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Enhanced warming of the Arctic region relative to the rest of the globe, known as
Arctic amplification, is caused by a variety of diverse factors, many of which are influ-
enced by the Atlantic meridional overturning circulation (AMOC). Here, we quantify
the role of AMOC changes in Arctic amplification throughout the twenty-first cen-
tury by comparing two suites of climate model simulations under the same climate
change scenario but with two different AMOC states: one with a weakened AMOC
and another with a steady AMOC. We find that a weakened AMOC can reduce annual
mean Arctic warming by 2 °C by the end of the century. A primary contributor to
this reduction in warming is surface albedo feedback, related to a smaller sea ice loss
due to AMOC slowdown. Another major contributor is the changes in ocean heat
uptake. The weakened AMOC and its associated anomalous ocean heat transport
divergence lead to increased ocean heat uptake and surface cooling. These two factors
are inextricably linked on seasonal timescales, and their relative importance for Arctic
amplification can vary by season. The weakened AMOC can also abate Arctic warming
via lapse rate feedback, creating marked cooling from the surface to lower-to-mid
troposphere while resulting in relatively weaker cooling in the upper troposphere.
Additionally, the weakened AMOC increases the low-level cloud fraction over the
North Atlantic warming hole, causing significant cooling there via shortwave (sw)
cloud feedback despite the overall effect of sw cloud feedback being a slight warming
of the average temperature over the Arctic.

AMOC | Arctic amplification | climate system modeling

Arctic amplification, characterized by enhanced surface warming in the Arctic compared
to the global average, is a prominent phenomenon both observed (1, 2) over the past
century and projected by climate models for future climate (3, 4). A wide range of factors,
including surface albedo feedback, Planck feedback, lapse-rate feedback, near-surface air
temperature inversion, cloud feedback, and atmospheric and oceanic energy transports
(5-15), have been proposed to explain Arctic amplification. In particular, Arctic sea ice
loss appears to be a necessary condition for the generation of large Arctic amplification,
not only because it is directly related to the ice-albedo feedback but also because other
feedbacks and processes that intensify surface warming might indirectly contribute to sea
ice loss and hence Arctic amplification (6, 16-18). Many of these factors are intrinsically
linked to the Adantic meridional overturning circulation (AMOC) due to the complex
interplay between AMOC change and top-of-atmosphere (TOA) radiative feedback, as
well as the effect of AMOC change on atmospheric and oceanic energy transports (19),
and the interactions between the AMOC and Arctic sea ice (20), and between the AMOC
and Arctic amplification (21). Therefore, determining the role of the AMOC in Arctic
amplification is of central importance.

The AMOC may have slowed in recent decades (22, 23) and is expected to slow further
in the twenty-first century (24). On the other hand, an enhanced ocean heat transport
(OHT) into the Arctic has been observed (13, 25, 26) and projected (4, 10), which has
been suggested as a contributing factor to Arctic warming (4, 10, 27-29). This increased
northern high-latitude OHT is primarily attributed to Atlantic water warming (30-32),
as the temperature-driven OHT increase outweighs the circulation-driven OHT decrease.
Consequently, from the standpoint of Atlantic-Arctic OHT change, the AMOC’s impact
on Arctic amplification is essentially attenuated.

While several studies have hinted at the role of ocean circulation in Arctic amplification
by comparing fully coupled and slab-ocean model simulations (33, 34), the difference
between the two simulation suites includes the effects of both the AMOC and gyre cir-
culations, such as those in the subpolar Atlantic and Arctic. Furthermore, the AMOC has
been suggested to be tightly linked to Atlantic subpolar ocean temperatures (28) and
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subpolar gyre circulation (35). As a result, it remains unclear how
AMOC changes influence Arctic amplification.

