
Contrasting Impacts of Radiative Forcing in the Southern Ocean versus Southern
Tropics on ITCZ Position and Energy Transport in One GFDL Climate Model

BAOQIANG XIANG

NOAA/Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey, and University Corporation for

Atmospheric Research, Boulder, Colorado

MING ZHAO AND YI MING

NOAA/Geophysical Fluid Dynamics Laboratory, Princeton, New Jersey

WEIDONG YU

Center for Ocean and Climate Research, First Institute of Oceanography, State Oceanic Administration, and

Laboratory for Regional Oceanography and Numerical Modeling, Qingdao National Laboratory for Marine

Science and Technology, Qingdao, China

SARAH M. KANG

School of Urban and Environmental Engineering, Ulsan National Institute of Science and Technology,

Ulsan, South Korea

(Manuscript received 22 August 2017, in final form 8 April 2018)

ABSTRACT

Most current climate models suffer from pronounced cloud and radiation biases in the Southern Ocean (SO)

and in the tropics. Using one GFDL climate model, this study investigates the migration of the intertropical

convergence zone (ITCZ) with prescribed top-of-the-atmosphere (TOA) shortwave radiative heating in the SO

(508–808S) versus the southern tropics (ST; 08–208S).Results demonstrate that the ITCZposition response to the

ST forcing is twice as strong as the SO forcing, which is primarily driven by the contrasting sea surface tem-

perature (SST) gradient over the tropics; however, the mechanism for the formation of the SST pattern remains

elusive. Energy budget analysis reveals that the conventional energetic constraint framework is inadequate in

explaining the ITCZ shift in these two perturbed experiments. For both cases, the anomalousHadley circulation

does not contribute to transport the imposed energy from the Southern Hemisphere to the Northern Hemi-

sphere, given a positive mean gross moist stability in the equatorial region. Changes in the cross-equatorial

atmospheric energy are primarily transportedby atmospheric transient eddies when the anomalous ITCZ shift is

most pronounced during December–May. The partitioning of energy transport between the atmosphere and

ocean shows latitudinal dependence: the atmosphere and ocean play an overall equivalent role in transporting

the imposed energy for the extratropical SO forcing, while for the ST forcing, the imposed energy is nearly

completely transported by the atmosphere. This contrast originates from the different ocean heat uptake and

also the different meridional scale of the anomalous ocean circulation.

1. Introduction

The spurious double ITCZ (DI) problem, charac-

terized by excessive precipitation to the south of the

equator, is a long-standing issue for current climate

models (e.g., Lin 2007; Mechoso et al. 1995). Many

studies argued that the DI problem is tightly linked

to the convection parameterization, such as the deep

convection threshold (e.g., Bellucci et al. 2010), con-

vection closure (Zhang and Wang 2006), and lateral

entrainment (Hirota et al. 2011). The presence of rel-

atively high sea surface temperature (SST) biases in

the southeastern Pacific and Atlantic also contrib-

utes to the DI problem (e.g., Song and Zhang 2017;

Richter 2015).
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In addition, previous studies underlined the impor-

tance of flux biases at the top of the atmosphere (TOA)

and the surface in driving the spurious DI problem. For

example, Xiang et al. (2017) argued that the intermodel

spread of the DI problem in phase 5 of the Coupled

Model Intercomparison Project (CMIP5) coupled

models primarily originates from the tropics and from

the TOA or surface fluxes in their atmospheric models.

Meanwhile, current climate models suffer from a com-

mon bias with underestimated cloud amount and thus

overestimated incoming shortwave radiation in the

Southern Ocean (e.g., Trenberth and Fasullo 2010;

Hwang and Frierson 2013). This is evident from the

multimodel ensemble (MME)mean results of 19 CMIP5

models (Fig. 1a). Based on the energetic constraint

framework, this Southern Ocean radiation bias was

proposed to drive a northward cross-equatorial atmo-

spheric energy transport (AET) that, in turn, forces an

anomalous Hadley cell and the southward migration of

ITCZ (Hwang and Frierson 2013).

The above hypothesis to link ITCZ migration to the

AET is generally consistent with other studies with

thermal perturbations at high latitudes using atmospheric

models coupled to slab-ocean models (e.g., Broccoli et al.

2006; Chiang and Bitz 2005; Kang et al. 2009; Kang et al.

2008; Seo et al. 2014). Furthermore, Seo et al. (2014)

found that the extratropical surface forcing is even more

effective in shifting ITCZ position than the tropical sur-

face forcing using one atmospheric model coupled to a

slab-ocean model in an aquaplanet configuration. How-

ever, the above hypothesis was challenged by several

recent studies using a complex coupled general circu-

lation model (CGCM) with realistic geography: the

ITCZ location is fairly insensitive to extratropical per-

turbations in fully coupled models (Deser et al. 2015;

Hawcroft et al. 2016; Kay et al. 2016; Tomas et al. 2016).

The reason behind this was attributed to the fact that the

associated energy transport primarily occurs in the

ocean rather than in the atmosphere.

A fundamental question then arises: What factors are

responsible for the partitioning of energy transport be-

tween the atmosphere and ocean? In the tropics, the

ocean usually plays a more important role in trans-

porting energy. Given a similar magnitude of mass flux

transport between the atmosphere and ocean associated

with the Hadley circulation, the ocean is more effective

in transporting energy. This was largely because the at-

mosphere has a positive but smaller mean gross moist

stability (GMS) than that of the ocean (Held 2001; Czaja

and Marshall 2006). The GMS was originally proposed

in Neelin and Held (1987) as a measure of how effi-

ciently divergent flow exports moist static energy

(MSE). Some previous studies with perturbed forcing

in the extratropics underlined the more important role

of the ocean in transporting energy than the atmosphere

(Deser et al. 2015; Hawcroft et al. 2016; Kay et al. 2016;

Tomas et al. 2016) and are broadly consistent with these

theoretical works. Meanwhile, some other factors, such

as the highly model-dependent SST–stratocumulus

feedback, may also be critical in determining the par-

titioning of energy transport as well as the tropical pre-

cipitation response to the extratropical forcing (Mechoso

et al. 2016).

Given the pronounced extratropical and tropical ra-

diation biases (Fig. 1a) and the diverse model sensitivity

to the extratropical forcing, this study explores the ITCZ

shift to prescribed idealized radiative forcing in the

Southern Ocean and southern tropics using one climate

model. The goal is to gain insight on 1) the formation of

spurious DI problems in climate models, and 2) the

physical processes determining the partitioning of en-

ergy transport between the atmosphere and ocean.

This paper is organized as follows. Section 2 intro-

duces data, model, experiments, and analysis method-

ology. The mean state of the coupled control simulation

is discussed in section 3. Section 4 investigates the

imposed forcing and the associated model responses.

The potential linkage among ITCZ shift, energy

transport, and SST forcing is examined in section 5.

