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Fig. 5. CESM1-CAM5 aerosol effects on OHU and ocean heat redistribution under the RCP2.6 (left) and RCP8.5 (right) scenarios. Left column: Differences of annual mean 
(A) OHU (positive into the ocean); (C) OHS (positive values mean increases of heat in the ocean); (E) meridional overturning streamfunction in the Atlantic (negative values 
denote the weakening of meridional circulation); (G) OHT in the Atlantic (positive values denote anomalous northward heat transport): heat transport induced by total 
advection (solid), Eulerian-mean advection (dashed), and their residual (dotted; including eddy-induced advection and sub-mesoscale advection); (I) heat budget in the 
Atlantic: zonally integrated full-depth OHS (red), zonally integrated OHU (black), divergence of OHT induced by advections (blue), and zonally integrated full-depth heat change 
due to diffusive processes (green) during 2006–2100 under the RCP2.6 scenario. Right column: As in the left column but for the RCP8.5 scenario (B, D, F, H, and J). Stippling 
in the top six panels denotes where differences are statistically significant at the 95% confidence level based on the Student’s t test. In the bottom four panels, dark colors 
(relative to light colors) denote where differences are statistically significant at the 95% confidence level based on the Student’s t test. Contours in (E) and (F) denote the 
annual mean AMOC averaged over 2006–2100 under the RCP2.6 and RCP8.5 scenarios, respectively. Curves in (I) and (J) are derived after a 7.5° running mean.
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compensate for this dynamically induced cooling (37). Nevertheless, the 
compensation from enhanced OHU is incomplete, and meanwhile, 
a small amount of heat can escape from the subpolar region through 
diffusive processes. As a result, the storage of oceanic heat dimin-
ishes in the subpolar North Atlantic (Fig. 5, C and I). Here, note that 
in the subpolar North Atlantic, the diminished OHS represents a 
cooling tendency of full-depth ocean waters (fig. S9A) as consistent 
with the anomalous cooling of SSTs (fig. S10E).

Under the RCP8.5 scenario, the aerosol effect is similar to that 
under the RCP2.6 scenario. Enhanced OHU is evident over the sub-
polar North Atlantic (Fig. 5, B and J). The reduction of anthropo-
genic aerosols induces a weaker and shallower AMOC (Fig. 5F and 
fig. S3) and results in a redistribution of oceanic heat within the 
Atlantic. In particular, heat is moved from high-latitude ocean to 
low-latitude ocean such that OHS decreases in the former region but 
increases in the latter (Fig. 5D). The significantly decreased OHS in 
the subpolar North Atlantic is tied to the strong cooling of local full-
depth ocean waters (fig. S9B), which is consistent with the cooling 
of local SSTs (fig. S10F).

DISCUSSION
Our study suggests that during the 21st century, the projected OHU 
shows respectively positive and negative trends in the North Atlantic 
and Southern Ocean under the RCP2.6 scenario but collectively posi-
tive trends within the two basins under the RCP8.5 scenario. Such 
large scenario-driven uncertainty in regional OHU projections is 
tightly related to different evolution patterns of anthropogenic aero-
sols and GHGs under both scenarios. In the RCP2.6 scenario, an-
thropogenic aerosol reduction potentially serves as a main factor 
contributing to the enhanced OHU in the North Atlantic, which is 
evident from the significant positive correlation between aerosol ERF 
and OHU trend among CMIP5 models. Over the Southern Ocean, 
the decreased OHU after the 2030s could be related to the projected 
GHG decline in the latter half of the century and stratospheric ozone 
recovery since the 2000s. In the RCP8.5 scenario, both anthropo-
genic aerosol reduction and GHG increase contribute to the OHU 
increase in the North Atlantic. Over the Southern Ocean, the rising 
GHGs promote the OHU increase throughout the 21st century given 
that the strong GHG effect in this scenario likely overwhelms the 
effect of ozone recovery. Under both the RCP2.6 and RCP8.5 sce-
narios, aerosol effects induce an enhanced OHU but diminished stor-
age of oceanic heat in the subpolar North Atlantic. This is due to an 
aerosol-induced AMOC slowdown, which engenders a redistribution 
of oceanic heat from high latitudes to low latitudes.