To address this scientific question, we isolate and quantify the
impact of a weakened AMOC on Arctic amplification within a
fully coupled climate system under anthropogenic warming by
the end of the twenty-first century. Based on the historical and
RCP8.5 (Representative Concentration Pathway 8.5; free-AMOC
hereafter) simulations by the Community Climate System Model
version 4 (CCSM4), we perform a parallel sensitivity experiment
(fixed-AMOC hereafter) with the same model since 1980. This
experiment is driven by the same historical and RCP8.5 forcing
agents as the free-:AMOC simulation but with freshwater gradually
removed over the subpolar North Atlantic and uniformly redis-
tributed to the rest of the global oceans (36-39) (Materials and
Methods). Due to the freshwater removal, the AMOC strength
remains nearly constant since 1980 in the model simulation. This
fixed-AMOC simulation shows an insignificant AMOC trend of
0.00 + 0.03 Sv decade™ (ensemble mean trend + one SD of trends
among ensembles, 1 Sv = 10° m? s7) from 1981 to 2100, whereas
the free-AMOC experiment shows a significant AMOC decline
trend of -0.75 + 0.03 Sv decade™’ during this period (Fig. 1A).
The difference between the free- and fixed-AMOC simulations
enables us to elucidate how the weakened AMOC influences
Arctic amplification through altering atmospheric energy trans-
port (AET), OHT, and a variety of local physical processes.

Results

The AMOC Impact on the Arctic Amplification. We begin by
comparing the changes in surface air temperature over the
Arctic (60°N—90°N) between observations and the free-AMOC
simulation (Materials and Methods). Despite decadal variability,
both observations and model simulation display a significant trend
of rapid surface warming in the Arctic (Fig. 1B). Between 1901
and 2022, observations show a warming trend of 0.17 + 0.01 °C
decade™ (observational mean trend + one SD of trends among
observations), while the free-AMOC simulation shows a warming
trend of 0.27 + 0.01 °C decade™ (ensemble mean trend + one
SD of trends among ensembles). The overlap of observations and
model results suggests that CCSM4 can generally well simulate the
observed Arctic warming.

We further examine Arctic surface (2-m) air temperature changes
in the two suites of CCSM4 simulations. Between 1981 and 2100,
Arctic warming trends are 0.72 + 0.02 °C decade™ and 0.85 +
0.02 °C decade™" (ensemble mean trend + one SD of trends among
ensembles) for the free- and fixed-AMOC simulations, respectively.
Notably, the free-AMOC simulation reveals a slower warming rate
compared to the fixed-AMOC simulation. This difference becomes
more pronounced after the 2030s and reaches its peak during the
last two decades of the century (Fig. 1B). A comparison between the
free- and fixed-AMOC simulations reveals approximately 2 °C less
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Fig. 1. (A) Annual mean AMOC strength anomalies (relative to the average over 1901 to 1980) from the ensemble means of the free- (blue) and fixed-AMOC (red)
simulations between 1901 and 2100. (B) Annual mean Arctic surface temperature anomalies (relative to the average over 1901 to 1980) from three-observation
mean (gray) between 1901 and 2022 and surface (2-m) air temperature anomalies from the ensemble means of the free- (blue) and fixed-AMOC (red) simulations
between 1901 and 2100. (C) Zonal and annual mean (Left) and Arctic-averaged monthly mean (Right) surface air temperature anomalies (relative to the average
over 1961 to 1980) for the ensemble means of the free- (blue) and fixed-AMOC (red) simulations between 2081 and 2100. (D) Same as C but with amplification
factor (AF), defined as the ratio of temperature changes between each latitude and the tropics (30°S-30°N). In (A and B) and Left panels of (Cand D), lines represent
observation or simulation ensemble means, and shadings represent one SD of observations or simulation ensemble members. Error bars on the Right panels

of (C and D) represent one SD of the simulation’s ensemble members.
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warming generally across the Arctic during 2081 and 2100 (Figs. 1B
and 2 A and B). This reduced warming, or AMOC-induced anom-
alous cooling, is particularly striking in the North Atlantic, adjacent
to the south of Greenland, often referred to as the North Atlantic
warming hole (36) (Fig. 2C). Our findings are further substantiated
through the analysis of zonal-averaged surface temperature and Arctic
amplification factor (AF) changes (Fig. 1 C and D). The weakened
AMOC decelerates Arctic warming by 1.37 °C and reduces the
Arctic AF by 0.36 in terms of the annual and ensemble mean.
Seasonally, the AMOC-induced cooling is most prominent during
the cold seasons from December to March.

