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ABSTRACT: The Indian Ocean has an intriguing intertropical convergence zone (ITCZ) south of the equator year-
round, which remains largely unexplored. Here we investigate this Indian Ocean ITCZ and the mechanisms for its origin.
With a weak semiannual cycle, this ITCZ peaks in January—February with the strongest rainfall and southernmost location
and a northeast-southwest orientation from the Maritime Continent to Madagascar, reaches a minimum around May with
a zonal orientation, grows until its secondary maximum around September with a northwest-southeast orientation, weak-
ens slightly until December, and then regains its mature phase in January. During austral summer, the Indian Ocean ITCZ
exists over maximum surface moist static energy (MSE), consistent with convective quasi-equilibrium theory. This relation-
ship breaks up during boreal summer when the surface MSE maximizes in the northern monsoon region. The position and
orientation of the Indian Ocean ITCZ can be simulated well in both a linear dynamical model and the state-of-the-art
Community Atmosphere Model version 6 (CAM6) when driven by observed sea surface temperature (SST). To quantify
the contributions of the planetary boundary layer (PBL) and free-atmosphere processes to this ITCZ, we homogenize the
free-atmosphere diabatic heating over the Indian Ocean in CAMS6. In response, the ITCZ weakens significantly, owing to a
weakened circulation and deep convection. Therefore, in CAMS6, the SST drives the Indian Ocean ITCZ directly through
PBL processes and indirectly via free-atmosphere diabatic heating. Their contributions are comparable during most sea-
sons, except during the austral summer when the free-atmosphere diabatic heating dominates the mature-phase ITCZ.

SIGNIFICANCE STATEMENT: The intertropical convergence zone (ITCZ) is the globe-encircling band where
trade winds converge and strong rainfall occurs in the tropics. Its rains provide life-supporting water to billions of peo-
ple. Its associated latent heating invigorates the tropical atmospheric circulation and influences climate and weather
across the planet. The ITCZ is located north of the equator in most tropical oceans, except in the Indian Ocean where
it sits south of the equator year-around. In contrast to the well-known northern ITCZs, the origin of the southern ITCZ
in the Indian Ocean remains unknown. This work provides the first explanation for how ocean surface temperature
works together with processes in the lower and upper atmosphere to shape the unique ITCZ in the Indian Ocean.

KEYWORDS: Indian Ocean; Intertropical convergence zone; Dynamics; Hadley circulation; Atmosphere-ocean
interaction; Sea surface temperature; Diabatic heating

1. Introduction models, with notorious biases (such as the Pacific double ITCZ)
severely hindering models’ ability to simulate climate variability
and project future climate change (e.g., Lin 2007; Li and Xie
2014; Song and Zhang 2016; Zhou and Xie 2017; Levine and
Boos 2017; Xiang et al. 2017; Adam et al. 2018; Seager et al.
2019). Solving these model biases requires a comprehensive un-
derstanding of what controls ITCZ asymmetries. Many studies

on ITCZ asymmetries have focused exclusively on the zonal

The intertropical convergence zone (ITCZ) is the globe-
encircling band of converging trade winds and maximum rain-
fall in the tropics (e.g., Schneider et al. 2014). The ITCZ con-
trols the hydrological cycle in the tropics, is intrinsic to tropical
climate variability such as El Nifio-Southern Oscillation
(ENSO) (e.g., Timmermann et al. 2018; Xie et al. 2018)
and meridional modes (Chiang and Vimont 2004; Chang

et al. 2006; Zhang et al. 2013, 2014, 2015), and regulates cli-
mate interactions between the tropics and extratropics
(e.g., Cabré et al. 2017; Kang et al. 2018). The ITCZ exhib-
its significant asymmetry between hemispheres with its
zonal and annual mean location around 6°N. This asymme-
try is not zonally uniform and the actual ITCZ location
ranges from about 10°N in the eastern Pacific to about 4°S in
the eastern Indian Ocean. These interhemispheric asymmetries
of the ITCZ are still poorly simulated in state-of-the-art climate
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mean (Broccoli et al. 2006; Kang et al. 2008; Kang and Held
2012; Donohoe et al. 2012; Kang and Xie 2014; Frierson et al.
2013; Marshall et al. 2014) and others have focused on the
same-sign' asymmetries in the Pacific and Atlantic where the
ITCZ is north of the equator (Mitchell and Wallace 1992,
Philander et al. 1996; Xie 1996, 2004; Takahashi and Battisti
2007; Boos and Korty 2016). In contrast, the opposite-sign
ITCZ asymmetry in the Indian Ocean remains largely unex-
plored, except for an earlier work (Zhang 2001) that pointed

! The same-sign or opposite-sign asymmetries are relative to the
zonal mean asymmetry.
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out the Indian Ocean ITCZ in the context of double ITCZs in
observations, a recent paper (Keshtgar et al. 2020) that de-
scribed the seasonal and interannual variations of the Indian
Ocean ITCZ in the ERA-Interim, and a few others (e.g., Neelin
and Held 1987; Back and Bretherton 2009a,b) that simply in-
cluded the Indian Ocean in their general analysis of tropical
ITCZs but did not address the Indian Ocean. Here we attempt
to investigate the mechanisms underlying the intriguing Indian
Ocean ITCZ.

Mechanisms for ITCZ asymmetries have been proposed for
the zonal mean and the same-sign asymmetries in the Pacific
and Atlantic. For the zonal mean, the location of the ITCZ
has been shown to be constrained by the global atmospheric
energy balance via the Hadley circulation (Broccoli et al.
2006; Kang et al. 2008). The Hadley circulation transports
moisture from the subtropics to the tropics via its lower
branch, giving rise to the ITCZ, and transports energy in the
opposite direction via its upper branch. The global atmo-
spheric energy balance requires that if the atmosphere in one
hemisphere receives net heat (through top and/or bottom
boundaries), the atmosphere in the other hemisphere has to
release the same amount of heat, which is accomplished by a
cross-equatorial atmospheric energy transport to the hemi-
sphere losing heat. This leads to a Hadley circulation cell
straddling the equator with rising motion in the heated hemi-
sphere and descending motion in the cooling hemisphere,
thus displacing the ITCZ toward the hemisphere receiving
heat. In the present climate, it is argued that the oceanic
Atlantic meridional overturning circulation moves heat
north across the equator and heats the Northern Hemi-
sphere atmosphere, which places the zonal mean ITCZ in
the Northern Hemisphere (e.g., Frierson et al. 2013).

