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ABSTRACT

Under external heating forcing in the Southern Ocean, climate models project anomalous northward atmosphere heat
transport  (AHT)  across  the  equator,  accompanied  by  a  southward  shift  of  the  intertropical  convergence  zone  (ITCZ).
Comparison between a fully coupled and a slab ocean model shows that  the inclusion of active ocean dynamics tends to
partition the cross-equatorial energy transport and significantly reduce the ITCZ shift response by a factor of 10, a finding
which supports  previous studies.  To understand how ocean dynamics damps the ITCZ’s response to an imposed thermal
heating in the Southern Ocean, we examine the ocean heat transport (OHT) and ocean circulation responses in a set of fully
coupled  experiments.  Results  show  that  both  the  Indo-Pacific  and  the  Atlantic  contribute  to  transport  energy  across  the
equator mainly through its Eulerian-mean component. However, different from previous studies that linked the changes in
OHT to the changes in the wind-driven subtropical  cells  or the Atlantic meridional overturning circulation (AMOC), our
results show that the cross-equatorial OHT anomaly is due to a broad clockwise overturning circulation anomaly below the
subtropical cells (approximately bounded by the 5°C to 20°C isotherms and 50°S to 10°N). Further elimination of the wind-
driven  component,  conducted  by  prescribing  the  climatological  wind  stress  in  the  Southern  Ocean  heat  perturbation
experiments, leads to little change in OHT, suggesting that the OHT response is predominantly thermohaline-driven by air-
sea thermal interactions.
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Article Highlights:

•  Under  external  forcing  in  the  Southern  Ocean,  the  ocean  dynamics  alleviate  the  burden  of  the  atmosphere  in  cross-
equatorial energy transport.

•  Both the Indo-Pacific and the Atlantic act to transport anomalous energy northward via changing its circulation.
•  The above change in circulation is predominately driven by thermohaline dynamics rather than by wind stress.

 

 
 

 

1.    Introduction

Using thermodynamic slab ocean models, previous stud-
ies (e.g., Chiang and Bitz, 2005; Broccoli et al., 2006; Kang
et al., 2008; Hwang and Frierson, 2013; Hwang et al., 2017)
have found a great impact of hemispherically asymmetric for-

cing  on  global  climate,  especially  on  the  zonal  mean  posi-
tion  of  the  intertropical  convergence  zone  (ITCZ).  For
example, heating in the Southern Ocean can warm the atmo-
sphere  of  the  southern  hemisphere  and  cause  a  northward,
cross-equatorial atmosphere heat transport (AHT) anomaly,
which induces a southward moisture flux anomaly and thus
shifts  the  ITCZ  southward.  However,  in  a  fully  coupled
model  with  active  ocean  dynamics,  the  hemispheric-scale
energy imbalance can be restored by the atmosphere and the
ocean  together,  and  the  ocean  is  the  more  efficient  of  the
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two in transporting energy in the tropics. This is because the
strongly  stratified  ocean  can  efficiently  transport  energy
away from the equator, whereas the atmosphere is less effi-
cient  at  transporting  energy  in  the  tropics  due  to  the  weak
moist static energy gradient associated with the moist convec-
tion and the weak effects of rotation (Klinger and Marotzke,
2000; Held,  2001; Czaja  and  Marshall,  2006).  Therefore,
ocean dynamics can lead to the partitioning of cross-equat-
orial energy transport such that the response in cross-equat-
orial AHT and the ITCZ shift is largely damped (Kay et al.,
2016; Hawcroft et al., 2017; Green and Marshall, 2017; Yu
and Pritchard, 2019).

Still, through what mechanisms the ocean dynamics buf-
fers the ITCZ shift remains an issue of debate, especially con-
cerning  the  relative  importance  of  the  wind-driven  and  the
thermohaline dynamical processes. Recently, Green and Mar-
shall (2017) coupled the atmosphere with a dynamic ocean
in a highly idealized two-basin model and perturbed the sys-
tem with a hemispherically asymmetric forcing (that is, heat-
ing  in  the  southern  hemisphere  but  cooling  in  the  northern
hemisphere). Compared to the motionless slab ocean model,
they found the ITCZ shift in the coupled model to be consider-
ably  damped  by  a  factor  of  4.  This  damped  ITCZ  shift
response has been ascribed to the coupling between the Had-
ley cell and the ocean’s wind-driven subtropical cell. Specific-
ally, in response to the southern hemisphere heating and north-
ern hemisphere cooling, the easterly trade winds show a weak-
ening in the southern tropics and strengthening in the north-
ern  tropics,  both  wind  anomalies  act  to  induce  an  anomal-
ous northward Ekman flow in the upper ocean. This cross-
equatorial  flow  transports  warm  water  and  energy  north-
ward, strongly reducing the burden of the AHT and offset-
ting the imposed energy contrast between hemispheres, thus
buffering the shift of ITCZ. In addition, this important role
of wind-driven circulation in muting ITCZ shift has been dis-
cussed  in  other  modeling  studies  (e.g., Held,  2001;
Schneider et al., 2014; Kay et al., 2016).

Some  other  studies  suggested  that  changes  in  Atlantic
meridional overturning circulation (AMOC) can also contrib-
ute to damping the ITCZ shift (Frierson et al., 2013; Fučkar
et  al.,  2013; Marshall  et  al.,  2014; He et  al.,  2019; Yu and
Pritchard,  2019),  because  the  AMOC  can  transport  an
energy anomaly across the equator, reducing the hemispher-
ical energy imbalance and thereby muting the ITCZ shift. In
particular,  a  recent  work  of Yu  and  Pritchard  (2019) per-
formed  similar  experiments  as Green  and  Marshall  (2017)
but with a more realistic fully coupled model. Through pla-
cing hemispherically asymmetric perturbations in different lat-
itudes,  they  found  increasing  importance  of  the  AMOC
responses  in  muting  the  ITCZ  shift,  and  the  AMOC
becomes  equally  important  as  the  wind-driven  subtropical
cells when the forcing is placed at high latitudes.

