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Dependence of regional ocean heat uptake

on anthropogenic warming scenarios

Xiaofan Ma'%3, Wei Liu?, Robert J. Allen?, Gang Huang'>"**, Xichen Li*

The North Atlantic and Southern Ocean exhibit enhanced ocean heat uptake (OHU) during recent decades while
their future OHU changes are subject to great uncertainty. Here, we show that regional OHU patterns in these two

basins are highly dependent on the trajectories of aerosols and greenhouse gases (GHGs) in future scenarios. During
the 21st century, North Atlantic and Southern Ocean OHU exhibit similarly positive trends under a business-as-usual
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scenario but respectively positive and negative trends under a mitigation scenario. The opposite centurial OHU
trends in the Southern Ocean can be attributed partially to distinct GHG trajectories under the two scenarios while
the common positive centurial OHU trends in the North Atlantic are mainly due to aerosol effects. Under both
scenarios, projected decline of anthropogenic aerosols potentially induces a weakening of the Atlantic Meridional
Overturning Circulation and a divergence of meridional oceanic heat transport, which leads to enhanced OHU in

the subpolar North Atlantic.

INTRODUCTION
Since the industrial era, Earth’s energy imbalance has largely been
caused by changes in greenhouse gases (GHGs) and aerosols due to
human activities (I). Global oceans absorb 93% of the net energy (1)
through air-sea heat flux or in the form of the so-called ocean heat
uptake (OHU). Regional OHU change is of great importance for re-
gional sea level change (2), transient climate sensitivity and related
feedbacks (3, 4), and meridional displacement of the intertropical
convergence zone (5, 6). Throughout the historical period (1850-2005),
the broad Southern Ocean has accounted for a majority of global OHU
while the North Atlantic has taken a relatively smaller share (7-9).
This asymmetry of OHU and ocean heat distribution could be at-
tributed largely to the concurrent increases in GHGs and aerosols during
the past century (10-12) and also to the alterations of deep ocean
circulations in these two basins (13-21). In the North Atlantic, the warm-
ing effect of increasing GHGs leads to a weakening of the Atlantic
Meridional Overturning Circulation (AMOC) and an increase of OHU,
while the cooling effect of increasing aerosols has opposite influences
on the AMOC and OHU (22, 23). As a result of the compensation
between the effects of aerosols and GHGs, the North Atlantic has
shown a relatively small OHU increase during the historical period.
On the other hand, anthropogenic aerosols are mainly confined to
the Northern Hemisphere (24), which is quite different from GHGs
that are homogeneously distributed over the globe. Over the Southern
Ocean, increasing GHGs have served as one key factor in determin-
ing the intensive deep-water upwellings and enhanced OHU (19),
whereas aerosols have had minimal impacts in this region.

Future emissions of GHGs and aerosols in the 21st century will
be different from those in the historical period, as quantified by the
Coupled Model Intercomparison Project Phase 5 (CMIP5) Repre-
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sentative Concentration Pathways (RCPs) (25). For example, the RCP8.5
scenario is a business-as-usual scenario while the RCP2.6 scenario
is a mitigation scenario close to the target of the 2015 Paris Agree-
ment that limits global warming of 1.5°C above preindustrial levels
by 2100 (26). Both scenarios feature large and similar reductions in
anthropogenic aerosol emissions (e.g., ~80% reduction in SO, emis-
sion by 2100) (25) but include different changes in GHG concentra-
tions. For example, atmospheric CO, concentration will peak around
2050 and then decrease under the RCP2.6 scenario but will continue
to increase throughout the 21st century under the RCP8.5 scenario
(25). Such different evolutions of aerosols and GHGs will lead to a
large scenario-driven uncertainty in regional OHU, indicating that
future regional OHU change under the RCP2.6 scenario could be
notably different from that under the RCP8.5 scenario (12, 22, 27).
Nevertheless, the characteristics and underlying mechanisms of this
scenario-driven uncertainty in regional OHU remain unclear.