Finally, in section 6 we summarize the major findings

in this study together with some discussion.

2. Data, model, experiments, and analysis
methodology

a. Data

Several observational datasets are used, consisting of

precipitation from the Global Precipitation Climatology

Project version 2.2 (GPCP; Adler et al. 2003), SST and

sea ice concentration from the Met Office Hadley

Centre Sea Ice and Sea Surface Temperature dataset

(HadISST1; Rayner et al. 2003), and radiative fluxes

from Clouds and the Earth’s Radiant Energy System

version 2.8 (CERES; Wielicki et al. 1996). The 19

CMIP5 historical simulations (Taylor et al. 2012) used

here are the same as those used in Xiang et al. (2017).

We use the time period of 1979–2005 for our analysis.

b. Model

We use a developmental version of the Geophysical

Fluid Dynamics Laboratory (GFDL) next-generation

Atmospheric Model, version 4 (AM4; Zhao et al. 2018),

as well as a fully coupledmodel using AM4 coupled with

the ocean model used in GFDL Forecast-Oriented Low

Ocean Resolution (FLOR) model (Vecchi et al. 2014).
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Both the atmospheric and oceanic models have an ap-

proximate 18 horizontal resolution. The atmospheric

model has 32 vertical levels and the oceanic model has

50 vertical levels.

c. Experiments

In this study, we performed 10 experiments: 4 fully

coupled experiments, and 6 Atmospheric Model In-

tercomparison Project (AMIP) experiments with pre-

scribed boundary forcing (Table 1).

1) FULLY COUPLED SIMULATIONS

A total of four coupled simulations are performed

(Table 1). The first is a control simulation (200 yr) after a

500-yr spinup (CM_CTRL). The external forcings (such

as greenhouse gases and aerosols) are fixed at the year

2000 level. In the Southern Ocean, the shortwave ab-

sorption (net TOA shortwave radiation) bias is rather

zonally symmetric (Fig. 1), motivating us to apply a

zonally uniform forcing through altering the solar con-

stant to mimic the climate impacts of the short-

wave radiation bias. The first perturbed experiment is

similar to CM_CTRL but with zonally uniform in-

creased solar constant in the Southern Ocean region

(508–808S) (CM_SO). The perturbed method is similar

to Mechoso et al. (2016). For comparison, an analogous

experiment is performed by increasing the solar con-

stant over the southern tropics (08–208S) (CM_ST). To

examine whether results are sensitive to the sign of

forcing, a TOA radiative cooling experiment is carried

FIG. 1. Biases of annual mean (a) shortwave absorption and (b) precipitation from the MME mean of 19 CMIP5 coupled models.

Stippling denotes regions where 16 (or more) out of 19 models have the same sign as the MMEmean. The green dashed line in (a) shows

the precipitation domain in (b). Observational climatological mean precipitation is shown as contours (mmday–1) in (b). (c) The zonal

mean precipitation bias from the MMEmean of CMIP5 coupled models. (d)–(f) As in (a)–(c), but for results from the one version of the

GFDL model used in this study.
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out with the same magnitude of forcing as CM_SO lo-

calized to the Southern Ocean (CM_SO_COOL). For

simplicity, hereafter we use Southern Ocean (SO) and

southern tropics (ST) to represent the corresponding

forcing and experiments. Without the specific declara-

tion, forcing is referring to the heating experiments.

These three perturbed coupled experiments are also

integrated for 200 years starting from the same initial

condition as CM_CTRL.

2) AMIP SIMULATIONS

In a fully coupled system, the slowly evolving SST and

the associated feedbacks make it difficult to identify

the magnitude of the imposed forcing. To obtain the

magnitude of the forcing, several AMIP-type simula-

tions are carried out (Table 1). The first is a control

simulation forced with the climatological SST and sea

ice concentration from CM_CTRL in the last 60 years

(AM_CTRL). The other two experiments are similar to

AM_CTRL but with increased shortwave radiative

forcing in the SO (AM_SO) and in the ST (AM_ST).

Here the atmospheric model is the same as that used in

coupled simulations, and the perturbations are identical

to their corresponding coupled simulations where the

solar constant is varied.

To assess the role of boundary conditions in con-

trolling the ITCZ position and energy transport, two

AMIP-type simulations are performed with climato-

logical SST and sea ice forcing from CM_SO and

CM_ST (the last 60 yr) but with normal insolation as

AM_CTRL. These two experiments are referred to as

AM_SO_SST and AM_ST_SST, respectively. The last

AMIP experiment is carried out by holding SST and sea

ice fixed to observational climatology (AM_Obs_SST).

The comparison between CM_CTRL and AM_Obs_SST

shows the impacts of air–sea coupling on shaping the ITCZ.

All AMIP experiments are integrated for 20 years.

d. Analysis methodology

In this study, both direct (explicit) and indirect

(implicit) methods are used to obtain the AET and

ocean energy transport (OET). During an equilibrium

state, the total energy transport derived from the in-

tegrated net radiative flux at the TOA can be regarded

as the sum of AET and OET. Here, the implicit

OET can be obtained from the net surface heat flux

(SFC_NET) and the AET is derived by integrating the

divergence of the zonally averaged surface and TOA

fluxes (e.g., Magnusdottir and Saravanan 1999). These

AET and OET obtained from the indirect method are

also referred to as implied AET and OET. The main

purpose to show the implicit AET and OET is to verify

the fidelity of the online (explicit) calculation of AET

and OET.

1) BUDGET ANALYSIS OF AET

The atmospheric MSE can be described as h5 CpT1
u 1 Lyqy 1 Lf qi, where Cp is the specific heat of air at

constant pressure, T is temperature, u is geopotential

height, Ly is the latent heat of water vaporization, qy is

specific humidity,Lf is the latent heat of fusion of water,

and qi is specific mass of ice. The MSE can also be sep-

arated into two terms: dry static energy (CpT 1 gz) and

latent energy (Lyqy 1 Lf qi).

To identify the physical processes governing the en-

ergy transport, we decompose the time and zonal mean

AET into three terms (e.g., Oort 1971):

TABLE 1. Description of model experiments and their corresponding PAI. Note that the standard deviation of the PAI difference

between CM_SO (CM_ST) and CM_CTRL is 0.02 (0.02), estimated from every decade as a truncation. The standard deviation of PAI

difference between CM_SO_COOL and CM_CTRL is 0.03.

Expt Description PAI

CM_CTRL A fully coupled control simulation (200 yr) after 500-yr spinup. 0.12

CM_SO As in CM_CTRL, but with zonally uniform increased solar constant in the Southern Ocean

(508–808S).
0.07

CM_ST As in CM_CTRL, but with zonally uniform increased solar constant in the southern tropics

(208S–08).
0.02

CM_SO_COOL As in CM_SO, but with a TOA radiative cooling forcing in the Southern Ocean (the same

magnitude of forcing as CM_SO).