In addition to this global energy constraint theory, two local
processes involving asymmetries in geography and orography
had earlier been proposed to explain the ITCZ asymmetries
in the Pacific and Atlantic. On one hand, Philander et al.
(1996) argued that the ITCZ asymmetry in these oceans arises
from the asymmetric geometries of the west coasts of the
tropical Americas and Africa (Xie 1996). The orientation of
the western coastline of the Americas relative to meridians, to-
gether with the bulge of western Africa to the north of the Gulf
of Guinea, generates stronger surface cooling through Ekman-
driven coastal upwelling to the south of the equator than to
the north, creating a north-south sea surface temperature
(SST) asymmetry that favors an ITCZ north of the equator in
the eastern Pacific and Atlantic. On the other hand, Takahashi
and Battisti (2007) argued that the ITCZ asymmetry in the
eastern Pacific is attributable to the orographic forcing from
the Andes. Through their mechanical effects on the zonal mean
flow, the Andes force dry air to subside into the near-surface
boundary layer off the west coast of South America, equatorward
of the westerlies (Rodwell and Hoskins 2001). This enhances
evaporation, cooling the southeast Pacific and creating the north—
south SST asymmetry that favors an ITCZ north of the equator
in the eastern Pacific. Similarly, the orographic forcing of the
southern African highlands has recently been shown to contribute
to the ITCZ asymmetry in the Atlantic (Potter et al. 2017).
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These global or local mechanisms are obviously not appli-
cable to the opposite-sign ITCZ asymmetry in the Indian
Ocean. In particular, the global energy constraint theory sup-
ports a northern ITCZ (Frierson et al. 2013; Marshall et al.
2014) and hence the southern Indian Ocean ITCZ must arise
from more local processes. Explaining ITCZ asymmetries of-
ten involves an explanation of the underlying SST distribution
(e.g., Xie and Philander 1994; Philander et al. 1996; Takahashi
and Battisti 2007). However, as a first step, here we take the
observed SST distribution as given and attempt to explain
how it drives the southern ITCZ in the Indian Ocean. The as-
sociated SST distribution will be explained in a future study.

In the next section, we examine various observational and
reanalysis datasets to illustrate the climatological features of
the Indian Ocean ITCZ and attempt to explain it using known
theories. Then we turn to numerical models driven by ob-
served SST to investigate the atmospheric processes underlying
the ITCZ. Specifically, we quantify the relative contributions of
planetary boundary layer (PBL) and free-atmosphere processes
to the Indian Ocean ITCZ, which is a question that has been
addressed mostly in terms of the Pacific and Atlantic ITCZs but
still remains open [see an excellent review by Sobel (2007) and
the references therein]. A summary and discussion conclude
this work.

2. Observational analysis

In this work, we define the ITCZ based on combined thresh-
olds of precipitation larger than 4 mm day ' and surface conver-
gence stronger than 2 X 10 °s™! (e, V- u=-2x 100 s71).
This intuitive definition is intended to capture the ITCZ as a
zone of strong precipitation and surface convergence, as op-
posed to a line of peak precipitation and/or zero-crossing mass
or energy fluxes (e.g., Hwang and Frierson 2013; Adam et al.
2016; Popp and Lutsko 2017; Byrne et al. 2018). The choice of
these thresholds is somewhat arbitrary but is not critical for our
conclusions. Next, we show that the ITCZ in the southern Indian
Ocean is a robust climatological feature year-round across vari-
ous datasets, including ship-based and satellite observations. In
particular during boreal summer, the southern ITCZ occurs in
addition to the precipitation maximum north of the equator
associated with the South Asian summer monsoon (SASM).
Although the SASM is often interpreted as the seasonal migra-
tion of the main ITCZ in the Indian Ocean (e.g., Nie et al. 2010,
Gadgil 2018; Keshtgar et al. 2020), monsoons differ from ITCZs
in many aspects such as their dynamical balance [see recent re-
views by Biasutti et al. (2018) and Geen et al. (2020), and refer-
ences therein]. For this reason, we hereafter retain the term
“monsoon” and use it to refer to the SASM (even though the
SASM satisfies our ITCZ definition). The year-round ITCZ in
the southern Indian Ocean is the focus of this work.

Figures 1 and 2a show the climatological (1981-2010) sea-
sonal cycle of precipitation from the CPC Merged Analysis of
Precipitation (CMAP) standard product, a blend of satellite
and gauge data (Xie and Arkin 1997), and 1000-hPa winds
and associated divergence from the latest ERAS dataset
(Hersbach et al. 2020), both at 1° resolution [very similar results
are also obtained from the Global Precipitation Climatology
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FIG. 1. Monthly climatology (1981-2010) of precipitation (mm day™!; green contours) from the CMAP standard product, 1000-hPa
winds (m s~ ; vectors), and divergence (10~ °s™!; shading) from the ERAS5 dataset. The —2 X 10~® s ™! divergence isoline is highlighted in
magenta contours. The precipitation contours start from 4 mm day ™! and are plotted every 2 mm day~'. A scale vector of 10 m s~ ! is
shown in the lower-right corner of each panel. The Arabic number in the upper-left corner of each panel indicates the calendar month

(1 for January, 2 for February, etc.).

Project (GPCP) and the NCEP-DOE Reanalysis IT dataset and precipitation with local maxima. This southern ITCZ
(not shown)]. Throughout the year, the southern tropical migrates with a weak semiannual cycle. It peaks around
Indian Ocean (about 0°-15°S) exhibits the defining features  January to February with strongest rainfall, southernmost
of an ITCZ, including strong surface wind convergence location, and basinwide longitudinal span tilted from the
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FIG. 2. (a) Climatological seasonal cycle (1981-2010) of the CMAP precipitation (green contours at 4, 6, 8, ... mm day ™ ),
the ERAS5 1000-hPa winds (m s~ '; vectors) and divergence (107° s™'; shading, with the —2 X 107® s™! isoline
highlighted in magenta contour) zonally averaged between 60° and 100°E. The wind vectors are plotted as (u/5, v)
(as opposed to the normal vector (u, v)), in which the 1/5 factor applied to zonal winds is merely for display purposes.
(b) Vertical profile of the horizontal wind divergence averaged over the southern Indian Ocean 0°-10°S, 60°~100°E
for DJF in black, MAM in gray with squares, JJA in gray, and SON in gray with dots.

Unauthenticated | Downloaded 12/07/22 10:48 PM UTC



5418

(a) DJF (ICOADS)

JOURNAL OF CLIMATE

(c) DJF (CALIPSO)

VOLUME 35

(e) DJF (CERES EBAF)

30N =t 30N 1 -
20N 1 20N
10N 4 10N
0 7 1]
105 { 10s §
208 1 20s *y
30S - . . 30S +-
30E 60E 90E 120E 30E 60E 90E 120E 30E 60E 90E 120E
(b) JJA (ICOADS) (d) JJA (CALIPSO) (f) JJA (CERES EBAF)
30N — 30N \ = 30N
) | D)
20N 1 20N / 20N
10N 1 10N N 10N 35
0 0 1]
10S 1 108 10s
20S 4 20S 3 20S
30S - 308 ; 308 +—= T r -
30E 60E 90E 120E 30E 60E 90E 120E 30E 60E 90E 120E
. e
6 4 -2 0 2 4 6 0 0.05 0.1 0.15 0.2 200 220 240 260 280 300 320
V.u: 1X106s°1 highclouds (>6.5km) fraction OLR: W/m2

FIG. 3. Seasonal climatology of precipitation from CMAP (green contours at 4, 6, 8, ...
(m s™'; vectors) and associated divergence (10™° s™, shading, with the —2 X 107° s~

mm day ') and (a),(b) ICOADS surface winds

! isoline highlighted in magenta contour) during

1950-79, (c),(d) CALIPSO high-cloud (>6.5 km or <440 hPa) fraction (nondimensional) during 2006-20 (colors), and (e),(f) CERES EBAF
outgoing longwave radiation (W m™~?2) during 200515 (colors). Rows denote the seasonal average during (top) DJF and (bottom) JJA.

