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ABSTRACT: The storage of anthropogenic heat in oceans is geographically inhomogeneous, leading to differential warming
rates among major ocean basins with notable regional climate impacts. Our analyses of observation-based datasets show that
the average warming rate of 0–2000-m Atlantic Ocean since 1960 is nearly threefold stronger than that of the Indo-Pacific
Oceans. This feature is robustly captured by historical simulations of phase 6 of Coupled Model Intercomparison Project
(CMIP6) and is projected to persist into the future. In CMIP6 simulations, the ocean heat uptake through surface heat fluxes
plays a central role in shaping the interbasin warming contrasts. In addition to the slowdown of the Atlantic meridional over-
turning circulation as stressed in some existing studies, alterations of atmospheric conditions under greenhouse warming are
also essential for the increased surface heat flux into the North Atlantic. Specifically, the reduced anthropogenic aerosol concen-
tration in the North Atlantic since the 1980s has been favorable for the enhanced Atlantic Ocean heat uptake in CMIP6 mod-
els. Another previously overlooked factor is the geographic shape of the Atlantic Ocean which is relatively wide in midlatitudes
and narrow in low latitudes, in contrast to that of the Indo-Pacific Oceans. Combined with the poleward migration of atmo-
spheric circulations, which leads to the meridional pattern of surface heat uptake with broadly enhanced heat uptake in midlati-
tude oceans due to reduced surface wind speed and cloud cover, the geographic shape effect renders a higher basin-average
heat uptake in the Atlantic.
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1. Introduction

The ocean has stored more than 90% of the excessive heat of
Earth induced by the increasing atmospheric greenhouse gas
concentration and showed pervasive warming in most parts (e.g.,
Trenberth et al. 2009; Johnson et al. 2021; Cheng et al. 2022).
The ocean heat storage (change of ocean heat content) is, how-
ever, geographically nonuniform, and the Atlantic Ocean has
shown enhanced heat storage (e.g., Johnson and Lyman 2020;
Levitus et al. 2012; Shi et al. 2018; Lee et al. 2011) and a higher
average warming pace in the 0–2000-m layer than the Indo-
Pacific Oceans (Fig. 1). According to Cheng et al. (2022), the
Atlantic Ocean between 358S and 648N has contributed about
33% to the 0–2000-m global ocean heat content increase during
1958–2019.

The substantial warming of the Atlantic Ocean has widespread
impacts, both regionally and globally, on sea level rise in low-lying
coasts and islands (Sallenger et al. 2012; Frederikse et al. 2020), in-
creased occurrence of marine heatwaves (Wernberg et al. 2016;
Frölicher et al. 2018) and hurricanes (Balaguru et al. 2023), en-
hancement of upper-ocean stratification (Li et al. 2020),
decline in marine primary productivity (Boyce et al. 2010),
and far-reaching impacts on tropical climates of the Indo-
Pacific Oceans (Li et al. 2016; Cai et al. 2019). Most importantly,

the warming of the high-latitude North Atlantic Ocean acceler-
ates the Arctic sea ice melting (e.g., Trenberth and Fasullo 2017;
Zhang 2015) and the retreat of Greenland’s outlet glaciers (e.g.,
Straneo and Heimbach 2013), which lead to a slowdown of
the Atlantic meridional overturning circulation (AMOC) (e.g.,
Ferster et al. 2022; McCarthy and Thorne 2018; Rahmstorf et al.
2015; Caesar et al. 2018; Boers 2021). Enhanced heat storage in
the Atlantic Ocean also modulates the pace of global surface
warming (e.g., Chen and Tung 2014, 2018) and transient climate
responses to anthropogenic radiative forcing}the climate sensi-
tivity (e.g., Rose et al. 2014; Marshall et al. 2015; Romanou et al.
2017). With these considerations, mechanistic understandings of
the substantial Atlantic Ocean warming are of scientific signifi-
cance and practical priority.

Regional ocean heat storage is determined by the balance be-
tween surface heat uptake through surface heat fluxes and heat
convergence induced by oceanic circulation and mixing (e.g.,
Banks and Gregory 2006; Bronselaer and Zanna 2020; Armour
et al. 2016; Dias et al. 2020). These two processes are often not
independent of each other. Weakening of the AMOC, while
driving lateral heat flux convergence in the tropical–subtropical
Atlantic (Grist et al. 2010; McMonigal et al. 2023; Palmer and
Haines 2009; Gregory et al. 2016), exerts a “redistribution
feedback” onto surface heat flux (Hu et al. 2020) and enhances
surface heat uptake in the subpolar North Atlantic (Xie and
Vallis 2012; Dias et al. 2020; Garuba and Klinger 2018, 2016;
Gregory et al. 2016). Xie and Vallis (2012) demonstrated a slow-
down of the AMOC may give rise to the North Atlantic warm-
ing hole (NAWH)}a subpolar region showing surface cooling
or reduced warming (e.g., Liu et al. 2020; Chemke et al. 2020;
Hu and Fedorov 2020; He et al. 2022)}and thereby suppresses
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upward turbulent heat release toward the atmosphere. The redis-
tribution feedback of the AMOC explained a large portion of
the Atlantic heat content increase in the CO2 quadrupling model
experiment by Garuba and Klinger (2016). Meanwhile, warming
in the tropical and subtropical Atlantic has been attributed to the
interplay between increased stratification and equatorward heat
transport by the subtropical gyres (Dias et al. 2020; Grist et al.
2010; Palmer and Haines 2009). Existing studies have also shown
that the changes in the wind-driven gyre circulation play essential
roles in shaping the heat storage pattern (Garuba and Klinger
2018; He et al. 2022; McMonigal et al. 2023; Duan et al. 2023).

Lee et al. (2011) put forward that the strengthened Agulhas leak-
age transport in response to the poleward migration of westerly
winds in the Southern Ocean (Backeberg et al. 2012) has contrib-
uted to the substantial Atlantic Ocean warming since the mid-
twentieth century.

While studies based onmodel simulations have largely stressed
the essential role of ocean circulation, particularly the AMOC,
the long-term changes of the Atlantic Ocean circulation are
subjected to considerable uncertainties (e.g., Fu et al. 2020;
Worthington et al. 2021; Parker andOllier 2021). For example, the
IPCC-class climate models contain long-standing biases in simulat-
ing overturning circulations (Wang et al. 2014) and are incapable
of properly resolving the eddy-driven Agulhas leakage transport
(Beal et al. 2015; Zhang et al. 2023a,b). While instrument-based
observations are insufficient for robustly isolating the long-term
trends of the Atlantic Ocean circulation from natural variability,
reconstructions and proxies exhibit a widespread in the AMOC
changes ranging from dramatic to no weakening in the last sev-
eral decades (Fu et al. 2020;Worthington et al. 2021; Parker and
Ollier 2021; Rahmstorf et al. 2015). Changes of the Agulhas
Current in the past few decades also remain uncertain (Zhang
et al. 2023b; Beal et al. 2011). Therefore, to better understand
the Atlantic Ocean warming in observations and model sim-
ulations, other possible drivers are worthy of further investi-
gation, complementary to the well-recognized role of ocean
circulations.

Actually, atmospheric processes also modulate air–sea heat
fluxes (Lyu et al. 2020; Hu et al. 2020; Garuba and Klinger 2018).
Changes in atmospheric conditions, broadly including winds, air
temperature and humidity, cloud cover, and aerosol concentra-
tions can perturb heat fluxes into the ocean and affect ocean heat
uptake.Dramatic changes have been observed in atmospheric cir-
culations in the past decades, with the poleward shift of westerly
winds and poleward expansion of the Hadley circulation being
salient features (Yang et al. 2020, 2022; Gonzalez et al. 2019;
Hu et al. 2013, 2018; Mitas and Clement 2005; Grise et al. 2019;
Pikovnik et al. 2022). The changes in atmospheric circulation also
involve notable changes in regional cloud cover and radiation
feedback (Park et al. 2006; Clement et al. 2009). In addition, the
spatially heterogeneous, time-varying aerosol emissions, featured
an increase in Asia and a decline in North America and Europe
during the past decades (Y.Wang et al. 2015; Shi et al. 2022), may
also have altered the heat storage pattern (Myhre et al. 2013; von
Schuckmann et al. 2016; Giannini and Kaplan 2019; Hirasawa
et al. 2020). Whether and how these significant atmospheric
changes may affect the accelerated Atlantic Ocean warming re-
main to be clarified.