0.14

AM_CTRL An AMIP control simulation (20 yr) forced with the climatological SST and sea ice con-

centration from CM_CTRL in the last 60 years.

0.14

AM_SO As inAM_CTRL, but with zonally uniform increased solar constant in the SouthernOcean. 0.14

AM_ST As in AM_CTRL, but with zonally uniform increased solar constant in the southern tropics. 0.12

AM_SO_SST AnAMIP simulation (20 yr) forced with the climatological SST and sea ice from CM_SO in

the last 60 years (with normal insolation as AM_CTRL).

0.09

AM_ST_SST As in AM_SO_SST, but forced with the climatological SST and sea ice from CM_ST. 0.06

AM_Obs_SST An AMIP simulation forced with observed climatological SST and sea ice. 0.30
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[Vh]5 [V][h]1 [V 0h0]1 [V*h*] , (1)

where V is the mass flux (ydp/g, y represents the me-

ridional wind velocity, dp is the layer thickness, and g is

the gravity). Square brackets indicate the zonal mean

and the overbars denote the time mean. Terms with

asterisks are the anomalies from the zonal mean, and

terms with primes are the departure from the monthly

climatology. The three terms on the right-hand side

represent the contributions from the mean component,

transient eddies, and stationary eddies.

Changes in AET between the perturbed and the

control experiment can be approximately expressed as

D[Vh]’D[V][h]
CTRL

1D[h][V]
CTRL

1D[V 0h0]1D[V*h*] , (2)

where D denotes the difference between perturbed and

control simulations. The four terms on the right-hand

side of the equation represent components from changes

in mean meridional circulation (MMC), MSE, transient,

and stationary eddies. These first two terms can also be

referred to as the dynamic term and thermodynamic

term, respectively. Note that the nonlinear product term

due to the mean mass flux changes and MSE changes is

relatively small and neglected here. In a simple case with

equal magnitude mass flow confined to one upper and

one lower layer, the vertically integrated dynamic term

is determined by mean GMS, and the thermodynamic

term is controlled by changes in GMS (e.g., Hill et al.

2015; Seo et al. 2017).

Following Merlis et al. (2013) and Hill et al. (2015), in

the tropics, the GMS is determined by the mean

circulation-related AET and the strength of the Hadley

cell:

Dh5 f[V][h]g/c
max

, (3)

where Dh is the GMS, and cmax is the maximum mass

flux for the Hadley cell that is a function of latitude. The

braces denote the zonal and vertical integration.

2) BUDGET ANALYSIS OF OET

Different from the atmosphere, the ocean circulation

has large zonal asymmetry so that the timemeanOET is

only separated into two components: the mean and the

eddy terms (e.g., Jayne and Marotzke 2002),

Vm5Vm1V 0m0 . (4)

The ocean energy m is given by the ocean potential

temperature multiplied by the heat capacity of seawater

evaluated at the ocean surface (Bacon and Fofonoff

1996; Farneti and Vallis 2013), denoted by Cou (u is the

potential temperature, and Co is the heat capacity of

seawater per unit mass). The oceanic mass flux is defined

as rydz (r is the water density, y is the meridional ocean

current velocity, and dz is the layer thickness). Here we

only consider the Eulerian advection component as the

mesoscale and submesoscale eddy components have

relatively weaker magnitude in the tropics.

Changes in OET between the perturbed and the

control experiment can be approximately denoted as

DVm’DVm
CTRL

1DmV
CTRL

1DV 0m0 . (5)

Similarly, the three terms on the right-hand side can also

be referred to as the dynamic term, thermodynamic

term, and the eddy term, respectively.

For both the atmosphere and ocean, we output the

monthly mean of individual variables at the model level,

the mass fluxV, and the total energy transport (Vh,Vm).

This online calculation of total energy transport (Vh,

Vm) is the so-called direct (explicit) calculation of AET

and OET. The transient eddy term is then taken as the

residual of the total and time mean terms based on Eqs.

(1) and (4). The climatological monthly datasets are

used for all calculations so that annual cycle related

changes are included in the time mean terms.

3. Mean state in the coupled control simulation

Mean state biases in the control simulation may po-

tentially impact the climate responses in perturbed

experiments. We first evaluate the basic performance

of the coupled control simulation (CM_CTRL). Com-

pared to the CERES observation, this model shows

a similar bias pattern of shortwave absorption with

CMIP5 coupled models. In the Southern Ocean (508–
808S), the magnitude of bias is about 0.36 PW for

CM_CTRL and 0.54 PW for CMIP5 coupled models

(Fig. 1).

Compared to GPCP, both CMIP5 and this GFDL

model suffer excessive precipitation in the south tropical

Pacific and south tropical Atlantic where the mean deep

convection is largely absent (Figs. 1b,e). Consistently,

the zonal mean precipitation bias displays a substantial

meridional asymmetry with a more severe bias in the

Southern Hemisphere (Figs. 1c,f). To quantify the se-

verity of the DI problem, the precipitation asymmetry

index (PAI) is adopted following Hwang and Frierson

(2013). The PAI is defined by differencing the pre-

cipitation over the northern (08–208N, 08–3608 longi-

tude) and southern (08–208S, 08–3608 longitude) tropics
normalized by the tropical mean (208S–208N, 08–3608
longitude). The observed PAI is 0.2 for GPCP (Xiang
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et al. 2017). A remarkable reduction of PAI from the

AMIP (0.30 for AM_Obs_SST) to coupled (0.12 for

CM_CTRL) simulations indicates a robust southward

shift of ITCZ location and the formation of the DI

problem (Table 1). A similar reduction of PAI from

AMIP (0.22) to the coupled (0.05) simulation is found in

the MME of CMIP5 models.

To confirm the fidelity of the methodology used

to calculate the energy transport, both the implicit

and explicit AET and OET are shown in Fig. 2 for

CM_CTRL. The explicit (direct online) calculation of

AET and OET matches reasonably well with the im-

plicit AET and OET (Figs. 2a,c). Budget analysis is

further performed. In the mid-to-high latitudes, the

atmospheric transient eddy term ([V 0h0]) dominates the

total AET. Over the tropical region (208S–208N), the at-

mospheric transient eddy term and the mean component

([V][h]) work cooperatively to transport energy poleward

(Fig. 2b).

Consistent with previous studies (Bacon and Fofonoff

1996; Farneti and Vallis 2013), the ocean tends to

transport energy poleward mainly because of the mean

component (Vm) (Fig. 2d). In the region between 208S
and 208N, the oceanic eddy term (V 0m0) is in the oppo-

site direction to the mean component (Fig. 2d). In the

equatorial region, the oceanic eddy component shows

strong energy convergence owing to tropical instability

waves (Jayne and Marotzke 2002).

