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Abstract

This study investigates the responses of the meridional ocean heat transport (OHT) to heat fluxes of equal amplitude but oppo-
site sign into the global ocean surface using the Community Earth System Model (CESM). Results show that the poleward
OHT in both hemispheres are weakened in response to the positive forcing (i.e., warming) and strengthened in response to
the negative forcing (i.e., cooling), with the latter change exceeding the former, manifesting an overall asymmetric response.
The OHT responses in the Indo-Pacific to both the warming and the cooling and thus their asymmetry are dominated by its
Eulerian-mean component, due primarily to changes in the Indo-Pacific Subtropical Cells. Similarly, the OHT responses
in the Atlantic are determined by changes in the Atlantic Meridional Overturning Circulation, yet their asymmetry is small
due to the mediation from the nonlinear effect of temperature and velocity changes. For the Southern Ocean, the Eulerian-
mean component still controls the total OHT responses, yet the largest contribution is from changes in vertical temperature
structure. In addition, the asymmetric response in the Southern Ocean is a joint effort among the overturning circulation
cells, horizontal gyres, eddies, as well as temperature changes.

Keywords Indo-Pacific Subtropical Cell - Atlantic Meridional Overturning Circulation - Meridional Ocean Heat
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1 Introduction

The ocean plays a crucial role in maintaining the global
energy balance and regulating the Earth’s climate by trans-
ferring substantial amounts of heat from lower latitudes
where the upper ocean absorbs heat from the atmosphere, to
higher latitudes where the ocean releases heat into the atmos-
phere, leading to a poleward meridional ocean heat transport
(OHT) in both hemispheres (Hsiung 1985; Trenberth and
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Solomon 1994; Macdonald and Wunsch 1996; Ganachaud
and Wunsch 2000, 2003; Trenberth and Caron 2001; Fer-
rari and Ferreria 2011; Trenberth et al. 2019). The poleward
OHT is a fundamental driving force of the climate system
and has a crucial impact on the global climate (Hsiung 1985;
Ganachaud and Wunsch 2000; Boccaletti et al. 2005). There-
fore, it is important to understand the OHT as well as its
response to climate change.

The processes that drive the OHT have been investigated
in many previous studies. For example, Rahmstorf (2002)
found that North Atlantic Deep Water (NADW) formation
contributes largely to the OHT, while Simmons et al. (2004)
suggested that the strength of abyssal mixing is crucial in
maintaining the OHT. In addition, Held (2001) argued that
wind-driven shallow circulations in the tropics and sub-
tropics can effectively transport energy poleward, and this
important role of wind forcing was verified in the study of
Ferrari and Ferreria (2011). After a decomposition of the
OHT into components from meridional overturning cell (i.e.,
the contribution from the time-mean overturning circula-
tion in the meridional plane) and horizontal gyre (i.e., the
heat transport by horizontal circulation), Bryan (1982) found
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that the cell component dominates the OHT at low latitudes
in both observations and models. Yang and Saenko (2012)
also confirmed the dominate role of cell component at low
latitudes, and they further found the OHT in the Southern
Ocean and North Atlantic subpolar region are decided by
the gyre component.

The OHT response to anthropogenic greenhouse gases
(GHGs) has also been investigated as a hotspot, and it is
generally recognized that the poleward OHT in both hemi-
spheres is weakened under global warming (Yang and Sae-
nko 2012; Yang et al. 2018; He et al. 2019; Donohoe et al.
2020). However, the mechanisms of this response are still
under debate (Yang and Saenko 2012; Liu et al. 2018; He
et al. 2019). Yang and Saenko (2012) examined the projected
changes of the OHT in a warmer climate with the second
generation Canadian Earth System Model (CanESM2). They
found the weakened OHT in both hemispheres is largely
determined by changes in the meridional cell, except in the
subpolar Atlantic Ocean where the horizontal gyre circula-
tion dominates. By using simulations from phase 5 of the
Coupled Model Intercomparison Project (CMIP5) and ver-
sion 4 of the Community Climate System Model (CCSM4),
He et al. (2019) investigated the responses of the OHT and
meridional atmosphere heat transport (AHT) to anthropo-
genic warming, and found that increased poleward AHT is
compensated by a decrease in OHT in both hemispheres dur-
ing the initial stage of warming, the latter is also determined
by its cell component. Moreover, through decomposing the
cell-induced heat transport into the advection of mean tem-
perature by circulation anomaly (TV') and the advection of
temperature anomaly by mean circulation VT, they fur-
ther showed that the cell heat transport change is generally
dominated by the TV’ related to the changes of the Indo-
Pacific Subtropical cells (STC) and Atlantic Meridional
Overturning Circulation (AMOC), except for the Southern
Ocean where the V7" process dominates. The STC is mainly
wind-driven (Mccreary and Lu 1994; McPhaden and Zhang
2002; Solomon and Zhang 2006; Farneti et al. 2014) and
it slows down in response to a weakening of the subtropi-
cal winds under global warming (Luo et al. 2015; He et al.
2019). The AMOC is also projected to slow down due to the
increased upper-ocean stratification in the North Atlantic
subpolar region (Schmittner et al. 2005; Gregory et al. 2005;
Weaver et al. 2007, 2012; Cheng et al. 2013; Jahn and Hol-
land 2013; Rahmstorf et al. 2015; Zhu et al. 2015; Bakker
et al. 2016; Liu et al. 2017a; Wen et al. 2018; Weijer et al.
2020). For the anomalous northward OHT in the Southern
Ocean, in contrast to the finding by He et al. (2019), Liu
et al. (2018) argued that it is resulted from the combined
effect of increased stratification associated with CO, radia-
tive forcing and Southern Ocean Meridional Overturning
Circulation (SOMOC) change associated with strengthening
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and poleward shift of the westerlies. Addressing this contro-
versy is one of our goals in the present study.

