and 6, = 0.75, A = 0.614, which implies that the net
amplitude (when vertically integrated) of the SST gradient on the surface PGF is 61.4% due to the assumption of
the SST gradient decaying linearly with height.

Note that for the entirety of the paper, SBLM simulation solutions will be shown at the equilibrium time of
30 days, which is when the meridional integral of the kinetic energy tendency vanishes over the entire domain (not
shown). For comparisons between the dynamical solutions of the SBLM versus boundary layer (850—1,000 hPa)
averaged ERAS data, see Figures S4 and S5 in Supporting Information S1.

3. Results
3.1. Variation of Virtual Temperature Gradients Within the Boundary Layer

We begin by comparing and contrasting the vertical structure of the observed meridional T, gradients with those
of the SST-only T, from Equation 7 during the contrasting months of September and March using ERAS data.

For September, Figures la and 1c shows that observed and SST-only 7, gradients broadly agree that there are
northward T, gradients everywhere except from 5 to 10°S to the equator which is associated with the atmospheric
signature of the equatorial cold tongue seen in Figures 1b and 1d. Figure le shows that most of the differences
occur in the upper boundary layer, as expected, but the largest differences are present throughout the boundary
layer near the equator. There is a strong northward 7, gradient anomaly near the equator in SST-only because the
equatorial cold tongue signal is stronger and it is also shifted slightly south. Upper boundary layer T, gradient
anomalies highlight that there are consistently stronger southward 7, gradients in SST-only above the surface
(Figure 1c). Furthermore, there is a significant change in the observed T, gradient with height within the boundary
layer that is not readily seen in SST-only. For example, there is a complete reversal in the observed 7, gradient
with height over 6°S-EQ, which we hypothesize will play a role in mitigating strong equatorial divergence in
SST-only SBLM simulations. In addition, Figure 1a shows that there is a northward tilt in the observed northward
T, gradient with height near 5°N that is not present in SST-only. Most of the differences in observed and SST-only
T, gradients are due to temperature gradient effects with moisture gradient effects acting to increase northward 7,
gradients, especially south of the ITCZ and in the upper boundary layer (not shown).

Since it may be difficult to conceptualize T, gradients, Figures 1b, 1d and 1f shows the vertical structure of the
observed anomalous 7', SST-only 7,, and SST-only minus 7, for September. Note that the anomalous SST-only
T, is recovered through latitudinal integration of Equation 7 and removal of the 20°S—20°N mean 7,(p) profile.
The observed and SST-only 7, anomalies for September show broad warm 7T, in the northern hemisphere (NH)
and cool 7, in the southern hemisphere (SH). The equatorial cold tongue signature is weaker in the observed T,
anomaly compared to the SST-only 7, anomaly. However, the SST-only cold tongue anomaly is of a similar
magnitude as the SST-only cold and warm T, anomalies away from the equator, the observed T, cold tongue
anomaly is about one third as strong as of the observed cool and warm 7, anomalies away from the equator.

Figures 2a and 2c shows that observed and SST-only 7, gradients are generally weaker during March than
September. As seen in Figure 2e, differences between these 7, gradients are largest in the upper boundary layer
south of 5°S but they are otherwise quite weak. Similar to September, the atmospheric signal of the equatorial cold
tongue stronger and deeper in the SST-only T, gradients compared to observed 7, gradients. Most of the dif-
ferences in observed and SST-only 7, gradients are due to temperature gradient effects, however, moisture
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Figure 1. ERA5 meridional T, gradients and T, anomalies averaged over the east Pacific Ocean (90-125°W) during September: (a) observed d7,,/dy, (b) observed 7,
anomaly, (c) SST-only 07, /dy, (d) SST-only T, anomaly, (¢) SST-only minus observed 97, /dy, and (f) SST-only minus observed T, anomaly. 7, anomalies are relative

to the 20°S-20°N mean.

gradient effects do play a relatively larger role in March compared to September (not shown). This is not sur-
prising based on the scale analysis in the Supporting Information S1, as we expected moisture gradient effects to
be most significant during months when temperature gradients are smallest.

The observed and SST-only 7, anomalies for March in Figures 2b and 2d show broad similarities with those of
September with relatively warm T, north of the equator and a cool anomaly (elevated in observed T,) south of 10°
S. Furthermore, SST-only 7, anomalies show an equatorial cold tongue signature that is nearly absent from the
observed T, anomalies. However, the differences between the observed and SST-only 7, anomalies are sub-
stantially smaller in March compared to September (note the reduced contour levels in Figure 2f).