RESULTS

Scenario-driven uncertainty in regional OHU

To explore the scenario-driven uncertainty in regional OHU, we ex-
amine CMIP5 RCP2.6 and RCP8.5 simulations. We use the multi-
model ensemble mean (MME) of 26 CMIP5 models (table S1 and
Materials and Methods) to minimize the effects of internal variability
and intermodel uncertainty. We examine the long-term trends
(Materials and Methods) of regional OHU during the 21st century
under both scenarios (Fig. 1). Under the RCP2.6 scenario, OHU
exhibits generally opposite trends between hemispheres: a significant
positive trend in the subpolar North Atlantic but a negative trend in
the Southern Ocean during 2006-2100 (Fig. 1A). These OHU trend
patterns are consistent with the time series of regionally averaged
OHU (Fig. 1C). In the subpolar North Atlantic, the averaged OHU
increases rapidly before 2050 (0.139 W m™ year™!, P < 0.01) and
levels off or declines slightly after that, which corresponds to a pos-
itive trend of 0.045 W m ™ year™! (P < 0.01) during 2006-2100. On
the other hand, in the Southern Ocean, the averaged OHU shows a
very weak increase by the late 2030s (0.035 W m ™ year ', P < 0.01)
but a large decrease afterward, which corresponds to a negative trend
of —0.017 W m™2 year' (P < 0.01) during 2006-2100. Note that
Southern Ocean OHU begins to decrease one to two decades earlier
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Fig. 1. CMIP5-simulated OHU changes under the RCP2.6 and RCP8.5 scenarios. Top row: CMIP5 MME OHU trends during 2006-2100 under the (A) RCP2.6 and
(B) RCP8.5 scenarios. Stippling denotes where the OHU trends are statistically significant at the 95% confidence level based on the Student’s t test. Positive (negative)
values mean ocean gains (losses) heat. Bottom row: Annual mean OHU anomalies of CMIP5 model averaged over the North Atlantic (35°N to 70°N, 80°W to 10°W; MME,
blue curve; model spread, blue shading) and averaged over the Southern Ocean (35°S to 70°S, 0° to 360°; MME, pink curve; model spread, pink shading) during 2006-2100
under the (C) RCP2.6 and (D) RCP8.5 scenarios. Anomalies are relative to the 2006-2025 mean. Model spread is represented by 1 SD of model results. Southern Ocean OHU

anomalies are multiplied by a factor of 3 for a better illustration.

than the decline of CO, as projected under the RCP2.6 scenario, which
might be associated with the stratospheric ozone recovery since the
2000s (28). In contrast, under the RCP8.5 scenario, OHU in both
basins shows significant positive trends during 2006-2100, with the
stronger one in the North Atlantic (Fig. 1B). For both basins, the
regionally averaged OHU increases rapidly throughout the current
century, with a larger trend in the North Atlantic (0.209 W m™*
year™', P<0.01) relative to the Southern Ocean (0.154 W m ™2 year ",
P <0.01) (Fig. 1D). Here, it merits attention that time series of region-
ally averaged OHU are not strictly linear in both the North Atlantic
and Southern Ocean under both the RCP2.6 and RCP8.5 scenarios,
which are largely due to complex trajectories of aerosols and GHGs.
To explore the scenario-driven uncertainty in regional OHU, we re-
sort to a common metric—the OHU trend during 2006-2100—to
compare the primary regional OHU changes on a centurial time
scale between the two scenarios. To summarize, the CMIP5 MME
results suggest that regional OHU projections vary substantially between
the mitigation and business-as-usual scenarios, which is potentially
owing to the different trajectories of anthropogenic aerosols and
GHGs between the two scenarios.

In addition, we investigate the relationship between aerosol ra-
diative effect and regional OHU in CMIP5 models. In each model,
the total aerosol radiative effect is estimated as aerosol effective ra-
diative forcing (ERF) (Materials and Methods). We demonstrate the
relationship between aerosol ERF and regional OHU trend during
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the 21st century among 15 of the 26 CMIP5 models according to the
availability of model aerosol ERF (table S1) (6). Over the Southern
Ocean, the correlation between aerosol ERF and OHU trend is not
significant under both scenarios (Fig. 2, C and D), indicative of a
potentially small influence of aerosols on the Southern Ocean OHU,
while in the North Atlantic, a significant positive correlation between
aerosol ERF and OHU trend is evident under either the RCP2.6 or
the RCP8.5 scenario (Fig. 2, A and B), which means that models
with stronger aerosol ERFs generally simulate larger centurial OHU
trends in the North Atlantic. In addition, the correlation coefficient
is larger under the RCP2.6 scenario than that under the RCP8.5 sce-
nario. Under the RCP2.6 scenario, models with no aerosol indirect
effects (Materials and Methods) show the smallest OHU trends, while
models with both aerosol indirect effects (Materials and Methods)
show the largest OHU trends (Fig. 2A). As such, our result confirms
the importance of aerosol effects on the North Atlantic OHU, espe-
cially for the RCP2.6 scenario, although it might be partially affect-
ed by the implicit tuning of models over the historical period due to
uncertainty in aerosol ERF and climate sensitivity (29, 30).