Physical Processes in the Diminished Arctic Amplification. To
better understand the physical processes by which a weakened
AMOC influences Arctic amplification, we use radiative kernels
(40) to quantify radiative feedback and partial temperature

A free-AMOC

B fixed-AMOC

contributions (Materials and Methods) to Arctic amplification.
The partial temperature contribution is helpful for comparing
the relative strengths of feedbacks; however, it is a diagnostic
decomposition of the local energy budget, and the warming
attributed to any individual feedback need not be realized. This
distinction is due to the interactions between feedbacks and
with climate system characteristics such as ocean heat content
at seasonal scales (41), and the use of transient simulations.
Meanwhile, because our simulations are identically forced by
anthropogenic factors (i.e., greenhouse gases and aerosols), the
radiative forcing cannot explain the different surface temperature
responses. As a result, we include the forcing-associated warming
in the residual rather than calculating it explicitly, noting that the
difference in residuals in Fig. 3C is near zero. Among a variety of
factors, we find that surface albedo feedback emerges as the main
driver of the annual mean Arctic warming, which, on average,
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Fig. 2. (A-C) Annual mean surface (2-m) air temperature anomalies (relative to the average over 1961 to 1980) for the ensemble means of the (A) free- and
(B) fixed-AMOC simulations between 2081 and 2100 (color shading in K), and (C) the difference (A - B). (D-/) Annual and ensemble mean partial temperature
contribution differences between the free- and fixed-AMOC simulations (free- - fixed-AMOGC; color shading in K) for (D) Planck response, (E) lapse rate feedback,
(F) water vapor feedback, (G) albedo feedback, (H) shortwave cloud feedback, and (/) longwave cloud feedback. In all panels, only differences statistically significant

at the 95% confidence level are shown.
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explains 3.52 K and 4.12 K of Arctic warming over 2081 to 2100
in the free- and fixed-AMOC simulations, respectively (Fig. 3 4
and B). The surface albedo feedback results from sea ice melting,
which decreases surface reflectivity and increases the absorption of
solar radiation, thereby warming the surface. Given that feedbacks
interact and compensate for one another, while the surface albedo
feedback promotes a large radiative response, other processes are
crucial in how the surface temperature change manifests, as we
will show below.

The extent of the impact of surface albedo feedback closely
aligns with the reduction in annual mean Arctic sea ice concen-
tration. Despite Arctic sea ice dwindling in response to global
warming in both CCSM4 simulations (S7 Appendix, Fig. S1 Aand B),
the decrease in sea ice cover across the Arctic is 10% less severe
for a weakened AMOC than it would be in the case of a fixed
AMOC. However, in specific regions adjacent to the Atlantic and
central areas between the Beaufort Sea and Chukchi Sea, the less-
ened sea ice reduction can reach up to 20% (SI Appendix,
Fig. S1C). The relatively less abated Arctic sea ice, particularly in
regions near the Atlantic, is linked to the weakened Atlantic over-
turning and associated decrease in the northward OHT (20, 39,
42) across the Atlantic sector (SI Appendix, Fig. S2). The reduced
sea ice loss around the Beaufort Sea and Chukchi Sea, on the other
hand, is likely linked to air—sea—ice interactions (41) as well as a
decrease in the northward OHT through the Bering Strait (41).
This is because the weakened AMOC can deepen the Aleutian
low during boreal winter via atmospheric teleconnections (36)
and hence modify the ocean circulation and heat transport over
the Bering Sea. Compared to the fixed-AMOC case, the slowed
AMOC diminishes the increase of the northward OHT through
the Bering Strait by 0.01 petawatt (PW) between 2081 and 2100
(SI Appendix, Fig. S2). Over the Arctic region, the abated sea ice
loss induces approximately 44% (-0.60 K) of the reduced warm-
ing, which is primarily attributed to surface albedo feedback

A B

(Fig. 3C), particularly evident in areas characterized by relatively
pronounced reduction of sea ice loss (Fig. 2G and S/ Appendix,
Fig. S1C).