Mechanistic understanding of the Atlantic Ocean warming in
observations and model simulations is pursued in the present
study by analyzing phase 6 of the Coupled Model Intercompari-
son Project (CMIP6) simulations (Eyring et al. 2016) and exist-
ing gridded observational temperature datasets. The remainder
of the paper is organized as follows. In section 2, we introduce
observation-based datasets and CMIP6 models, as well as meth-
ods used in our study. In section 3, we describe the observed and
simulated substantial Atlantic Ocean warming, track the heat
source in CMIP6, and expound the atmosphere-forcing mecha-
nisms underlying the substantial Atlantic Ocean warming by

FIG. 1. (a) The 0–2000-m averaged ocean temperature changes
(DT; 8C) derived from the observational dataset ensemble mean.
The DT is calculated as the temperature difference between the
1994–2014 and 1960–80 periods. The dashed lines mark the bound-
aries between ocean basins. Stippling indicates insignificant DT
values at the 95% confidence level based on the Student’s t test.
(b) The 0–2000-m averaged ocean temperatures for the global
ocean and individual ocean basins are derived from the observa-
tional datasets, shown as anomalies relative to the 1960–80 base-
line. Thick curves and shadings denote the ensemble mean and one
standard error range of datasets, respectively. (c) The averaged DT
for the global ocean and individual ocean basins, i.e., Indian Ocean
(Ind), Pacific Ocean (Pac), Atlantic Ocean (Atl), and Southern
Ocean (SO) from four observational datasets, respectively, with
the black lines showing the ensemble mean of four datasets.

J OURNAL OF CL IMATE VOLUME 373074

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 05/21/24 12:02 PM UTC



assessing the changes in surface heat fluxes and atmospheric con-
ditions. In section 4, we provide a summary and discussion of our
findings.

2. Data and methods

a. Observation-based datasets

We analyzed four global observational datasets of ocean tem-
perature with 183 18 horizontal resolution: the Institute ofAtmo-
spheric Physics (IAP) ocean objective monthly analysis provided
by the Chinese Academy of Sciences (Cheng et al. 2017), the
monthly Ishii V7.2 data provided by the Japan Marine Science
and Technology Center (Ishii et al. 2017), the monthly EN4.2.0
from the Met Office (Good et al. 2013), and the pentad mean
World Ocean Atlas (WOA) from the U.S. National Centers for
Environmental Information (Levitus et al. 2012). In this study, we
utilize the temperature fields in 0–2000 m from these datasets for
the period of 1960–2014. The ending year of 2014 is chosen to
match the historical simulations of CMIP6.

Although many efforts have been made to improve estimates
of historical temperature change (e.g., Cheng et al. 2017; Ishii
et al. 2017; Good et al. 2013; Levitus et al. 2012), an accurate as-
sessment is still a challenge due to insufficient and irregular data
coverage mainly during the pre-Argo era (Lyman and Johnson
2014; Durack et al. 2014; Cheng and Zhu 2014; Good 2016). In
our analysis, the ensemble average of the four datasets is re-
ferred to as “observations” and its uncertainty is quantified by
61 standard error across the datasets. Note that all datasets sub-
stantially use the same sampling data, and the same sampling or
instrument bias errors may be retained in the datasets, so that
their standard error may underestimate the uncertainties.

b. CMIP6

We analyzed monthly data from 24 CMIP6 historical simu-
lations for 1960–2014, which are forced with the observed
well-mixed greenhouse gases, aerosols, and stratospheric ozone
depletion (Eyring et al. 2016). In addition, we analyzed projection
simulations under the Shared Socioeconomic Pathways (SSP)
1-2.6, SSP2-4.5, and SSP5-8.5 for 2015–2100 from 15 different
models (O’Neill et al. 2016). The analyzed variables include three-
dimensional ocean potential temperature and two-dimensional
fields of the surface heat fluxes, sea surface temperature (SST),
surface air temperature, air specific humidity at the sea surface
and 10 m above the surface, near-surface winds at 10 m, cloud
cover, precipitation rate, geopotential height (GPH), total aerosol
concentration, and the northward heat flux in the Atlantic Ocean.
The net surface heat flux is from the oceanmodel, which accounts
for both the air–sea flux and ice–sea flux, thus the total heat flux
into the ocean from the surface (Shu et al. 2022). In addition, the
following components are also examined: shortwave radiation
(SWR), longwave radiation (LWR), turbulent heat flux (THF) in-
cluding sensible heat flux (SHF) and latent heat flux (LHF), and
heat flux into seawater due to frazil ice formationQice. The frazil
ice is a kind of fine crystals that are formed in supercooled seawa-
ter (Matsumura and Ohshima 2015). The heat flux due to under-
water frazil ice formation also influences the ocean heat uptake in

the polar regions (Graham and Vellinga 2013). The models and
variables used in this study are specified in Table 1.

The CMIP6 models provide large ensemble members that
have different variant labels based on realizations (r), initializa-
tion (i) schemes, different physics (p), and forcing (f) indices. The
first realization members (r1i1p1f1) of models for both historical
and SSP scenarios are chosen in our analysis}a widely adopted
choice of existing studies. CMIP6 models used in this study con-
tain a wide range of spatial resolutions and different map projec-
tions (Table 1 in the online supplemental material). Generally,
the finer resolution models produce a better performance of sur-
face heat flux simulations (Lin and Yu 2022). For comparison, we
interpolated all model outputs onto regular 18 3 18 grids for our
analysis. The multimodel mean (MMM) of CMIP6 models re-
duces biases and extracts the effect of external forcing. The inter-
model spread is quantified by the 61 standard error range of
models, representing the amplitude of internal climate variability
andmodel structural differences.

c. Statistical calculations

For all the observation-based and model data, the long-term
change D during 1960–2014 is estimated as the differences be-
tween the averages in 1960–80 and 1994–2014. The observed
changes are subjected to poor data samplings during 1960–80,
which leads to uncertainties in the estimated warming rates. In
future warming scenarios of CMIP6, the projected changes are
estimated as the differences between the 2080–2100 and 2015–35
periods. The statistical significance of the change is estimated
based on the two-tailed Student’s t test.

Besides, the basin-average temperature change is computed
as follows:

DTbasin 5

�
DTdA�
dA

, (1)

where dA is the area of each grid point and
�
dA is the total

area of individual oceans.

d. Surface heat uptake calculation

To link regional heat storage to surface uptake, we analyze
the heat budget within the upper 2000-m ocean. The 0–2000-m
average ocean temperature tendencyT/t can be separated into
two terms: the surface heat uptake and residual:

T
t

5
Qnet

rCpH
1 R, (2)

where Qnet is the net surface heat flux (positive being into the
ocean either from the atmosphere or sea ice) as the sum of the air–
sea surface heat fluxes as explained above and ice–sea heat flux as-
sociated with melting/freezing from the ocean model component,
r 5 1024 kg m23 is the seawater density, cp 5 3996 J K21 kg21 is
the specific heat capacity of seawater, andH5 2000m is the depth
range covered by observational datasets (in areas shallower than
2000m, the bottomdepth is adopted forH). Note that the surface
heat uptake in ice-covered areas should be calculated using
the ice–sea heat fluxes rather than air–sea fluxes so that we use
the Qnet data from ocean model outputs (see Table 1). The R is
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the residual term, including the heat flux convergence by ocean
dynamics (advection, mixing, and diffusion) and calculation er-
rors. The temperature anomaly induced by surface heat uptake
T′
uptake is calculated by integrating surface net heat flux anomaly

Q′
net over time:

T′
uptake(t) 5

� t

1960

Q′
net(t)

rCpH
dt, (3)

where Q′
net is the anomaly relative to the 1960–80 baseline.

The temperature change driven by surface heat uptake
DTuptake is computed as the difference between averaged
T′
uptake in 1960–80 and 1994–2014, respectively. The residual

temperature change DTres is computed simply as the differ-
ence between the total change DT and DTuptake:

DTres 5 DT 2 DTuptake: (4)

The comparison between DTuptake and DTres is different from
the comparison between the added heat and redistributed
heat in some studies (e.g., Cheng et al. 2022; Xie and Vallis
2012; Dias et al. 2020; Garuba and Klinger 2018, 2016;

Gregory et al. 2016) because DTuptake induced by net surface
heat flux changes is confounded by the effects of atmospheric
forcing and oceanic redistribution feedbacks (Hu and Fe-
dorov 2020).