The  above  studies  highlighted  the  important  role  of
ocean dynamics in partitioning cross-equatorial energy trans-
port  and  in  modulating  the  ITCZ  shift,  but  much  work
remains to be done to understand the physical mechanisms.
Here,  we  employ  the  slab  ocean  and  fully  coupled  version

of the Community Earth System Model 1 (CESM1) to system-
atically  compare  the  climate  response  to  a  pair  of  heating
and cooling forcings placed upon the Southern Ocean. The
reason we place the forcing in the Southern Ocean is due to
its  large  climatic  influence  (Hwang et  al.,  2017; Liu  et  al.,
2018b),  and  to  facilitate  the  comparison  with  many  previ-
ous  studies  that  placed  external  forcing  in  similar  regions
(Kay et al., 2016; Hawcroft et al., 2017; Hwang et al., 2017;
Yu and Pritchard, 2019). To understand how ocean dynam-
ics  modulate  the  cross-equatorial  energy  transport,  we  fur-
ther perform a set of partially coupled experiments in which
the wind stress is prescribed to a repeating climatology, and
thereby  the  wind-driven  oceanic  circulation  responses  can
be isolated. As to be shown later, the ocean can transport a
similar  amount  of  energy across  the  equator  even after  the
wind-driven  ocean  dynamical  adjustment  is  disabled,  and
the  response  in  ocean  heat  transport  (OHT)  is  predomin-
antly thermohaline-driven by air-sea thermal interactions.

The remainder of the paper is structured as follows. Sec-
tion 2 describes the slab ocean and the fully coupled model,
the design of experiments, and metrics used in this study. Sec-
tion 3 compares the climate response in the slab ocean and
fully  coupled  experiments.  Section  4  illustrates  how ocean
dynamics  modulates  the  cross-equatorial  energy  transport.
Section 5 summarizes the main conclusions of the study and
provides a brief discussion. 

2.    Methods
 

2.1.    Coupled and partially coupled experiments

The model we use includes both the fully coupled and
the  slab  ocean  version  of  the  Community  Earth  System
Model  version  1  (CESM1).  The  fully  coupled  model
(CESM1-CPL)  is  comprised  of  the  Community  Atmo-
sphere  Model  version  5,  the  Community  Land  Model  ver-
sion 4, the Community Ice CodE, and the Parallel Ocean Pro-
gram version 2.  For  both atmosphere and land models,  the
horizontal  resolution is  2.5°  longitude × 1.9°  latitude,  with
the  atmospheric  component  discretized  on  30  uneven  ver-
tical levels. For the sea ice model and ocean models, the hori-
zontal  resolution  is  at  a  nominal  1°,  telescoped  meridion-
ally to ~0.3° at the equator. Vertically, the ocean model has
60 uneven levels with the thickness varying from 10 m near
the surface to 250 m at the bottom. It  should be noted that
we  run  all  the  following  experiments  with  perpetual  equi-
nox conditions, which reduces complexities in the results.

Q∗

Qt

Qt = Qao+Q∗ Qao

Q∗

Starting  from  an  equilibrium  state  that  is  available  at
NCAR, a control simulation (CTRL-CPL; Table 1) is integ-
rated  for  120  years  under  equinoctial  solar  radiation.  We
then  perform  two  experiments  with  additional  heating  and
cooling band forcing  added to the Southern Ocean, and
they are denoted as HEAT-CPL and COOL-CPL. In such a
way the total  surface heat  flux  into the Southern Ocean
can be expressed as , where  is the sum of
radiative  and  turbulent  heat  fluxes.  is  designed  to  be  a
24°-wide  band  with  the  maximum  amplitude  of  +/−12
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W m−2

W m−2

Xl = (δX+−δX−)/2
Xn = (δX++δX−)/2

 at 55°S (Fig. 1a), and the area mean heat flux perturba-
tion over the forced ocean is +/− 4.8 .  Each simula-
tion  is  integrated  for  70  years,  and  the  data  of  the  last  40
years are used for estimating the forced response by subtract-
ing the CTRL-CPL data therefrom. To check how symmet-
ric  the  climate  response  is  to  the  heating  and  cooling
thermal forcings in the Southern Ocean, we estimate the sym-
metric and asymmetric response as  and

, respectively. Admittedly, the climate sys-
tem in our work is still far from equilibrium because of the
sluggish deep ocean (Long et al., 2014; Stouffer, 2004), and
the  precise  depiction  of  the  atmospheric  and  oceanic
responses at their full equilibrium stage is beyond the scope
of  this  study.  A  recent  study  by Lembo  et  al.  (2020)
examined  the  response  of  global  ocean  heat  uptake  to  an
abrupt  doubling  of  CO2 and  found  that  the  anomaly  of
global  ocean  heat  uptake  displays  two  prominent  time
scales:  the  fast  response  in  which  the  upper  ocean  is  in
quasi-equilibrium  with  the  radiative  forcing,  and  the  sub-
sequent  slow  response  owing  to  the  gradual  adjustment  of
the deep ocean. The timescale of the fast ocean heat uptake
response is on the order of a few decades, while the times-
cale  of  the  slow  response  is  thousands  of  years  or  longer,
which  is  too  computationally  expensive  with  the  fully

coupled  model.  However,  as  shown  later,  most  of  the
oceanic temperature, density and circulation changes in this
study occur in the upper ocean (< 800 m), the timescales for
these  fast  responses  are  relatively  short  and  can  be  separ-
ated from the millennial timescale for deep ocean equilibra-
tion.  In  addition,  we  extend  the  HEAT-CPL  run  to  120
years,  and  the  precipitation,  TS,  zonal  mean  temperature,
and  MOC  anomalies  averaged  over  years  70  to  120  are
indeed very similar to those over years 30 to 70 (Fig. 2), giv-
ing confidence that the responses discussed in this study are
steady and robust.