3.2. Surface PGF SBLM Forcings

To help with our interpretations of how the differences in boundary layer meridional 7, gradients impact the
SBLM surface PGF forcing fields for each of our SBLM experiments, Figures 3a and 3b shows the “surface
geopotential anomaly” during September and March using ERAS5 data. The surface geopotential anomaly is
technically the latitudinally integrated surface PGF field from Figures 3c and 3d with the 20°S-20°N mean
removed. We examine the surface PGF (and its surface geopotential anomaly) because it is our only varying
forcing between our SBLM experiments and it is one of the three leading terms in the meridional momentum
budget in all of our SBLM simulations, as shown in Figure S6 in Supporting Information S1.

The surface geopotential anomalies associated with both surface PGF SBLM forcings show broadly that
September is dominated by high geopotential south of the equator and low geopotential north of the equator
(Figure 3a). From this general latitudinal structure of geopotential, one would expect a northern ITCZ to develop
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March ERA5S East Pacific Ocean Virtual Temperature Gradients
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Figure 2. Same as Figure 1 but for March.

in all SBLM simulations. During March, both surface PGF forcings also show qualitative agreement that surface
geopotential anomalies are nearly symmetric about the equator with low geopotential anomalies centered about
the equator (Figure 3b). Thus, one would expect either one single ITCZ centered on the equator or two ITCZs
straddling the equator, that is, a double ITCZ, during March. A double ITCZ structure typically occurs when there
is a relatively high geopotential centered on the equator (Figure 3b) or the surface PGF switches from negative to
positive abruptly near the equator (Figure 3d), inducing divergence away from the equator (Gonzalez et al., 2016).
Thus, we anticipate a double ITCZ to be produced from the SST-only and Full T, (to a lesser extent) SBLM
simulations during March (Figures 3b, 3d and 3f, blue curves). Despite many broad similarities between both
surface PGF forcings, there are key differences between the SBLM surface PGF forcings for Full 7, (black) and
SST-only (blue).

South of 5°S during both September and March, the high surface geopotential anomalies and positive PGF are
consistently weaker in SST-only (Figures 3a—3d, blue curves) than in Full 7, (black curves). This would suggest
that SST-only SBLM simulations have an anomalous low south of the equator and not enough SH divergence and/
or too much SH convergence. Near the equator during September and March, SST-only surface geopotential
anomalies are anomalously higher than in Full 7', (Figures 3a and 3b), implying there may be excessive equatorial
divergence and a double ITCZ structure in SST-only SBLM simulations. SST-only surface geopotential
anomalies are generally anomalously higher than in Full 7, north of 3°N during September and from 3°N to 12°N
during March. Given that the ITCZ is located near 5°N—15°N in September and 3-8°N in March (Liu &
Xie, 2002), one would expect these anomalously high surface geopotential anomalies to yield weaker NH ITCZ
convergence in SST-only than in Full 7, SBLM simulations.
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ERAS5 East Pacific (90-125°W) Surface PGF Forcings
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Figure 3. ERAS surface geopotential anomalies and pressure gradient force (PGF) averaged over the east Pacific Ocean (90—
125°W) for the two SBLM experiments (see Table 1): Full 7', (black) and SST-only (blue) during the months of (a),(c)
September and (b),(d) March. Note that geopotential anomalies are calculated via latitudinal integration of Equation 1 or
Equation 8 and they are relative to the 20°S-20°N mean.

3.3. Surface Wind Convergence From the SBLM Experiments

Figures 4b and 4c illustrates that SST-only SBLM simulations produce a year-round double ITCZ and excessive
equatorial divergence compared to Full 7, SBLM simulations. In observations and reanalyzes, a double ITCZ
peaks during February through April (Gu et al., 2005; Gonzalez et al., 2022; Liu & Xie, 2002; C. Zhang, 2001).
Surface wind convergence in SST-only SBLM simulations is much more interhemispherically symmetric
especially during May through December despite there being a robust NH ITCZ in both wind convergence and
precipitation observations (Waliser & Gautier, 1993). Furthermore, the NH ITCZ in SST-only SBLM simulations
is consistently shifted south of the NH ITCZ in Full 7. These findings confirm our hypotheses when we analyzed
the T, and surface PGFs that the observed north-south asymmetries in boundary layer T, (e.g., Figure 1) are
critical in the production a NH-dominant ITCZ in observations.