The efficiency of the Hadley circulation in trans-

porting energy strongly depends on the magnitude of

mean GMS according to its definition [Eq. (3)]. Figure 3

features the annual cycle of zonally and vertically in-

tegrated AET resulting from the atmospheric mean

component ([V][h]), the maximum magnitude of mass

flux (cmax), and mean GMS in the coupled control

simulation. In the equatorial region, the AET due to the

mean component varies in phase with the maximum

mass flux (Fig. 3a vs Fig. 3b), and the mean GMS is

FIG. 2. (a) Annual mean AET from direct (explicit; black) and indirect (implicit; purple) calculation in the coupled control simulation

(CM_CTRL). (c) As in (a), but for the OET. The implicit AET and OET are calculated based on TOA and surface fluxes. (b) The annual

mean total AET (explicit; black), the AET resulting from the mean component (purple) and atmospheric transient (blue) and stationary

(dashed blue) eddies. (d) The annual mean total OET (explicit; black), the OET resulting from the mean circulation (purple) and oceanic

eddies (blue).
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weakly positive (the negative GMS during the transition

season is largely due to the slight phase shift between the

AET and mass flux) (Fig. 3c). In the equatorial region

(28S–28N), the annual mean GMS is about 2.6K

(Fig. 3c). Given a maximummass flux of 203 109 kg s21,

the mean component-induced AET is about 0.05 PW.

This is in agreement with other models showing a mar-

ginally positive GMS over the equatorial region (e.g.,

Held 2001; Merlis et al. 2013; Hill et al. 2015).

4. Forcing and responses

To ensure a qualitative comparison of coupled model

responses to the prescribed forcing, we need to evaluate

the magnitude of the imposed forcing from AMIP sim-

ulations without the involvement of the slowly evolving

SST changes.

a. Estimation of forcing magnitude

Several AMIP simulation results are presented in

Fig. 4 to identify the magnitude of the imposed forcing.

Since the albedo at TOA remains nearly unchanged

between the control (AM_CTRL) and the perturbed

(AM_SO and AM_ST) AMIP experiments, the changes

in shortwave absorption (net TOA shortwave radiation;

TOA_SW) can be regarded as the actual forcing. Over

the forcing domain, the shortwave absorption changes

have a magnitude of 0.38 (0.36) PW for the SO (ST)

forcing (Fig. 4c). This is corresponding to 4.1 (6.9)

Wm22 over the forcing domain for the SO (ST) forcing.

The effective radiative forcing (ERF), defined as the

changes in net TOA radiation (TOA_NET) after the

atmospheric fast response, is another metric to measure

the magnitude of the imposed forcing (e.g., Myhre et al.

2013). The ERF over the forcing domain is 0.33 (0.39)

PW for the SO (ST) forcing case (Fig. 4c). Hence, the

forcing is comparable between these two perturbed

experiments.

b. Surface temperature response

With a similar magnitude of TOA radiative forcing,

we then examine the coupled model results in the last 60

years (Fig. 5). Clearly, the global mean surface tem-

perature response is much more sensitive to the SO

forcing than to the ST forcing (0.838 vs 0.278C). This
contrasting sensitivity is in agreement with Kang and

Xie (2014) and Rose et al. (2014) that both underlined

the importance of the cloud feedbacks. Here we also

found different cloud response primarily occurring be-

tween 208 and 508S: the SO (ST) forcing produces re-

duced (increased) cloud cover.One interesting difference

is thatKang andXie (2014) andRose et al. (2014) applied

forcing at the ocean surface using atmospheric models

coupled to slab mixed layer ocean models in an aqua-

planet configuration.

c. Responses of precipitation and ITCZ position

For both experiments, precipitation increases (de-

creases) to the south (north) of the equator, reminiscent

of a DI-like pattern (Figs. 5 and 6). But, the magnitude is

significantly stronger in the ST forcing than the SO

forcing. This concurs with Xiang et al. (2017) who ar-

gued that the biases of TOA and surface fluxes in the

tropics are more critical in driving the DI problem than

that in the extratropics. In addition, for the SO forcing,

the equatorial Pacific features enhanced precipitation

anchored by more surface warming in the equatorial

central-eastern equatorial Pacific, while this is absent in

the ST forcing (Fig. 5).

The PAI is about 0.07 and 0.02 for CM_SO and

CM_ST, respectively (Table 1). They differ significantly

with CM_CTRL with the magnitude differences of

20.05 6 0.02 and 20.10 6 0.02 (Table 1). Thus, the

ITCZ shift is more sensitive to the ST forcing than to

the SO forcing. This conclusion remains valid when

normalized by their corresponding net TOA shortwave

radiative forcing and also the ERF. In the next section,

FIG. 3. Annual cycle of (a) meridional AET resulting from the

atmospheric mean component, (b) the maximum mass flux

streamfunction, and (c) the mean GMS (divided by Cp to obtain

units of kelvin) from the coupled control simulation (CM_CTRL).
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particular emphasis is placed on understanding the

physical processes leading to such a strong contrast in

the tropical precipitation response.

5. ITCZ shift, energy transport, and SST forcing

Based on the energetic constraint theory, the cross-

equatorial AET was found to exhibit a coherent varia-

tion with the ITCZ migration. The cross-equatorial

AET has been used to explain the observational an-

nual cycle of ITCZ, ITCZ changes in paleoclimate, and

ITCZ biases in current climate models (e.g., Schneider

et al. 2014; Donohoe et al. 2013; Hwang and Frierson

2013; McGee et al. 2014). For the coupled control sim-

ulation (CM_CTRL), the annual cycle of ITCZ shift is

also well correlated with the cross-equatorial AET

(not shown). Insight into mechanisms leading to the

ITCZ shift may be gained by exploring the corre-

sponding energy transport for these two perturbed

experiments.

a. Changes in implicit AET and OET

First, we present the responses in the implicit AET

and OET in Fig. 6. With the SO radiative forcing, the

total energy transport (the sum of the implicit AET and

OET) gradually decays northward from around 508S,
with most of the imposed energy transported northward

across the equator (Fig. 6a). It is indicative of a weak

TOA radiative dampening effect in the Southern

Hemisphere. Overall, the atmosphere and ocean play an

equivalent role in transporting the imposed energy for

the SO forcing (Fig. 6a).