3. Results

a. Warming of the 0–2000-m Atlantic Ocean

We first assess the long-term change of the 0–2000-m average
temperature DT for 1960–2014 from available observations and
CMIP6 models. Observational datasets reveal a geographically
inhomogeneousDT pattern over the global ocean, with significant
warming in some regions and insignificantly weak warming or
even cooling trends in others at the 95% confidence level (Fig. 1a).
Except for the NAWH region between 458 and 608N, the Atlantic
Ocean shows significant warming trends at the 95% confidence
level that aremuch stronger than those in the Indo-PacificOceans.
The maximum DT of;0.368C is located along the Gulf Stream in
observations. In terms of the basin-averageDT, theAtlanticOcean
has been warming up at a higher rate than the other oceans, par-
ticularly since the 1980s (Fig. 1b; Cheng et al. 2022, 2017). The

TABLE 1. Variables and models used in this study from CMIP6 historical simulations and projection simulations under the SSP1-2.6,
SSP2-4.5, and SSP5-8.5. Omon and Amon stand for the monthly outputs from the ocean and atmospheric model components, respectively.
Note that the 11 CMIP6 historical simulations (bold font) also provide the Omon SWR, LWR, and THF.

Variables Models

Historical
Potential temperature (Omon) ACCESS-CM2 NorESM2-LM CAMS-CSM1-0 MPI-ESM1-2-HR
Surface net heat flux (Omon)
SWR and LWR (Amon) CESM2 CESM2-FV2 CESM2-WACCM CESM2-WACCM-FV2
LHF and SHF (Amon)
Air specific humidity (Amon) MIR0C6 CMCC-ESM2 FIO-ESM-2-0 MPI-EMS-1-2-HAM
SST (Omon)
Surface air temperature (Amon) CanESM5 GISS-E2-1-G GISS-E2-1-H CMCC-CM2-SR5
WS (Amon)
Near-surface zonal wind (Amon) FGOALS-g3 CAS-ESM2-0 MPI-ESM1-2-LR MRI-ESM2-0
Cloud cover (Amon)
Precipitation (Amon) TaiESM1 NorESM2-MM SAM0-UNICON ACCESS-ESM1-5
GPH (Amon)

Aerosol concentration (Amon) CESM2 CESM2-FV2 CESM2-WACCM CESM2-WACCM-FV2
MRI-ESM2-0

Meridional heat flux (Omon) CanESM5 CMCC-CM2-SR5 EC-Earth3-CC MPI-ESM1-2-LR
FGOALS-g3 GISS-E2-1-G MPI-ESM1-2-HR MPI-ESM-1-2-HAM
CIESM SAM0-UNICON EC-Earth3-Veg EC-Earth3-Veg-LR
EC-Earth3 CMCC-ESM2

Heat flux into sea water due to
frazil ice formation (Omon)

ACCESS-CM2 CESM2-WACCM MRI-ESM2-0 ACCESS-ESM1-5
CESM2-FV2 CMCC-ESM2 CMCC-CM2-SR5 CESM2-WACCM-FV2
MIROC6 FIO-ESM-2-0

Projections
Potential temperature (Omon) ACCESS-CM2 MIROC6 CanESM5 CESM2-WACCM

NESM3 FGOALS-g3 CAM-CSM1-0 EC-Earth3-Veg

Net surface heat flux (Omon) CIESM GFDL-CM4 FIO-ESM-2-0 MPI-ESM1-2-LR
EC-Earth3 GFDL-ESM4 MRI-ESM2-0
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substantial warming of theAtlantic Ocean is the common feature
of the four observational datasets (Fig. 1c). The basin-average
DT of theAtlanticOcean is estimated to be 0.1286 0.028Cduring
1960–2014, nearly threefold larger than that of the Indo-Pacific
Oceans (0.0358 6 0.0118C and 0.0358 6 0.0128C for the Indian
and Pacific Oceans, respectively) and ;70% larger than that of
the Southern Ocean (0.0708 6 0.0098C). Although the Southern
Ocean shows a weaker average warming rate than the Atlantic
Ocean, it stands out with the strongest increase in ocean heat
content (e.g., Cheng et al. 2022; Lyu et al. 2020).

The substantial warming of the Atlantic Ocean is also a salient
feature in historical simulations of CMIP6 models (Fig. 2). The
MMMof CMIP6 simulations, representing primarily the external
radiative forcing effect, has reproduced the key features of the
observed DT pattern (Fig. 2a). CMIP6 models tend to produce
stronger warming in the subpolar oceans of the Northern Hemi-
sphere and weaker warming in the subtropical Atlantic and the
Southern Ocean than in observations. Nevertheless, CMIP6
MMM has reproduced well the interbasin warming contrasts,
showing that the basin-average warming rate in the Atlantic is
significantly higher than that in the other oceans (Fig. 2b). The
consistency between observations and models suggests that the
observed interbasin warming contrasts are primarily shaped by
external forcing rather than internal variability. Here, the exter-
nal forcing arises mainly from human activities, since the natural
forcing by volcanic eruptions is identified to briefly change the
ocean warming trend but plays a small role in the long-term
change in ocean heat content (Gleckler et al. 2012; Balmaseda
et al. 2013; Meehl et al. 2015). The Atlantic Ocean DT stood out
from the others since the 1990s in CMIP6 MMM, with a total
change of 0.108 6 0.018C during 1960–2014, slightly lower than
the observed counterpart (0.128 6 0.018C). The observation–
model difference arises partly from internal variabilities in the
observations that have been largely removed in CMIP6 MMM.
For example, the North Atlantic Oscillation (Sun et al. 2015)
and Atlantic multidecadal oscillation (Sun et al. 2019) are known
to modulate the warming pace of the Atlantic (Drijfhout et al.
2014; Robson et al. 2012; Lozier et al. 2008; Gulev et al. 2013).

The substantial warming in the Atlantic Ocean is of robust-
ness in both observations and models. Given the uncertainties
in observations due to poor data sampling before the Argo
era, climate models appear more suitable to understand ocean
warming since the mid-twentieth century. In the following, we
seek possible mechanisms for the substantial warming of the
Atlantic Ocean in response to anthropogenic climate change
by analyzing CMIP6 simulations.

b. The role of surface heat uptake

First, we assess the ocean temperature change induced by the
surface heat uptake, i.e., DTuptake, by integrating surface net heat
flux anomaly over 1960–2014 using the CMIP6 historical simula-
tions (Fig. 3) based on the heat budget equation (section 2d).
The DTuptake pattern is characterized by enhanced heat uptake
in the midlatitude oceans within the 308–658 bands of both hemi-
spheres, in contrast to the weak or even negative heat uptake in
tropical oceans between 308S and 308N and the Arctic Ocean
(Fig. 3a), which are consistent with previous studies (Hu et al.

2020; Marshall et al. 2015; G. Wang et al. 2015). Hotspots of sur-
face heat uptake include the Gulf Stream, the subpolar North
Atlantic except the Labrador Sea, the northwest Pacific along
Kuroshio Extension, and the northern flank of the Antarctic
Circumpolar Current in the Southern Ocean (Gregory et al.
2016; Ma et al. 2020). The strongest DTuptake is found in the
North Atlantic Ocean; the warming in the Gulf Stream, the
North Atlantic Current, and the eastern subpolar gyre is close to
18C (Fig. 3a). The DTuptake integrated over the subtropical–
subpolar North Atlantic (308–688N) accounts for 97% of the to-
tal DTuptake of the entire Atlantic Ocean (348S–688N) and 38%
of that of the global ocean. This confirms that the midlatitude
North Atlantic is a major conduit for ocean surface heat uptake
(Shi et al. 2018; Marshall et al. 2015). The Southern Ocean also
plays an essential role in ocean heat uptake (Fig. 3a). The heat
uptake integrated over the Southern Ocean exceeds that of the
North Atlantic Ocean (Shi et al. 2018; Marshall et al. 2015).

The DTuptake explains the majority of the interbasin contrasts
in DT in CMIP6MMM (Fig. 2b vs Fig. 3b). Like DT, the Atlantic
DTuptake stood out from others since the 1990s. The basin-average
DTuptake of theAtlantic Ocean is 0.1086 0.028Cduring 1960–2014,
close to the magnitude of DT (0.108 6 0.018C) and much larger

FIG. 2. (a) As in Fig. 1a, but for DT derived from the MMM of
historical simulations from 24 CMIP6 models. (b) The 0–2000-m
averaged ocean temperatures for the global ocean and individual
ocean basins are derived from CMIP6 models and shown as anom-
alies relative to the 1960–80 baseline. Thick curves and shadings
denote the ensemble mean and one standard error range of mod-
els, respectively. The inset in (b) shows the averaged DT for the
global ocean and individual ocean basins from CMIP6 MMM, re-
spectively, with the error bars showing one standard error range of
models.
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than those in other oceans. Therefore, surface heat uptake plays a
central role in shaping the interbasin warming contrasts, and the
enhanced surface heat uptake is the primary cause for the substan-
tialAtlanticOceanwarming inCMIP6models.