Maritime Continent southwestward to Madagascar (see the ma-
genta contour of —2 X 10™°s™! divergence and the green con-
tour of 4 mm day ' precipitation). From March to May, it
weakens with strong precipitation (>6 mm day ') retreating to
the east of about 70°E and migrates closer to the equator. From
May to August, it grows (i.e., intensifies in strength and expands
in size) and extends northwestward along with the development
of the SASM. The southern ITCZ reaches its second maximum
in precipitation (Fig. 2a) around September with a largely zonal
orientation, and slightly weakens until December before matur-
ing again in January. Over the southern ITCZ region, the height
of horizontal convergence varies seasonally, ranging from about
800 hPa during June-August (JJA) up to about 400 hPa during
December-February (DJF) (Fig. 2b). The surface convergence
associated with the southern ITCZ appears to result from dif-
ferent processes in different seasons (Fig. 1): in austral summer
it is a result of the convergence of southeast and northeast trade
winds (i.e., akin to the ITCZs seen in the eastern Pacific and
Atlantic), but in austral winter it is a result of the slowdown of
the southeast trade winds as they approach the equator. Note
that during June—August, the precipitation associated with the
southern ITCZ is secondary to the SASM rainfall. All of these
characteristics make the ITCZ in the southern Indian Ocean
unique and intriguing.

We have also examined other independent observational
datasets, including the ship-based marine surface winds from
the International Comprehensive Ocean-Atmosphere Dataset
(ICOADS) (Freeman et al. 2017) and satellite observations of
high cloud fraction from the GCM-Oriented Cloud CALIPSO
Product (GOCCP) (Winker et al. 2009) and outgoing longwave

radiation (OLR) from the Clouds and the Earth’s Radiant
Energy System (CERES) Energy Balanced and Filled (EBAF)
Edition 4.1 (Loeb et al. 2018). To highlight the robustness of
the southern ITCZ in the Indian Ocean as a climatological fea-
ture, we analyze the ship-based and satellite datasets from dif-
ferent periods than the 1981-2010 period used for CMAP and
ERAS: ICOADS winds during 195079, CALIPSO clouds dur-
ing 2006-20, and CERES EBAF radiation during 2005-15.
Figure 3 shows these fields in the Indian Ocean averaged during
DJF and JJA. Despite the nonoverlapping periods analyzed,
the ship-based ICOADS surface winds and associated diver-
gence are consistent with those from ERAS5 (Fig. 1) during both
seasons, with surface convergence beneath strong precipitation
in the ITCZ region resulting from the converging northeast and
southeast trades during DJF and the slowdown of the southeast
trades during JJA (Figs. 3a,b). The ITCZ in the southern Indian
Ocean is also collocated with relatively large values in high
cloud (>6.5 km) fraction (Figs. 3c,d) and relatively small values
in OLR (Figs. 3e,f), consistent with the deep convection often
associated with ITCZs. Note that the basinwide maximum in
high cloud fraction and the basinwide minimum in OLR are ob-
served over the Maritime Continent during DJF and over the
SASM region during JJA, which suggests stronger convection
in these regions than in the southern ITCZ region. In particular,
during JJA, the strong precipitation over the SASM region
(especially the Bay of Bengal) and the associated maximum
high cloud fraction and minimum OLR have been interpreted
as the ITCZ in the Indian Ocean (e.g., Nie et al. 2010; Gadgil
2018; Keshtgar et al. 2020), while the ITCZ in the southern
Indian Ocean has not been considered as a rainy ITCZ
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FIG. 4. Seasonal climatology of (a),(b) ERAS5 1000-hPa moist static energy (10* J kg~ '; black and magenta contours)
and (c),(d) HadISST SST (°C; black and magenta contours) during 1981-2010. Large MSE (>34.2 X 10* J kg~ ') and

SST (>28°C) are highlighted in magenta contours. Green contours (4, 6, 8, ...

mm day 1) are the corresponding pre-

cipitation climatology from CMAP. Rows denote the seasonal average during (top) DJF and (bottom) JJA.

until the advent of microwave satellite data showing a local
precipitation maximum consistent with the ship-based sur-
face convergence (Fig. 3b). Taken together, various inde-
pendent observations and reanalysis datasets demonstrate
that the Indian Ocean has a robust ITCZ to the south of
the equator all year round.

What physical processes drive the year-round ITCZ in the
southern Indian Ocean? The convective quasi-equilibrium
(CQE) theory (e.g., Arakawa and Schubert 1974; Emanuel
et al. 1994) predicts that the ITCZs should occur over regions
of maximum surface equivalent potential temperature or
moist static energy (MSE) (e.g., Privé and Plumb 2007; Geen
et al. 2020, and references therein). Here we examine this the-
ory in the Indian Ocean by comparing the seasonal mean pre-
cipitation and MSE at 1000 hPa from the ERA dataset
(Figs. 4a,b). During DJF, the precipitation associated with
the Indian Ocean ITCZ is well collocated with the maxima
in surface MSE (Fig. 4a), consistent with CQE theory.
During JJA, the surface MSE maximizes in the SASM re-
gion and decreases monotonically toward and through the
southern ITCZ region, which appears to be inconsistent
with CQE theory in that the southern ITCZ is not collo-
cated with an MSE maximum. The horizontal structure of
surface MSE can be explained mostly by the distribution of
SST during DJF (Fig. 4c), whereas during JJA, as the SST
does not increase monotonically from the southern ITCZ
region to the SASM region (Fig. 4d), the surface MSE pat-
tern must also have contributions from the moisture distri-
bution (which in turn depends mostly on SST but also
atmospheric circulation). Overall, based on observations
and CQE theory, the ITCZ in the southern Indian Ocean
during DJF appears to be a typical ITCZ that resides over max-
ima in surface MSE, but during JJA CQE theory fails to explain

the ITCZ in the southern Indian Ocean (although it explains
the low-level convergence over the SASM region).

Next, we will turn to numerical models to further explore
the physical processes underlying the Indian Ocean ITCZ.

3. Modeling results

The main purpose of this section is to understand the atmo-
spheric processes associated with the ITCZ in the southern
Indian Ocean, given the observed SST. Two models of distinct
degrees of complexity are used, including a simple linear dy-
namical model and a state-of-the-art atmosphere general circu-
lation model (AGCM) with a complex suite of parameterized
physics. The linear model is used to examine the ability of
linear dynamics to simulate the ITCZ in the southern
Indian Ocean, while the AGCM is used to disentangle the
relative roles of the PBL versus free-atmosphere processes
in the Indian Ocean ITCZ (a question that the linear
model is unable to solve).

a. Linear model simulations

The linear model used here is derived directly from the
model of Lindzen and Nigam (1987), which was constructed
as a PBL model to examine the role of SST gradients in forc-
ing low-level winds and convergence in the tropics while ne-
glecting the free-atmosphere impacts. In the original model,
the zonal mean and eddy components (deviations from the
zonal mean) were solved separately with different sets of
equations, with the eddy equations including several addi-
tional terms that have later been shown to be small and negli-
gible (Neelin 1989). In this work, we neglect those small terms
and combine the two components to form a set of equations
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for the total field (see appendix for derivation). The govern-
ing equations can be written in the following form:

oh
au*varga—:O,
X

oh
ev—fu+g—=0,
ay

= -0,

ou  Jdv
i+ Ho| — + —
er O(ax 8y)

where u and v are the mass-weighted horizontal winds verti-
cally averaged through the depth of the PBL; # is a trans-
formed variable defined as 7 =h — (H,/2T,)T, with h being
the perturbation in the PBL height and 7, being the pre-
scribed surface temperature in the original model (7 and Hy
are reference temperature and height, respectively); and
Q =(Hy/2Ty7.)T; is a forcing term linearly related to Ty,
where 7. represents the adjustment time of the PBL height
as the cumulus convection responds to boundary layer con-
vergence; finally, ¢ is the Rayleigh friction coefficient and
er =1/7, amounts to a thermal damping for 7.