From Figure 4, it is evident that SST-only SBLM simulations overproduce equatorial divergence and southern
hemisphere convergence and have a more equatorward NH ITCZ. However, how significant the off-equatorial
convergence and equatorial divergence pattern biases are in SST-only SBLM simulations relative to Full 7,
SBLM simulations is not as clear. This is relevant since SH convergence is present all year in the Full 7, SBLM
simulations and in observations (Gonzalez et al., 2022; Liu & Xie, 2002) but it is relatively weak for most of the
year in observations, especially compared to NH convergence. Figure 5a suggests there is indeed a substantial
pattern problem in SST-only SBLM simulations in that SH convergence is from two times to an order of
magnitude too strong compared to NH convergence for all months except from February through April.
Furthermore, Figure 5b shows that SST-only SBLM simulations have excessive SH convergence compared to
equatorial (EQ) divergence (one and a half to an order of magnitude too strong) during July through December.
February through April also show substantial discrepancies in SST-only SBLM simulations, with EQ divergence
being three to five times too strong compared to SH convergence. Overall, we center the rest of our analyses on
the idea that SH convergence is too strong compared to EQ divergence and NH convergence in SST-only SBLM
simulations during the months of June through December, peaking in September.
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SBLM East Pacific Ocean Surface Wind Convergence
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Figure 4. SBLM-simulated surface wind convergence over the east Pacific Ocean (90-125°W) for the two experiments:
(a) Full T, PGF and (b) SST-only PGF. Panel ¢ shows SST-only minus Full 7, PGF surface wind convergence. In panels a
and b, 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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SBLM East Pacific Ocean Boundary Layer Convergence
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Figure 5. The ratios of the: (a) maxima of NH convergence and SH convergence and (b) maxima of equatorial divergence and
SH convergence for the Full T, PGF (black) and SST-only PGF (blue) SBLM simulations. The SH and NH convergence
maxima correspond to the convergence in the gray circles Figures 4a and 4b. The equatorial divergence maxima correspond
to the divergence in gray triangles of Figures 4a and 4b.

3.4. Connection to the TWI and Low Clouds

To better quantify the reasons for the seasonal change in the vertical structure of equatorial and southern
hemisphere meridional 7, gradients, Figures 6a and 6b shows the disappearance of the TWI from September to
March in ERAS. Associated with the TWI during September is a clear difference in the vertical structure of T, at
both 7.5°S and the equator compared to the 30°S—30°N domain mean profile (Figure 6¢). Both locations expe-

rience relative warming above cooling during September, with the cool anomaly at 7.5°S centered well above the

surface at 900 hPa and the maximum cooling at the equator near the surface. Figure 6d shows that during March, it
is relatively warm throughout the vertical profile of T, at both locations, with a significant increase in lapse rate
above 925 hPa. This increase in lapse rate in the upper boundary layer and lower free troposphere during March is
likely related to the weakening of the equatorial cold tongue and the development of convection in and near the
SH ITCZ.

c) Sep T, anomalies at 7.5°S, EQ

d) Mar T, anomalies at 7.5°S, EQ

e) Sep and Mar EQ-7.5°S T,
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Figure 6. ERAS 0T, /0p over the east Pacific Ocean (90-125°W) at (a) 7.5°S and (b) EQ for September (black) and March (blue). 7, anomaly (relative to the 30°S-30°N
mean T,) at 7.5°S (solid) and EQ (dashed) for (c) September (black) and (d) March (blue). (¢) EQ minus 7.5°S T, for September (black) and March (blue), which
highlights the change in direction of the 7, 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).

Coming back to the connection between the TWI and changing meridional 7, gradients with height discussed in
Figures 1 and 2, Figure 6e computes the difference between the 7.5°S and equator T, profiles for both September
and March. The differences in vertical 7, structure between 7.5°S and the equator suggest there is an increased
north-south 7, gradient in the upper part of the boundary layer (cooler to the south) and a decreased temperature
gradient near the surface (cooler at the equator) during both September and March. It is the displacement of these
two cool anomalies that causes the differences in the resulting boundary layer contribution to the surface PGF and
convergence between Full 7, and SST-only SBLM simulations (Figures 3 and 4).