Roles of anthropogenic aerosols and GHGs in modulating
regional OHU

To further explore the roles of anthropogenic aerosols and GHGs in
modulating regional OHU under the RCP2.6 and RCP8.5 scenarios,
we choose a broadly used CMIP5 model—the Community Earth
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Fig. 2. Relationships between aerosol ERFs and regional OHU trends in CMIP5 models over the 21st century under the RCP2.6 and RCP8.5 scenarios. Top row:
Aerosol ERFs of 2000 relative to 1850 and North Atlantic OHU trends of 2006-2100 under the (A) RCP2.6 and (B) RCP8.5 scenarios in CMIP5 models. Bottom row: As in the
top row but for aerosol ERFs and Southern Ocean OHU trends (C and D). Models are denoted by different colors. Models with no aerosol indirect effects (G1: NO AIE) are
denoted by circles. Models with only the first aerosol indirect effects, cloud albedo effects (G2: AIE1), are denoted by triangles. Models with both aerosol indirect effects,
cloud albedo and cloud lifetime effects (G3: AIET + AIE2), are denoted by squares. Solid black line in each panel represents the linear regression line for the scatters. Cor-
relation coefficient (r) between ERFs and OHU trends and P value are noted in each case. Notice the different scales in each panel.

System Model version 1 with the Community Atmosphere Model
version 5 (CESM1-CAM5; Materials and Methods). CESM1-CAMS5
includes both aerosol indirect effects and shows an aerosol ERF of
~1.52' W m™? in 2000 relative to 1850, which is strong (table S1) but
still within the range of uncertainty estimates of CMIP5 models (for
CMIP5 models, 90% confidence level of aerosol ERF corresponds
to —2.0 to —0.4 W m™2) (31). Given the importance of aerosols to
North Atlantic OHU, CESM1-CAMS5 projects a large OHU change
in the North Atlantic at least partially due to its strong aerosol ERF
(Fig. 2, A and B). Nevertheless, this model does well capture the
characteristics of centennial OHU evolution patterns as in CMIP5
MME for both North Atlantic and Southern Ocean under both the
RCP2.6 and RCP8.5 scenarios. Using CESM1-CAMS5, we conduct par-
allel sensitivity experiments with fixed present-day anthropogenic
aerosol emissions (rcpFA26 and rcpFA85 hereafter; Materials and
Methods) based on the archived all-forcing CESM1-CAMS5 simulations
for the RCP2.6 and RCP8.5 scenarios (rcp26 and rcp85 hereafter; Ma-
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terials and Methods). The difference between the two experiments in each
pair (rcp26-rcpFA26 or rcp85-rcpFA85) then yields the net climate
effect of future anthropogenic aerosols reduction under each scenario.
We find that major differences of regional OHU changes between
rcp26 and rcpFA26 occur in the North Atlantic. OHU exhibits a much
stronger positive centurial trend in the subpolar North Atlantic in
rcp26 than that in rcpFA26 (Fig. 3, A and C). The regionally aver-
aged OHU time series show that North Atlantic OHU in rcp26 in-
creases throughout the century (0.126 W m™ > year ', P < 0.01) with
alarger rate before 2050 (0.243 W m ™ year™', P < 0.01), while North
Atlantic OHU in rcpFA26 increases before the 2040s and then de-
clines until 2100 (Fig. 4A). On the other hand, OHU changes in the
Southern Ocean are highly similar between the two simulations. In
both rcp26 and rcpFA26, Southern Ocean OHU exhibits generally
negative centurial trends during 2006-2100 (Fig. 3, A and C). The
regionally averaged OHU time series depict that Southern Ocean
OHU peaks around the 2030s and diminishes afterward (Fig. 4C).
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Fig. 3. CESM1-CAM5 OHU trends under the RCP2.6 and RCP8.5 scenarios and aerosol effects on OHU trends. Left column: OHU trends during 2006-2100 (A) in
rcp26 and (C) rcpFA26 simulations with CESM1-CAMS5 and (E) for their difference (rcp26-rcpFA26), which indicates aerosol effects. Right column: As in the left column but
for (B) rcp85 and (D) rcpFA85 and (F) their difference. Stippling denotes where trends are statistically significant at the 95% confidence level based on the Student’s t test.

Positive (negative) values mean ocean gains (losses) heat.