0
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Fl
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W
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TOA_SW SFC_SW TOA_NET SFC_NET

c) TOA & surface fluxes (AMIP)

SO
ST

0

0.2

0.4

Fl
ux
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(P
W
)
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d) TOA & surface fluxes (Coupled)
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ST

FIG. 4. (a) The shortwave absorption changes associated with the SO radiative forcing estimated from the AMIP simulations

(AM_SO2AM_CTRL). The green dashed lines show the regionwith the prescribed forcing. (b)As in (a), but for the ST radiative forcing

(AM_ST2AM_CTRL). (c) The TOA and surface flux changes in the SO domain (508–808S; purple) and the ST domain (208S–08; green)
for these two different forcing: TOA_SW, SFC_SW, TOA_NET, and SFC_NET. (d) As in (c), but for coupled simulations during the last

60 years. Positive denotes downward fluxes for bothTOAand surface fluxes. Note that theAMIP-type simulations give the better estimate

of the initial forcing strength.
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For the ST forcing, the total energy transport exhibits

both northward (crossing the equator) and southward

(crossing 208S) transport (Fig. 6b). This is distinguished
from the SO forcing with almost no southward energy

transport. Interestingly, the implicit OET response is

overall very weak, and nearly all of the imposed energy

is transported by the atmosphere (Fig. 6b). Within the

equatorial region (28S–28N), the AET explains about

44% (91%) of the total energy transport for the SO (ST)

forcing.

The above results suggest that the partitioning of

energy transport between the atmosphere and ocean

depends on the forcing latitudes: for the higher-latitude

forcing, the ocean is more effectively transporting the

imposed energy than the atmosphere, and vice versa.

In sections 5b and 5c, we explore the processes and

mechanisms accounting for the contrasting OET and

AET responses.

b. Understanding the changes in OET

Whydo the changes inOETshow latitudinal dependence

on the forcing location (Fig. 6)? We address this question

from both the atmospheric and the oceanic perspectives.

Over the forcing domain, the ocean heat uptake is

different between these two cases. With nearly identi-

cal changes in net TOA radiation for these two cases

(0.34 vs 0.34 PW), the SO forcing shows more energy

penetrating into the underlying ocean (more ocean heat

uptake) than the ST forcing by comparing the net sur-

face heat flux (0.18 vs 0.05 PW) (Fig. 4d). The reasons

are threefold. First, the SO forcing reduces cloud cover

and sea ice concentration locally, resulting in increased

shortwave absorption. This effect is evident by com-

paring the difference of between the coupled and AMIP

simulation results (Figs. 4c,d). In contrast, the ST forcing

increases local convection that reduces both the outgoing

FIG. 5. Changes in annual mean (a) surface temperature and (b) precipitation (shading) and 925-hPa wind (vectors; m s21) associated

with the SO radiative forcing (CM_SO 2 CM_CTRL). The green dashed lines in (a) show the domain for (b). Contours in (b) denote

the climatological precipitation in the coupled control simulation (mm day21). (c),(d) As in (a),(b), but for the ST forcing (CM_ST 2
CM_CTRL).
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longwave radiation (OLR) and shortwave absorption.

Compared to its AMIP simulation (AM_ST), less energy

penetrates into the ocean for the ST forcing. Second, the

atmospheric absorption of the shortwave radiation [the

difference between shortwave absorption and the net

surface shortwave radiation (SFC_SW)] differs dramat-

ically: 37% versus 77% for the SO and ST forcing

(Fig. 4d). This is likely due to the difference in mean

moisture between the tropics and the high latitudes.

Third, it is easier for the ocean to take up heat in the SO

because of the mean downward motion at 508–608S as-

sociated with the mean meridional overturning circula-

tion (MOC; see Fig. 8b) (e.g., Frey et al. 2017). For the

ST forcing, the peak insolation anomaly occurs in a lo-

cation where there is neither net downward nor upward

ocean circulation. The ocean thus cannot take the heat to

depth as easily in the ST simulation as in the SO

simulation.

To further understand the contrasting OET changes,

the oceanic energy budget analysis is further per-

formed (Fig. 7). For both cases, changes in the equa-

torial OET are primarily attributed to the dynamic

term because of ocean circulation changes (;0.25 PW).

This is cohesive with similar ocean circulation changes

over the tropics, characterized by anomalously clock-

wise circulation in the upper ocean (Figs. 8a,c). Strik-

ingly, an anomalously anticlockwise circulation is

formed in the deeper ocean (below 1000m) for the SO

case only (Fig. 8a), contributing to transport energy

southward.

The contrast in the total OET response is mainly at-

tributed to the thermodynamic (potential temperature

changes) term and oceanic eddy term (Fig. 7). For the

ST forcing, these two terms almost completely com-

pensate for the dynamic term in the equatorial region,

resulting in a weak total OET response (Fig. 7b). For the

SO forcing, these two terms are dramatically weaker,

resulting in a much stronger total OET changes than the

ST forcing (Fig. 7a).

Investigation of ocean temperature changes is in-

strumental in explaining the changes in the thermody-

namic and eddy terms. Intriguingly, the ST forcing

drives a considerable subsurface cooling (;20.68C) in
the southern tropics, which is nearly absent in the SO

forcing experiment (Fig. 8d vs Fig. 8b). With the aid of

mean ocean circulation characterized by poleward

transport in the upper ocean and equatorward transport

at the subsurface, the salient subsurface cooling together

with the surface warming gives rise to a southward OET

for the ST forcing case (Fig. 8d). For the ST forcing, the

prominent subsurface meridional temperature gradient

FIG. 6. Changes in annual mean meridional OET (implicit;

purple), AET (implicit; green), and the total energy transport

(the sum of AET and OET; black) associated with the (a) SO

(CM_SO 2 CM_CTRL) and (b) ST (CM_ST 2 CM_CTRL) ra-

diative forcing (PW). The dashed black lines are the correspond-

ing zonal mean precipitation changes (mm day21).

FIG. 7. (a) The total OET changes (black) with the SO forcing

(CM_SO 2 CM_CTRL), and the individual terms: the dynamic

term (purple), the thermodynamic term (green), and oceanic eddy

term (blue). (b) As in (a), but for the ST forcing. All these are from

the explicit calculation of energy transport.
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also facilitates the development of oceanic eddies based

on a downgradient eddy closure, leading to the south-

ward eddy-driven OET (Fig. 7b).

We further argue that the meridional scale of the

ocean circulation holds the key to explaining the

changes in ocean temperature and the OET. For the ST

forcing, the anomalous circulation has a much smaller

meridional scale (around 158S–158N) (Fig. 8c) than that

due to the SO forcing (around 358S–208N) (Fig. 8a). As

one rising limb of the anomalous MOC, the anomalous

upwelling largely accounts for the subsurface cooling in

the southern tropical region for the ST forcing. For the

SO forcing, the anomalous upwelling in the high lati-

tudes does not lead to considerable temperature

changes because of the weak vertical mean temperature

gradient (Figs. 8a,b). The ocean circulation changes are

further traced back to the dynamic wind forcing, which

will be discussed later.

c. Understanding the changes in AET

The atmospheric energy budget analysis is performed

to understand the contrasting AET changes (Fig. 9). For

the SO forcing, changes in annual mean AET are

dominated by the atmospheric transient eddy term in

the mid-to-high latitudes. Over the equatorial region,

the GMS change term and the transient eddy term are

two dominant terms contributing to the northward

cross-equatorial AET changes for both cases (Figs. 9a,b).