Note that sea ice insulates the ocean from direct air–sea heat
fluxes; thus, the changes in sea ice coverage and ice–ocean heat
flux would influence the ocean heat uptake at high latitudes,
such as the Labrador Sea. The Qnet from the ocean models that
are used in our calculation (section 2d) includes the ocean heat
loss associated with sea ice melting/freezing. However, the heat
flux into the ocean due to underwater frazil ice formation Qice is
not included in Qnet. The Qice is available from only 10 models
(Table 1). For those 10 models, we also calculated Tuptake by in-
tegrating Qnet plus Qice over time using Eq. (3) to examine the
additional influence of underwater frazil ice formation on the
ocean heat uptake, which turned out to be negligible (Fig. 3 and
supplemental Fig. 1).

In addition to surface heat uptake, lateral heat flux conver-
gence by ocean dynamical processes such as ocean circulation,
eddy transport, and mixing, represented by the residual DTres,

also modulates regional warming rates (Fig. 3c). In hotspot re-
gions with substantial surface heat uptake such as the Gulf
Stream and northern flank of the Antarctic Circumpolar Cur-
rent, DTres tends to be locally negative. This indicates that
ocean dynamical processes can transport the warming signa-
tures produced by surface heat uptake elsewhere. The com-
pensation between DTuptake and DTres also arises from the
fact that temperature changes driven by ocean dynamics, such
as advection by ocean circulation changes, e.g., the Labrador
Sea, can be partly damped by the surface heat fluxes (Xie and
Vallis 2012; Hu et al. 2020), and vice versa. Therefore, caution
is required in the attribution of DT based on the relationship
between DTuptake and DTres.

The heat redistribution drives regional warming in the Labra-
dor Sea and the Nordic seas, the tropical–subtropical Atlantic,
the Indian Ocean, and the Southern Ocean (Fig. 3c). In the
Atlantic Ocean, the reduced northward meridional heat trans-
port (MHT) induced by the slowdown of the AMOC causes
a heat pileup in the South Atlantic (Zhu and Liu 2020) and a
heat flux divergence in the North Atlantic (Figs. 4a–c). The

FIG. 3. (a) The 0–2000-m temperature changes induced by surface heat uptake (DTuptake; 8C) in CMIP6 MMM. The changes are com-
puted as the difference between the 1994–2014 and 1960–80 periods. Stippling indicates the insignificant DTuptake values at the 95% confi-
dence level. The cross “3” marks the maximum extent of sea ice in the analyzed CMIP6 models. The black box shows the subpolar North
Atlantic Ocean (108–508W, 458–688N). (b) The 0–2000-m averaged Tuptake anomalies for the global ocean and individual ocean basins de-
rived from CMIP6 models (thick curve for MMM; shading for the one standard error), relative to the 1960–80 baseline. The inset shows
the average DTuptake for the global ocean and individual ocean basins with the error bars showing one standard error range of models.
(c),(d) As in (a) and (b), but for the residual term DTres (8C).
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convergence of MHT explains a considerable portion of DTres

in the Atlantic Ocean, with a correlation coefficient of 0.69
(Fig. 4a vs Fig. 4c). This indicates that the AMOC slowdown
overall leads to cooling in the subpolar North Atlantic and warm-
ing in the tropical and South Atlantic. However, this meridional
transportation has limited contribution to the basin-averaged DT
of the wholeAtlanticOcean and the interbasin warming contrasts
(Fig. 3d).

We further analyze the changes in net surface heat flux
DQnet and its components to explore the causes of DTuptake

(Fig. 5). As shown in previous studies, DQnet generally shows
a similar pattern to DTuptake (Ma et al. 2020; Hu et al. 2020).
Two stark features arise fromDQnet: the meridional structure with
enhanced increase in midlatitude (;308–608N and ;308–608S)
oceans and the interbasin contrasts (Figs. 5a,b). This meridional
structure of DQnet is closely related to the spatial patterns of
shortwave radiation change (DSWR) and turbulent heat flux
change (DTHF). At low latitudes, the warming effect of longwave

radiation change (DLWR) is greatly offset by the cooling effect of
shortwave radiation change (Figs. 5e–h). At midlatitudes, both
DSWRandDTHF contribute to the positiveDQnet.

In addition, DSWR and DTHF also synergistically result in the
interbasin contrasts in DQnet. The large DTHF in the subpolar
North Atlantic and the increased DSWR in the subtropical–
subpolar North Atlantic are responsible for the majority of the
North Atlantic heat uptake (Figs. 5a,b and supplemental Fig. 2).
The positive DLWR is slightly stronger in the low latitudes than
in the midlatitudes and relatively uniform over the different
oceans (Figs. 5e,f), reflecting the uniform distribution of green-
house gases in the atmosphere. As a result, DLWR has a limited
contribution to the meridional structure and interbasin contrasts
in heat uptake. Although the changes in decomposed surface
heat fluxes from atmospheric models (Figs. 5c–h) differ from
those from the ocean model components (supplemental Fig. 3)
in the sea ice covers regions, the basic features are similar.

c. Processes responsible for the surface heat uptake

We further explore the processes underlying DTHF and
DSWR that are essential for the interbasin contrasts and meridi-
onal structures of surface heat uptake. The DTHF contains
changes in sensible and latent heat flux (DSHF and DLHF). The
DSHF is positive, indicative of suppressed SHF toward the atmo-
sphere, in most parts of oceans and is enhanced in the subpolar
North Atlantic (Fig. 6a). There is a maximum of positive DSHF
emerging in the warming hole region. By contrast, positive
DLHF values are mainly confined to the warming hole region,
whereas the remnant of the Atlantic Ocean shows a negative
DLHF (Fig. 6c). Both DSHF and DLHF contribute to the larger
DTHF in the North Atlantic than in the North Pacific in the mid-
latitudes (Figs. 5c,d).

The DTHF is closely related to changes at the air–sea inter-
face, such as the sea–air temperature difference dT (SST minus
surface air temperature) and the specific humidity difference dq
(air specific humidity at the sea surface minus air specific humid-
ity at 10 m above the sea), as well as near-surface wind speed.
Generally, increasing dT and dq act to enhance SHF and LHF
release to the atmosphere in cold seasons, respectively. Owing
to greenhouse warming, SST and air temperature have both
warmed. However, the warming rate of air temperature is over-
all faster than that of SST in most regions, leading to a decline in
dT and a positive DSHF (Figs. 6a,b). The decrease in dT gener-
ally strengthens with the increasing latitude, giving rise to en-
hanced positive DSHF in the subpolar oceans. The NAWH and
waters around Antarctica show weaker SST warming than other
regions and even regional cooling (Fig. 7a). The NAWH has
been attributed to the slowdown of the AMOC (Caesar et al.
2018; Liu et al. 2020; Latif et al. 2022; Rahmstorf et al. 2015;
Chemke et al. 2020) and changes in atmospheric circulation (He
et al. 2022; Li et al. 2021; Hu and Fedorov 2020). Although small
in the surface area, the cooling of the NAHW enhances the de-
crease in dT and contributes to the DSHF in the subpolar North
Atlantic. Besides, SST cooling also works to reduce dq (Sun and
Wu 2022). The decreasing dq in the subpolar North Atlantic
suppresses LHF release to the atmosphere and accounts for the
enhanced increase in DTHF there (Figs. 6c,d). Intermodel

FIG. 4. (a) The Atlantic sector zonal-averaged DTres, (b) the cli-
matological annual-mean meridional heat transport (MHT; 1015 W;
green curve) during 1960–2014 and its change (DMHT; 1014 W;
red curve), and (c) change in meridional heat flux convergence
[2(DMHT/y); 108 W m21]. Thick curves and shadings in (b) and
(c) denote the MMM and one standard error range, respectively, of
the 14 CMIP6 models with MHT available. All changes are com-
puted as the differences between the 1994–2014 and 1960–80
periods.
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FIG. 5. Changes in (a) net surface heat flux DQnet, (c) turbulent heat flux DTHF, (e) longwave radiation
DLWR, and (g) shortwave radiation DSWR. Stippling indicates insignificant changes at the 95% confidence
level. Zonal-averaged (b) DQnet, (d) DTHF, (f) DLWR, and (h) DSWR in the global ocean and individual
ocean basins. All variables are derived from the CMIP6 MMM and shown in W m22, with positive values in-
dicating into the ocean. Note that the DQnet is based on the ocean model outputs, while DTHF, DLWR, and
DSWR used the atmospheric model outputs due to data availability (also see supplemental Fig. 3). Changes
are computed as the differences between the 1994–2014 and 1960–80 periods.
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correlation confirms the close relationship between DSST and
DTHF in the subpolar North Atlantic, with a correlation of
r5 20.63 at a 99% confidence level (Fig. 7c). The warming sig-
natures caused by surface heat uptake in the subpolar North
Atlantic could be transported to lower latitudes by ocean cir-
culations and contribute to the warming of the entire Atlantic
Ocean.