The comparison between rcp26 and rcpFA26 suggests that the
interhemispheric contrast of future OHU change is evident only when
aerosol effects are included. This is because anthropogenic aerosols
mainly concentrate in the Northern Hemisphere and are projected
to decline under the RCP2.6 scenario (figs. S1 and S2; see Supple-
mentary Materials), which produces an extra warming effect super-
imposed on the GHG effect. In the North Atlantic, OHU response
is primarily attributed to the total effects of anthropogenic aerosols
and GHGs. In rcp26, North Atlantic OHU increases at a larger rate
before 2050 and then continues to increase until 2100 (Fig. 4A). This
is consistent with the extra aerosol warming effect under the RCP2.6
scenario, as reflected by the aerosol evolution of large decrease before
2050 and continued reduction until 2100 (fig. S2). However, in
rcpFA26, North Atlantic OHU decreases after 2050 (Fig. 4A), fol-
lowing the GHG evolution under the RCP2.6 scenario. Differences
of North Atlantic OHU between rcp26 and rcpFA26 can be seen
from the significant positive long-term trend during 2006-2100 within
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the subpolar North Atlantic in rcp26-rcpFA26 (Fig. 3E). Over the
Southern Ocean, the OHU difference between rcp26 and rcpFA26 is
not robust (Figs. 3E and 4C) primarily due to a minimal effect of
anthropogenic aerosols.

We also compare rcp85 and rcpFA85 and find that the signifi-
cant OHU differences due to aerosol effects again occur in the sub-
polar North Atlantic (Fig. 3F). As anthropogenic aerosols decline
under the RCP8.5 scenario (fig. S2), North Atlantic OHU in rcpFA85
shows a smaller positive trend than that in rcp85 (Fig. 3, B and D),
largely owing to the lack of aerosol-induced warming. Meanwhile,
this difference can be seen from regional averaged OHU time series
in which North Atlantic OHU increases at a smaller rate in rcpFA85
(0.241 W m™* year ', P < 0.01) than rcp85 (0.379 W m™* year ',
P < 0.01) during 2006-2100 (Fig. 4B). Over the Southern Ocean,
anthropogenic aerosol effects are minimal, while GHG effects are
major. Southern Ocean OHU exhibits highly similar evolution pat-
terns in both repFA85 and rcp85, featuring continuous increases during
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Fig. 4. CESM1-CAMS5 regional OHU time series under the RCP2.6 and RCP8.5 scenarios. Top row: Annual mean OHU anomalies averaged over the North Atlantic (NA)
(35°N to 70°N, 80°W to 10°W) during 2006-2100 under the (A) RCP2.6 and (B) RCP8.5 scenarios. Bottom row: As in the top row but for annual mean OHU anomalies aver-
aged over the Southern Ocean (SO) (35°S to 70°S, 0° to 360°) (C and D). Thick black and blue curves indicate OHU anomalies in rcp and rcpFA simulations with CESM1-CAM5,
which are calculated from the ensemble means of individual simulations. Thin black and blue curves denote OHU anomalies for three ensemble members in each of the
rcp and rcpFA simulations. Orange lines denote the difference between the ensemble means of rcp and rcpFA simulations, which indicate aerosol effects. OHU anomalies
are relative to the 2006-2025 mean and a 5-year running mean is applied. Notice the different scales in each panel.

2006-2100 (Fig. 4D; 0.041 and 0.042 W m ™2 year ™, respectively, both
P < 0.01). To summarize, our results from CESM1-CAM5 experi-
ments suggest that aerosol effects play an important role in the
North Atlantic in future OHU changes under both the RCP2.6 and
RCP8.5 scenarios. Projected decline of anthropogenic aerosols en-
hances OHU in the subpolar North Atlantic, resulting in positive
long-term trends during 2006-2100 under both scenarios. Over the
Southern Ocean, the effect of aerosols is minimal, while the effect of
GHGs is major such that the projected OHU shows negative and
positive long-term trends during 2006-2100 under the RCP2.6 and
RCP8.5 scenarios, respectively.