Reincorporating the ideas formulated with respect to Figure 3, the SST cold tongue signature at the equator causes
a high surface pressure and a prominent equatorially confined double ITCZ structure. In the upper boundary layer,
the cool anomaly is displaced south of the equator, which contributes to a displacement of the high surface
pressure south of the equator and a relaxation of the double ITCZ structure. These effects are due to the localized
(at the equator and in the SH) changes in lapse rates in the 800-900 hPa layer, which are tied to the presence of the
TWI and low-level cloud decks (namely, stratocumulus clouds).

Figure 7 shows the stratocumulus (Sc) cloud fraction in (a)CloudSat-CALIPSO and (b) GOCCP CASCCAD at
7.5°S (shaded) and equator (black contour lines) as a function of month of the year and averaged over the east
Pacific (90-125°W). As expected, the Sc cloud fraction maximizes just below the 850 hPa level (1.2 km) from
August through October similarly to TWI layer lapse rates minimizing during September in ERAS5. Sc cloud
fraction minimizes during February through April, which also agrees with the maxima in TWI layer lapse rates
during March in ERAS. Despite the slightly different magnitude of Sc cloud fraction between the Cloudsat-
CALIPSO CASCCAD and GOCCP CASCCAD, the two data sets show general agreement in monthly evolu-
tion, especially at 7.5°S. One noticeable difference is that Cloudsat-CALIPSO CASCCAD shows a peak in Sc
cloud fraction at the EQ that is slightly lower in altitude (700 m—1 km) compared to GOCCP CASCCAD
(~1.2 km). This shallower Sc feature is reminiscent of the equatorial TWI being located lower in height (875—
900 hPa) than the 7.5°S TWI (850 hPa) in Figures 6a and 6b. A latitudinal cross-section during September
supports the presence of this tilt of Sc low clouds with latitude, as shown in Figure S7 in Supporting
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Figure 8. Conceptual figure of the importance of the cooling: 1) at the top of Sc low clouds and ii) near the equatorial cold tongue on ITCZ wind convergence. (Contours)
The ERAS5 T, anomaly (relative to the 30°S-30°N mean 7T,) averaged over the east Pacific Ocean (90-125°W) during September.

Information S1. Despite a slightly smaller Sc fraction and a slight deviation in the height of maximum Sc fraction,
GOCCP CASCCAD manages to capture Sc cloud fractions to the same extent as CloudSat-CALIPSO. This is
even true during March when convection could attenuate the low cloud signal based on subsequent analyses of the
vertical profiles of ERAS specific humidity and vertical pressure velocity (not shown).

4. Summary and Conclusions

In this study, we have illustrated the important role of meridional virtual temperature (7,) gradients varying with
height in the boundary layer on ITCZ wind convergence over the east Pacific Ocean on monthly timescales. We
employed an idealized, slab boundary layer model to conduct two main experiments using different boundary
layer contributions to the surface pressure gradient force (PGF) prescribed from ERAS reanalysis data: (a) mass-
weighted, boundary layer (surface—850 hPa) integrated T, PGF (Full T,) and (b) SST-only PGF.

We find that two factors distinguish near-surface meridional 7, gradients from those in the upper boundary layer.
Near the surface, the equatorial cold tongue's atmospheric signature promotes strong equatorial divergence and
off-equatorial convergence, promoting a double ITCZ-like structure. In the upper boundary layer, a northern
ITCZ is preferred due to a cool anomaly that is shifted 15-20° south of the equator that is associated with a strong
trade wind inversion (TWI) above it and a high fraction of stratocumulus low clouds slightly below it. Another
interpretation, based on hydrostatic balance as a relationship between surface pressure and density of the at-
mosphere above, is that the ITCZ is less prevalent near the equator and south of the equator because the atmo-
spheric column (mainly the boundary layer) is denser (cooler and drier) than it is north of the equator due to the
elevated cool anomaly in the SH and the equatorial cold tongue. These main ideas are conceptualized in Figure 8,
which shows the ERA5 T, averaged over the east Pacific Ocean and relative to the 30°S-30°N mean.