The AMOC slowdown can also effectively modulate Arctic
warming by changing annual mean ocean heat uptake/loss. We
find that the weakened AMOC reduces Arctic warming by approx-
imately 34% (-0.47 K) via altering ocean heat uptake/loss over
the Arctic Mediterranean (43), making it the second most sub-
stantial contributor to the cooling process (Fig. 3C). To elucidate
the detailed oceanic cooling process, we calculate the difference
in ocean temperature budgets between the free- and fixed-AMOC
simulations between 2081 and 2100 (Materials and Methods). We
find that a weakened AMOC causes a general OHT divergence
and, as a result, a cooling tendency of whole-depth water in the
subpolar North Atlantic as well as the Atlantic sector of the Arctic,
including the Labrador and Greenland Seas (Fig. 44). This OHT
divergence promotes ocean heat uptake via the ocean surface
(Fig. 4B), primarily through turbulent heat flux (36, 44, 45)
(SI Appendix, Fig. S8K), but it also dominates the ocean tempera-
ture budget, resulting in a net cooling of Arctic waters (Fig. 4C),
diminished ocean heat storage, and a lessened sea ice loss in these
regions (SI Appendix, Fig. S1C). To counterbalance the AMOC-
induced OHT divergence, the ocean responds by absorbing more
heat from the atmosphere, thereby engendering a cooling effect
on surface temperature. It merits attention that beyond the
Labrador and Greenland Seas, the AMOC slowdown may indi-
rectly affect the local processes (17) over the Barents, Kara, and
Chukchi Seas, where OHT divergence and ocean heat uptake are
also visible (Fig. 4 A and B).

On the other hand, the AMOC-enhanced ocean heat uptake
change (Fig. 4F) is much larger in magnitude than the AMOC-
induced net TOA radiation change (Fig. 4D), which induces a
general convergence of AET over the Arctic, particularly over the
North Atlantic warming hole and around the Bering Strait
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Fig. 3. Partial annual mean surface air temperature changes for the Arctic (60°N-90°N) compared to the tropics (30°S-30°N) from the (4) free- and (B) fixed-AMOC
simulations during 2081 to 2100 compared to 1961 to 1980, and (C) AMOC impacts on annual mean temperature changes (free - fixed, A — B). Colored scatters
present the partial temperature contributions due to Planck response, the lapse rate, water vapor, shortwave and longwave cloud feedbacks, AET, ocean heat uptake/
loss, and the residual term. (D and E) Same as (C) but for AMOC impacts on boreal (D) summer (June-July-August; JJA) and (E) winter (December-January-February;
DJF) temperature changes. Error bars show the one SD of the differences of five ensemble members between the free- and fixed-AMOC simulations for all panels.
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Fig. 4. (A-C) Annual and ensemble mean ocean temperature tendency differences between the free- and fixed-AMOC simulations (free - fixed) during 2081
to 2100 induced by (A) OHT convergence/divergence (convergence positive, divergence negative) and (B) net surface heat flux across ocean surface (downward
positive), as well as (C) the net vertically integrated temperature tendency (A plus B). (D-F) Annual and ensemble mean differences between the free- and fixed-
AMOC simulations (free - fixed) during 2081 to 2100 for (D) TOA and (E) surface energy fluxes (positive downward), and (F) AET convergence/divergence (E - D;
convergence positive, divergence negative). In all panels, only differences statistically significant at the 95% confidence level are shown.

(Fig. 4F). The zonally integrated AET reveals that the weakened
AMOC causes an overall net increase in the total AET (Materials
and Methods) in the Northern Hemisphere middle and high lati-
tudes, owing primarily to an enhanced (stationary plus transient)
eddy energy transport component (S Appendix, Fig. S2). The
increase in the northward AET at 60°N amounts to 0.04 PV,
meaning that the AMOC-induced AET change enhances rather
than reduces Arctic amplification (Fig. 3C). It is also worth noting
the opposite AET and OHT changes caused by AMOC slowdown
in the Northern Hemisphere middle and high latitudes
(SI Appendix, Fig. S2), which leads to a much smaller change in
the total atmospheric and oceanic energy transports and indicates
the Bjerknes compensation (19, 46).