The form of this set of equations is mathematically identical
to that of the more well-known model of Gill (1980). However,
these two models have very different physical arguments. As
stated above, the Lindzen—-Nigam model is a PBL model and
assumes that the boundary winds are driven by horizontal pres-
sure gradients resulting from SST gradients (i.e., neglecting con-
tributions from the free atmosphere), while the Gill model is
interpreted as a free-atmosphere model and the condensational
heating associated with deep convection drives surface winds.
The differences and similarities between the Lindzen—Nigam
model and the Gill model have been well discussed in the litera-
ture (e.g., Wang and Li 1993; Chiang et al. 2001; Sobel 2007).
Considering these physical ambiguities, the linear model could
be interpreted either as a PBL model as originally intended, or
as a free-atmosphere model. Either way, it can illustrate the
skill of linear dynamics in simulating the low-level winds and
convergence in the Indian Ocean given the SST.

The SST imposed in the linear model is taken from the Met
Office Hadley Centre’s sea ice and SST dataset (HadISST)
version 2 (Titchner and Rayner 2014), and is extrapolated
over land by solving Poisson’s equation (similar results are ob-
tained without the extrapolation; not shown). As in Lindzen
and Nigam (1987), the model is actually driven by virtual sur-
face temperature: Tys = T5(1 + w/0.622)/(1 + w), where w is
the mixing ratio taken from ERAS. All the parameters used
here are the same as those in the original Lindzen-Nigam
model and we solve the model on an equatorial beta plane
with a grid spacing of about 222 km. Figure 5 compares the
horizontal divergence field computed from the linear model
with the ERAS low-level horizontal divergence vertically aver-
aged over 1000-700 hPa (corresponding approximately to the
PBL depth assumed in the linear model). During DJF and JJA
(also spring and fall; not shown), the linear model fairly well re-
produces the spatial pattern of the ERAS low-level wind diver-
gence in the Indian Ocean. In particular, the orientation of the
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FIG. 5. (a) DJF and (b) JJA climatology of ERAS5 horizontal
divergence (10~® s™; shading) vertically averaged over 1000-700 hPa
compared with the low-level divergence from the linear model
(contours; negative in green and positive in magenta, starting at
+0.2 X 10795 ! with an interval of +0.4 X 10" ®s™1).

low-level convergence associated with the ITCZ in the southern
Indian Ocean is well captured in the linear model. There are
also obvious biases. For example, the linear model simulates
the strongest convergence farther equatorward than seen
in ERAS (even on the equator during JJA); over the Bay
of Bengal, it fails to simulate the divergence in ERAS dur-
ing DJF. Most of these successes and biases can be ex-
plained intuitively by the thermodynamic equation of the
model, which describes a balance among the boundary
forcing [Q =(Hy/2Ty7.)Ts], low-level wind divergence
(du/dx + dv/dy), and thermal damping (e7#). Since the ther-
mal damping only affects amplitude (not the spatial pattern),
the pattern of the low-level divergence (or convergence) should
follow the pattern of the forcing, with maximum convergence
expected to occur where the forcing is strongest—that is, where
the maximum SST is. This is indeed the case in the model to a
first-order approximation (cf. the SST in Figs. 4c,d and the di-
vergence in Figs. 5a,b). This model behavior is consistent with
observations that most ITCZs reside over warmest SSTs.
Overall, the solution from the linear model shows that, given
the observed SST, linear dynamics can realistically capture the
spatial pattern, especially the orientation, of the low-level con-
vergence associated with the ITCZ in the southern Indian
Ocean. However, how the given SST drives low-level winds via
atmospheric processes in this linear model is not clear, which
will be addressed in the next section with AGCM experiments.

b. AGCM simulations

We use the Community Atmosphere Model version 6.3
(CAMO6) within the Community Earth System Model version
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FIG. 6. Seasonal climatology of precipitation (green contours; mm day 1), 993-hPa winds (vectors; m s~ '), and
divergence (shading; 107¢ s~ with the —2 X 10~° s~ ! isoline highlighted in magenta contour) in the CAM6 control
simulation: (a) DJF, (b) MAM, (c) JJA, and (d) SON. Precipitation contours start at 4 mm day ! and increase every
2mm day . A 10 m s~ ! reference vector is shown in the lower-right corner of each panel.

2.1.3 (CESM2) (Danabasoglu et al. 2020) to disentangle the
relative contributions of the PBL and free-atmosphere pro-
cesses to the ITCZ in the southern Indian Ocean. CAM6 is a
state-of-the-art AGCM and its dynamics and physics are sum-
marized in Danabasoglu et al. (2020). Most relevant to our
purpose, the PBL in CAMS6 is represented by a high-order
turbulence closure known as Cloud Layer Unified by Binormals
(CLUBB), which is a unified parameterization of the PBL and
shallow convection achieved through a trivariate probability
density function (Golaz et al. 2002; Bogenschutz et al. 2013).
The deep convection is represented by the Zhang-McFarlane
scheme (Zhang and McFarlane 1995), which is a convective
available potential energy (CAPE)-based quasi-equilibrium clo-
sure. All CAM6 experiments conducted in this work employ
the nominal 1° (1.25° in longitude and 0.9° in latitude) horizon-
tal resolution with preindustrial level atmosphere composition
and radiative forcings. The surface boundary conditions are the
same repeating climatological annual cycle of SST and sea ice
from observations. All experiments are integrated for 6 years
and the last 4 years are used in analysis.

The control simulation (CNTL) of CAMG6 realistically sim-
ulates low-level (993 hPa) winds, associated divergence, and
precipitation in the Indian Ocean compared to the CMAP ob-
servations and the ERAS dataset. Specifically, CAM6 well
captures the location and orientation of the year-round ITCZ
in the southern Indian Ocean (as characterized by the isolines
of 4 mm day ™! precipitation and —2 X 107 s™! divergence)
(cf. Fig. 6 and Fig. B1 in appendix B). In this southern ITCZ
region, the main biases (Fig. B2 in the appendix B) include
too-weak precipitation throughout the year but especially
during DJF and too-strong low-level convergence from about
June to November. In the SASM region during the monsoon
season, CAM6 simulates too-strong precipitation and low-

level convergence over land and the eastern Arabian Sea but
too-weak precipitation and low-level convergence over the Bay
of Bengal and the South China Sea. These biases and the associ-
ated causes need further analysis (e.g., Lin 2007). Nonetheless,
the overall performance of CAM6 warrants its usage to disen-
tangle the atmospheric processes associated with the ITCZ in
the southern Indian Ocean. We will focus on the DJF and JJA
seasons, when the features of the ITCZ in the southern Indian
Ocean are most different (i.e., in terms of precipitation, surface
winds, and associated divergence).