To  disable  the  wind-driven  oceanic  processes,  we  fur-
ther perform a pair of partially coupled heating and cooling
experiments (HEAT-WS and COOL-WS; Table 1). The par-
tial  coupling  is  realized  through overriding  the  wind  stress
at the air-sea interface to a daily mean climatology (also see
Liu et al., 2017a for details), which is derived from the 120-
year CTRL-CPL run. Therefore, the OHT, as well as ocean
circulation  changes,  are  a  result  of  air-sea  thermal  interac-
tion, and the wind stress contribution to the oceanic changes
can be estimated by subtracting the results of CPL-WS from
those in CPL. This technique has been successfully used to
examine  the  formation  processes  of  SST  in  response  to
global  warming  in  many  previous  studies  (Lu  and  Zhao,

Table 1.   Experiments with fully coupled and slab ocean CESM1.

NAME RUN (yrs) DESCRIPTION

Fully coupled experiments
CTRL-CPL 120 Fully coupled control run
HEAT-CPL 120 Perturbed by an additional heating in the Southern Ocean
COOL-CPL 70 Perturbed by an additional cooling in the Southern Ocean

Wind stress overriding experiments
HEAT-WS 70 Same as HEAT-CPL, but wind stress is specified to climatology
COOL-WS 70 Same as COOL-CPL, but wind stress is specified to climatology

Slab ocean experiments
CTRL-SOM 100 Slab ocean control run
HEAT-SOM 80 Perturbed by an additional heating in the Southern Ocean
COOL-SOM 80 Perturbed by an additional cooling in the Southern Ocean

 

 

Fig. 1. (a) Geographical locations of the energy perturbation bands. The zonal mean climatology of (b) TS (K), (c)
precipitation (mm d−1), and (d) AHT (PW) in CTRL-CPL (black) and CTRL-SOM (red). TS = surface temperature;
AHT = atmospheric heat transport.
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2012; Luo et al., 2015; Liu et al., 2017a, b). 

2.2.    Slab ocean experiments

Q∗

To  test  the  impact  of  the  active  ocean  dynamics,  we
also use a slab ocean version of CESM1 (CESM1-SOM). In
this model, the ocean and atmosphere are only thermodynam-
ically coupled, and SST is computed from surface heat flux
and q-flux  that  accounts  for  the  missing  ocean  dynamics.
We integrate a slab ocean control run (CTRL-SOM) for 100
years, both the mixed layer depth and the q-flux are derived
from the climatology of CTRL-CPL. The q-flux is allowed
to  vary  in  space  and  has  a  repeating  seasonal  cycle,  while
the  mixed  layer  depth  is  only  allowed  to  vary  in  space.
Branching out from the 21st year of the control run, a pair
of  heating  and  cooling  experiments  are  integrated  for  80
years with the same band forcing  added to or subtracted
from  the  Southern  Ocean  (HEAT-SOM  and  COOL-SOM;
Table 1). Again, only the last 40 years of the model integra-
tion are used for analysis.

The  zonal  mean  climatology  of  surface  temperature
(TS), precipitation, and AHT in the coupled and the slab mod-
els are compared in Figs. 1b–d. Although some minor differ-
ences  can be found between them, the large-scale  distribu-

tions are remarkably similar, legitimizing the following com-
parison of their responses to the same external forcing. 

2.3.    Oceanic heat transport

OHTTot

Following Yang  et  al.  (2015),  the  zonally  integrated
full-depth  OHT ( )  can  be  calculated  as  the  residual
of three components: 

OHTTot =ρ0cp

∫∫
⃝

0

−H
(vθ+ v∗θ+D)dzdx

=OHTEul+OHTEd+OHTDiff , (1)

ρ0 cp

θ v v∗

D

where  is the density of seawater,  is the specific heat of
seawater,  is potential temperature,  and  are Eulerian-
mean  and  eddy-induced  meridional  velocity,  respectively,

 denotes diffusion and other subgrid processes. Therefore,
the  total  OHT is  decomposed  into  components  induced  by
Eulerian-mean flow, eddies, and diffusion. Among the three
components, the Eulerian-mean component can be easily cal-
culated  with  model  output  potential  temperature  and
Eulerian-mean  velocity.  The  eddy  component,  which  res-
ults  from  both  mesoscale  and  sub-mesoscale  processes,  is
not  resolved  in  our  ocean  model.  Instead,  the  mesoscale

 

 

Fig.  2.  (a)  Zonal  mean  precipitation  (blue  lines;  left  axis)  and  TS  (red  lines;  right  axis)  responses  in  CPL-HEAT
averaged over years 30 to 70 (solid lines) and years 70 to 120 (dashed lines). (b−c) The total MOC response (Sv) in
CPL-HEAT averaged over years 30 to 70 and years 70 to 120.
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eddies  are  parameterized by the  Gent–McWilliams scheme
(Gent  and  McWilliams,  1990),  in  which  a  variable  coeffi-
cient  enables  an  appropriate  ocean  response  to  surface
momentum forcing. The sub-mesoscale eddies are parameter-
ized following Fox-Kemper et al. (2008).

The response of the Eulerian-mean OHT can be further
decomposed into the advection of mean temperature by the
circulation anomaly,  the advection of  temperature anomaly
by mean circulation, and a nonlinear component, i.e., 

ρ0cp

∫∫
⃝

0

−H
∆ (vθ)dzdx = ρ0cp

∫∫
⃝

0

−H
(θ∆v+ v∆θ+∆v∆θ)dzdx .

(2)

Following Yu  and  Pritchard  (2019),  we  term  them  as
dynamic, thermodynamic, and nonlinear components, respect-
ively.