The slowed AMOC can also have a significant impact on Arctic
amplification via temperature feedback. Specifically, the contribu-
tions from vertically uniform temperature change, known as the
Planck feedback, are 1.80 K with a weakened AMOC and 2.10 K
with a fixed AMOC (Fig. 3 A and B). The Planck feedback promotes
warming of the Arctic because the feedback is weaker (i.c., less
stabilizing) in the Arctic than in the tropics; it is calculated as a
deviation from its global and annual mean (Materials and Methods).
Contributions arising from deviations from a vertically uniform
temperature change, known as the lapse rate feedback, are 1.70 K
for the free- and 2.02 K for the fixed-AMOC simulations (Fig. 3 4
and B). Collectively, a weakened AMOC could result in approxi-
mately 43% (-0.61 K) of the cooling effect in the Arctic due to the
total temperature feedback. AMOC-induced changes in the Planck
response primarily appear as a surface cooling across the Arctic and
its neighboring regions. However, a notable exception is the North
Adantic warming hole, where the Planck response contributes to

PNAS 2024 Vol.121 No.39 2402322121

an anomalous surface warming (Fig. 2D). This geographic distinc-
tion reveals that the Planck response is weaker over the North
Atlantic warming hole in the free-xAMOC simulation, leading to a
more significant anomalous warming effect than in other regions
due to the strikingly colder surface temperatures in this area (47).
In contrast to the free:AMOC simulation, the Planck response is
weaker over the central Arctic in the fixed-AMOC simulation.
Despite this difference, the temperature changes caused by the
Planck response are largely offset by those caused by the lapse rate
feedback. In the North Atantic warming hole and Beaufort/
Chukchi Sea regions, the surface cooling due to lapse rate feedback
highlights an unevenly distributed vertical temperature profile
(SI Appendix, Fig. S3). In response to a weakened AMOC, air tem-
peratures show marked cooling in the lower-to-mid troposphere,
while the upper troposphere exhibits weaker cooling.

In comparison to the aforementioned factors, AMOC-induced
changes in cloud feedback (4%; 0.06 K) and water vapor feedback
(12%; -0.17 K) contribute less to Arctic amplification. The cloud
feedback, in particular, can be further divided into a shortwave (sw)
cloud feedback and a longwave (Iw) cloud feedback. A weakened
AMOC would add approximately 13% (0.18 K) to Arctic warming
via sw cloud feedback in comparison to a fixed AMOC, but this
effect is largely compensated by the cooling effect from Iw cloud
feedback (Fig. 3C). Regardless, the rationale for the warming is that
less Arctic sea ice is associated with fewer low clouds (48, 49). Thus,
as the AMOC decelerates and sea ice loss becomes less pronounced,
the cloud fraction diminishes (S Appendix, Figs. S1Cand S4C). In
particular, fewer low-level clouds (S Appendix, Fig. S4C) reduce the
amount of sw radiation that is reflected back into space and hence
warm the surface of the Arctic.

https://doi.org/10.1073/pnas.2402322121
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Additionally, the influences of surface albedo feedback and ocean
heat uptake change are inextricably linked on seasonal timescales,
such that their relative importance in Arctic amplification may vary
by season (7, 17, 41, 50-53). In a warming climate, Arctic surface
albedo feedback is especially strong during boreal summer (JJA;
SI Appendix, Fig. S5 A and B), when large sea ice reduction
(81 Appendix, Fig. S1 D and E) leads to more open ocean, allowing
more atmospheric heat (primarily solar energy) to enter and be
stored in the central Arctic Ocean (S Appendix, Fig. S9 A and E).
Consequently, ocean heat uptake acts to abate summertime Arctic
warming. The stored oceanic heat is released to the atmosphere
during boreal winter (DJF), which does not always occur in the
same locations as summer solar energy absorption due to horizontal
advection of heat in the ocean (17). Wintertime oceanic heat release
is particularly prevalent in the Kara, Chukchi, and Beaufort Seas,
where significant sea ice loss occurs (S Appendix, Fig. S10 D and
H). Sea ice loss in these regions opens the ocean, exposing warmer
ocean surfaces to colder air and creating a large air—sea temperature
contrast. As a result, the ocean releases heat to the atmosphere via
turbulent heat flux and drives wintertime Arctic warming
(SI Appendix, Fig. S10 Cand G). It merits attention that the North
Atlantic warming hole region experiences persistent anomalous
ocean heat uptake (or diminished oceanic heat release) throughout
all seasons, differing from the seasonal ocean heat uptake and loss
in the central Atlantic.