To quantify the relative contributions of the PBL and free
troposphere processes to the ITCZ in the southern Indian
Ocean, we conduct perturbation experiments that are the
same as the CNTL except that we homogenize the diabatic
heating in the free atmosphere over the Indian Ocean. The
hypothesis is that the imposed SST forcing should drive the
ITCZ through both PBL processes (e.g., the Lindzen-Nigam
argument) and free-atmosphere processes (e.g., deep convec-
tion should affect horizontal pressure gradients in the PBL
and therefore surface winds). In nature and CAM6 (Fig. 7a),
the free-atmosphere diabatic heating in the tropics exhibits a
distinct horizontal structure, with net diabatic warming over
the ITCZ regions (balancing the adiabatic cooling from as-
cent) and net diabatic cooling over the subsidence regions
(balancing the adiabatic warming from descent). This struc-
tured free-atmosphere diabatic heating has long been consid-
ered to contribute to the similarly structured surface divergence
field (i.e., convergence below diabatic warming and divergence
below diabatic cooling) (e.g., Wu et al. 1999, 2000; Sobel 2007;
Tomassini 2020). If we horizontally homogenize the diabatic
heating in the free atmosphere, the impacts of its horizontal gra-
dients on the surface will be removed and the remaining struc-
ture of the surface divergence can be unambiguously attributed
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FIG. 7. Annual mean diabatic heating (K day ') vertically averaged (mass weighted) from
850 hPa to model top in CAMG6 control simulation: (a) net diabatic heating (diagnosed heating
due to all physical parameterizations), (b) heating associated with convective parameterizations,
and (c) heating associated with radiative parameterizations. The contour interval is 1 K day ™! in
(a), 0.5 K day ™! in (b), and 0.2 K day ™! in (c). In CAMSG, the net diabatic heating is largely com-
posed of convective heating and radiative heating [i.e., the residual, (a) — (b) — (c), is a few
orders of magnitude weaker]. The black box denotes the region in the Indian Ocean where the
diabatic heating in the atmosphere is homogenized.

to the PBL processes. The contributions of the free-atmosphere
structured diabatic heating to the surface divergence can also
be quantitatively deduced by comparing the perturbation with
control simulations.

To focus on the Indian Ocean ITCZ, we homogenize dia-
batic heating in the atmosphere above 800 hPa over the Indian
Ocean (20°S-30°N, 30°-120°E; i.e., the target region, indicated by
the black box in Fig. 7). The choice of the target region is some-
what arbitrary except that it is chosen to cover the southern
ITCZ and the northern monsoon regions. Choosing a differ-
ent target region (30°S-0°, 30°-~120°E, or the entire tropics
30°S-30°N) changes results quantitatively, but does not
qualitatively change our conclusions (not shown). Over the
target region at each model time step, we compute the area-
weighted domain average of the diabatic heating calculated
by the model on the same pressure levels and then use this do-
main average value to overwrite the model-calculated heating
in the thermodynamic equation. This homogenization is equiva-
lent to reducing the diabatic warming and cooling seen by
the thermodynamic equation over the target region and the am-
plitude of the reduction varies with space and time (depending
on the model-calculated heating at each time step). Note that
the homogenization conserves the areal mean heating over the
target region. A buffer zone (50 hPa vertically and about

6.5° horizontally) is implemented, in which the domain average
heating is linearly merged with the model-calculated heating.
Outside the target region, horizontal winds and specific humid-
ity throughout the atmosphere are nudged toward the control
simulation with a 6-h relaxation time scale. The reason for
nudging is to minimize the remote feedbacks that potential
changes in the atmosphere outside the target region (in re-
sponse to the homogenization through wave dynamics)
might have on the target region, which allows us to isolate
the processes within the Indian Ocean.

We have conducted three homogenization experiments
(Table 1). The first experiment is to remove the impacts of
horizontal gradients of total diabatic heating in the free atmo-
sphere and thus isolate the impacts of the PBL processes on
the ITCZ in the southern Indian Ocean (note that the effects
of the domain-averaged diabatic heating are still included). In
this experiment, we homogenize the diabatic heating associ-
ated with all physical parameterizations in CAM6 (termed
AIIN). The physical parameterizations in CAM6 include three
packages: 1) convective processes (penetrative convection,
shallow convection, vertical diffusion, and large-scale stable
condensation), 2) radiation (with cloud parameterization), and
3) turbulent mixing (gravity wave drag, Rayleigh friction near
the model top). The turbulent mixing in CAMS6 is negligible
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TABLE 1. Summary of CAM6 experiments.

CAMGO6 expt Forcing/perturbations
CNTL Preindustrial-level atmospheric composition and radiation, observed SST, and sea ice annual cycle
AlIN Homogenize all diabatic heating over the Indian Ocean (20°S-30°N, 30°~120°E) above 800 hPa and
nudge U, V, and Q back to CNTL outside the homogenization region
ConN As in AlIN, except only homogenizing the heating associated with convection
RadN As in AlIN, except only homogenizing the heating associated with radiation

and the total diabatic heating is dominated by the convective
heating from package 1 and the radiative heating from pack-
age 2 (Figs. 7b,c). In the second and third experiments, we
only homogenize the convective heating (termed ConN) and
the radiative heating (termed RadN), respectively, both to
help explain the responses in the first experiment and to quan-
tify the relative contributions of these individual heatings to
the ITCZ in the southern Indian Ocean.

Figure 8 shows the annual mean net diabatic and dynamical®
heating, respectively, averaged over the target region in the con-
trol and homogenization experiments. As expected, the annual
mean diabatic (Fig. 8a) and dynamical (Fig. 8b) heating balance
each other. The areal mean diabatic heating in the free tropo-
sphere (about 700-300 hPa) is positive (i.e., warming tendency)
in CNTL, but in response to the homogenization of diabatic
heating, it weakens significantly in RadN and ConN and even
becomes negative in AIIN. This weakening results from the dy-
namical adjustment of the atmosphere in response to the ho-
mogenization. Homogenization reduces the amplitude of the
diabatic warming and cooling nearly everywhere over the target
region and if the atmosphere thermodynamic structure remains
largely unchanged (averaged over time; see explanations be-
low), the circulation must weaken to balance the reduced dia-
batic heating. To illustrate that this is indeed what happens in
the homogenization experiments, we zoom into the ITCZ re-
gion in the southern Indian Ocean (0°-10°S, 60°-90°E) and
compare the areal mean diabatic heating, vertical velocity, air
temperature, and humidity among the experiments (Fig. 9). In
response to the homogenization, the diabatic heating averaged
over this ITCZ region (Fig. 9a) shows similar changes to the
areal mean over the target region (Fig. 8a), with significant
weakening of the diabatic warming below about 200 hPa in
all homogenization experiments and even reversing to dia-
batic cooling in ConN above about 500 hPa and in AIIN
above 700 hPa. Consistent with the changes in diabatic heat-
ing (and opposite-sign dynamical cooling; not shown), the
ascent associated with the ITCZ convection (Fig. 9b) weak-
ens significantly throughout the troposphere and becomes
descent in ConN from 500 hPa to about 250 hPa and in AIIN
above about 650 hPa. In contrast, the vertical structure in
both air temperature and humidity in all homogenization ex-
periments remains similar to that in the control experiment

2 Dynamical heating is the heating from a model’s dynamical
core, which contains the large-scale adiabatic part of the model
(the discretized equations of motion) and is explicitly resolved on
the underlying grid, whereas diabatic heating is the heating from
physical parameterizations of subgrid-scale, diabatic processes.

(Figs. 9¢,d). The weak changes in atmosphere thermodynam-
ics result from the compensation between the reduced dia-
batic warming from homogenization over the ITCZ region
and the weakened dynamical cooling associated with weak-
ening ascent, which is consistent with the weak temperature
gradients constraint in the topics (Sobel and Bretherton 2000;
Sobel et al. 2001). The result that changes in ConN and
RadN are similar can be explained by the fact that the con-
vective heating and the radiative cooling in the control run
have similar horizontal gradients; that is, their values increase
from subsidence regions to ascent regions (cf. Figs. 7b and 7c).
Homogenizing these two heatings is equivalent to imposing dia-
batic forcings that have similar spatial structure but mainly differ
in amplitude (stronger in ConN). Therefore, the responses in all
three homogenization experiments are similar in pattern but
different in amplitude.