The change in near-surface wind speed (DWS) also plays an
important role in THF change. The reduction in near-surface
wind speed also favors the reduction of SHF and LHF release
and thereby enhances the increase in DTHF. CMIP6 models
suggest a significant reduction in wind speed in the subtropical–
subpolar band of the North Hemisphere (308–708N) and the
Southern Hemisphere oceans between 358 and 508S (Fig. 7b),
which also accounts for the increase in DTHF. The intermo-
del correlation between DWS and DTHF in the subpolar
North Atlantic is r 5 20.59, significant at a 99% confidence
level (Fig. 7d). Despite also weakened wind speed, the
DTHF in the subpolar North Pacific is weaker than that in
the North Atlantic counterpart owing to more substantial
SST warming there (Fig. 7a).

The DSWR is intimately linked to changes in aerosol con-
centrations and total cloud cover of the atmosphere. Aerosols
induce a net cooling through absorption and scattering of

shortwave radiation (the direct effect) and changes in cloud mi-
crophysical properties (the indirect effect), showing opposing ef-
fects with the greenhouse gases (Shi et al. 2022; Deser et al.
2020). Aerosols are heterogeneous spatially and nonmonotonic
temporally. Aerosol change during 1960–2014 is characterized by
sharp decreases over North America and Europe and increases
over Asia and Africa (Y. Wang et al. 2015; Shi et al. 2022),
causing a decrease in aerosol concentration over the North
Atlantic Ocean and an increase over midlatitude North Pa-
cific Ocean, respectively (Fig. 8). Although the aerosol forcing
in CMIP6 may be too large in some CMIP6 models and incon-
sistent with observations (Robson et al. 2022), the evolving
spatial pattern of aerosol over the historical period is robust
(Deser et al. 2020; Shi et al. 2022). The reductions of anthro-
pogenic aerosols and cloud cover (Fig. 9a) over the North At-
lantic synergistically drive the increase of solar radiation into
the ocean and contribute to the enhanced heat uptake there. In
the North Pacific, by contrast, the increased anthropogenic aero-
sols compensate for the reduced cloud cover, leading to the
weak and insignificant DSWR there (Fig. 5g).

In addition to the processes contributing to the marked in-
crease in DTHF and DSWR centered around the North Atlantic,
the near-surface wind speed changes and cloud cover changes in a
broader scale over the entire midlatitude result in the formation

FIG. 6. Changes in (a) SHF (W m22), (b) near-surface sea–air temperature difference dT (8C), (c) LHF (W m22), and (d) specific hu-
midity difference dq. All changes are computed as the differences between the 1994–2014 and 1960–80 periods. Stippling indicates insignif-
icant changes at the 95% confidence level.
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of overall meridional structure in DTHF and DSWR (Figs. 5d,h)
and could contribute to the faster Atlantic warming indirectly
through the effect of the basin shape (as explained in section 3d).
The total cloud cover is reduced in the subtropical–subpolar band

of the Northern Hemisphere (Fig. 9a), enhancing the solar radia-
tion reaching the sea surface and contributing to the meridional
structure of surface heat flux (Fig. 5h). The negative change in
cloud cover (DCl) in the North Pacific and North Atlantic is

FIG. 7. Changes in (a) sea surface temperature DSST (8C) and (b) near-surface wind speed DWS (m s21). Stippling indicates insignificant
changes at the 95% confidence level. Crosses “3” in (a) mark the extent of DSST, 0.28C in the subpolar North Atlantic Ocean. All changes
are computed as the differences between the 1994–2014 and 1960–80 periods. (c) Scatterplot of DSST vs DTHF over the subpolar North
Atlantic Ocean [108–508W, 458–688N, black box in (a)] across CMIP6 models. The black triangle denotes the MMM. The correlation coeffi-
cient r with its p value and the linear fit (black solid line) are shown. (d) As in (c), but for scatterplot of DWS vs DTHF across CMIP6 models.

FIG. 8. Changes in total aerosol concentration (1010 m23) from the CMIP6 MMM. Stippling
indicates insignificant changes at the 95% confidence level. All changes are computed as the dif-
ferences between the 1994–2014 and 1960–80 periods.
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mainly the manifestation of low cloud changes (Fig. 10a). Re-
duced low cloud cover and SST warming constitute a positive
feedback loop (Park et al. 2006; Clement et al. 2009). The warmer
SST destabilizes the lower troposphere and suppresses subsi-
dence motion, releases more moisture out of the boundary layer,
and lifts the cloud base, thereby decreasing the thermal andmois-
ture coupling between the surface and the cloud layer (Park et al.
2006). This positive feedback among SST, low cloud, and SWR is
consistent with the intermodel correlations among DSST, DCl,
and DSWR over the subtropical and subpolar North Atlantic
(Figs. 9b,c). The change of high cloud cover also contributes to
the negative DCl in the 208–408N band of the North Hemisphere
(Fig. 10b). This feature is linked to the poleward shift and intensi-
fication of the subtropical high (Li et al. 2012) and Hadley cell
(Yang et al. 2020; Hu et al. 2013, 2018; Grise et al. 2019; Pikovnik
et al. 2022; Power et al. 2021) in the Northern Hemisphere under
greenhouse warming (Figs. 10c,d). These alterations in atmo-
spheric circulation enhance the subsidencemotion in the subtropi-
cal regions, resulting in the reduction of high cloud cover there
(Fig. 10b).

Furthermore, the reductions in wind speed in the subtropical–
subpolar band of the North Hemisphere and the Southern
Ocean within 308–508S suppress the reduction of THF release to
the atmosphere. The reduction in near-surface wind speed also
favors the reduction of the air–sea temperature differences (He
et al. 2022), which is conducive to the formation of meridional
structure in DSHF (Fig. 6a). The broadscale changes in near-
surface wind speed in CMIP6 simulations are partly linked to al-
terations in atmospheric circulation and storm tracks in response
to external forcing (Deng et al. 2021; Li et al. 2021; Gonzalez
et al. 2019; Chang and Yau 2016). The poleward shift of westerly
jet streams has led to the weakening of zonal winds over the mid-
latitude North Pacific and Atlantic Oceans (Fig. 11), contributing
to the reduction of wind speed (Yang et al. 2020, 2022; Gonzalez
et al. 2019). The change in wind speed cannot be explained by
changes in large-scale circulation alone because the surface wind
speed is transient and affected by local boundary layer processes
(Gonzalez et al. 2019; Zeng et al. 2019).

In summary, the alterations of large-scale atmospheric circula-
tion under greenhouse warming are essential for the meridional

FIG. 9. (a) Changes in total cloud cover (DCl; %) from CMIP6 MMM. Stippling indicates insignificant changes at
the 95% confidence level. (b) Scatterplot of DSST vs DCl over the subtropical and subpolar North Atlantic Ocean
[208E–808W, 308–688N, black box in (a)] across CMIP6 models. The color of the circles matches the list of the model
names in the far right column. The black triangle denotes the MMM. The correlation coefficient r with its p value and
the linear fit (black solid line) are shown. (c) As in (b), but for scatterplot of DSST vs DSWR across CMIP6 models.
All changes are computed as the differences between the 1994–2014 and 1960–80 periods.
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structure of surface heat uptake, leading to broadly enhanced
surface heat flux in midlatitude oceans through the reduced
near-surface wind speed and cloud cover. Weak SST warm-
ing in the subpolar North Atlantic and the reduced anthropo-
genic aerosol concentration in the North Atlantic contribute
to the enhanced heat uptake in the North Atlantic Ocean
through suppressing the THF release to the atmosphere and
enhancing SWR into the ocean, respectively. The enhanced
surface heat uptake in the subtropical and subpolar North