On the other hand, the total OHT can be separated into
contributions from individual basins. Since the mass flow in
the  Indian  Ocean  or  the  Pacific  Ocean  alone  is  not  closed
due to the Indonesian Throughflow, the heat transport of the
two basins is summed together. 

2.4.    Meridional Overturning Circulation

v = v+ v∗

The MOC is calculated by integrating meridional velo-
city  zonally  and  vertically.  Since  the  meridional  velocity
can  be  decomposed  into  Eulerian-mean  and  eddy-induced
components ,  the  MOC  can  also  be  decomposed
into these two components: 

ψTot =

∫∫
⃝

0

−H
(v+ v∗)dzdx

=ψEul+ψEd . (3)
 

3.    Climate response in fully coupled and slab
ocean models

Figure 3 presents an overall survey of the annual mean
TS,  precipitation,  zonal  wind  stress,  and  sea  ice  area
response  in  both  the  CLP  and  SOM  experiments.  First,
through the examination of the zonal mean responses in the
right-hand  panels,  we  find  the  climate  response  to  heating
and cooling  perturbations  is  remarkably  symmetric  in  both
CPL  and  SOM,  that  is,  the  asymmetric  response  (dashed
lines  in  the  right  panels)  is  an  order  of  magnitude  smaller
than  the  corresponding  symmetric  response.  Therefore,  we
will focus on the symmetric response in the following discus-
sion.

A  heating  perturbation  in  the  Southern  Ocean  will
inject  energy  into  the  surface  ocean  and  warm  both  the
ocean  and  the  overlying  atmosphere,  consequently,  the  TS
response in the Southern Ocean is characterized by a circum-
polar  belt  of  enhanced  warming.  Some  of  the  warmth
spreads to the northern hemisphere, especially over the mon-
soonal  regions  (Figs.  3a, b).  As  the  ITCZ  tends  to  shift
towards the warmed hemisphere, there is a clear meridional
dipole  in  the  precipitation  response,  indicative  of  a  south-

W m−2

W m−2

W m−2

ward  shift  (Figs.  3c, d).  The  pattern  of  zonal  wind  stress
anomalies shows a weakening of the trade winds in the south-
ern  hemisphere  and  a  strengthening  in  the  northern  hemi-
sphere,  which  is  consistent  with  a  southward  shift  of  the
ITCZ (Figs. 3c, f). These results agree well with Hwang et
al (2017), who examined the global response to a change in
the Southern Ocean heat uptake within a slab ocean model.
There  is  a  notable  spatial  similarity  in  the  precipitation
response between the SOM and CPL experiments (pattern cor-
relation = 0.63), indicative of the energetic constraint on the
ITCZ  response.  The  similarity  is  also  present  in  the
response of zonal wind stress, despite the active ocean dynam-
ical  feedback  in  the  CPL  case.  In  response  to  the  surface
warming  in  the  Southern  Ocean,  the  sea  ice  poleward  of
55°S  experiences  a  clear  decrease  in  both  models.  In  con-
trast, the sea ice melting in the northern hemisphere is much
weaker,  corresponding  to  the  relatively  small  TS  warming
there.  Note  that  the  heat  flux  perturbation  is  specified  as  a
meridionally-oriented  cosine  hump,  the  forcing  magnitude
decreases  from 12  at  55°S  to  zero  at  67°S  and  the
mean heat flux perturbation over the sea ice-covered ocean
is  about  5.5 .  Therefore,  the  sea  ice  response  in  the
Southern  Ocean  is  mild  and  its  magnitude  is  comparable
with that under the moderate RCP4.5 emissions scenario. Des-
pite the above similarities between CPL and SOM, notable
differences can still be found in their patterns. For example,
the TS response in CPL is highly concentrated in the South-
ern Ocean and peaks near the ice edge, whereas the TS anom-
aly covers a broader region in the southern hemisphere and
peaks over the Antarctic continent in the SOM experiments.
In  addition,  the  zonal  wind  anomalies  are  mainly  confined
to the Pacific basin in CPL, whereas they cover almost the
whole tropical oceans in SOM (Figs. 3c, f), resulting in a lar-
ger hemispherical asymmetry in the tropics. Apart from the
above pattern differences, the largest difference between the
two  models  is  the  magnitude  of  the  anomalies.  All  the
responses  become  considerably  smaller  when  active  ocean
dynamics  are  included,  especially  in  the  Southern  Ocean
and the tropics, largely due to the energy uptake by the act-
ive ocean. In CPL, the Southern Ocean releases a 1.2 
heat flux anomaly (areal mean over the forced region) into
the atmosphere, which is only a quarter of that in SOM. There-
fore,  most  of  the  energy imbalance is  absorbed by the  act-
ive ocean and works to change its thermal structure and circu-
lation.

Figure  4 shows  the  response  of  AHT  and  the  shift  of
ITCZ. The location of the ITCZ is measured as the latitud-
inal centroid of precipitation P 

ϕITCZ =

∫ ϕ2
ϕ1
ϕ′cos(ϕ′) Pdϕ′∫ ϕ2

ϕ1
cos(ϕ′) Pd′ϕ

, (4)

 

ϕITCZ =

∫ ϕ2
ϕ1
ϕcos(ϕ) Pdϕ∫ ϕ2

ϕ1
cos(ϕ) PPdϕ

, (5)
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10−2 Nm−2Fig. 3. Symmetric TS (°K), precipitation (mm d−1), zonal wind stress, and sea ice area (%) responses ( ) in
(left) CPL and (middle) SOM. Note different color bars in CPL and SOM. The right-hand panels show zonal mean
symmetric (solid lines) and asymmetric (dashed lines) responses, with the latitude ranges at which the TS response is
statistically significant at the 99% confidence level highlighted with shaded edges. The significance test is against the
null  hypothesis  that  a  20-year  mean  anomaly  can  randomly  occur  from internal  variability,  and  the  corresponding
probability distribution is constructed from 5000 samples randomly picked from the control run of each experiment
set.