We further decompose the net diabatic heating over the
ITCZ region in the southern Indian Ocean into the leading
convective and radiative heating components. As shown in
Fig. 10, it is clear that changes in the radiation are weak such
that changes in the net diabatic heating are mostly achieved
by changes in the convective heating in all the homogenization

(a) diabatic heating (b) dynamical heating
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FIG. 8. Vertical profiles of the net (a) diabatic and (b) dynamical
heating (K day ') in the CAM6 experiments averaged over the
target region (20°S-30°N, 30°-120°E) where homogenization is
implemented. The diabatic heating is diagnosed from physical
parameterizations while the dynamical heating is diagnosed from
the dynamical core. The legend in (a) denotes different experi-
ments, with CNTL in heavy black, AlIN in heavy gray, ConN in
thin gray with squares, and RadN in thin gray with dots.
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FIG. 9. Vertical profiles of (a) the net diabatic heating (K day™!), (b) pressure velocity omega (hPa s™), (c) air temperature (K), and
(d) specific humidity averaged over the southern Indian Ocean ITCZ region (10°S-0°, 60°-90°E) in the CAM6 experiments. The legend in
(d) denotes different experiments, with CNTL in heavy black, AlIN in heavy gray, ConN in thin gray with squares, and RadN in thin gray

with dots.

experiments, including RadN where the radiative heating
is homogenized directly. This result is consistent with the
changes in atmosphere circulation and thermodynamic struc-
ture (Figs. 9b—d). The large changes in vertical velocity suggest
large changes in convective heating, while the weak changes in
atmosphere temperature and humidity mean that the radiative
heating remains mostly unchanged.

(a) Convective heating (b) Radiative heating
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FIG. 10. Vertical profiles of the (a) convective and (b) radiative
heating (K day ') averaged over the southern Indian Ocean ITCZ
region (10°S-0°, 60°~90°E) in the CAMS6 experiments. The legend in
(a) denotes different experiments, with CNTL in heavy black, AIIN
in heavy gray, ConN in thin gray with squares, and RadN in thin gray
with dots.

How does the ITCZ in the southern Indian Ocean respond
to these changes in the free atmosphere? Figure 11 shows the
precipitation, 993-hPa winds, and associated divergence in
AlIN and their differences from CNTL averaged during DJF
and JJA, respectively. The spatial structure of these fields in
AlIN should be caused only by the imposed SST forcing
through PBL processes (i.e., below 850 hPa), while the differ-
ences (CNTL — AIIN) should be attributed to the impacts of
the structured diabatic heating in the free atmosphere (i.e.,
above 850 hPa). In the southern Indian Ocean (about 0°-20°S),
AlIN still simulates broad surface convergence that, as in CNTL
(Figs. 6a,c), results from the convergence of the northeast and
southeast trade winds during DJF (Fig. 11a) and from the slow-
down of the southeast trade winds during JJA (Fig. 11b) (attrib-
utable to the PBL processes). However, the amplitude in these
seasonal mean winds and divergence is significantly weaker
than in CNTL (Figs. 11c,d) (attributable to the free-atmosphere
structured diabatic heating). Over the ITCZ in the southern
Indian Ocean (0°~10°S), the precipitation is above 4 mm day
in both DJF and JJA in CNTL (Figs. 6a,c) but is mostly below
4 mm day ! in AIIN (Figs. 11a,b), such that the differences
in precipitation (Figs. 11c,d) are more similar to the CNTL
precipitation.

To further quantify the relative contributions of the PBL
processes versus the free-atmosphere diabatic heating to
the ITCZ in the Indian Ocean, we compute the percentage
of the ITCZ precipitation (and surface convergence for
which results are similar and not shown) in CTNL explained
by each. Figures 12a and 12b show the contribution of the
free-atmosphere structured diabatic heating, estimated as
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FIG. 11. DJF (a) and JJA (b) climatology of precipitation (green contours; mm day 1), 993-hPa winds (vectors; m s 1),
and associated divergence (shading; 107 ™", with the —2 X 107° s™! isoline highlighted in magenta contour) in
AIIN, in which the net diabatic heating above 850 hPa over the displayed region is homogenized. The surface spatial
structure in AlIN should be interpreted as a result of the imposed SST forcing through the PBL processes. Also
shown in (c) DJF and (d) JJA are the corresponding differences, CNTL — AIlIN, which quantify the contributions of
horizontal gradients in the free-troposphere diabatic heating to the surface spatial structure. Precipitation contours
start at 2 mm day ! and have an interval of 2 mm day !, with positive in green and negative in dashed red, in
(c) and (d) only. A 10 m s~ ! reference vector is shown in the upper-left corner of each panel. Stippling in (c) and
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(d) indicates that the difference is not significant at 5% level based on a two-sided ¢ test.

[P(CNTL) — P(AIIN)]/P(CNTL) X 100%, where P denotes
seasonal mean precipitation over regions where P is above
4 mm day ! (the threshold in our ITCZ definition). The PBL
contribution is simply the remaining percentage. During DJF
(Fig. 12a), the free-atmosphere structured total diabatic heat-
ing contributes more than 60% to the ITCZ precipitation in
the southern Indian Ocean and about 65% averaged over the
central ITCZ region (0°-10°S, 60°-90°E, indicated by the
black-dashed box in Fig. 12a); during JJA (Fig. 12b), it contrib-
utes around 50% to the southern ITCZ and about 48% aver-
aged over the central ITCZ region. In general, the stronger
mean precipitation in CNTL arises from the larger contribu-
tion from the free-atmosphere structured diabatic heating,
a relationship also true for the SASM region during JJA
(Fig. 12b).

We repeat the same assessment for the convective (ConN)
and radiative (RadN) heating and summarize the contributions
averaged over the central ITCZ region (0°-10°S, 60°-90°E) in
Figs. 12c,d. During DJF, the structured convective heating and
radiative heating in the free atmosphere contribute about 55%
and 32% to the ITCZ precipitation over the southern Indian
Ocean (0°-10°S, 60°-90°E), whereas during JJA they contribute
about 27% and 38%. Compared to the contributions estimated
from AIIN, the contributions of the structured convective heat-
ing and radiative heating in the free atmosphere do not add up
linearly, although these two heatings add up to the total diabatic
heating. This likely indicates some nonlinear interactions be-
tween the free-atmosphere structured diabatic heating and con-
vection over the ITCZ in the southern Indian Ocean. We have

also conducted this analysis for the MAM and SON seasons
(not shown here). The percentage contributions during SON
are very similar to those during JJA. During MAM, the ITCZ
over the southern Indian Ocean, weakest of the year, appears
to be dominated by the PBL processes (61%) in CAM6. Taken
together, stronger (weaker) mean precipitation in the control
simulation arises from larger (smaller) contributions from the
free-atmosphere structured diabatic heating, a relationship ap-
plicable to both the southern ITCZ and the northern monsoon
in the Indian Ocean as well as other tropical rainy regions
(based on the sensitivity experiment with homogenization over
the entire tropics; not shown).