The changes in stationary eddies are overall weak. In-

terestingly, for both cases the dynamic term (frommean

circulation changes) does not transport energy north-

ward near the equatorial region given a positive mean

FIG. 8. (a) Zonal and annual mean ocean temperature in the coupled control simulation (shading; 8C), and changes in annual mean

ocean MOC streamfunction with the SO forcing (contours; Sv, 1 Sv [ 109 kg s21). The clockwise circulation is in solid contours, and the

anticlockwise circulation is in dashed contours. (b) The changes in zonal and annual mean temperature (shading; 8C) with the SO forcing

and the mean MOC in CM_CTRL (contours; Sv). (c),(d) As in (a),(b), but for the ST forcing.
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GMS (Figs. 9a,b). How can this happen? Whether the

ITCZ shift can be linked to the equatorial GMS change

term is also a question. We will explore these questions

in section 5d by focusing on the seasonality of the ITCZ

shift and energy transport as the annualmean resultsmay

potentially obscure the causality.

d. Seasonality of ITCZ shift and energy transport

For these two cases, changes in zonal mean pre-

cipitation resemble a strikingly similar seasonality with a

stronger response during boreal winter and spring than

the other two seasons (Figs. 10b,e), albeit a distinctly

different seasonality of the imposed forcing (Figs. 10a,d).

It implies that the precipitation response is strongly mod-

ulated or anchored by the background mean state, which

has been demonstrated over some regions, such as the

tropical Indian Ocean (e.g., Xiang et al. 2011) and the

western North Pacific (e.g., Xiang et al. 2013). As a good

proxy of ITCZ migration, the seasonality of PAI changes

(Figs. 10c,f) follows that of the anomalous ITCZ shift

(Figs. 10b,e). For both cases, changes in the equatorial

OETdisplaymuchmore intense seasonality than theAET.

The annual cycle of the OET changes is highly correlated

with that of PAI changes (Figs. 10c,f), andwe claim that the

equatorial OET is strongly coupled to the ITCZmigration

through the zonal wind forcing (Figs. 10b,e). Nevertheless,

the annual cycle of PAI changes does not follow the

changes in cross-equatorial AET (Figs. 10c,f). For instance,

for the SO forcing, strong anomalous northward cross-

equatorial AET appears during July–November when PAI

remains nearly unchanged (Fig. 10c).

We did a further budget analysis of the cross-

equatorial AET (Fig. 11). For the SO forcing case, the

annual cycle of the total cross-equatorial AET response

closely follows the GMS change term (Fig. 11a). The

importance ofGMS change in controlling the ITCZ shift

has also been stressed in Seo et al. (2017). The GMS

change term has a nearly opposite sign to the cross-

equatorial AET due to the mean component in the

control simulation (Fig. 11a vs Fig. 3a). It suggests that

the mean GMS is reduced in the SO forcing experi-

ment, associated with relatively more MSE in the lower

FIG. 9. (a) The total AET changes (black) with the SO forcing (CM_SO 2 CM_CTRL), and the individual components: the dynamic

term (purple), thermodynamic term (green), transient eddy term (blue), and stationary eddy term (dashed blue). (b) As in (a), but from

AMIP-type simulations only resulting from the boundary layer SST changes associated with the SO forcing together with normal in-

solation (AM_SO_SST 2 AM_CTRL). (c),(d) As in (a),(b), but for the ST forcing. All these are from the explicit calculation of energy

transport.
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troposphere than that in the upper troposphere. For the ST

forcing, the mean GMS is inferred to increase in boreal

winter but decrease in boreal summer considering its sea-

sonal variation (Fig. 11b). For both cases, the GMS change

term has a distinctly different seasonality with the anoma-

lous ITCZ shift, implying that theGMS changemay not be

the root cause for the anomalous ITCZ shift (Fig. 11).

The transient eddy term varies coherently with the

PAI changes and dominates changes in the total cross-

equatorial AET during December–May (Fig. 11). Is

there a connection between the ITCZ shift and atmo-

spheric eddies? Peters et al. (2008) pointed out that

there exists a relationship between atmospheric eddies

and mean circulation: larger eddy export of MSE is

linked to a shallower mean circulation. A shallower

mean circulation typically represents a weaker GMS

considering the vertical profile of mean MSE over the

tropics. Here, we speculate that the transient eddy en-

ergy flux acts as a consequence of the ITCZ shift,

through the establishment of an anomalous meridional

MSE gradient based on a downgradient eddy closure.

Strikingly, the dynamic term even induces a south-

ward cross-equatorial AET during December–May

(Fig. 11) despite a positive mean GMS in the equatorial

region (Fig. 3c). This is related to the vertical profile of

the Hadley circulation. For both cases, the anomalous

FIG. 10. (a) Annual cycle of net TOA shortwave radiative forcing (shortwave absorption changes) over the SO (508–808S) estimated

from the AMIP results (AM_SO 2 AM_CTRL). (b) Changes in annual cycle of zonal mean precipitation (shading; mmday21) and

925-hPa wind (vectors; m s21) associated with the SO forcing (CM_SO2CM_CTRL). The contours show the annual cycle of zonal mean

precipitation in the coupled control simulation (mmday21). (c) Changes in annual cycle of PAI (multiplied by 2; black), the equatorial

(28S–28N) explicit OET (purple; PW), and the explicit AET (green; PW) resulting from the SO forcing in coupled simulations. (d)–(f) As

in (a)–(c), but for the ST forcing.
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southward equatorial (28S–28N) return flow is confined

within the boundary layer (below 850hPa), while the

return flow in CM_CTRL appears between 600 and

1000hPa (Fig. 12c). Given the large vertical gradient of

the mean MSE (Fig. 12d), such a wind profile difference

can readily explain the lower efficiency of the anoma-

lous circulation in transporting energy than the mean

component in the coupled control simulation. This is

probably related to the precipitation change pattern

primarily over the regions without active deep convec-

tion (Figs. 5b,d). One interesting feature is that the

anomalousHadley cell shows amuch smallermeridional

scale (between 108S and 108N) than the coupled control

simulation (Figs. 12a,b).

e. Role of boundary layer SST pattern in determining
ITCZ position

The above evidence shows some difficulty explaining

the migration of ITCZ position using the traditional

energetic constraint framework. In other words,

changes in AET do not necessitate altering the ITCZ

position and the Hadley circulation. To further un-

derstand the contrasting precipitation changes (Figs. 5

and 6), we carried out a budget analysis of the latent

energy transport during December–May (Fig. 13). For

the SO forcing, both the dynamic term (anomalous

meridional wind convergence of mean moisture) and

the moisture change term (mean meridional wind

convergence of anomalous moisture) are important in

converging latent energy in the southern tropics

(Fig. 13a). For the ST forcing, the dynamic term is the

dominant term and is much stronger than that in the SO

forcing (Fig. 13b). Therefore, the anomalous meridio-

nal wind difference is essential in explaining the more

sensitive ITCZ response in the ST forcing than the SO

forcing.