Atlantic naturally contributes to the much higher average
heat uptake in the Atlantic Ocean overall. Additionally, the
meridional structure of surface heat uptake is conducive to
greater warming in the Atlantic due to the geographical fac-
tor, which is discussed in the following subsection.

d. Additional effect of the geographic shape of the
ocean basins

Here, we have addressed the contributions of basin-average
surface heat uptake to temperature changes in the 0–2000 m in
individual oceans. As shown in Eq. (1), the basin-averaged heat
uptake also depends on the relative area weight of high/low am-
plitude heat uptake regions DA/

�
dA, in addition to the ampli-

tude of local DTuptake.
The DTuptake pattern in Fig. 3a shows the meridional structure

with overall higher heat uptake in the midlatitude Northern
Hemisphere than in the low-latitude oceans, in addition to the
fact that the heat uptake in the North Atlantic Ocean is higher
than that in the North Pacific. Moreover, the width of the Atlantic
basin is comparable between mid- and low latitudes, while the
Indo-Pacific Oceans are much wider in low latitudes than in mid-
latitudes (Fig. 12a). Consequently, a relatively larger portion of
the North Atlantic area has been exposed to enhanced heat up-
take in midlatitudes than in the North Pacific Ocean (Fig. 12b).
The midlatitude North Pacific poleward of 308N makes up only
;19% of the total area of the Pacific Ocean, whereas this ratio is

FIG. 10. (a) Changes in low cloud cover percentage (%), (b) high cloud cover percentage (%), (c) GPH at 850 hPa (m), and (d) precipi-
tation (kg m22 s21). Black contours in (c) and (d) are the climatological GPH at 850 hPa and precipitation (105 kg m22 s21) during
1960–80, respectively. Stippling indicates insignificant changes at the 95% confidence level. All changes are the differences between the
1994–2014 and 1960–80 periods in the CMIP6 MMM.

FIG. 11. Changes in near-surface zonal wind DU wind (color shad-
ing; m s21) from the CMIP6 MMM. The contours indicate the clima-
tologicalUwind (m s21) during 1960–2014. All changes are computed
as the differences between the 1994–2014 and 1960–80 periods.
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as high as ;31% for the Atlantic Ocean; the low-latitude Pacific
Ocean within 308S–308N with low heat uptake accounts for as
large as ;78% of the entire Pacific, whereas this ratio is only
;65% in the Atlantic Ocean. Therefore, it is the combination of
the meridional structure of the overall DTuptake pattern and the
geographic shape of the Atlantic Ocean that gives rise to an addi-
tional contribution to a higher basin-average heat uptake in the
Atlantic Ocean than that in the Indo-Pacific Oceans.

This issue can be further elucidated by eliminating interbasin
contrasts in DQnet and highlighting the role of basin shapes and
meridional structure ofDQnet.We recompute surface heat uptake
by replacingQnet anomaly at each grid point with the global zonal
meanQnet anomaly for the corresponding latitude, i.e.,DTuptake-ZM,
which ignores the dependence of Qnet change on longitude and
highlights the dependence on latitude (Fig. 13a). The resulted
DTuptake-ZM shows the basic feature of the meridional structure of
heat uptake pattern, with higher heat uptake in the midlatitude
than in the low-latitude oceans. The DTuptake-ZM of the Atlantic
Ocean still stands out from those of other oceans (Fig. 13b), with
the interbasin contrasts broadly resembling DT and DTuptake

(Figs. 2b and 3b). Onemay argue that the strongest increase in sur-
face heat flux over the North Atlantic Ocean, which has been at-
tributed to the AMOC slowdown, may influence the global zonal
mean Qnet anomaly and then DTuptake-ZM. Here, we repeat the
same analysis by excluding the Atlantic contribution to the zonal
mean Qnet anomaly and show the response in ocean heat uptake
DTuptake-ZM-nonAtl in Fig. 13c. Although the DTuptake-ZM-nonAtl is
weaker than DTuptake-ZM in the midlatitude Northern Hemisphere
(Fig. 13c), the interbasin contrasts still exist with the largest basin-

average DTuptake-ZM-nonAtl in the Atlantic Ocean (Fig. 13d). This
implies that as long as theQnet anomalies are amplified inmidlati-
tudes, the averaged surface heat uptake in the Atlantic Ocean
would remain higher than that in the Indo-Pacific Oceans with or
without the impact of theAMOC slowdown.

4. Conclusions and discussion

This study attributes the substantial warming of the whole
Atlantic Ocean since the mid-twentieth century primarily to the
excessive surface heat uptake through surface heat fluxes, based
on analysis of CMIP6model simulations. The observed 0–2000-m
warming is nearly threefold stronger in the Atlantic Ocean than
in the Indo-Pacific Oceans. The CMIP6 simulations indicate the
dominance of externally forced surface heat uptake in shaping
these interbasin contrasts in warming pace. More specifically, the
surface heat uptake is responsible for the concentrated warming
along the Gulf Stream, North Atlantic Current, and eastern
North Atlantic, as well as the weaker warming in the subtropical
North Atlantic. On the other hand, the ocean lateral heat flux
convergence drives concentratedwarming in the Labrador Sea, in
addition to the broad warming in the South Atlantic and tropical/
subtropical NorthAtlantic.

The surface heat uptake changes can be driven by both the
changes in the ocean and atmospheric circulation. While the role
of ocean circulation can be implied by the collocation of the con-
centrated surface heat uptake changes and the strong ocean cur-
rents, e.g., the Gulf Stream and the North Atlantic Current,
changes in the atmospheric circulation also play a role. The weak

FIG. 12. (a) Zonally integrated area of individual oceans in the band of 338S–688N, with the latitude bin of 18.
(b) The latitude-dependence area weight of individual oceans, which is the zonally integrated area within each ocean
divided by the total area of the corresponding ocean.
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SSTwarming even cooling in the subpolar NorthAtlantic and re-
duced anthropogenic aerosols in the North Atlantic significantly
elevate the heat uptake in theNorthAtlanticOcean. In addition,
the weakening of near-surface wind speed and the decreasing
total cloud cover over the midlatitude oceans give rise to en-
hanced heat uptake in the midlatitude Northern Hemisphere
oceans as compared with that in the low-latitude oceans.
These processes collectively result in a much greater heat up-
take in the North Atlantic. Furthermore, the Atlantic Ocean,
in contrast to the Indo-Pacific Oceans, is relatively wide in
midlatitudes as compared to low latitudes and thus is propor-
tionally more exposed to enhanced heat uptakes. This geo-
graphical factor and meridional structure of heat uptake work
synergistically to result in a far larger basin-average heat up-
take in the Atlantic Ocean and therefore stronger warming
than in the Indo-Pacific Oceans.

The projection by CMIP6 models in three emission scenarios
is further analyzed (Fig. 14). While the heat storage DT and heat
uptake DTuptake increase with the emission levels, the warming of
the Atlantic Ocean is always the largest among all oceans. The
dominance of heat uptake to ocean warming depends on the
emission scenarios: heat uptake plays a more important role

under higher emission levels, particularly for the Atlantic Ocean.
This suggests that the enhanced warming of the Atlantic will
probably persist in the upcoming decades unless the emission
level can be slashed soon. This result is consistent with the previ-
ous studies that suggested that the Atlantic Ocean shows a higher
degree of thermal sensitivity to the radiative forcing by anthropo-
genic greenhouse gases than other oceans (Shi et al. 2018; Ma
et al. 2020). The continuously enhanced heat uptake and rapid
warming of theNorthAtlantic, alongwith the resultant icemelting
(Straneo and Heimbach 2013), would increase the potential for
the abrupt AMOC collapse as a “low-probability, high-impact”
event in the future (Liu et al. 2020; Cheng et al. 2022).

Our findings highlight the importance of surface heat fluxes
in the interbasin contrasts of warming pace in CMIP6 models.
However, due to the substantial uncertainties in the observed
heat fluxes, in particular before the satellite era since the early
1980s (Armour et al. 2016), the realism of heat uptake changes in
climate models cannot be assessed reliably against the observa-
tion. Albeit with detailed discrepancies, ensemble-mean changes
of CMIP6 models in SST, surface air temperature, near-surface
winds, and aerosols are largely in line with observational and re-
analysis datasets over the North Atlantic (supplemental Fig. 4)

FIG. 13. (a) The 0–2000-m temperature changes induced by global zonal mean surface heat uptake DTuptake-ZM (8C) in CMIP6 MMM.
The change is computed as the difference between the 1994–2014 and 1960–80 periods. (b) The 0–2000-m averaged Tuptake-ZM anomalies
for the global ocean and individual ocean basins derived from CMIP6 models (thick curve for MMM; shading for the one standard error),
relative to the 1960–80 baseline. The inset shows the average DTuptake-ZM for the global ocean and individual ocean basins with the error
bars showing one standard error range of models. (c),(d) As in (a) and (b), but for the temperature changes induced by non-Atlantic zonal
mean surface heat uptake DTuptake-ZM-nonAtl.
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(Yang et al. 2020, 2022; Li et al. 2012; Hu et al. 2013, 2018;
Grise et al. 2019; Pikovnik et al. 2022; Power et al. 2021; Shi et al.
2022), pointing to the dominance of external forcing in historical
changes. These consistencies place additional confidence in the
simulated and projected heat uptake. The key factors controlling
the surface heat uptake identified here, such as wind speed and
SST of the midlatitude North Atlantic, are potentially useful in
reducing uncertainties in model ensemble projection through the
emergent constrain technique (Hall et al. 2019).