4. Summary and discussion

ITCZs and associated mechanisms have been explored pre-
viously in the zonal mean and the Pacific and the Atlantic
Oceans, but less so in the Indian Ocean and especially rarely
for the year-round ITCZ in the southern Indian Ocean. In
this work, we investigate the southern Indian Ocean ITCZ in
reanalysis products and observations from ships and satellites,
a simple linear dynamical model, and a complex state-of-the-
art AGCM. We take an atmosphere perspective and quantify
how the observed SST drives the ITCZ in the Indian Ocean.
Specifically, we focus on the relative roles of the PBL pro-
cesses versus the free-atmosphere structured diabatic heating,
a question that has been widely debated in literature and still
not fully addressed.
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FI1G. 12. Contribution (%) of the free-atmosphere structured diabatic heating to seasonal mean precipitation during
(a),(c) DJF and (b),(d) JJA. The contribution is estimated as [P(CNTL) — P(X)]/P(CNTL) X 100%, where P denotes
precipitation and X the homogenization experiment. In (a) and (b), shading shows results from AlIN estimated over
regions where the seasonal mean precipitation (green contours) from CNTL is above 4 mm day ~!; white contours indi-
cate the 50% isolines. Bars in (c) and (d) show the contribution averaged over the central ITCZ region [0°-10°S,
60°-90°E, indicated by the black dashed box in (a) and (b)] from the total diabatic heating (AlIN), convective heating

(ConN), and radiative heating (RadN), respectively.

Various observational datasets show that the Indian Ocean
has a robust ITCZ south of the equator year-round. This
ITCZ migrates in the southern tropical Indian Ocean with a
weak semiannual cycle. It peaks around January-February
with strongest precipitation, southernmost location, and a
northeast-southwest orientation from the Maritime Conti-
nent to Madagascar, reaches a minimum around May with a
zonal orientation, grows until its secondary maximum around
September with a northwest—southeast orientation, weakens
slightly until December, and then regains its mature phase in
January. During austral summer, this southern Indian Ocean
ITCZ appears to be a typical ITCZ with converging trade
winds from both hemispheres (similar to those in the Pacific
and Atlantic), whereas during austral winter it appears to be a
result of the slowdown of the cross-equatorial southeast trade
winds. During austral winter the precipitation associated with
the ITCZ in the southern Indian Ocean is secondary to the
monsoonal precipitation in South Asia.

In reanalysis datasets, the ITCZ in the southern Indian
Ocean during local summer exists over maximum surface
moist static energy (and SST), which is consistent with the
convective quasi-equilibrium theory. However, during boreal
summer, the surface MSE maximizes in the northern summer
monsoon region and decreases monotonically southward across

the southern ITCZ region. Therefore, the convective quasi-
equilibrium theory cannot explain the existence of the winter-
time ITCZ in the southern Indian Ocean. A theory based on
boundary layer momentum balance (Pauluis 2004), proposed
for zonal mean circulation, could be relevant to the wintertime
ITCZ in the southern Indian Ocean. This theory, known as
the equatorial jump mechanism, argues that wintertime
boundary layer winds can only cross the equator in the pres-
ence of a strong cross-equatorial pressure gradient (to over-
come friction), which in the tropics arises mainly from
gradients in SST owing to the weak pressure gradients in the
free atmosphere. If there are no strong cross-equatorial gra-
dients in SST, boundary layer trade winds have to rise in the
wintertime hemisphere and cross the equator in the free atmo-
sphere, which leads to a secondary precipitation maximum in
the wintertime hemisphere. However, an examination of the
meridional overturning circulation from the ERA reanalysis
does not support the relevance of the equatorial jump mecha-
nism to the southern ITCZ in the Indian Ocean (Fig. 13).
During austral winter (JJA), the southeast trade winds cross
the equator within the boundary layer below about 800 hPa (de-
spite the rather weak cross-equatorial SST gradients, Fig. 4d);
above 800 hPa in the free troposphere, the reanalysis product
does not exhibit any noticeable cross-equatorial winds but
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FIG. 13. Meridional overturning circulation averaged over the Indian Ocean from 70° to 100°E in the ERA. Vectors
show (v, X 2 X 10°) (w is amplified by 2 X 10° in order to better display the vertical motion). The green contour
qualitatively illustrates the distribution of the CMAP precipitation. Seasonal averages are shown for (a) DJF,

(b) MAM, (c) JJA, and (d) SON.

ascent. In addition, Nie et al. (2010) in their analysis of the mon-
soon on the Indian Ocean sector also present flow diagrams
that do not show the jump (see their Fig. 7a). Therefore, neither
the convective quasi-equilibrium theory nor the equatorial jump
mechanism can explain the existence of the ITCZ in the south-
ern Indian Ocean during austral winter.

We turn to numerical models to further investigate and
quantify the mechanisms underlying the ITCZ in the southern
Indian Ocean, taking the observed SST as given. A linear
dynamical model, interpretable as either a Lindzen-Nigam
boundary layer model or a Gill-type free-atmosphere model,
has high skill in simulating the ITCZ in the southern Indian
Ocean during all seasons when forced by observed virtual sur-
face temperature. The linear model captures well the location
of the ITCZ in the southern Indian Ocean as well as its chang-
ing orientations among different seasons. The main biases lie
in the amplitude of the low-level wind convergence, which
tends to maximize closer to the equator than in nature. These
successes and failures of the linear model in the Indian Ocean
are consistent with previous studies using similar models to
simulate the ITCZs in the Pacific and Atlantic (e.g., Back and
Bretherton 2009b; Adam 2018). Considering the historical de-
bates around the physical interpretations of the linear model
[see reviews by Wang and Li (1993) and Sobel (2007)], these
results cannot be attributed to either the PBL dynamics (as in-
tended by the Lindzen-Nigam model) or the free-atmosphere
processes (as intended by the Gill-type model).

A state-of-the-art AGCM, CAMSG6, hence is used to fur-
ther address the relative contributions of the PBL and free-
atmosphere processes to the ITCZ in the southern Indian
Ocean. Driven by observed SST and sea ice, CAMBS6 realisti-
cally simulates the ITCZ in the southern Indian Ocean in
terms of both surface winds and precipitation (albeit with

noticeable biases in amplitude). Perturbation experiments
are designed to isolate the contributions of the PBL pro-
cesses by removing the impacts of the free-atmosphere
structured diabatic heating. This is done by horizontally ho-
mogenizing on isobaric surfaces the model-computed dia-
batic heating at every model time step over the Indian
Ocean in the free atmosphere before passing onto the ther-
modynamic equation. This is implemented to conserve the
areal mean heating in the homogenization region. Since the
homogenization is expected to impact the atmosphere both
inside and outside the Indian Ocean (owing to the weak tem-
perature gradient constraint in the tropical free atmosphere),
we further nudge the horizontal winds and temperature outside
the homogenization region back toward the control simulation
to isolate the impact of the changes within the Indian Ocean.