The boundary layer meridional wind changes are tied

to the SST changes. For the ST forcing, the anomalous

SST shows a prominent meridional gradient on its north

and south flanks that drives winds and moisture con-

vergence from both sides, conducive to produce strong

precipitation changes (Fig. 13b). In contrast, the SO

forcing has much weaker meridional SST gradient

over the equatorial region (Fig. 13a). The different SST

pattern is most evident in the Pacific basin (Figs. 5a,c).

Note that the anomalous return flow primarily occurs

in the atmospheric boundary layer for both experi-

ments (Fig. 12c). It provides indirect evidence that the

anomalous Hadley circulation is forced by the SST

changes. These results are consistent with previous

studies underlining the essential role of SST gradient

in driving boundary moisture convergence and tropi-

cal precipitation (Lindzen and Nigam 1987; Back and

Bretherton 2009).

To further confirm this hypothesis, two AMIP simu-

lations (AM_SO_SST and AM_ST_SST) are conducted

with SST and sea ice forcing from CM_SO and CM_ST

but with normal insolation as in AM_CTRL (Table 1).

For both cases, the AMIP simulations well reproduce

the zonal mean precipitation changes in their coupled

simulations (Figs. 14a,c). Note that the SO forcing

produces a stronger response in tropical mean SST but a

weaker ITCZ response than the ST forcing (Fig. 5). It

corroborates that the SST pattern is essential in driving

the tropical precipitation changes. Meanwhile, the total

and the individual component of AET changes are also

reasonably represented in these AMIP simulations

(Fig. 9). It sheds light on the importance of SST in re-

distributing the imposed energy. Here it is assumed that

the difference in sea ice concentration has a weak impact

on the contrasting precipitation changes.

These AMIP simulations also well reproduce the

zonal mean zonal wind stress response from the coupled

simulation results (Figs. 14b,d), supporting the fact that

changes in zonal wind stress are predominately gov-

erned by SST changes (Lindzen and Nigam 1987). These

FIG. 11. (a) Changes in annual cycle of equatorial (28S–28N)

AET (PW) associated with the SO forcing, and its individual

components: the dynamic term (purple), thermodynamic term (green),

transient eddy term (blue), and stationary eddy term (dashed

blue). A 3-month running mean is applied here. (b) As in (a), but

for the ST forcing. All these are from the explicit calculation of

energy transport. The corresponding PAI changes are shown in

black dashed lines.
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zonal wind stress changes are essential in driving the

changes in ocean circulation, temperature, and the OET.

For both cases, changes in zonal wind stress are similar

over the region between 158S and 158N, characterized by

the westerly (easterly) wind stress anomaly in the South-

ern (Northern) Hemisphere. This wind stress pattern is

able to drive a northward upper-ocean flowvia theEkman

transport (Figs. 8a,c). A salient difference is apparent

between 158 and 308S where the ST (SO) forcing has

an overall strengthened (slackened) zonal wind stress

(Figs. 14b,d). For the ST forcing, a prominent negative

wind stress curl between 88 and 278S drives the cold

subsurface temperature by means of the Ekman pump-

ing effect. Therefore, changes in SST are important in

determining the zonal wind stress and thus the OET

changes.

What controls the anomalous SST pattern formation

remains an open question. For the ST forcing, the for-

mation of strong meridional SST gradient (Fig. 13b) is

straightforward given the prescribed forcing. The com-

plex air–sea feedbacks, involving the interaction of at-

mospheric convection, circulation, cloud, and ocean

dynamics, are potentially important in shaping the SST

pattern (e.g., Xie et al. 2010, 2015). For example, more

warming can also be found in the region with a large

amount of mean low clouds (Fig. 5), reflecting the po-

tential impact from the positive SST–stratocumulus

feedback (e.g., Mechoso et al. 2016). We are also

aware that changes in AET and OET may be partially

responsible for the SST pattern formation. The detailed

mechanisms leading to the SST pattern formation re-

quire further research.

FIG. 12. Changes in atmospheric meridional mass flux resulting from the (a) SO forcing and (b) ST forcing (shading). Contours are the

meanmeridionalmass flux in the coupled control simulation (109 kg s21). (c) Zonalmeanmeridional winds in the coupled control simulation

(divided by 2; black), changes in zonalmeanmeridional windswith the SO forcing (purple), and the ST forcing (green). Themeridionalwinds

(m s21) are averaged over the equatorial region (28S–28N). (d) Vertical profile ofmeanMSE (divided byCp) over the equatorial region (28S–
28N) from the coupled control simulation. All results are during December–May when the ITCZ response is most pronounced.
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f. Sensitivity of modeling results

In this study, we force the ITCZ to shift southward by

applying the TOA radiative heating in the Southern

Hemisphere. However, the ITCZ shift is also sensitive

to the sign of the radiative forcing. With the same

magnitude of TOA radiative cooling forcing in the SO

(CM_SO_COOL), we obtain a significantly weaker

ITCZ shift (Fig. 15). In the equatorial region (28S–28N),

the ratio of the OET change to the AET change with

the TOA cooling forcing is twice as strong as the TOA

heating forcing (2.4 vs 1.2) (Fig. 15 vs Fig. 6a). There-

fore, the partitioning of energy transport is also de-

pendent on the sign of forcing.

The SO cooling forcing-induced PAI changes (0.026
0.03) are insignificant and are only about 7% of the

PAI changes from AM_Obs_SST to CM_CTRL (0.28)

(Table 1). It is inferred that the radiation bias caused by

the SO cloud bias is secondary in driving the formation

of the DI problem, consistent with the other two model

results (Kay et al. 2016; Hawcroft et al. 2016) but dif-

ferent from one model used in Mechoso et al. (2016). A

diverse but coordinated model intercomparison is de-

sired to understand such different sensitivity to the ex-

tratropical forcing from a process level.

By emphasizing the role of SST gradient in controlling

the ITCZ position, it is natural to ask whether the results

are dependent on the forcing profile particularly for the

ST forcing case. The other sensitivity experiment is

then conducted, with the same magnitude of TOA

shortwave radiative forcing as CM_ST but using a step

function of forcing in latitude in the ST. The resultant

PAI changes are almost the same as that in CM_ST,

although the maximum precipitation changes shift

equatorward (not shown). Compared to the ST forcing

case (Fig. 13b), a sharper meridional SST gradient is

found but is confined to a smaller domain near the

equator. It suggests that the ITCZ response is very

likely independent of the forcing profile, and the results

presented here are robust.