Besides aerosol changes, other forcings such as GHG changes can 
also induce hemispheric contrast of SSTs and hence OHU. One ex-
ample is the SST warming minimum or the so-called North Atlantic 
warming hole (38) developed to the south of Greenland under in-
creasing CO2 (3, 39), which is suggested to be associated with an 
AMOC slowdown. A similar feature can be found under the RCP8.5 
scenario when GHG forcing is exclusively considered (fig. S10D). 
This GHG-driven warming minimum, however, exhibits a smaller 
magnitude than that in the full SST response to the total RCP8.5 
forcing. This is because the strong SST cooling driven by future an-
thropogenic aerosol reduction reinforces the warming minimum to 
the south of Greenland, making the warming hole more evident in 
the full SST response (fig. S10). Moreover, beyond the RCPs used in 
CMIP5, multiple shared socioeconomic pathway scenarios have been 

introduced to current CMIP6 models, which span much broader aerosol 
emission pathways (40). Improved understanding of how anthropo-
genic emissions affect OHU and ocean circulations under different 
scenarios is necessary to reduce the uncertainty of climate projections.

MATERIALS AND METHODS
Datasets
Model results from the CMIP5 of the Intergovernmental Panel on 
Climate Change (41) are used to examine OHU trends and its evo-
lution in the North Atlantic and Southern Ocean over 2006–2100 
(Fig. 1). Here, based on the availability of surface heat fluxes (SHFs) 
over 2006–2100, we use 26 CMIP5 models, in which 62 members of 
CMIP5 RCP2.6 simulation and 66 members of CMIP5 RCP8.5 simula-
tion are analyzed (table S1). CO2 concentrations in the RCP2.6 and 
RCP8.5 scenarios (42, 43) are available from the RCP database website 
(http://tntcat.iiasa.ac.at:8787/RcpDb/dsd?Action=htmlpage&page=about).

Analysis methods
The CMIP5 MME provides an estimate of climate response to ex-
ternal forcing, as internal climate variability is averaged out. For each 
scenario, we first calculate the ensemble member mean for each model 
and then average the mean values from all the models to achieve the 
MME of CMIP5 models. This approach allows equal weighting for 
each model in the calculation of MME.

The least-square linear regression is used at each grid box to es-
timate the long-term trends over 2006–2100 for future scenarios. 
Long-term trends of the difference between “rcp” and “rcpFA” sim-
ulations for OHU (Fig. 3), aerosol optical depth (fig. S1), zonal-mean 
Atlantic Ocean temperature (fig. S9), and SSTs (fig. S10) are calculated 
to reveal the net anthropogenic aerosol effect. The statistical signif-
icance of trends is performed with the Student’s t test. In Fig. 5, we 
take the difference between the 2006–2100 means in rcp and rcpFA 
simulations at each grid box to obtain the net anthropogenic aero-
sol effect and then calculate the significance for the difference based 
on the Student’s t test.

Aerosol radiative effects
Aerosol radiative effects on climate include direct effects in which 
aerosols scatter and absorb shortwave radiation and indirect effects 
in which aerosols alter the cloud albedo (first) and cloud lifetime 
(second). The model representations of aerosol effects are used to 
further subdivide the CMIP5 models into three groups: those without 
aerosol indirect effects (NO AIE), those with only the first aerosol 
indirect effect (AIE1), and those with both aerosol indirect effects 
(AIE1 + AIE2) (table S1). For climate models, ERF is calculated from 
the top-of-the-atmosphere (TOA) flux differences between atmosphere-
only simulations with identical SSTs but different atmospheric com-
positions (44), and aerosol ERF is calculated as the TOA flux difference 
between the atmosphere-only simulation with aerosol forcing and 
that without aerosol forcing. Models that include aerosol indirect 
effects generally have larger aerosol ERF than models that do not 
include aerosol indirect effects, and models with both aerosol indi-
rect effects generally have larger aerosol ERF than those with only 
one aerosol indirect effect (Fig. 2).

The NCAR CESM1-CAM5 and the fixed-aerosol experiments
The CESM1-CAM5 coupled climate model (45) from the National 
Center for Atmospheric Research (NCAR) is used to investigate the 
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responses of OHU and ocean heat redistribution to the projected de-
cline of anthropogenic aerosols under the RCP2.6 and RCP8.5 scenar-
ios. The atmosphere component is the CAM5. The ocean component 
is the Parallel Ocean Program version 2. The land component is the 
Community Land Model version 4. The sea ice component is the 
Community Ice Code version 4. We use the f09_g16 version, with 
~1° horizontal resolution and 30 vertical levels in the atmosphere 
component and ~1° horizontal resolution and 60 vertical levels in 
the ocean component. In CESM1-CAM5, the total surface freshwa-
ter flux into the ocean is computed as a sum of precipitation (P) 
minus evaporation (−E), river runoff (R), freshwater fluxes due to 
sea ice melting (M), and brine rejection (Br) and other sources.