Homogenizing the free-atmosphere structured diabatic heat-
ing essentially reduces the amplitude of the diabatic warming
and cooling nearly everywhere in the Indian Ocean. As a result,
the steady response is a weakening in the free-atmosphere circu-
lation, with stronger weakening over regions where the diabatic
heating in the control run is larger. This dynamical adjustment
largely offsets the imposed homogenization, which results in
weak changes in atmosphere temperature and humidity and
thus weak changes in radiation. So averaged over time, the
homogenization of the free-atmosphere total diabatic heating
mainly leads to large weakening in convective heating and
circulation, but not in atmosphere thermodynamics and radi-
ation. Similar but weaker responses are obtained when ho-
mogenizing the convective and radiative heating separately.
This similarity in response stems from the similar horizontal
structure in these individual (and thus the total) diabatic
heatings, with their values increasing from subsidence regions
to ascent regions.
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Despite the lack of structured diabatic heating in the free
atmosphere, the surface wind convergence and precipitation
associated with the ITCZ in the southern Indian Ocean still
exist year-round, owing to the imposed SST through the PBL
processes (e.g., the SST-driven pressure gradients). However,
the wind convergence and precipitation over the ITCZ region
weaken significantly and the surface convergence expands
farther poleward (where SST gradients are stronger). These
changes suggest a significant contribution from the free-
atmosphere structured diabatic heating. Quantified by precipi-
tation (and surface convergence) averaged over the central
ITCZ region (0°-10°S, 60°-90°E), the contribution of total dia-
batic heating in the free-atmosphere ranges from about 40%
during austral fall (MAM, the weakest phase of the ITCZ) to
about 50% during austral winter and spring (June to November)
and to about 70% during austral summer (DJF, the peak phase
of the ITCZ). The conclusion is that, in CAM6 driven by the ob-
served SST, the year-round ITCZ in the southern Indian Ocean
owns its existence to the PBL processes, and owns its strength to
both the PBL processes and the free-atmosphere structured dia-
batic heating. Their contributions to the ITCZ strength are com-
parable during austral winter and spring; during austral fall
when the ITCZ in the southern Indian Ocean is in its weakest
phase, the PBL processes contribute about 60%, whereas dur-
ing austral summer when the ITCZ is in its mature phase,
the free-atmosphere structured diabatic heating dominates by
about 70%. In CAMS6, the dominant contribution of the free-
atmosphere diabatic heating to peaks in rainfall and surface
convergence over the southern Indian Ocean also holds true
for the rest of the rainy regions in the tropics (including both
ITCZ and monsoonal regions).

Concerning the relative contributions of the PBL processes
versus free-atmosphere diabatic heating on the surface, our
quantitative conclusions derived from the Indian Ocean
ITCZ appear to disagree with previous findings by Chiang
et al. (2001) on the Pacific ITCZ and Back and Bretherton
(2009a,b) on the general ITCZs. Based either on linear mod-
els or idealized empirical models, these previous studies found
that deep convective heating dominates the surface zonal
winds while the SST-driven PBL pressure gradients dominate
the surface meridional winds and convergence. However, our
results from CAM6 show that the SST-driven PBL gradients
and free-atmosphere diabatic heating can both drive signifi-
cant zonal and meridional winds at the surface in the Indian
Ocean and that it is the free-atmosphere diabatic heating that
dominates the amplitude of the surface convergence during
the mature-phase ITCZ (Fig. 11). The reasons for these dis-
agreements are hard to diagnose considering the differences
in the models used and the regions focused on. Nonetheless,
our conclusions derived from climatology are consistent with
recent observation-based studies focusing on climate variabil-
ity on intraseasonal to interannual time scales, such as the
Madden-Julian oscillation (MJO) and ENSO. For example,
on intraseasonal time scales, strong surface winds near the
eastward-moving center of deep convection during MJO
events are considered to be driven largely by the associated
convective heating and this relationship is stronger during lo-
cal summer [see a review by Zhang (2005) and the references
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therein; Adames and Kim 2016]. This is consistent with our
finding that the free-atmosphere diabatic heating dominates
the strength of surface wind convergence associated with the
ITCZs and monsoons during their mature phase.

The year-round ITCZ south of the equator in the Indian
Ocean is unique compared to the prevalent Northern
Hemisphere ITCZs in the tropical oceans. Explaining this
unique southern Indian Ocean ITCZ requires an account
of not only the associated atmospheric processes given ob-
served SSTs but also the processes shaping the observed
SST distribution. This work focuses on the first part of the
question. The second part will be addressed in the future
with fully coupled models that also include active ocean
dynamics.
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APPENDIX A

Derivation of the Lindzen-Nigam Model for Total Field

In the Lindzen-Nigam model, the equations for zonal
mean (indicated by an overbar) and eddy component (in-
dicated by a prime) can be expressed in Cartesian coordi-
nates as follows:

eu — fv=0,
— — TS IIH()) BE gH() 675
+fu+gl2-2+ 22 ==220
st fu g( To | To)ay 2Ty oy’

— ov
R+ rnH =0,
ay
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where u and v are the mass-weighted horizontal winds , , o’ _gHy 9T,

vertically averaged through the depth of the PBL, 4 is the aw —fv' g ox 2T, ox’
perturbation in the PBL height, T is the prescribed surface o' gH, T’

temperature, f is the Coriolis parameter, and g is the gravita- v +futg ay = 2T, oy’
tional acceleration. Other parameters and their values used o

in Lindzen and Nigam (1987) include T, = 288 K (a reference n+ TCHO(E + By) =0.

temperature for linearization), Hy = 3 km (the mean depth of
the PBL), « = 0.003 K m™' (the lapse rate of zonal mean

temperature), y = 0.3 (a parameter controlling the lapse rate Adding them up yields the equations for the total field:

of eddy temperature), 7. = 30 minutes (the adjustment time oh  gHy oT,

for the PBL height as cumulus convection responds to bound- eu—futg PP 27T, ox’

ary layer convergence), and & = (2.5 days)”' (the Rayleigh oh  gHy oT.

friction coefficient). evtfu+g o Z—TU 5 >,
Neglecting the smaller terms [those related with y Y o Y

and (gh’/2To)(8T,/dy)] and setting Ts =297K (such that h+ TcHo(al + va) =0.

2 —T,/To + aHy/ Ty = 1) (Neelin 1989), the resulting equa- ax  dy

tions have the same form for the zonal mean and eddy
components (note that oh/ox=dT,/dx = 0u;/dx=0 by Defining a new variable i =h — (Hy/2T))Ts, we get
definition and have been added to the zonal mean

equations): eu—fu+g % =0,
&l — fo+ ﬁzg_l‘lo o7, 8v+fu+g%=0,
& ox 2T, ox’ ady
- = u  dv
- dh _gHy 0T, erh + HO(— + —) =-0.
+fi+g—=2-"
v+ fu+g ay 2T, oy’ ax  dy
h o+ TCHO(Z_Z + g_z) =0, where Q =(Hy/2Ty7.)Ts and er = 1/7.. This set of equations

has the same form as that in the Gill model (Gill 1980).

(a) DJF ) ) . (b)mam
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omis

30E 60E 90E 120E 30E 60E 90E 120E

FIG. B1. Seasonal climatology of the CAMG6 precipitation (green contours; mm day '), the ERA5 1000-hPa
winds (vectors; m s~ '), and divergence (shading; 107° s~!, with the —2 X 107® s™! isoline highlighted in ma-
genta contour), for (a) DJF, (b) MAM, (c) JTA, and (d) SON. Precipitation contours start at 4 mm day ™' and
increase every 2 mm day~!. A 10 m s~ ! reference vector is shown in the lower-right corner of each panel. This
figure shows the seasonal mean of the data in Fig. 1 and is intended to compare directly with the CAM6 simu-
lation in Fig. 6.
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and increase every =2 mm day . The winds (vectors) and divergence (shading) difference is estimated between the

lowest model level of 993 hPa and observed at 1000 hPa.

APPENDIX B

CAMBG6 Evaluation

This section evaluates the performance of CAMS6 in sim-
ulating the Indian Ocean ITCZ. Figure B1 shows the sea-
sonal mean of the data in Fig. 1 and is intended to compare
directly with the CAM6 simulation in Fig. 6. Figure B2
shows the biases in CAMS.
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