In addition to GHGs, anthropogenic aerosols (AAs) are
another major external radiation forcing of climate change in
the twentieth century. In general, GHGs acts to warm the cli-
mate while AAs cools the climate (Myhre et al. 2013). Both
the emissions of GHGs and AAs experience a rapid increase
over the last century (Myhre et al. 2013; Wang et al. 2016;
Deng et al. 2020). However, while the OHT response to
GHGs has been studied extensively, little attention has been
paid to its response to AAs. Previous studies showed that
regional oceanic responses to changes of AAs and GHGs
forcings are overall opposite (Xie et al. 2013), but with the
aerosol cooling effect exceeding the GHG warming effect.
For example, Wang et al. (2016) found that the responses
of the cross-equatorial gradient of sea surface temperature
(SST) and sea level pressure (SLP) to AAs are greater in
magnitude than those to GHGs. Li and Luo (2018) showed
that the AAs-induced cooling in the southeastern tropical
Indian Ocean is larger than the GHGs-induced warming.
Through analyzing CMIP models, a recent study of Menary
et al. (2020) found that the effects of AAs on AMOC evolu-
tion overwhelm those of GHGs, resulting in a strengthening
of the AMOC from 1850 to 1985. However, it is not clear
whether these asymmetries are a result of the magnitude
difference of radiative forcing between GHGs and AAs or
induced by their different spatial distributions. By analyzing
2000-yr heating and cooling experiments that are respec-
tively forced by increased and decreased CO, concentration,
Yang (2011) found that the equilibrium response timescale
of ocean to opposite radiative forcings is asymmetric. The
ocean response to decreased CO, can be twice as fast as
to increased CO, because of the enhanced vertical mixing,
convection, and overturning circulation after cooling. How-
ever, the radiative forcings applied to the climate system
through perturbing CO, concentration are uncertain and may
not be symmetric. To overcome the above difficulty, in this
study we employ the NCAR’s Community Earth System
Model (CESM) to investigate the responses of the OHT to
both climate warming and cooling by imposing “ghost” heat
fluxes of equal amplitude but opposite sign into the ocean
surface, so that the radiative forcing into the climate system
is quantitative. Furthermore, since the warming and cooling
forcings are perfectly symmetric, any asymmetry in OHT
changes can be attributed to the intrinsically different oce-
anic responses to the forcings.

The rest of the paper is organized as follows. Section 2
describes the models, experiments, and metrics used in this
study. Sections 3 and 4, respectively, present the responses
of the MOC and OHT under the warming and cooling sce-
narios as well as their corresponding asymmetric changes,
and discuss the formation mechanisms of these changes.
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Finally, a summary and discussions of our findings are pro-
vided in Sect. 5.

2 Model experiments and analysis methods
2.1 CESM experiments

The CESM version 1.1 used here includes the Community
Atmosphere Model version 5 (CAMS), the Community Land
Model version 4 (CLM4) and the Parallel Ocean Program
version 2 (POP2). The horizontal resolutions of atmosphere
and land composition are 1.9° latitude x 2.5° longitude, with
30 atmospheric layers in the vertical. The horizontal reso-
lution of the ocean composition is nominal 1°, telescoped
meridionally to~0.3° at the equator, with 60 uneven levels
in the vertical.

Initializing from a long preindustrial simulation that is
available at NCAR, we first integrate a control simulation
(CTRL; Table 1) with no external forcing in the coupled
atmosphere—ocean system. The warming and cooling simu-
lations (HEAT and COOL) are then carried out through add-
ing a uniform heat flux of 6 and —6 W m™ into the ocean
surface, respectively. The heat flux perturbation of 6 W m~>
in the study is chosen because this magnitude is compara-
ble to the average forcing under abruptly quadrupled CO,
(4 X CO,) scenario (Gregory, 2004). Note the uniform heat
flux O* of 6 or —6 W m~2 is added directly into the ocean
component and modifies SST, which then influences the
overlying atmosphere (sea ice) through air-sea (ice-sea)
interaction. The total surface heat flux into the ocean Q, can
be expressed as:

0, =04,+0"

where Q,,, is the air-sea surface heat flux, which comprises
the longwave radiation Q, , shortwave radiation Qg latent
heat flux Q; ;, and sensible heat flux Q. These heat fluxes
are computed interactively every time when the atmosphere

Table 1 Experiments with CESM1

Name Run (years) Description

CTRL 250
HEAT 250

Control run

Adding
uniform
6Wm2to
the ocean

COOL 250 Extracting
uniform
6 W m™
from the

ocean

and ocean communicate through the coupler. The responses
to the warming and cooling forcings are defined as HEAT
— CTRL and COOL — CTRL, respectively, and their sum
[(HEAT — CTRL) + (COOL — CTRL)] is used to quan-
tify their asymmetry. All the simulations are integrated
for 250 years. Temporal evolution of the meridional over-
turning circulations and OHT in response to the warming
and cooling forcings are shown Figs. 1 and 2, respectively.
It can be seen that the AMOC, STC, and OHT reach an
early quasi-equilibrium stage after 100 years of integration
in both HEAT and COOQOL, and the responses appear to be
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Fig.1 Time series of changes in a STC (solid lines for its south
hemisphere branch and dashed lines for its north hemisphere branch),
b AMOC, and ¢ SOMOC in response to the warming (red) and the
cooling (blue). The northern (southern) hemisphere STC is defined
as the maximum (minimum) streamfunction over 10°-30°N and
0-250 m (10°-30°S and 0-250 m); the AMOC strength is defined
as the maximum streamfunction in 40°N; the SOMOC strength is
defined as the maximum streamfunction at 49°S. The times series is
smoothed with a 20-year running mean filter
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Fig.2 Time-latitude diagram of the meridional ocean heat transport (OHT) change (PW; positive for northward transport): a HEAT-CTRL, and
b COOL-CTRL. The times series in each latitude being smoothed with a 7-year running mean filter

asymmetric, with greater changes in COOL. Note that the
SOMOC is still adjusting even after 150 years of integration
(Fig. 1c). A mean of the model years 151-250 is taken for
the following analysis. More details about the model and
experiments can be found in Liu et al. (2017b).