The AMOC slowdown abates Arctic warming through surface
albedo feedback, particularly during boreal summer (Fig. 3 D and
E), rather than winter. This is because, while the weakened AMOC
mitigates Arctic sea ice loss all year round (36) (SI Appendix, Fig. S1),
the Arctic is dark during boreal winter, neatly eliminating surface
albedo feedback (S7 Appendix, Fig. S5 C and D). Additionally, the
AMOC slowdown slightly reduces the cooling effect of ocean heat
uptake during boreal summer (Fig. 3D), especially over the central
Arctic. However, it dramatically weakens the warming effect in boreal
winter, which serves as the strongest AMOC-influencing factor on
Arctic surface temperature during this season (Fig. 3E). This AMOC
effect is achieved through reduced oceanic heat release in the central
Arctic and persistent anomalous ocean heat uptake south of

Greenland (SI Appendix, Fig. S10L).

Discussion

In summary, we compare CCSM4 free- and fixed-AMOC simu-
lations to determine the impact of a weakened AMOC on Arctic
amplification under the RCP8.5 scenario throughout the twenty-
first century. We find that the current and projected AMOC slow-
down can reduce surface warming over the Arctic. By the end of
the century, the strongest AMOC-induced cooling will appear on
the Atantic sector, with temperature changes reaching 5 °C. This
cooling phenomenon is primarily linked to a notable slowing in
the loss of Arctic sea ice. Surface albedo feedback is identified as
the primary contributor to AMOC-induced cooling, accounting
for approximately 44% of the cooling. Modifications in ocean
heat absorption and temperature feedback are another way that
the AMOC affects Arctic amplification. A weakened AMOC, in
particular, brings about a general OHT divergence over the Arctic
Mediterranean, causing the ocean to absorb more heat from the
atmosphere to compensate for the AMOC-induced OHT diver-
gence, resulting in surface temperature cooling. Surface albedo
feedback and ocean heat uptake change are inherently linked on
seasonal timescales, with their relative importance in Arctic ampli-
fication varying by season (17, 18). Note that the surface albedo
feedback and ocean heat uptake change compensate one another

https://doi.org/10.1073/pnas.2402322121

in both free- and fixed-AMOC global warming simulations (Fig. 3
A and B), whereas the difference between the free- and fixed-
AMOC simulations shows that both factors collectively contribute
to the reduced Arctic warming (Fig. 3C). The weakened AMOC
can also diminish Arctic warming through lapse rate feedback,
causing strong cooling from the surface to the lower-to-mid trop-
osphere while leading to relatively weaker cooling in the upper
troposphere. Although changes in sw cloud feedback slightly warm
the average surface temperature over the Arctic, they contribute
to a strong cooling over the North Atlantic warming hole region
due to increased low-level cloud fraction from AMOC slowdown.
These results shed light on the intricate mechanisms through
which the AMOC exerts a substantial influence on Arctic ampli-
fication and advance our understanding of the complex dynamics
underlying Arctic climate change.