The heat uptake pattern is subjected to dynamical complex-
ity of the climate system (Shi et al. 2018). While changes in at-
mospheric conditions play a role in shaping the meridional
distribution of surface heat uptake, the enhanced surface heat
uptake in the North Atlantic and the Southern Ocean is
largely favored by ocean deep convection that efficiently con-
veys the warming signatures to the deep ocean (e.g., Shi et al.
2018; Gregory et al. 2016; Gulev et al. 2013). This process is
lacking in the Indian and Pacific Oceans. Further efforts are
required to achieve understanding of this critical issue.

Acknowledgments. We thank three anonymous reviewers
who provided insightful comments. We gratefully acknowl-
edge the support by the National Key R&D Program of
China (2019YFA0606702), the Strategic Priority Research
Program of Chinese Academy of Sciences (XDB40000000),
the Laoshan Laboratory (LSKJ202202601), and the Ocean-
ographic Data Center, the Institute of Oceanology, Chinese

Academy of Sciences. Q. R. is supported by the Shandong
Postdoctoral Innovation Program (E2KY291) and the Na-
tional Natural Science Foundation of China for Young
Scholar (42306037). Y.-O. K. is also supported by the U.S.
National Science Foundation Physical Oceanography Pro-
gram (OCE-2048336).

Data availability statement. All the datasets utilized in this
study are publicly available through the following links: Argo
(http://www.jamstec.go.jp/ARGO/J_ARGOe.html); IAP (http://
www.ocean.iap.ac.cn/pages/dataService/dataService.html?
navAnchor=dataService); Ishii V7.2 (https://climate.mri-jma.go.
jp/pub/ocean/ts/); EN4.2.0 (https://www.metoffice.gov.uk/hadobs/
en4/); Pentad WOA18 (https://www.nodc.noaa.gov/OC5/3M_
HEAT_CONTENT/); the CMIP6 model outputs are available
from theWorld Climate Research Programme (https://esgf-node.
llnl.gov/search/cmip6/).

REFERENCES

Armour, K. C., J. Marshall, J. R. Scott, A. Donohoe, and E. R.
Newsom, 2016: Southern Ocean warming delayed by circumpo-
lar upwelling and equatorward transport. Nat. Geosci., 9, 549–
554, https://doi.org/10.1038/ngeo2731.

Backeberg, B. C., P. Penvin, andM. Rouault, 2012: Impact of intensi-
fied Indian Ocean winds on mesoscale variability in the Agulhas
system. Nat. Climate Change, 2, 608–612, https://doi.org/10.1038/
nclimate1587.

FIG. 14. The 0–2000 m DT (8C) from the MMM of (a) CMIP6 SSP1-2.6, (b) SSP2-4.5, and (c) SSP5-8.5 models (c). (d)–(f) As in (a)–(c),
but for DTuptake (8C). (g)–(i) As in (a)–(c), but for the averaged DT (blue) and DTuptake (pink) for the global ocean and individual ocean
basins. All changes are calculated as the differences between the 2080–2100 and 2015–35 periods. Stippling denotes the insignificant
changes at the 95% confidence level.

R E N E T A L . 30871 JUNE 2024

Brought to you by MBL/WHOI Library | Unauthenticated | Downloaded 05/21/24 12:02 PM UTC

http://www.jamstec.go.jp/ARGO/J_ARGOe.html
http://www.ocean.iap.ac.cn/pages/dataService/dataService.html?navAnchor=dataService
http://www.ocean.iap.ac.cn/pages/dataService/dataService.html?navAnchor=dataService
http://www.ocean.iap.ac.cn/pages/dataService/dataService.html?navAnchor=dataService
https://climate.mri-jma.go.jp/pub/ocean/ts/
https://climate.mri-jma.go.jp/pub/ocean/ts/
https://www.metoffice.gov.uk/hadobs/en4/
https://www.metoffice.gov.uk/hadobs/en4/
https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/
https://www.nodc.noaa.gov/OC5/3M_HEAT_CONTENT/
https://esgf-node.llnl.gov/search/cmip6/
https://esgf-node.llnl.gov/search/cmip6/
https://doi.org/10.1038/ngeo2731
https://doi.org/10.1038/nclimate1587
https://doi.org/10.1038/nclimate1587


Balaguru, K., and Coauthors, 2023: Increased U.S. coastal hurri-
cane risk under climate change. Sci. Adv., 9, eadf0259, https://
doi.org/10.1126/sciadv.adf0259.

Balmaseda, M. A., K. E. Trenberth, and E. Källén, 2013: Distinc-
tive climate signals in reanalysis of global ocean heat content.
Geophys. Res. Lett., 40, 1754–1759, https://doi.org/10.1002/grl.
50382.

Banks, H. T., and J. M. Gregory, 2006: Mechanisms of ocean heat
uptake in a coupled climate model and the implications for
tracer based predictions of ocean heat uptake. Geophys. Res.
Lett., 33, L07608, https://doi.org/10.1029/2005GL025352.

Beal, L. M., W. P. M. De Ruijter, A. Biastoch, R. Zahn, and
SCOR/WCRP/IAPSO Working Group 136, 2011: On the
role of the Agulhas system in ocean circulation and climate.
Nature, 472, 429–436, https://doi.org/10.1038/nature09983.

}}, S. Elipot, A. Houk, and G. M. Leber, 2015: Capturing the
transport variability of a western boundary jet: Results from
the Agulhas Current Time-series experiment (ACT). J. Phys.
Oceanogr., 45, 1302–1324, https://doi.org/10.1175/JPO-D-14-
0119.1.

Boers, N., 2021: Observation-based early-warning signals for a col-
lapse of the Atlantic Meridional Overturning Circulation. Nat.
Climate Change, 11, 680–688, https://doi.org/10.1038/s41558-021-
01097-4.

Boyce, D. G., M. R. Lewis, and B. Worm, 2010: Global phyto-
plankton decline over the past century. Nature, 466, 591–596,
https://doi.org/10.1038/nature09268.

Bronselaer, B., and L. Zanna, 2020: Heat and carbon coupling re-
veals ocean warming due to circulation changes. Nature, 584,
227–233, https://doi.org/10.1038/s41586-020-2573-5.

Caesar, L., S. Rahmstorf, A. Robinson, G. Feulner, and V. Saba,
2018: Observed fingerprint of a weakening Atlantic Ocean
overturning circulation. Nature, 556, 191–196, https://doi.org/
10.1038/s41586-018-0006-5.

Cai, W., and Coauthors, 2019: Pantropical climate interactions. Sci-
ence, 363, eaav4236, https://doi.org/10.1126/science.aav4236.

Chang, E. K. M., and A. M. W. Yau, 2016: Northern Hemisphere
winter storm track trends since 1959 derived from multiple
reanalysis datasets. Climate Dyn., 47, 1435–1454, https://doi.
org/10.1007/s00382-015-2911-8.

Chemke, R., L. Zanna, and L. M. Polvani, 2020: Identifying a hu-
man signal in the North Atlantic warming hole. Nat. Com-
mun., 11, 1540, https://doi.org/10.1038/s41467-020-15285-x.

Chen, X., and K. K. Tung, 2014: Varying planetary heat sink led
to global-warming slowdown and acceleration. Science, 345,
897–903, https://doi.org/10.1126/science.1254937.

}}, and }}, 2018: Global surface warming enhanced by weak
Atlantic overturning circulation. Nature, 559, 387–391, https://
doi.org/10.1038/s41586-018-0320-y.

Cheng, L., and J. Zhu, 2014: Artifacts in variations of ocean heat con-
tent induced by the observation system changes. Geophys. Res.
Lett., 41, 7276–7283, https://doi.org/10.1002/2014GL061881.