 

 

Fig. 4. (a) AHT response (PW) in CTRL-CPL (black) and CTRL-SOM (red). (b) The shift of ITCZ (y-axis) and the
cross-equatorial AHT response in CTRL-CPL (black) and CTRL-SOM (red). The cross-equatorial AHT is calculated
as the AHT average between 10°S−10°N. ITCZ = intertropical convergence zone.
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ϕ ϕ1 ϕ2where  is the latitude and  = 20°S and  = 20°N are the
latitude  bounds  for  the  integration.  The  cross-equatorial
AHT is estimated as an average from 10°S–10°N. When addi-
tional energy is injected into the Southern Ocean, the atmo-
sphere  acts  to  transport  the  anomalous  energy  northward
and  across  the  equator  in  both  CPL  and  SOM  (Fig.  4a).
However,  the  magnitude  of  AHT  in  CPL  is  considerably
reduced in comparison to that in SOM, and their shapes dif-
fer substantially. The AHT anomaly in SOM shows a peak
near  the  equator  whereas  that  in  CPL is  slightly  decreased
near the equator. As a result, the inclusion of ocean dynam-
ics  acts  to  reduce the  response in  cross-equatorial  AHT by
90% (from 3.1  PW to  0.3  PW; Fig.  4b).  Since  the  shift  of
the ITCZ is controlled by the change in the cross-equatorial
AHT (Donohoe et al., 2014; Frierson et al., 2013), the south-
ward shift of the ITCZ is also reduced by an order of mag-
nitude  in  CPL  compared  to  SOM  (from –2.5°  to –0.25°;
Fig. 4b). 

4.    OHT and MOC responses

The above comparison points to the importance of act-
ive ocean dynamics  in  modulating climate  response,  a  nat-
ural  follow-up  inquiry  concerns  the  mechanisms  by  which
the  ocean  transports  energy  northward.  To  address  this
issue, we will explore the changes in OHT and MOC, with
special attention given to the contribution from wind-driven
ocean processes, consistent with the effect previously identi-
fied through comparing oceanic responses in CPL and CPL-
WS experiments.

The mean OHT and MOC as well as their decomposi-
tion  are  shown  in Fig.  5.  Overall,  the  background  mean

OHT is featured with a hemispherically antisymmetric pole-
ward heat transport, which is in good agreement with many
previous  studies  (Held,  2001; Trenberth  and  Caron,  2001;
Czaja  and  Marshall,  2006; Yang  and  Dai,  2015).  As
explained in Section 2.3, the total OHT can be decomposed
into  contributions  from  the  Eulerian-mean  circulation,  the
eddies,  and  diffusive  processes.  The  total  OHT  is  domin-
ated  by  its  Eulerian-mean  component  except  in  the  South-
ern Ocean where  eddies  play a  dominant  role,  as  the  pole-
ward  Eulerian-mean  OHT  observed  there  is  largely  sup-
pressed due to the northward circumpolar Ekman flow. There-
fore, the total southward OHT around 40°S is primarily main-
tained  by  the  mesoscale  and  sub-mesoscale  eddies  (Jayne
and  Marotzke,  2002; Treguier  et  al.,  2007; Yang  and  Dai,
2015). Figures 5d and 5f show the mean MOC in temperature-
latitude  coordinates.  In  this  way,  we  can  intuitively  exam-
ine the heat transport due to different circulation features by
comparing  the  temperature  difference  between  the  upper
and  lower  branches  (Held,  2001).  Another  advantage
provided by this temperature coordinate plot is a clear separa-
tion  of  warm  subtropical  cells  and  cold  deep  cells.  The
warm cells  are  mostly  wind-driven  and  span  the  temperat-
ure  range  from  10°C  in  the  mid-latitudes  to  28°C  at  the
equator,  whereas  the  cold  cell  is  largely  the  thermohaline
AMOC and spans the temperature between 2°C to 10°C. It
is  also  evident  that  the  eddy-induced  transport  acts  to
counter the Eulerian transport in the mid-to-high latitudes in
the  Southern  Ocean  (Fig.  5f).  All  of  these  features  are  in
good  agreement  with  previous  studies  (Farneti  and  Vallis,
2013; Yang et al., 2015, Dai et al., 2017).

When extra heat is injected into the Southern Ocean, a
dynamically  active  ocean  will  transport  energy  northward,

 

 

Fig. 5. (upper panel) The mean OHT (PW) for (a) the global oceans, (b) the Indo-Pacific Ocean, and (c) the Atlantic Ocean
in  CTRL-CPL.  The  total  OHT  (black)  is  decomposed  into  Eulerian-mean  (blue),  eddy  (red),  and  diffusion  (orange)
components (lower panel). The mean MOC (Sv) in the temperature-latitude coordinate in CTRL-CPL. The total MOC is the
residual  of  (d)  the  Eulerian-mean,  (e)  eddy,  and  (f)  diffusion  components,  with  positive  (negative)  values  indicating  a
clockwise (counter-clockwise) circulation. OHT = ocean heat transport; MOC = meridional overturning circulation.
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in the same direction as the atmosphere (Fig. 6). The anomal-
ous  cross-equatorial  OHT  largely  reduces  the  burden  of
AHT compared to SOM (Fig. 4) and hence damps the shift-
ing  response  of  the  ITCZ.  A  further  decomposition  shows
that  the  change  in  the  total  OHT  is  dominated  by  its
Eulerian-mean  component  (blue  lines  in Fig.  6).  The  eddy
and  diffusive  components  individually  may  not  be  negli-
gible  in  the  Southern  Ocean,  yet  there  is  a  large  cancella-
tion between the two components and their combination con-
tributes negligibly to the total OHT response. Another import-
ant feature in the OHT response is that both the Indo-Pacific
and  Atlantic  are  important  in  transporting  the  anomalous
energy northward (Figs. 6b, c). Of the total 0.18 PW cross-
equatorial OHT response, the contribution from the Atlantic
is 0.08 PW, slightly smaller in magnitude than that from the
Indo-Pacific (0.10 PW). This result supports the recent find-
ing  of Yu  and  Pritchard  (2019) that  the  Atlantic  is  an
equally important contributor as the Indo-Pacific when the for-
cing is placed in high latitudes. On the other hand, due to a
much  smaller  transport  in  the  Pacific  through  the  Bering
Strait  (Aagaard  and  Greisman  1975),  the  Atlantic  domin-
ates the anomalous OHT in the high latitudes of the north-
ern hemisphere.