Materials and Methods

Observed Surface Temperatures. To examine surface temperature changes in
the Arcticsince 1901, we utilize three distinct observed surface temperature datasets.
These datasets include the Goddard Institute for Space Studies Surface Temperature
product version 4 from NASA, derived from historical weather station data and
ocean data from ships, buoys, and other sensors (54, 55); the National Oceanic
and Atmospheric Administration Merged Land Ocean Global Surface Temperature
Analysis (NOAAGlobalTemp) that combines long-term sea surface temperature (SST)
with land surface temperature datasets, including Extended Reconstructed SST, Global
Historical Climatology Network, International Comprehensive Ocean-Atmosphere
Data Set-Release 3,and International Arctic Buoy Programme (56); and the Met Office
Hadley Centre/Climate Research Unit global surface temperature dataset(HadCRUTS)
that is a combination of SST measurements from ships and buoys and near-surface
airtemperature measurements from weather stations (57). Forall three observations,
we analyze the monthly surface temperature data using a regular grid of 2 x 2 for
GISTEMP, 5 x 5 for NOAAGlobalTemp, and HadCRUTS. Our examination covers the
period from 1901 to 2022. To establish annual mean anomalies, we calculate devi-
ations from the climatological average between 1901 and 1980.

€csM4 simulations. We utilize a five-member ensemble for the broadly used
CCSM4 historical and RCP8.5 (free-AMOC) simulations. We especially focus
on the historical period of 1967 to 1980 and RCP8.5 period of 2081 to 2100.
Based on the free-AMOC simulation, we conduct a parallel sensitivity (fixed-
AMOC) experiment with five ensemble members. The fixed-AMOC experiment
is branched from the free-AMOC simulation in year 1980 and driven by the same
historical and RCP8.5 forcing agents as the free-AMOC simulation onward except
with a small amount of freshwater gradually removed over the region covering
the north of 50°N in the North Atlantic and the Labrador, Greenland, Iceland, and
Norwegian Seas and then uniformly redistributed to the rest of global oceans
(see more details in refs. 36-39). This freshwater scheme implemented in the
fixed-AMOC experiment maintains a near-constant AMOC strength since 1980.
Here, the AMOC strength is defined as the maximum of meridional overturing
streamfunction below 500 m in the North Atlantic. We used monthly averaged
model data for our analysis.

Radiative Feedback. We apply the radiative kernel technique (58, 59) to calcu-
late the climate feedback (in units of W m ™2 K™") from a TOA perspective, using
CAMS5 radiative kernels (40).

The surface albedo feedback is calculated as

_ ARy, Aalb

ﬂa/b—m= albxﬁ' (1]

The Planck feedback is calculated as

_ ARy, _ ki x AT, + j,fo K;, x AT,dp 2
[AT] [AT,] '

Aplk
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The lapse rate feedback is calculated as

Ocean Temperature/Heat Budget. We analyze ocean temperature/heat
budget, which states that the full-depth integrated ocean temperature tenden-
cies at unit area can be written as

i AR/, JPO KT ( T - Ars)dp [3]
r=
[AT] [AT] tendency,,, = tendency,,; + tendency gz, (8]
where tendency,, denotes the total vertically integrated temperature tendency,
The water vapor feedback is calculated as tendency,,; denotes the temperature tendency induced by surface heat flux, and
tendency gy denotes the temperature tendency due to OHT convergence/diver-
AR P K, x Aln(q)dp gence (39). The tendency oy is computed using the advection and diffusion of
Ay = —2Z Po 9 (4] heat in the ocean, which involves both the horizontal and vertical transport of
[AT] [AT] heat by ocean circulations.
The sw and Iw cloud feedbacks are calculated as Meridional OHT. We calculate the zonally integrated meridional OHT as
MRy, [ACRE,+ (KS, — K, )Aq+ (K= K,) A2+ (65, = 6,,)]
/Isw_c/d = = ' [5]
[a7] [a7]
AR, [ACRF,W+ (K;;q —K,Wq>Aq+ (KT‘:—KTE>ATB+ (K“ K, )AT +(68 G,W)] "
Ay ag=—F—7 = :
“ AT [aT]
InEqs. 1-6, p, represents the surface pressure level, p represents the pressure level Xe (0 _ .
of tropopause, AR represents the change in TOA radiation due to individual feedback OHT = L J ) 0Coo[ V * (V0 +v;0 + D) dzdx, (9]
.