Effect of aerosols on ocean heat storage via altering

ocean circulation

We discover that the effect of aerosols not only acts on the OHU at
Atlantic Ocean surface but also extends deep into the interior ocean
and affects ocean heat storage (OHS) through altering ocean circu-
lation and heat transport across the basin. Since 2006, the reduced
anthropogenic aerosols trigger a weakened AMOC under both the
RCP2.6 and RCP8.5 scenarios (fig. S3), which likely follows the
mechanism as described in (13). Although the anthropogenic aerosol
forcing turns steady after 2050 under the RCP2.6 scenario (fig. S2),
the weakening of the AMOC continues, primarily owing to the sub-
sequent ocean adjustments in the interior Atlantic Ocean (32). Here,
we examine the difference between rcp26 and rcpFA26 simulations
during three subperiods: 2006-2050, 2051-2075, and 2076-2100. When
comparing the two post-2050 periods (2051-2075 and 2076-2100),
we find that the continued AMOC slowdown induces a further cooling
of sea surface temperatures (SSTs) in the subpolar North Atlantic
(figs. S4B and S5, E and I). The enhanced SST cooling causes a fur-
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ther increase of North Atlantic OHU (Fig. 4A and fig. S4B) primarily
via a turbulent heat flux feedback (33, 34) and, meanwhile, a further
reduction of evaporation to the south of Greenland (fig. S6, E and
H). As a dominant factor, the intensified reduction of evaporation
enlarges the surface freshwater input (fig. S6, D and G), acting to
freshen the surface water to the south of Greenland. Although either
surface cooling (fig. S5, E and I) or freshening (fig. S5, F and J) is
present in this deep convection region, the haline effect dominates,
which leads to a reduction of local sea surface density (fig. S5, G and
K), a suppression of deep convection (fig. S5, H and L), and hence a
further weakening of the AMOC (fig. S4B). As this loop continues,
SST cooling and OHU increase persist in the subpolar North Atlantic
after 2050. Under the RCP8.5 scenario, similar processes also operate
(figs. S4, S7, and S8).

We further conduct an ocean heat budget analysis on the Atlantic
(18, 20, 21, 35, 36) during 2006-2100 for either scenario using CESM1-
CAMS5 simulations, which incorporates OHU, OHS, meridional ocean
heat transport (OHT), and diffusive processes into a dynamically
consistent framework (Materials and Methods). From the difference
of the 2006-2100 averages of rcp26 and rcpFA26, we find that the
aerosol-driven AMOC change shows the maximum weakening at ~40°N,
around the latitude of climatological AMOC maximum under the
RCP2.6 scenario (Fig. 5E and fig. S3). This AMOC decline brings
about a reduced northward OHT across the Atlantic primarily through
its Eulerian-mean component (Fig. 5G). The magnitude of OHT
reduction markedly diminishes poleward from ~40°N, leading to a
meridional divergence of OHT in the subpolar North Atlantic (Fig. 5I).
The OHT divergence acts to cool the whole column ocean waters in
the subpolar North Atlantic (fig. S9A), which triggers more heat
uptake from the atmosphere via ocean surface (Fig. 5, A and I) to
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Fig. 5. CESM1-CAMS 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 SST's (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 CO; (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
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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). CO, 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 20062100 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 ¢ 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 ¢ 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 SST's 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-CAMS5 and the fixed-aerosol experiments
The CESM1-CAMS5 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-CAMS, 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-CAMS. Each rcp simulation is composed of three ensemble
members over 2006-2100 and is available from the CMIP5 archives.
Using CESM1-CAMS, 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

XE (0 Xg Xg (0
%wa J-spoc,0dzdx = [y (SHE)dx - [x. | _npoc, V-(v0)dzdx

Xg (0
+ Xj_[_Hpoch dzdx (1)

po = 1026 kg m™ is seawater density, ¢, =3996] K™ kg is the
specific heat capacity of seawater, 0 is the potential temperature of
seawater, H is the depth of ocean bottom, and Xy and Xg denote the
longitudes of the western and eastern boundaries of the Atlantic,
respectively. V denotes the three-dimensional gradient operator and
Vv = 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
Xg (0
oHs = -LOHC - %IXU_HpOcpe dzdx 2)

Ma et al., Sci. Adv. 2020; 6 : eabc0303 6 November 2020

OHU as

Xg
OHU = [y (SHF)dx 3)
OHT as

Xg (0 .
OHT = [x.| Hpoc,(¥0 +v*0) dzdx = OHT + OHT"  (4)

and integrated heat change due to diffusive processes as
Xg 0
Diff = [x. [ npoc,D dzdx (5)

Xg (0
where OHT = fxw J-_H pocyvOdz dx denotes the OHT by Eulerian-
mean advection (V is Eulerian-mean meridional velocity) and

Xg (0

OHT" = _[Xj ,LH Pocp V" 0dzdx 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 - %OHT + Diff )

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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