Since the Eulerian-mean component dominates the total
OHT  response,  we  then  focus  on  its  response  and  decom-
pose it into the dynamic, thermodynamic, and nonlinear com-
ponents  (Eq.  2).  The  dynamic  OHT  response  refers  to  the
advection of the mean temperature by the circulation anom-
aly,  while  the  thermodynamic  response  can  be  conceptual-
ized  as  the  advection  of  the  temperature  anomaly  by  the
mean  circulation. Figure  7a shows  the  cross-equatorial
Eulerian-mean OHT and its breakdown in individual basins
as well as its different components. Overall, the dynamic com-
ponent  has  a  much  larger  contribution  to  the  global  OHT
response  than  the  thermodynamic  one,  though  differences
exist  in  different  basins.  In the Indo-Pacific,  the northward
dynamic OHT response overwhelms the southward thermody-
namic response, resulting in a net northward OHT anomaly.
In  contrast,  the  thermodynamic  and  dynamic  components
work  in  tandem  to  enhance  the  northward  OHT  in  the
Atlantic, although the magnitude of the former is somewhat
smaller.  The  nonlinear  response  is  not  discussed  here
because of its negligible contribution.

In  the  Indo-Pacific,  the  ocean  can  transport  large
amounts of energy across the equator by changing its circula-

tion (dynamic component), which appears to agree with the
mechanism  proposed  by Green  and  Marshall  (2017) that
relates the change in cross-equatorial OHT to the change in
wind  stress  in  a  highly  idealized  coupled  model.  Specific-
ally,  in  response  to  the  intensified  (suppressed)  easterly
trades to the north (south) of the equator (Fig. 3e), the pole-
ward  Ekman  flow  in  the  upper  ocean  will  be  enhanced
(weakened)  to  the  north  (south),  leading  to  an  anomalous
northward Ekman flow across the equator. Since this anomal-
ous northward flow stimulates a clockwise oceanic circula-
tion  centered  at  the  equator  and  transports  relatively  warm
(cold)  water  northward  (southward)  in  the  upper  (lower)
ocean,  the  atmosphere  does  not  need  to  transport  as  much
energy  across  the  equator  as  in  the  SOM.  Therefore,  the
oceanic  circulation  in  the  tropical  Pacific  is  coupled  to  the
atmospheric circulation through the zonal wind stress (e.g.,
Held,  2001; Green  and  Marshall,  2017; Schneider,  2017;
Kang et al., 2018).

To examine the above mechanism highlighting the role
of  wind  stress,  we  rerun  the  heating  and  cooling  experi-
ments, but with the wind-driven ocean circulation feedback
disabled by prescribing the wind stress in every model step
(CPL-WS experiments). The resultant OHT response and its
decomposition are presented in Fig. 7b. As expected, due to
the dominant role of the thermohaline circulation in driving
the  Atlantic  OHT  (Yang  et  al.,  2015),  shutting  down  the
wind  stress  effect  barely  influences  the  total  OHT  in  the
Atlantic  basin.  However,  it  is  intriguing  that  the  Indo-
Pacific is capable of transporting similar amounts of energy
across the equator (Fig. 7b), with the wind-driven feedback
effect  accounting for  only 1/6 of  the 0.12 PW cross-equat-
orial  OHT  response.  The  wind-induced  reduction  in  the
cross-equatorial OHT is consistent in sign with what is pro-
posed  in Green  and  Marshall  (2017),  but  its  amplitude  is
much  weaker.  This  result  suggests  that  the  circulation
changes,  as  well  as  OHT  changes  in  the  Indo-Pacific,  are
largely thermohaline-driven rather than wind-driven.

To  elaborate  on  the  circulation-induced  energy  trans-
port  across  the  equator,  we  next  show  the  changes  in  the
MOC (Fig.  8)  and zonal  mean temperature  (Fig.  9),  which
have been identified to be responsible for the dynamic and
thermodynamic  components  of  the  OHT  responses  men-
tioned  above.  Note  that  only  the  Eulerian-mean  MOC
response  is  presented  because  of  its  dominant  role  in  driv-
ing  the  total  OHT  (Fig.  6).  As  expected,  the  strengthened

 

 

Fig.  6.  The  OHT  response  (PW)  for  (a)  the  global  ocean,  (b)  the  Indo-Pacific,  and  (c)  the  Atlantic.  The  total  OHT  is
decomposed into Eulerian-mean (blue), eddy (red), and diffusion (orange) components.
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(weakened) easterlies in the northern (southern) tropics lead
to  positive  stream  function  anomalies  within  the  subtrop-
ical  cells  in  both  hemispheres  (Figs.  8a, b).  However,  a
more  prominent  response  is  the  clockwise  MOC  anomaly
near the lower boundary of the southern subtropical cell that
is  centered  between  the  warm and  cold  cells  (Figs.  8a, d). = 106 m3 s−1

This anomalous circulation occupies a large fraction of the
upper ocean in the southern hemisphere and extends to the
northern hemisphere, bounded approximately by the 5°C to
20°C isotherms (0–1000 m, Figs. 2b, c) and spanning a latitud-
inal  range  from  50°S  to  10°N,  with  the  maximum  change
exceeding 2.5 Sv (1 Sv ). This circulation anom-

 

 

Fig. 7. The cross-equatorial Eulerian mean OHT response (PW) in (a) CPL and (b) CPL-WS.
The  Eulerian  mean  OHT  (gray)  is  decomposed  into  dynamic  (blue),  thermodynamic  (red),
and  nonlinear  (orange)  components.  The  cross-equatorial  OHT  is  calculated  as  the  OHT
average between 10°S−10°N.