6. Summary and discussion

a. Summary

The spurious double ITCZ (DI) problem is a long-

standing issue for current climate models, and broad

discrepancies still persist in its origins. Motivated by

several recent studies highlighting the potential role of

radiation bias in driving the DI, this study examines the

ITCZ shift resulting from the idealized radiative forcing

over the Southern Ocean (SO) and the southern tropics

(ST) using the one version of the GFDL model. Results

demonstrate that the ITCZ position response to the ST

forcing is twice as strong as the ST forcing. Numerical

experiments demonstrate that the associated SST

changes are crucial in driving the ITCZ shift. Compared

to the SO forcing, the larger precipitation response to

the ST radiative forcing is primarily controlled by the

underlying SST pattern with a stronger meridional

gradient.

One beauty of the energetic constraint framework in

explaining the ITCZ shift is to avoid understanding the

complex SST pattern. However, it has its caveat in

explaining the ITCZ shift in these two perturbed ex-

periments. The anomalous Hadley cell, showing a dif-

ferent vertical structure with the mean Hadley cell,

almost does not contribute to transport the imposed

energy from the Southern Hemisphere to the Northern

Hemisphere. Different from the control simulation

(CM_CTRL), changes in the cross-equatorial AET are

dominated by the atmospheric transient eddy termwhen

the ITCZ shift is most pronounced during December–

May. The strengthened atmospheric eddy activity is

likely a consequence of the ITCZ shift through altering

the meridional gradient of MSE. Whether atmospheric

eddies are energetically constrained is also a question

that is a fruitful direction for future research.

Results also show that the energy partitioning be-

tween the atmosphere and ocean is dependent on the

FIG. 13. (a) Changes in the total latent AET (black) with the SO

forcing during December–May, and its individual components: the

dynamic term (purple), thermodynamic term (from specific humidity

and specific mass of ice; green), transient eddy term (blue), and

stationary eddy term (dashed blue). The dashed black line shows the

zonal mean SST change. (b) As in (a), but for the ST forcing case.
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forcing latitude. Overall equivalent AET and OET re-

sponses are found for the extratropical SO forcing, while

for the ST forcing, the imposed energy is nearly com-

pletely transported by the atmosphere. The contrasting

partitioning of energy transport between the atmo-

sphere and ocean originates from the different ocean

heat uptake over the forcing domain, and also the dif-

ferent meridional scale of the anomalous ocean circu-

lation. Over the equatorial region, the ocean circulation

response is fairly similar to each other for these two

cases, representing a tight coupling between the upper-

ocean MOC and the changes in Hadley circulation

through the trade winds (Green and Marshall 2017;

Kang et al. 2018; Schneider 2017). Here we argue that

the SST change pattern is an important medium in

governing the partitioning of energy transport between

the atmosphere and ocean, as it determines the changes

in atmospheric temperature, convection, and surface

wind stress. However, the SST itself should not be sim-

ply treated as a forcing in a coupled system. More effort

is needed to investigate the formation of the anomalous

SST pattern.

b. Discussion

Based on the control and perturbed experiments

presented in this study, there are some implications:

(i) A two-level model may have its limitation in study-

ing theHadley circulation in a realistic configuration

FIG. 14. Changes in annual and zonal mean (a) precipitation and (b) zonal wind stress with the SO radiative forcing. Black lines are from

fully coupled experiments (CM_SO 2 CM_CTRL), and the purple lines show changes only resulting from the boundary layer SST

changes but with normal insolation in AMIP-type simulations (AM_SO_SST2AM_CTRL). (c),(d) As in (a),(b), but for the ST forcing.

FIG. 15. As in Fig. 6a, but for the case with TOA cooling forcing

in the SO. The magnitude of forcing is the same as that in the TOA

heating experiment.
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considering the complex geographic distribution of

deep and shallow convection and the associated

different meridional circulations. A positive mean

equatorial GMS in the control simulation does not

necessitate altering the cross-equatorial AET asso-

ciated with the anomalous Hadley circulation.

(ii) Both the atmospheric and oceanic eddies con-

tribute substantially to the equatorial energy

transport. Their effects were underappreciated

to some extent in the past. It is of interest to note

that the AET resulting from atmospheric eddies

tends to be in the opposite direction to the OET

resulting from oceanic eddies (Fig. 2). Mean-

while, atmospheric eddies have been shown to

strongly affect the ITCZ width (Byrne and

Schneider 2016).

(iii) Compared to the cross-equatorial AET, changes in

the cross-equatorial OET show much stronger

seasonality, characterized by strong northward

energy transport during December–May but

southward energy transport during the other sea-

sons (Figs. 10c,f). This is indicative of anomalous

heat storage in the southern tropics during June–

November. The total cross-equatorial OET is

strongly coupled to the ITCZ migration, while

such a relationship is not seen between the total

cross-equatorial AET and ITCZ migration in the

perturbed experiments (Figs. 10c,f).

(iv) The relationship between the annual mean ITCZ

position and the annual mean cross-equatorial

AET is potentially misleading in terms of causality

if the seasonality of ITCZ position differs from that

of cross-equatorial AET. For example, in this

study, the dominant term for changes in cross-

equatorial AET is the GMS change term, while it

is not directly linked to the ITCZ shift according to

their distinctly different seasonality (Fig. 11).

(v) Whether the energetic constraint framework or the

boundary layer SST gradient is more fundamental

in driving tropical precipitation is still open to debate

(e.g., Neelin and Held 1987; Kang and Held 2012;

Lindzen and Nigam 1987; Back and Bretherton

2009). Many previous studies also demonstrated

the effectiveness of the energetic constraint frame-

work in relatively idealized configurations, such as

the atmospheric model coupled to the slab-ocean

model in an aquaplanet setting. The energetic

constraint theory also works well in explaining the

seasonality of ITCZ shift in the coupled control

simulation (Fig. 3) but not in our perturbed experi-

ments. It should be noted that these two theories are

linked to some extent as the SST change is partially

set by energy transport.

Here we applied the forcing at TOA to mimic the

impacts of cloud biases. Whether the tropical precipi-

tation response is model and forcing-type dependent

is an open question. Interestingly, Haywood et al.

(2016) found similar atmospheric responses and cross-

equatorial energy transport when forcing in clouds, with

aerosols, or at the ocean surface using the HadGEM2-ES

model. Furthermore, the energy transport and the

ITCZ response to given perturbations are also sensi-

tive to convection parameterization associated with the

cloud–radiative feedback (Voigt et al. 2014; Frierson

and Hwang 2012; Kang et al. 2009; Stevens and Bony

2013; Mechoso et al. 2016), convection–circulation

feedback (Hess et al. 1993; Möbis and Stevens 2012),

water vapor feedbacks (Clark et al. 2018), and ocean

circulation (Fu�ckar et al. 2013). More research is re-

quired on this topic, but this is beyond the scope of

this work.
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