2.2 CMIP6 simulations

To validate the simulated MOC response to the warming
with CESM, we compare it to the solutions in the abruptly
quadrupled CO, (4 x CO,) and preindustrial control (piCon-
trol) simulations with CMIP6. The 4 x CO, simulation rep-
resents an idealized global warming scenario, in which the
concentration of carbon dioxide in the atmosphere instantly
quadruples from its initial preindustrial value and then
remains fixed. The CMIP6 climate models and their vari-
ables used in this study are shown in Table 2. The total
MOC and the eddy-induced MOC are directly obtained from
CMIP6 variables. The Eulerian-mean MOC is calculated
as a difference between the total MOC and eddy-induced
MOC. The MOC changes in CMIP6 models are defined as
the difference between the averages over the last 100 years
in the 4 X CO, and the piControl runs. Only the first member
run (rlilpl) of each model is used to ensure equal weights
in intermodel analysis.
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Table 2 CMIP6 models and variables used in the analysis

Model msftmz msftmzmpa msftmzsmpa

CESM2-WACCM-FV2 4/
CESM2
CESM2-FV2
CESM2-WACCM
FGOALS-g3
MPI-ESM-1-2-HAM
MPI-ESM1-2-HR
MPI-ESM1-2-LR
CanESM5

L = ==
A N
b=

‘msftmz’ is ocean meridional overturning mass streamfunction,
denoting the total MOC; ‘msftmzmpa’ and ‘msftmzsmpa’ are ocean
meridional overturning mass streamfunctions due to parameterized
mesoscale and sub-mesoscale advections, respectively, with their sum
denoteing the eddy-induced MOC. The Eulerian-mean MOC is calcu-
lated as a difference between the total MOC and eddy-induced MOC

2.3 Meridional overturning circulation

To quantify the MOC response, we calculate the meridi-
onal volume transport streamfunction by integrating
meridional velocity (v) vertically from the bottom of the
ocean to the surface, and then zonally from the western to
the eastern boundaries. Furthermore, since the meridional
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velocity (v) consists of Eulerian-mean velocity (5) and
eddy-induced velocity (v*), the streamfunction can be
decomposed into two components as below:

Wi = ]éf vdzdx = ﬂg V+v)dzdx = wg, + e (1)
-H -H

where X, y, and z are the zonal, meridional, and vertical
coordinates, respectively. In CESM, the eddy-induced veloc-
ity is the sum of bolus velocity and sub-mesoscale velocity,
both of which are obtained through parameterization (Gent
and McWilliams 1990; Fox-Kemper et al. 2008). yg,, and
Y4 represents the Eulerian-mean and eddy-induced MOC.

2.4 Meridional ocean heat transport

We integrate the temperature flux across an east—west sec-
tion vertically and zonally to calculate the OHT (Bryan
1962, 1982; Hall and Bryden 1982):

OHT = pyc, #ﬂ vOdzdx, 2)
—H

where p,, is seawater density, ¢, is seawater specific heat, and
0 is potential temperature.

In order to better understand the physical mechanisms
involved in the OHT response to climate change, we
decompose the OHT into contributions from Eulerian-
mean flow, eddies and diffusion (Yang et al. 2015):

OHT, = p()c,,j§{g (V6 + v*0 + D)dzdx 3)
-H

= OHTy,, + OHTg, + OHTp;,

where D denotes diffusion process.

In addition, the OHTy,, is further decomposed into
components associated with meridional overturning cells
and horizontal gyres (Bryan 1982; Yang and Saenko 2012;
He et al. 2019):

OHTy, = pyc, #@ VBdzdx = pyc, ﬂ@ {[7]161 + (v)(0) }dzdx
-H -H
= OHT(; + OHT gy,

“
where [-] represents the zonal average, and (-) represents the
deviation from the zonal average. The OHT is the heat
transport by the overturning cells (e.g., by the Indo-Pacific
STC, the AMOC, and the SOMOC), while the OHT,,, is
the heat transport by the horizontal gyres (e.g., by the sub-
tropical gyre which is composed of warm poleward western
boundary current and cold returning flow in the interior and
eastern boundary).

Furthermore, to determine the contributions of anoma-
lous velocity and temperature to the OHT anomaly, we
decompose the OHT ., anomaly into three parts:

AOHT¢y, = pyc, #@ A([v]161)dzdx
- )
= poc, ﬂi H([H]A[V] + [ AL6] + A [V] A[6])dzdx.

Following Yu and Pritchard (2019), the three terms on
the right-hand side of Eq. (5) are named as dynamic, ther-
modynamic, and nonlinear components, respectively. The
dynamic component refers to the advection of mean tem-
perature by circulation anomaly (TV"), the thermodynamic
component is the advection of temperature anomaly by mean
circulation (VT’ ), and the nonlinear component is calcu-
lated as a residual and represents the effect from correlation
between temperature anomaly and velocity anomaly (7’ V’).

3 Response of the MOC

Given the dominant role of the MOC in regulating the OHT,
we first estimate the MOC and its responses to the warming
and cooling. The MOC is presented in potential tempera-
ture-latitude coordinate. Specifically, the streamfunction is
first calculated in depth-latitude coordinate, which is then
projected to potential temperature-latitude coordinate by
associating each depth with a mean potential temperature
of that depth. Being evaluated in this way, the contribution
of the MOC to heat transport can be estimated roughly by
comparing the temperature difference between its upper and
lower portions. For example, in the southern hemisphere
subtropical region (contours in Fig. 3a), the counter-clock-
wise STC appears to contribute more to the OHT since it
spans a larger temperature range (~ 16 °C) than the clockwise
AMOC (~9 C), and thus it plays a more important role for
the poleward heat transport. Besides, the temperature-lati-
tude coordinate can help to separate the warm wind-driven
cells (mainly the STC) from the cold thermohaline cells
(mostly the AMOC).