 

 

Fig. 8. The Eulerian-mean MOC response (Sv) in (upper panel) CPL and (lower panel) CPL-WS in the temperature-latitude
coordinate  for  (a,  d)  the  global  ocean,  (b,  e)  the  Indo-Pacific  ocean,  and  (c,  f)  the  Atlantic.  Superimposed  is  the
corresponding mean MOC in CTRL-CPL. Positive (negative) values indicate a clockwise (counter-clockwise) circulation.
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aly can produce a strong northward OHT anomaly owing to
the  large  temperature  difference  between  its  upper  and
lower  branches.  The  intrusion  of  the  MOC  anomalies  into
the northern hemisphere  also plays  a  key role  in  spreading
the  warming  signal  to  the  northern  hemisphere  (Fig.  9).
Although the clockwise MOC anomaly appears in both the
Indo-Pacific and Atlantic basins (Figs. 8b, c), its magnitude
is much larger in the former, which explains why the cross-
equatorial dynamic OHT response is more significant there
(Fig.  7a).  Superimposing  the  anomalous  MOC response  to
the background MOC, we can see that the deep circulation
is  weakened  overall  and  the  center  of  gravity  of  the  cell
becomes shallower (Fig. 8d). This feature is to be expected
in response to a surface buoyancy source.

QB

Note both the heat flux perturbation and the related sea
ice  melting(Figs.  4g, h)  can  serve  as  surface  buoyancy
sources  and thus  contribute  to  the  thermohaline  circulation
changes. To quantitatively separate the respective contribu-
tions  from  the  heat  flux  and  the  freshwater  flux,  we  com-
puted the buoyancy flux  at the ocean surface as follows: 

QB = α
SHF
ρcp
+βS 0FWF = QT+QS , (6)

ρ cp

α = 1.67×10−4

β = 0.78×10−3 psu−1

S 0

QB

QB

QT QS

QT QB

where  SHF  is  the  net  surface  heat  flux,  FWF  is  the  net
freshwater flux into the surface,  and  are the density and
heat  capacity  of  seawater,  °C−1 and

 are the thermal and haline coefficients
of  expansion,  is  the  reference  surface  salinity.  Positive

 denotes an influx into the sea surface so that the surface
layer  becomes  more  buoyant.  Expressed  as  Eq.  (6)  above,

 can be decomposed into contributions from the surface
heat flux ( ) and the freshwater flux ( ), their responses
in CPL are presented in Fig. 10. It can be seen that the sur-
face heat flux component  largely dominates  in most

QS QT

of the Southern Ocean, corresponding to the strong temperat-
ure changes which occur there (Fig. 9). An exception is the
region south of 65°S where sea ice melting occurs, the fresh-
water flux component  overwhelms  which results in a
local freshening maxima in the vicinity of this location.

When  the  surface  wind  stress  is  prescribed  and  the
ocean circulation is solely driven by the buoyancy flux, the
clockwise MOC anomaly in the subtropical cells largely dis-
appeared (cf. Figs. 8b, d), resulting in only ~20% reduction
in  the  dynamical  OHT  across  the  equator  (Fig.  7b).  This
much  smaller  contribution  from  the  wind-driven  response
can be explained by the very weak cross-equatorial compon-
ent  of  flow  in  the  wind-induced  subtropical  cell  response
(Figs 8a, b), in contrast to what is depicted in Green and Mar-
shall (2017; see their Fig. 6). Therefore, the MOC anomaly
due to the thermal effect of the warming plays a much more
important role in both ocean basins.

As shown in Fig. 7, the advection of temperature anom-
aly by the mean circulation also contributes to the cross-equat-
orial OHT response. Figure 9 shows the zonal mean temperat-
ure  anomalies  overlaid  on  top  of  the  background  mean
MOC. The positive contribution to OHT from the thermody-
namic  component  in  the  Atlantic  (Fig.  7a)  can  be  readily
attributed to the ocean temperature change. The warming in
the  Atlantic  is  mainly  confined  in  the  upper  branch  of  the
Atlantic  MOC  that  is  directed  northward  throughout  the
basin, giving rise to a net northward ocean heat transport. In
the  Indo-Pacific,  the  almost  symmetric  subtropical  cells
with  respect  to  the  equator  only  project  weakly  onto  the
cross-equatorial  flow  (in  fact,  weakly  southward  in  the
upper branch), thus the mean subtropical cell transports the
anomalous  warmth  southward,  contributing  negatively  to
the total northward OHT response at the equator. Overall, sim-
ilar thermodynamic contributions still  hold in the CPL-WS
experiments, because the response of the wind-driven circula-

 

 

Fig. 9. The zonal mean potential temperature response (°C, shading) in (upper panel) CPL and (lower panel) CPL-WS for (a,
d)  the global  ocean,  (b,  e)  the Indo-Pacific,  and (c,  f)  the Atlantic.  The contours  superimposed indicate  the corresponding
mean MOC (Sv) in CTRL-CPL.
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tion is of secondary importance to begin with regarding the
redistribution  of  heat  in  the  global  oceans  (comparing  the
lower panel to the upper panel in Fig. 9). The weak subsur-
face cooling in the tropics of the Indo-Pacific Ocean is a res-
ult  of  thermocline shoaling,  which is  in turn caused by the
cyclonic  wind  stress  curl  anomaly  there  (e.g., Luo  et  al.,
2015).