We use the archived rcp simulations (rcp26 and rcp85) with 
CESM1-CAM5. Each rcp simulation is composed of three ensemble 
members over 2006–2100 and is available from the CMIP5 archives. 
Using CESM1-CAM5, we perform the rcpFA experiments (rcpFA26 
and rcpFA85) from 2006 to 2100 under the same RCP scenarios 
except that the emissions of anthropogenic aerosols and their pre-
cursors (including aerosols from biomass burning) are fixed at 2005 
levels with a constant annual cycle. All the other forcings are identical 
as in rcp simulations. For both rcpFA26 and rcpFA85 simulations, 
we conduct three-member ensemble simulations. Each member starts 
from 2006 with the initial condition obtained from the archived 
CESM historical simulations. Unless otherwise specified, the results 
of CESM simulations presented in this study are based on the three-
member ensemble means of individual simulations. In model simu-
lations, the AMOC index is defined as the maximum of streamfunction 
below 500 m in the Atlantic.

Ocean heat budget analysis
OHU is defined as net downward SHF into the ocean, which is equal 
to the sum of net surface shortwave radiation flux, net surface long-
wave radiation flux, latent heat flux, sensible heat flux, and fluxes from 
other sources. OHS is defined as the tendency of ocean heat content 
(OHC) and denotes the rate of oceanic heat change for full-depth 
water column. OHT is defined as the transport of heat by advective 
processes, including Eulerian-mean, eddy-induced, and sub-mesoscale 
advective processes.

Along each latitude of the Atlantic, the full-depth ocean heat budget 
follows

​​
​ ∂ ─ ∂ t ​ ​∫​X​ w​​​ 

​X​ E​​
 ​​​∫−H​ 

0
 ​​ ​ ρ​ 0​​ ​c​ p​​ θdzdx  = ​ ∫​X​ w​​​ 

​X​ E​​
 ​​(SHF ) dx − ​∫​X​ w​​​ 

​X​ E​​
 ​​​∫−H​ 

0
 ​​ ​ ρ​ 0​​ ​c​ p​​  ∇∙ (vθ ) dz dx

​    
+ ​∫​X​ w​​​ 

​X​ E​​
 ​​​∫−H​ 

0
 ​​ ​ ρ​ 0​​ ​c​ p​​ D dzdx

  ​​	
(1)

0 = 1026 kg m−3 is seawater density, cp = 3996 J K−1 kg−1 is the 
specific heat capacity of seawater,  is the potential temperature of 
seawater, H is the depth of ocean bottom, and XW and XE denote the 
longitudes of the western and eastern boundaries of the Atlantic, 
respectively. ∇ denotes the three-dimensional gradient operator and ​
v  = ​  ̄  v​ + ​v​​ *​​, where ​​ ̄  v​ ​is Eulerian-mean velocity and v* denotes the sum 
of eddy-induced and sub-mesoscale velocities. D denotes diffusive 
processes.

We then define OHS as

	​ OHS  = ​  ∂ ─ ∂ t ​ OHC  = ​  ∂ ─ ∂ t ​ ​∫​X​ w​​​ 
​X​ E​​

 ​​​∫−H​ 
0
 ​ ​ ​​ 0​​ ​c​ p​​  dzdx​	 (2)

OHU as

	​ OHU  = ​ ∫​X​ w​​​ 
​X​ E​​

 ​​(SHF ) dx​	 (3)

OHT as

	​ OHT  = ​ ∫​X​ w​​​ 
​X​ E​​

 ​​​∫−H​ 
0
 ​ ​ ​​ 0​​ ​c​ p​​(​ ̄  v​ + ​v​​ *​ ) dz dx  = ​  ̄  OHT​ + ​OHT​​ *​​	 (4)

and integrated heat change due to diffusive processes as

	​ Diff  = ​ ∫​X​ w​​​ 
​X​ E​​

 ​​​∫−H​ 
0
 ​ ​ ​​ 0​​ ​c​ p​​ D dz dx​	 (5)

where ​​ ̄  OHT​  = ​ ∫​X​ w​​​ 
​X​ E​​

 ​​ ​∫−H​ 
0
 ​ ​ ​​ 0​​ ​c​ p​​​ ̄  v​dz dx​ denotes the OHT by Eulerian-

mean advection (​​ ̄  v​​ is Eulerian-mean meridional velocity) and ​​

OHT​​ *​  = ​ ∫​X​ w​​​ 
​X​ E​​

 ​​ ​∫−H​ 
0
 ​ ​ ​​ 0​​ ​c​ p​​ ​v​​ *​ dz dx​ denotes the OHT by eddy-induced 

and sub-mesoscale advection (v* is the sum of eddy-induced and sub-
mesoscale meridional velocities). Hence, the heat budget (Eq. 1) can 
be written as

	​ OHS  =  OHU − ​ ∂ ─ ∂ y ​ OHT + Diff​	 (6)

As can be seen from Eq. 6, OHS is determined by OHU, meridional 
gradient (divergence) of OHT, and heat change due to diffusive 
processes.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/45/eabc0303/DC1
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