The climatological MOC and its response to the warming
in CESM and CMIP6 are shown in Fig. 3 for comparison.
Under the warming, the STC and AMOC slow down and
the SOMOC shifts poleward (colors in Fig. 3a, b). While
the Eulerian-mean component dominates the total MOC
response over most regions (Fig. 3c, d), the eddy-induced
component makes a contribution mainly in the Southern
Ocean (south of 35°S) and works to offsets the Eulerian-
mean counterpart (Fig. 3e, ). It can be seen that the results
in CESM are overall consistent with those in CMIP6 simu-
lations, suggesting that CESM does a reasonably good job
in simulating the major patterns and responses of the MOC.
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Fig.3 The meridional overturning circulation (MOC) response
(shading; Sv) to the warming in CESM (left) and CMIP6 (right). The
MOC (a, b) is the residual of the Eulerian-mean component (¢, d)
and the eddy-induced component (e, f). The superimposed black con-
tours are the MOC and its components in the corresponding control

Next, we will examine the MOC responses in each indi-
vidual ocean basin to the warming and cooling as well as
their asymmetry.

3.1 The Indo-Pacific STC

In the warmer climate, the Indo-Pacific STC is weakened in
both hemispheres, but the weakening in the northern hemi-
sphere is not as strong as that in the southern hemisphere
(Fig. 4d). In the colder climate, on the contrary, the Indo-
Pacific STC is strengthened in both hemispheres, also with
a stronger response in the southern hemisphere (Fig. 4e).
Their asymmetry largely resembles the cooling response in
most regions except for the upper ocean between 20°S to
the equator (Fig. 4f), indicating that the Indo-Pacific STC is
more sensitive to the cooling than warming.
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60°S

30°S 0 30°N 60°N

runs [solid lines for clockwise and dashed lines for anticlockwise;
contour interval is 8 Sv in (a—d) and 3 Sv in (e-f)]. The nine CMIP6
models are CESM2-WACCM-FV2, FGOALS-g3, MPI-ESM-1-2-
HAM, MPI-ESM1-2-HR, MPI-ESM1-2-LR, CanESM5, CESM2,
CESM2-FV2, and CESM2-WACCM

Since the STC is mainly wind-driven and its strength
largely depends on the subtropical zonal winds (Mccreary and
Lu 1994; McPhaden and Zhang 2002; Solomon and Zhang
2006; Farneti et al. 2014), we examine the changes in the
zonal wind stress. The weakened (strengthened) Indo-Pacific
STC (Fig. 4d, e) can indeed be explained by a reduction (an
enhancement) of the easterlies roughly between 10° and 30°
in both hemispheres (Fig. 5a). In the northern subtropics, the
enhancement in response to the cooling exceeds the reduc-
tion in response to the warming, leading to a strengthening
of the STC in their asymmetry (Fig. 4f). In the southern sub-
tropics, however, the zonal wind response to the warming is
greater (smaller) than that to the cooling north (south) of 18°S,
resulting in a more complicated change of the STC there. The
weakening (strengthening) of the subtropical winds under
the warming (cooling) is closely related to the changes in the
Hadley Cell (Fig. 6). Moreover, the asymmetry of the Hadley
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Fig.4 The MOC Changes (shading; Sv) for the Global Ocean, the (right). The superimposed black contours are the MOC in CTRL
Indo-Pacific Ocean, and the Atlantic Ocean in response to the warm- (solid lines for clockwise and dashed lines for anticlockwise; contour
ing (left), the cooling (middle) and their corresponding asymmetry interval is 8 Sv)

Fig.5 Changes in zonal wind Zonal Wind Stress
stress (right axis) over the Indo-
Pacific Ocean (a) and the South-
ern Ocean (b) in response to

the warming (red), the cooling
(blue) and their corresponding
asymmetry (green). The black
line is the zonal wind stress in
CTRL (left axis)
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Fig.6 Changes in the Hadley cell (shading; 10° kg s™!) in response to
the warming (a), the cooling (b) and their corresponding asymmetry
(¢). The superimposed black contours are the Hadley cell in CTRL

Cell responses is consistent with that of the subtropical wind
responses, and is responsible for the larger sensitivity of the
wind stress in the southern subtropics. Another interesting
feature in Fig. 6 is the intertropical convergence zone (ITCZ)
shift induced by the warming or cooling. As the position of
the ITCZ roughly coincides with the ascending branch of the
Hadley Cell, the significant positive (negative) anomaly of
streamfunction near the equator under the warming (cooling)
represents a southward (northward) shift of the ITCZ (Fig. 6a,
b). Following Adam et al. (2016), the ITCZ position (¢ ;) is
measured as the latitude of the maximum value of zonal mean
precipitation (P) between ¢; = 20°S and ¢, = 20°N:

[ leos )P dgp

(6)

brrez =

S [cos ()P °dp

70°N $€

60°N 1

50°N 1

40°N
70°N 1

60°N

50°N

20°N 40°S 20°S 0 20°N 40°N

(solid lines for clockwise and dashed lines for anticlockwise; contour
interval is 10! kg s71)

Result shows that the warming-induced northward shift
of ~0.9° is smaller than the cooling-induced southward shift
of ~1.6°. This asymmetry is likely due to that the stronger
STC change under the cooling can alleviate the burden of
meridional atmosphere heat transport to a larger extent
(Green and Marshall 2017; Schneider 2017; Kang et al.
2018). Since this study focuses on the OHT response to dif-
ferent forcings, further investigation on the AHT response
and ITCZ shift is left for future work.