Our SBLM experiments show that the largest discrepancies in ITCZ wind convergence between the SST-only and
Full T, SBLM simulations occur at the same time that the equatorial cold tongue, the TWI, and stratocumulus
clouds peak in intensity during June through December. Our interpretation is that the cool SSTs in the SH tropics
are generally unfavorable for ITCZ convection but together with strong surface latent heat fluxes and subsidence
from the Hadley circulation, they promote the development of the TWI (cool and moist below warm and dry air)
and stratocumulus clouds. These stratocumulus clouds subsequently block insolation which further cools down
the sea surface and promotes a positive feedback loop (Myers et al., 2018). This positive feedback is likely further
reinforced by the strong longwave radiative cooling at the top of stratocumulus clouds, which has been shown to
dominate their energy budget (Caldwell et al., 2005; Kalmus et al., 2014). This cooling extends throughout the
boundary layer and helps provide a large-scale north-to-south (NH vs. SH) asymmetry in ITCZ convergence and
mitigates the excessively strong equatorial divergence and SH ITCZ convergence that would otherwise be
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produced by the SST distribution alone. At the same time, the equatorial cold tongue is associated with less
equatorial divergence and double ITCZ convergence than the SST distribution would suggest. The reasons for this
cannot be confirmed with our idealized model but based on observations it is likely that the equatorial SSTs reach
alower threshold that makes it difficult to turbulently mix the air vertically (Raymond et al., 2004), decoupling the
surface layer from the rest of the boundary layer (de Szoeke et al., 2005; Fairall et al., 2008).

While SST gradients can help explain essential features of the east Pacific ITCZ, such as the year-round weak
surface convergence in the SH (Liu & Xie, 2002) and more latitudinally concentrated ITCZ convection (Gonzalez
et al., 2016), this study is a cautionary reminder that 7, gradients well above the surface (but still within the
boundary layer) altered by the interactions between low clouds and the underlying ocean also play a key role in the
observed preference of a NH-dominant ITCZ in the east Pacific Ocean (Mechoso et al., 1995; Mitchell &
Wallace, 1992; Nigam, 1997; Philander et al., 1996; Takahashi & Battisti, 2007; Woelfle et al., 2019). The
relatively straight-forward comparison of SST-only versus boundary layer Tv gradients on surface wind
convergence could help shed light on sources of double ITCZ biases in models. While coupled models may suffer
more from double ITCZ biases than atmosphere-only models, models with prescribed SSTs can still have sig-
nificant issues with low-level stratocumulus clouds (Lin, 2007; Xiang et al., 2017, 2018; Woelfle et al., 2019; G. J.
Zhang et al., 2019). We plan to extend our methods to understand not only modeled climatological ITCZ vari-
ability but also subseasonal (Gonzalez et al., 2022; Haffke et al., 2016) and interannual variability (R. Xie &
Yang, 2014; S.-P. Xie et al., 2018; Yang & Magnusdottir, 2016).

Our interpretations broadly agree with ideas formulated about latitudinal ITCZ shifts by the energy balance
framework (Kang et al., 2018; Schneider et al., 2014). That is, double ITCZs are favored when there is a dearth of
equatorial atmospheric net energy input (i.e., the cold tongue is too strong, Adam et al. (2016); Bischoff and
Schneider (2014), (2016); Schneider (2017)) and/or there is too much atmospheric net energy input in the
southern hemisphere (i.e., there is a lack of low clouds, Hwang and Frierson (2013); Adam et al. (2016, 2018)).
We describe our findings within the framework of a “dynamical” link between the TW1/low clouds, the equatorial
cold tongue, and the ITCZ mainly because we scrutinize the ITCZ based on surface wind convergence. However,
as implied by our analyses of the vertical structure of virtual temperature, our ideas connect to thermodynamic and
energy-based frameworks. There is much more to be learned about how these connections, such as low-to mid-
free tropospheric moisture, moist static energy, and turbulent mixing, fit into the big picture of what controls
tropical winds and convection in and near the ITCZ (Fuchs-Stone et al., 2020; Holloway & Neelin, 2009;
Raymond & Fuchs-Stone, 2021; Stevens et al., 2017; Stevens et al., 2021; Yu & Pritchard, 2019).

Data Availability Statement

The ERAS reanalysis data on pressure levels can be found in ECMWF (2023). The CASCCAD data can be
downloaded from Cesana (2019). All output from each of the SBLM experiments can be found in Gonza-
lez (2024). All scripts used to produce each figure in this paper is in Gonzalez (2023).
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