}}, K. E. Trenberth, J. Fasullo, T. Boyer, J. Abraham, and
J. Zhu, 2017: Improved estimates of ocean heat content from
1960 to 2015. Sci. Adv., 3, e1601545, https://doi.org/10.1126/
sciadv.1601545.

}}, and Coauthors, 2022: Past and future ocean warming.Nat. Rev.
Earth Environ., 3, 776–794, https://doi.org/10.1038/s43017-
022-00345-1.

Clement, A. C., R. Burgman, and J. R. Norris, 2009: Observa-
tional and model evidence for positive low-level cloud feed-
back. Science, 325, 460–464, https://doi.org/10.1126/science.
1171255.

Deng, K., C. Azorin-Molina, L. Minola, G. Zhang, and D. Chen,
2021: Global near-surface wind speed changes over the last
decades revealed by reanalyses and CMIP6 model simula-
tions. J. Climate, 34, 2219–2234, https://doi.org/10.1175/JCLI-
D-20-0310.1.

Deser, C., and Coauthors, 2020: Isolating the evolving contribu-
tions of anthropogenic aerosols and greenhouse gases: A new
CESM1 large ensemble community resource. J. Climate, 33,
7835–7858, https://doi.org/10.1175/JCLI-D-20-0123.1.

Dias, F. B., and Coauthors, 2020: Ocean heat storage in response
to changing ocean circulation processes. J. Climate, 33, 9065–
9082, https://doi.org/10.1175/JCLI-D-19-1016.1.

Drijfhout, S. S., A. T. Blaker, S. A. Josey, A. J. G. Nurser, B.
Sinha, and M. A. Balmaseda, 2014: Surface warming hiatus
caused by increased heat uptake across multiple ocean basins.
Geophys. Res. Lett., 41, 7868–7874, https://doi.org/10.1002/
2014GL061456.

Duan, J., Y. Li, L. Cheng, P. Lin, and F. Wang, 2023: Heat stor-
age in the upper Indian Ocean: The role of wind-driven re-
distribution. J. Climate, 36, 2221–2242, https://doi.org/10.1175/
JCLI-D-22-0534.1.

Durack, P. J., P. J. Gleckler, F. W. Landerer, and K. E. Taylor,
2014: Quantifying underestimates of long-term upper-ocean
warming. Nat. Climate Change, 4, 999–1005, https://doi.org/10.
1038/nclimate2389.

Eyring, V., S. Bony, G. A. Meehl, C. A. Senior, B. Stevens, R. J.
Stouffer, and K. E. Taylor, 2016: Overview of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) experimen-
tal design and organization. Geosci. Model Dev., 9, 1937–
1958, https://doi.org/10.5194/gmd-9-1937-2016.

Ferster, B. S., A. Simon, A. Fedorov, J. Mignot, and E. Guilyardi,
2022: Slowdown and recovery of the Atlantic meridional over-
turning circulation and a persistent North Atlantic warming hole
induced by Arctic sea ice decline. Geophys. Res. Lett., 49,
e2022GL097967, https://doi.org/10.1029/2022GL097967.

Frederikse, T., and Coauthors, 2020: The causes of sea-level rise since
1900. Nature, 584, 393–397, https://doi.org/10.1038/s41586-
020-2591-3.
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Supplementary Text:

Some  observed  and  reanalysis  data  are  used  to  compare  with  CMIP6  models

(Supplementary Fig. 4). Three sea surface temperature (SST) products with 1°×1° horizontal

resolutions are analyzed: the monthly Hadley Centre Sea Ice and Sea Surface Temperature

dataset (HadISST; Rayner et al. 2003), the Centennial in situ Observation-Based Estimates of

the Variability of SST and Marine Meteorological Variables, version-2 (COBE; Hirahara et

al. 2014), and the Extended Reconstruction SST, version-5 (ERSST; Huang et al. 2017). For

the atmospheric  variables  (including surface air  temperature,  total  cloud cover,  and near-

surface  zonal  wind  at  10  m),  three  atmospheric  reanalysis  products  are  used:  the  1.875°

National Centers for Environmental  Prediction–National Center for Atmospheric Research

Reanalysis (NCEP; Kalnay et al. 1996), the 2.0° × 1.875° National Oceanic and Atmospheric

Administration 20th Century Reanalysis v2 (NOAA20CR; Compo et al. 2011), and the 1° ×

1° Japanese 55-year Reanalysis (JRA55;  Kobayashi et al. 2015).  Long-term change of all

variables during 1960-2014 is estimated as the differences between the averages in

1960-1980 and 1994-2014.



Supplementary FIG. 1. Same as Figure 3a-b, but the surface heat uptake in the areas covered by 

sea ice is computed by combining the surface net heat flux with heat flux into ocean due to frazil 

ice formation (Qnet plus Qice) for the 10 models with both variables available.



Supplementary FIG. 2. The 0-2000 m temperature changes induced by surface net heat uptake 

ΔTuptake (a), turbulent heat flux ΔTTHF (c), longwave radiation ΔTLWR (e), and shortwave radiation 

ΔTSWR (g) in the CMIP6 MMM. Zonal-averaged ΔTuptake (b), ΔTTHF (d), ΔTLWR (f), and ΔTSWR (h) in 

the global ocean and individual ocean basins, respectively. All variables are derived from the 

CMIP6 MMM and shown in unit of ℃. Changes are computed as the differences between the 

1994-2014 and 1960-1980 periods. 



Supplementary FIG. 3. Same as in  Figure. 5c-h, but using the surface heat fluxes from ocean

model outputs of 11 CMIP6 models that provides these surface heat flux components from the

ocean models.



Supplementary FIG. 4. (a) Probability density function (PDF) of basin-averaged ΔSST of the 

Atlantic Ocean (34°S-68°N) from CMIP6 models. The vertical black line and short colored lines 

on the horizontal axis mark the ΔSST from the MMM and individual CMIP6 models. Vertical 

colored lines are ΔSST from the reanalysis datasets. The inset shows the PDF of ΔSST in the 

subtropical and subpolar North Atlantic Ocean (30°N-68°N). (b)-(d) are the same as (a), but for 

the PDF of 2-m air temperature change ΔSAT (℃), ΔU-wind at 10 m, and ΔCl. All changes are 

the differences between the 1994-2014 and 1960-1980 periods.



Supplementary Table. 1. List of CMIP6 model used in this study, along with their global oceanic

and atmospheric grid resolutions.

Ins�tute Model
Ocean grid

(lon×lat)

atmosphere grid

(lon×lat)

1 CSIRO-ARCCSS ACCESS-CM2 360×300 144×192

2 CSIRO ACCESS-ESM1-5 360×300 145×192

3 CCCma CanESM5 361×290 128×64

4 CAS CAS-ESM2-0 360×196 256×128

5 CAMS CAMS-CMS1-0 360×200 320×160

6 NCAR CESM2 320×384 288×192

7 NCAR CESM2-FV2 320×384 144×96

8 NCAR CESM2-WACCM 320×384 288×192

9 NCAR CESM2-WACCM-FV2 320×384 144×96

1

0
CMCC CMCC-CM2-SR5 362×292 288×192

1

1
CAS FGOALS-g3 360×180 180×80

1

2
FIO-QLNM FIO-ESM2-0 288×192 288×192

1

3
NASA-GISS GISS-E2-1-G 288×180 144×90

1

4
NASA-GISS GISS-E2-1-H 360×180 144×90

1

5
CAS FGOALS-f3-L 360×180 360×180

1

6
MIROC MIROC6 360 × 256 256×128

1

7
HAMMOZ-Consor'um MPI-ESM-1-2-HAM 256×220 192×96

1

8
MPI-M MPI-ESM1-2-HR 802×404 384×192

1

9
MPI-M MPI-ESM1-2-LR 256×220 256×220

2

0
MRI MRI-ESM2-0 360 × 364 320×160

2

1
NCC NorESM2-LM 360×384 144×95

2

2
NCC NorESM2-MM 360×384 288×200

2

3
SNU SAM0-UNICON 320×384 288×192

2

4
AS-RCEC TaiESM1 288×200 288×200



2

5
THU CIESM 320×384 320×384

2

6
EC-Earth-Consor'um EC-Earth3 362×292 512×256

2

7
EC-Earth-Consor'um EC-Earth3-Veg 362×292 512×256

2

8
EC-Earth-Consor'um EC-earth3-Veg-LR 362×292 320×160

2

9
NUIST NESM3 362×292 192×96
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