3.2 The AMOC

The warming induces a weakening of the AMOC and a
shoaling of its core (Fig. 4g), which is resulted mainly from
a more buoyant surface ocean due to more heat and fresh-
water inputs into the ocean over the North Atlantic subpolar
region (Fig. 7a, d). In contrast, under the cooling, the less
buoyant subpolar surface ocean (Fig. 7b, e) enhances the

(c) Freshwater flux (Asymmetry)

40°N — r v / Tecayd

80°W 60°W  40°W  20°W 0 20°E 60°W  40°W
Fig.7 Changes in freshwater flux (shading; 107 kg m~2 s™!) and heat
flux (shading; W m~2) in response to the warming (a, d), the cooling
(b, e), and their corresponding asymmetries (c, f), with the positive
representing ocean gain heat or freshwater. The superimposed black
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contours are the freshwater flux and heat flux in CTRL [solid lines for
ocean gain heat or freshwater and dashed lines for ocean loss heat or
freshwater; contour interval is 107 kg m~2s~ in (a—¢) and 50 W m™>

in (d-f)]
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NADW formation, and thus leads to a strengthening and
deepening of the AMOC (Fig. 4h). As shown in Figs. 44,
7c, f, it is clear that the AMOC response is more sensitive
to the cooling forcing.

Note that the asymmetric net surface heat flux in Fig. 7
is different from the additional forcing perturbation in our
experiments. The forcing we apply is a pair of additional
idealized forcing, ensuring the energy perturbations received
by the ocean in the two simulations are measurable and per-
fectly symmetric. This applied forcing directly results in a
change in SST, which in turn modifies the outgoing long-
wave, latent heat and sensible heat fluxes and thus the net
surface heat flux. The results shown in Fig. 7 are the net sur-
face heat flux changes, which are apparently not symmetric
between the warming and cooling scenarios.

To understand the reason behind this asymmetry, the net
surface heat flux changes are decomposed into the longwave
radiation, shortwave radiation, latent heat flux and sensi-
ble heat flux. Figure 8a shows the results averaged over
the subpolar North Atlantic region (SPNA; 50°N-70°N,
60°W-10°E). Under the warming (cooling), the SPNA is
found to be characterized by a decrease (increase) of heat
loss by the ocean, resulted mainly from changes in the sen-
sible heat flux. However, the changes in the sensible heat

flux are not symmetric, with the decrease due to the cool-
ing exceeding the increase due to the warming, and thus
result in an asymmetry in the net total heat flux. We further
decompose the sensible heat flux following the bulk formula
(Alexander and Scott 1997; Roberts et al. 2012):
Ogg = peyc,UAT, (7
where ¢, and ¢y are the specific heat and heat flux coef-
ficients, p is the density of air, AT is the difference between
SST and surface air temperature (SAT), and U is the 10 m
wind speed. Clearly, both the changes in the wind speed and
air-sea temperature difference can influence the sensible heat
flux. To examine their relative contributions, we decompose
the changes in sensible heat flux into components associ-
ated with thermal anomalies (EAT’ ), wind speed anoma-
lies (U'AT), and the covariance between them (U’AT). It
is found that the thermal anomalies play a decisive role for
the changes in the sensible heat flux as well as the asym-
metry (Fig. 8b). To further examine the thermal anomalies
in response to the warming and cooling, we examine the
changes of the zonal mean SST and SAT over the SPNA.
It is found that the difference between SST and SAT in the
cooling is much larger than that in the warming (not shown),

Fig.8 Changes in a heat flux Q 20 L ! ! ! L
and its four components (unit: (a) Heat flux Change
W m™?) of sensible heat flux
(Qgp), latent heat flux (Qy ),
shortwave radiation (Qgy) and 10 i
longwave radiation (Qy ), and
b sensible heat flux and its
components associated with 0 -— ————
thermal anomalies (UAT"),
wind speed anomaly (U’ AT),
and the covariance between i i
them (U’ AT’) averaged over the -10
subploar North Atlantic region
(50°N-70°N, 60°W-10°E). Red
and blue bars stand for changes -20 T T T T T
in HEAT and COOL, respec-
tively; black bars represent their @ QSE QLA QSW QLW
corresponding asymmetries. 20 ! . . :
Note that the heat flux is aver- (b) Sensible Heat flux Change
aged over ice-free regions where
the sea ice concentration is less 10 - |
than 25% (Moore et al. 2012)
0 - . -
-10 7 BHEAT —CTRL
Il CcOoOL—CTRL
Il Asymmetry
'20 T T T ]
Qe UAT UAT UAT
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resulting in a larger change of the sensible heat flux under
the cooling.

3.3 The SOMOC

Different from the Eulerian-mean dominated MOC changes
in the Indo-Pacific and Atlantic basins, the total MOC
changes in the Southern Ocean are maintained by a balance
between the Eulerian-mean and eddy-induced components.
Figure 9 shows the responses of the total SOMOC and its
two components to the warming and cooling as well as their
asymmetries. The Eulerian-mean SOMOC mainly repre-
sents the wind-driven Ekman circulation, which is clockwise
and reaches the maximum of ~37 Sv at 50°S (contours in
Fig. 9d). On the other hand, the eddy-induced SOMOC due
to the mean buoyancy gradient (Marshall and Radko 2003)
is counter-clockwise and has the maximum volume trans-
port of ~ 11 Sv at 52°S (contours in Fig. 9g). Therefore, the
eddy-induced SOMOC partially offsets the Eulerian-mean
SOMOC, and their residual is the total SOMOC with its
maximum being ~27 Sv at 50°S (contours in Fig. 9a). These
characteristics of the SOMOC are basically consistent with

HEAT—CTRL
20 " i i

COOL—CTRL

previous studies (Marshall and Radko 2003; Marshall et al.
2007; Viebahn and Eden 2010; Yang et al. 2015; Downes
et al. 2015; Farneti et al. 2015).