Since  the  wind  stress  overriding  experiments  already
show that the robust MOC anomaly between warm and cold
cells  is  not  wind-driven (Fig.  8),  it  can therefore be under-
stood  by  looking  into  the  temperature  and  density
responses.  According  to Fig.  11,  the  water  density  is
reduced more in the Southern Ocean than in the tropics, indu-
cing  a  tilting  of  the  density  surface.  Conceptually,  suppos-
ing  the  circulation  anomaly  is  solely  caused  by  changes  in

density (Figs. 11d, f), on the same pressure level, the anomal-
ous lighter seawater in the Southern Ocean would be subjec-
ted to the same upward pressure gradient force as the anomal-
ous  heavier  seawater  near  the  tropics.  Consequently,  the
lighter seawater tends to rise more rapidly than the heavier
seawater,  resulting  in  a  clockwise  circulation  anomaly
between the Southern Ocean and the tropics, which alternat-
ively can be thought of as being driven by a negative solen-
oidal effect in the zonal direction. 

5.    Conclusion

The primary goal of this study is to investigate the role
of  active  ocean  dynamics  in  modulating  the  cross-equat-
orial AHT and ITCZ shift responses to an external thermal

 

 

QB kg m−2 s−1

Qt Qs

Fig. 10. The zonal mean changes of buoyancy flux  (black; ) and its surface heat
flux component  (red), and freshwater flux component  (blue) in CPL.

 

 

kg m−3Fig. 11. The zonal mean potential density response ( ) in (upper panel) CPL and (lower panel) CPL-WS for (a, d) the
global ocean, (b, e) the Indo-Pacific, and (c, f) the Atlantic. Superimposed in d−f are the corresponding Eulerian-mean MOC
anomalies (Sv) in CPL-WS, solely driven by density changes (in the absence of wind stress changes).
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forcing  placed  in  the  Southern  Ocean.  The  main  findings
are as follows:

●  Perturbing  the  Southern  Ocean  with  an  external
thermal  forcing  leads  to  northward  cross-equatorial
energy  transport  and  a  southward  ITCZ  shift.
However,  the  ITCZ  shift  in  a  slab  ocean  model  is
largely overestimated as the interhemispheric energy
imbalance  can  only  be  restored  by  the  atmosphere
alone.  When  active  ocean  dynamics  are  included,
most  of  the  cross-equatorial  energy  transport  takes
place  in  the  ocean,  thus  significantly  alleviating  the
burden of  the atmosphere in cross-equatorial  energy
transport  and reducing the shift  in  ITCZ by a  factor
of 10. This demonstrates the profound importance of
ocean dynamics upon the buffering of global energet-
ics.

●  Both the Indo-Pacific and the Atlantic can contribute
to  the  northward  cross-equatorial  OHT  mainly
through changing its  Eulerian-mean circulation (i.e.,
the dynamic component), while the changes in the ther-
modynamic component can explain about 30% of the
cross-equatorial OHT response in the Atlantic.

●  The major Eulerian-mean circulation change respons-
ible  for  the  dynamic  OHT  response  is  a  clockwise
anomalous  overturning  circulation  below  the  south-
ern hemisphere subtropical cell.  The large temperat-
ure difference between its upper and lower branches
makes  it  efficient  in  transporting  energy  northward
and  across  the  equator  in  both  the  Indo-Pacific  and
the Atlantic Oceans.

●  The above circulation change is largely attributed to
the thermohaline and is driven by the density anom-
alies.  Therefore,  shutting down the  wind stress  only
exerts  limited  impacts  on  cross-equatorial  OHT
response.

The above results first verify the finding in recent stud-
ies (Kay et al., 2016; Hawcroft et al., 2017; Green and Mar-
shall, 2017; Yu and Pritchard, 2019), i.e., the inclusion of a
dynamical ocean would lead to the partitioning of the cross-
equatorial energy transport response to external heating for-
cing in the Southern Ocean, and thereby largely reduce the
ITCZ shift response compared to that in the climate system
with  a  motionless  slab  ocean  model.  Most  of  the  existing
hypotheses for the ocean’s buffering effect involve the mech-
anisms related  to  changes  in  subtropical  cells  (Held,  2001;
Schneider  et  al.,  2014; Kay  et  al.,  2016; Green  and  Mar-
shall, 2017) or in the AMOC (Frierson et al., 2013; Fučkar
et al., 2013; Marshall et al., 2014; Yu and Pritchard, 2019).
However,  through a wind stress overriding experiment and
a careful examination of the responses in OHT and ocean cir-
culation, we find that the buffering effect of the ocean has res-
ulted from a circulation anomaly that covers a broad range
of the southern hemisphere ocean and extends to the north-
ern  hemisphere  ocean.  This  circulation  anomaly  is  largely
thermohaline  driven  and  can  efficiently  transport  anomal-
ous energy northward, which in turn reduces the response in

the cross-equatorial AHT and the ITCZ shift.
It  should be noted that, although the contribution from

wind  stress  changes  to  the  cross-equatorial  OHT  is  relat-
ively small in this study, it may vary according to the loca-
tion of the forcing. The energy forcing here is placed in the
Southern Ocean, where deep ocean convection prevails, and
the surface thermal forcing can penetrate deeper and effect-
ively  alter  the  thermal  and  density  structure  of  the  interior
ocean and thus  induce  an  anomalous  thermohaline  circula-
tion  (Figs.  9 and 11).  However,  if  the  forcing  were  placed
within  the  tropics  or  even  the  entire  southern  hemisphere,
the changes in wind stress and the associated wind-driven sub-
tropical cells may become larger and contribute more to the
cross-equatorial OHT. We leave this issue for future investiga-
tion.
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