(subscript denoting each feedback), K and K representall-sky and clear-sky radiative
kernel responses to small perturbations (subscript denoting each perturbation), Aalb
represents surface albedo change between 2081 to 2100 and 1961 to 1980, AT
represents surface temperature change, [AT;] represents zonally averaged surface
temperature change (60), AT, represents air temperature change, g represents
specific humidity, ACRF represents the change in cloud radiative forcing where
subscripts denote sw and Iw, and G and G represent all-sky and clear-sky radiative
forcing due to anthropogenic climate change where subscripts denote sw and lw.

Partial Temperature Contribution. We use a local energy budget to convert
the energetic contributions of radiative feedback and energy transport anomalies
for 2081 to 2100 relative to 1961 to 1980 into contributions to near-surface
warming in the tropics (30°5-30°N) and Arctic (60°N-90°N), as in previous stud-
ies (8, 11, 60, 61). For each region, the annual mean warming contributions
are defined by dividing each term by the global-mean Planck feedback 4, ol 3

Al AL] EAJAL]  ApET  AOHU _ ARy

Apik Apik Aok Ak Ao

where [AT(] is the change in zonal-averaged surface air temperature between
2081 to 2100 and 1967 to 1980. ﬁ/’),k = Aok —m denotes the difference
between the regional, seasonal, and global annual averaged Planck feedback.
AAET = ARy, — ARy, denoting the change in atmospheric energy convergence/
divergence, AOHU = AR, denoting the change of net surface heat flux, and AR,
isthe residual term thatincludes the radiative forcing under the historical and RCP8.5
A”’k%rs] represents the partial temperature contribution due to Planck

2ii[an]
P

scenarios. —

response.— -=“—represents the partial temperature contnbuhons duetothe lapse

rate, water vapor, albedo, sw, and lw cloud feedbacks. — 2 represents the partial

/k
temperature contribution due to atmospheric energyconvergence/dlvergence A0
represents the partial temperature contribution due to ocean heat uptake/loss.— AR"’
Aplk

represents the partial temperature contribution due to the residual term.
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where X;and X, denote the longitudes of the western and eastern boundaries of
ocean basin at certain latitude, p, is sea water density, C,, is the specific heat of
sea water, @ is potential temperature of sea water, and —H is ocean depth. \/, v,
andv?are three-dimensional gradient operator and velocity, where v, is Eulerian-
mean velocity, and v*is the sum of mesoscale and submesoscale eddy-induced
velocities. D denotes diffusion and other subgrid processes.

Meridional AET. We calculate the total AET at latitude ¢ as the difference
between TOA radiative fluxes Ryo, and net surface heat flux Ry,

[
AET = 278’ I [Rron —

—/2

Ry | cosp'd’, [10]

where a is the radius of the Earth, and [.] represents zonal mean. The global
averaged imbalance is removed from the integration to ensure the transport is
zero at the poles.

We further decompose the total AET into the components induced by mean
meridional circulation (MMC) and eddies. The MMC component s calculated
from the meridional wind v, and the moist static energy h = ¢,,T, + L,q + gZ,
where c,,is the specific heat of air at constant pressure, T, is antemperature,[v
is the latent heat of vaporization of water, g is the acceleration of gravity, and Z
is geopotential height.To prevent errors in cases where mass is not conserved
in MMC, we remove the weighted vertical average of moist static energy (7).

We calculate the MMC component as

0
MMC = — 2”"’5’”[ 7] 7| b [11]

Ps

where p; is surface pressure and [] = [h] - ng [E] dp/ 225 dp.
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We calculate the eddy component as the difference between the total AET
and MMC components,

EDDY = AET — MMC. [12]

significance Test. The difference between the free- and fixed-AMOC simulations
is tested with two-sample Student t-distribution as

-
t=——L, [13]

where X and ¥ are the ensemble means, and s, and s, are one SD from free-

and fixed-AMOC simulations, respectively. n denotes the number of ensemble
members for either simulation (five in this study).
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