In order to measure the SOMOC changes under the
warming and cooling, we estimate the latitudinal position
and magnitude of the core of the SOMOC (stars in Fig. 9a,
b). It is found that there is a weakening (strengthening) and
southward (northward) shift in the total SOMOC in response
to the warming (cooling). However, their changes appear to
be asymmetric, with greater change in magnitude but weaker
latitudinal shift under the cooling compared to the warming.

In response to the warming, the Eulerian-mean SOMOC
weakens and shifts poleward (red and black stars in Fig. 9d).
On the contrary, the cooling produces a strengthening and
an equatorward shift of the Eulerian-mean SOMOC (green
and black stars in Fig. 9¢). Their asymmetry appears to be
an overall slowdown of the Eulerian-mean SOMOC (color in
Fig. 9f). Since the Eulerian-mean SOMOC is wind-driven,
we examine the changes of zonally averaged wind stress
(Fig. 5b). It is found that the warming (cooling) induces a
poleward (equatorward) shift of the wind stress and thus
the Eulerian-mean SOMOC (Fig. 9d, e). Meanwhile, the

Asymmetry
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Fig.9 Changes of the SOMOC (shading; Sv) in response to the
warming (left), the cooling (middle), and their corresponding asym-
metry (right). The total SOMOC (a—c) is the residual of the Eule-
rian-mean (d-f) and the eddy-induced (g-i) components. The super-
imposed black contours are the SOMOC in CTRL (solid lines for
clockwise and dashed lines for anticlockwise; contour interval is 5 Sv

@ Springer

60°S 50°S 40°S 60°S 50°S

—_— -5

40°S 60°S 50°S 40°S

in upper and middle panels and 3 Sv in lower panels). The stars in
(a) —(d) represent magnitude and location of the SOMOC core, being
taken as the maximum value and latitudinal position of mass trans-
port streamfunction; black, red, and green stars stand for the SOMOC
cores in CTRL, HEAT, and COOL, respectively
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asymmetric change of the Eulerian-mean SOMOC (Fig. 9f)
is resulted from negative anomalies in the asymmetry of
the zonal wind stress over the Southern Ocean (green line
in Fig. 5b).

Under the warming, the slowdown of the Eulerian-mean
SOMOC (Fig. 9d) is compensated partially by the decrease
of the eddy-induced SOMOC (Fig. 9g). This compensation
relationship is consistent with the ‘eddy compensation’ the-
ory (Viebahn and Eden 2010; Downes and Hogg 2013; Gent
2016; Poulsen et al. 2018). Under the cooling, however, the
changes of the Eulerian-mean SOMOC and eddy-induced
SOMOC have the same sign between 45°S to 50°S (Fig. 9e,
h), and they work together to enhance the northward trans-
port. The strength of the eddy-induced SOMOC is closely
related to the tilt of isopycnals, and steeper isopycnals pro-
duce more eddies through baroclinic instability and thus
have a stronger eddy-induced transport. Figure 10 shows the
distribution of isopycnals in the Southern Ocean and their
changes in response to the warming and cooling. It is clear
that the warming induces steeper (flatter) isopycnals south
(north) of 52°S, which is consistent with the wind stress
change (Fig. 5b). Under the cooling, however, the isopycnals
become flatter (steeper) south (north) of 45°S, which cannot
be explained by the weakened (intensified) wind stress south

0 1 & I 1 1 1 1 1
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(north) of 50°S and is likely resulted from the weakened
stratification. Therefore, the ‘eddy compensation’ theory
does not seem to work over 45°-50°S under the cooling.

4 Response of the OHT
4.1 Response patterns

Under the warming, the poleward OHT is decreased in
both hemispheres (Fig. 11a). The decrease in the southern
hemisphere mainly occurs over the Southern Ocean and
the Indo-Pacific Ocean (Fig. 11a, d), while the decrease in
the northern hemisphere is mainly confined in the Atlantic
Ocean (Fig. 11g). Moreover, it is worth noting that there is
an increase in OHT in the Arctic (north of 60°N) after warm-
ing (Fig. 11g). These results are consistent with the finding
of Yang and Saenko (2012). The response of the OHT to
the cooling (Fig. 11b) is overall a mirror image of that to
the warming but with a stronger amplitude in the south-
ern hemisphere (Fig. 11c). A decomposition finds that the
changes in the total OHT are primarily determined by their
Eulerian-mean components in both warming and cooling
scenarios and thus their asymmetry (comparing black lines
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Fig. 10 Distribution of isopycnals in a the warming and b the cooling, and ¢ changes of isopycnal slope averaged over 27.0-27.5 kg m~> in
response to the warming (red lines) and cooling (blue lines) in the Southern Ocean
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Fig.11 The OHT changes for the Global Ocean, the Indo-Pacific
Ocean, and the Atlantic Ocean in response to the warming (left), the
cooling (middle) and their corresponding asymmetry (right). The

with purple lines in Fig. 11) and the contributions from the
eddies and diffusion are insignificant except for the Southern
Ocean. A further decomposition of the Eulerian-mean OHT
into contributions from the meridional overturning cells and
the horizontal gyres shows that the cell component plays
a dominant role in both Indo-Pacific and Atlantic Oceans
(Fig. 12d-e, g, h), indicating the importance of the STC and
AMOC. However, the gyre component determines the OHT
response into the Arctic (Fig. 12g—i), indicating the impor-
tance of horizontal circulation in connecting the midlatitudes
and the Arctic. Besides, the gyre component also contributes
largely to the asymmetry in the Southern Ocean (Fig. 12c).

In order to determine the contributions from overturn-
ing circulation and temperature changes to the OHT change,
we further decompose the cell-induced Eulerian-mean OHT
into the dynamic, thermodynamic, and nonlinear compo-
nents (Fig. 13). North of 35°S, the cell-induced Eulerian-
mean OHT is dominated by its dynamic component. Spe-
cifically, in the southern Indo-Pacific Ocean (Fig 13d, e),
while the contribution of nonlinear component is negligi-
ble, the northward (southward) dynamic component over-
whelms the southward (northward) thermodynamic com-
ponent in response to the warming (cooling), resulting in
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total OHT (purple) is decomposed into components induced by Eule-
rian-mean flow (black), eddies (light blue) and diffusion (orange)

a net northward (southward) anomaly of the cell-induced
Eulerian-mean OHT. However, the cooling effect exceeds
the warming effect, leading to a southward anomaly in
their asymmetry there (Fig. 13f). In the Atlantic Ocean, the
dynamic and thermodynamic components still act to com-
pensate each other, and the nonlinear component appears
to be southward in both scenarios (Fig. 13g, h). For their
asymmetry, the accumulated southward nonlinear portion
is cancelled out by the dynamic and thermodynamic por-
tions, leading to a near-zero cell-induced Eulerian-mean
OHT there (Fig. 13i). Over the Southern Ocean (south of
35°S), in stark contrast, the responses of the cell-induced
Eulerian-mean OHT to both the warming and cooling, as
well as their asymmetry, are all dominated by its thermody-
namic component (Fig. 13a—c).

4.2 Response mechanisms

The main purpose of these above decompositions is to iden-
tify the physical mechanisms that drive the OHT changes
under the warming and cooling as well as their asymme-
try. In this subsection we intend to explain the formation
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Ocean and the Atlantic Ocean in response to the warming (left), the cooling (middle) and their corresponding asymmetry (right)

processes of the OHT response patterns, which are sum-
marized in Fig. 14 for the warming scenario over the three
Oceans.

For the Indo-Pacific Ocean, major OHT responses appear
in the southern hemisphere (Fig. 11d—f). Under the warming,
the weakened easterlies in the southern subtropics between
10 and 30°S (Fig. 5a) slows the STC down (Fig. 4d), leading
to an equatorward anomalous dynamic transport (blue line in
Fig. 13d). Meanwhile, the stronger warming at ocean surface
relative to the deeper ocean increases the vertical stratifica-
tion (Fig. 15a), leading to a poleward anomalous thermo-
dynamic transport (red line in Fig. 13d). Taken together,
the dynamic-induced equatorward anomaly surpasses the
thermodynamic-induced anomaly, resulting in a decrease of
the poleward OHT (purple line in Fig. 11d). The physical
processes that govern the OHT changes under the cooling
are similar to those under the warming, but with an opposite
sign.

For the Atlantic Ocean, the warming increases heat gain
(Fig. 7d) and enhances freshwater input (Fig. 7a) over the
subpolar region, leading to a more buoyant surface ocean
and a deceleration of the AMOC (Fig. 4g) and thus a south-
ward anomaly of the cell-induced Eulerian-mean OHT (blue
line in Fig. 13g). Meantime, the more stratified upper ocean

in response to the warming (Fig. 15d), together with the
clockwise mean AMOC, lead to a northward anomaly of
the cell-induced Eulerian-mean OHT (red line in Fig. 13g).
The dynamic anomaly overwhelms the thermodynamic
anomaly, eventually decreasing the northward mean OHT.
The underlying processes operating the OHT changes under
the cooling are similar to those under the warming, but with
an opposite sign.

For the Southern Ocean (south of 35°S), unlike in the
Indo-Pacific and Atlantic Oceans where the dynamic pro-
cesses dominate the changes in the OHT, the thermody-
namic processes play a decisive role for the responses.
Under the warming, the stronger warming at the ocean
surface relative to the deeper ocean increases the verti-
cal stratification (Fig. 15g), leading to a large northward
anomaly of the cell-induced Eulerian-mean OHT by
the mean SOMOC (red line in Fig. 13a). In contrast to
what happens in the Indo-Pacific and Atlantic Oceans,
the northward thermodynamic anomaly overwhelms the
dynamic anomaly, resulting in a northward anomalous
cell-induced Eulerian-mean OHT (grey line in Fig. 13a).
The latter in turn determines a northward anomaly of the
Eulerian-mean OHT (black line in Fig. 12a), which is par-
tially offset by the southward anomaly of the eddy-induced
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Fig. 13 Changes of the OHT(,; for the Global Ocean, the Indo-
Pacific Ocean and the Atlantic Ocean in response to the warm-
ing (left), the cooling (middle) and their corresponding asymmetry

OHT (light blue line in Fig. 11a) and eventually leads to
a northward OHT anomaly (purple line in Fig. 11a). The
working processes under the cooling are similar to those
under the warming, but with an opposite sign.

Regarding the asymmetric response, the response of
the OHT thermodynamic component under the warming
surpasses that under the cooling, resulting from the verti-
cal structure of temperature anomaly. Specifically, owing
to the inherent nonlinearity of convection (Yang and Zhu
2012; Xie et al. 2013; Manabe et al. 1991), cooling-induced
convection is able to penetrate deeper than heating-induced
convection, leaving a positive (negative) temperature asym-
metry in the upper (deeper) ocean (colors in Fig. 15¢, f, 1).
For this reason, the asymmetry of temperature anomaly has
a similar vertical structure with the temperature anomaly
under the warming, and the distribution of the thermody-
namic-induced OHT asymmetry resembles that in the warm-
ing case. In contrast, the changes in dynamic component are
greater under the cooling since both the AMOC and STC
are more sensitive to negative heat flux anomaly (Fig. 4f,
1), and thus the distribution of the dynamic-induced OHT
asymmetry follows that in the cooling case. Overall, the
OHT response to the warming is stronger (weaker) than that
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to the cooling over the regions where the thermodynamic
(dynamic) processes dominate.

For the Indo-Pacific Ocean, the cooling effect surpasses
the warming effect since dynamic processes dominates the
OHT (purple line in Fig. 11f). For the Atlantic Ocean, while
the dynamic processes still play a dominant role, the OHT
responses to the warming and cooling forcings are overall
symmetric due to the delicate balance among the nonlin-
ear, dynamic and thermodynamic components (Fig. 131).
For the Southern Ocean, the response of the cell-induced
OHT, which is determined by thermodynamic processes, is
stronger under the warming (Fig. 13c). But the asymmetry
in the cell-induced OHT response is largely compensated
by the gyre-induced OHT (Fig. 12c), because the horizon-
tal circulation changes (mainly in the ACC) in both sce-
narios induce a southward OHT anomaly (yellow lines in
Fig. 12a, b). In addition, the eddy-induced OHT asymmetry
(light blue line in Fig. 11c) resembles that in the warming
scenario (light blue line Fig. 11a), likely due to the simi-
lar vertical structure of temperature anomaly between the
asymmetry (color in Fig. 151) and the warming (color in
Fig. 15g). The anomalous cell-induced OHT collaborates
with the gyre- and eddy-induced OHT anomalies (Fig. 11c)
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to generate a southward OHT asymmetry over the Southern
Ocean except for the region between 55° and 60°S (purple
line in Fig. 11c).

5 Summary and discussions

In this study, we employ the CESM to investigate the
responses of the OHT to climate warming and cooling by
imposing heat fluxes of equal amplitude but opposite sign
into the ocean surface. The focus of this study is to examine
whether the OHT responses are symmetric and understand
the underlying mechanisms. The main conclusions are as
follows:

The warming (cooling) induces a weakening (strength-
ening) of the poleward OHT, with the cooling effect
exceeding the warming effect in the southern hemisphere.
For the Indo-Pacific and Atlantic Oceans (north of 35°S),
the total responses to both the warming and cooling as
well as their corresponding asymmetry are dominated
by the Eulerian-mean OHT, which is further resulted
from the advection of mean temperature by anomalous
MOC (TV/). Since the STC (AMOC) is more sensitive
to the cooling than warming, the changes in the dynamic
component of the OHT are greater in the former. This
ultimately explains the overwhelming effect of the cool-
ing on the OHT over the Indo-Pacific Ocean. However,
in the Atlantic Ocean, the nonlinear effect of temperature
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Fig. 15 Changes of zonal mean temperature (shading; °C) over the
Indo-Pacific Ocean, the Atlantic Ocean, and the Southern Ocean in
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and velocity changes (T’ V’) also contributes to the asym-
metric OHT response, which fully counteracts the asym-
metric changes due to the dynamic and thermodynamic
components and leads to a near-zero asymmetric OHT
response.

e For the Southern Ocean (south of 35°S), although the
total responses of the OHT to both the warming and cool-
ing are also dominated by its Eulerian-mean component,
the eddy-induced component appears to have a signifi-
cant contribution and acts to compensate partially for
the Eulerian-mean component. In addition, different from
the situation in the Indo-Pacific and Atlantic Oceans, the
Eulerian-mean component in the Southern Ocean is pri-
marily resulted from the advection of anomalous tem-
perature by mean clockwise SOMOC (VT'), while the
SOMOC change (TV’ ) has less contribution. Moreover,
the asymmetric OHT response is a joint effort among the
overturning circulation cells, horizontal gyres, eddies, as
well as temperature changes in the Southern Ocean.

The response of the OHT to the positive heat flux in
our simulation is in accordance with that to anthropogenic
warming in climate models (e.g., Yang and Saenko 2012;
Liu et al., 2018; He et al. 2019; Donohoe et al. 2020). While
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being in agreement with a majority of these existing studies
on the warming-induced OHT changes over the Indo-Pacific
and Atlantic Oceans, our findings support the study of He
et al. (2019) who found that, compared with the overturn-
ing circulation changes, the vertical temperature structure
changes have larger impacts on the OHT changes over the
Southern Ocean. In addition, we find that the horizontal cir-
culation changes also contribute to the OHT response in the
Southern Ocean, especially for its asymmetry. Moreover, the
change of the horizontal circulation in the Southern Ocean
is found to enhance the southward OHT in both the warming
and cooling scenarios, which further points to the unique-
ness of this region.

Existing modelling studies have shown that there exists
a compensated change of OHT and AHT during their ini-
tial responses to global warming, with a decreasing pole-
ward OHT and an increasing poleward AHT in both hemi-
spheres (Held and Soden 2006; Vellinga and Wu 2008;
Zelinka and Hartmann 2012; Rose and Ferreira 2013;
Yang and Dai 2015; Yang et al. 2018; Harrop et al. 2018).
Figure 16 shows the OHT, AHT and total meridional heat
transport as well as their changes in response to the warm-
ing with CESM. Regarding the response to the warming
(Fig. 16b), as discussed above, we find a decrease of the
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poleward OHT in both hemispheres, which is also consist-
ent with previous modelling. However, it is surprising to
see that the AHT and OHT changes in the low- to mid-
latitudes of the southern hemisphere are of the same direc-
tion, and work together to transfer energy northward in our
warming simulation (Fig. 16b). Apart from this region, the
change in the OHT is overall compensated by the change
in the AHT. This might arise from the warming setting
in our simulation. To be specific, the HEAT simulation
in this study is carried out through adding a uniform heat
flux into the ocean surface and integrated for 250 years.
By this way, both the upper ocean and the atmosphere are
able to reach a quasi-equilibrium stage after 150 years of
model integration, although the deep ocean is still adjust-
ing. We speculate that if our HEAT experiment is further
integrated for a few more centuries, the relationship of
AHT and OHT would be similar to what He et al. (2019)
found during the later stage of global warming in their
simulations.

We would like to point out that the CESM does not
resolve mesoscale eddies in the ocean, which may cause
doubt about its ability to simulate the eddy-induced OHT
and its changes under different forcings, especially in the
Southern Ocean where eddies can account for a large portion
of the total energy transport. Therefore, further studies with

high-resolution eddy-resolving model are needed to address
this issue.
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