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CLIMATOLOGY

Subpolar North Atlantic cooling reinforced by colder,
drier atmosphere with a weakening Atlantic meridional

overturning circulation

Yifei Fan', Duo Chan?, Eugene E. Clothiaux’, Pengfei Zhang’*, Laifang Li

In contrast to global warming, the subpolar North Atlantic has experienced long-term cooling throughout the
20th century. This cooling, known as the North Atlantic cold blob, has been hypothesized to arise from
reduced poleward oceanic heat transport associated with a slowdown of the Atlantic meridional overturning
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circulation (AMOC). Here, by diagnosing historical simulations from multiple coupled climate models, we find
that ocean heat transport is not the only pathway through which the AMOC modulates sea surface
temperature variability. A weakened AMOC is also associated with colder, drier lower atmospheric conditions,
which lead to a reduction in surface warming expected from increasing amounts of heat-trapping gases by
reducing downward clear-sky longwave radiation at the surface. This radiative pathway and the oceanic
processes contribute equally to the North Atlantic cold blob. These results highlight the importance of the
AMOC's impact on atmospheric properties and their radiative effects.

INTRODUCTION

In contrast to global warming since industrialization (I), sea-
surface temperature (SST) over the subpolar North Atlantic (25°W-
45°W, 50°N-60°N) has cooled at a rate of 0.15 (+0.12; SD) K/
century from 1900 to 2014 (Fig. 1A and fig. S1). This cooling,
known as the North Atlantic “cold blob” (2, 3) or “warming hole”
(4-7), signifies a distinct role of the subpolar North Atlantic in ab-
sorbing excessive heat from anthropogenic forcing (8). By buffering
the ocean surface from immediate warming (9), the cold blob not
only influences local weather and climate, such as jet streams, storm
tracks, and European weather, but also has far-reaching effects on
the intertropical convergence zone (10-13), global distribution of
marine heat waves, and transient warming (9, 14). This pattern of
SST changes also affects marine organisms and fisheries productiv-
ity in the North Atlantic (15). Thus, understanding the causes of the
North Atlantic cold blob has long been desired (4, 5).

To date, a weakening of the Atlantic meridional overturning
circulation (AMOC) has been proposed as the main driver of the
North Atlantic cold blob (6, 7). Although a lack of direct observa-
tions of the AMOC leaves its past variability an open question
(6, 16, 17), extensive evidence from paleo databases and climate
modeling experiments supports a relationship between changes in
AMOC and North Atlantic SSTs on decadal and longer timescales
(18-23). Substantial AMOC declines in the past, sometimes with a
temporary shutdown, have triggered abrupt North Atlantic cool-
ing, including the 8.2 ka event in the early Holocene (23) and the
Younger Dryas and multiple Heinrich events in the last glacial pe-
riod (22). With continued global warming, the AMOC is projected
to weaken substantially by the end of the 21st century (21, 24), re-
sulting in a lack of warming in the North Atlantic (21).
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The AMOC has been thought to modulate low-frequency SST
variability in the North Atlantic by changing poleward heat transport
(25). A weakened AMOC would lead to reduced heat transport into
the subpolar ocean, resulting in a local heat deficit and surface cool-
ing (26). However, as the ocean is actively coupled to the atmosphere
in the subpolar North Atlantic, SST changes in this region are modu-
lated by various factors through multiple pathways. On decadal and
longer timescales, subpolar North Atlantic SST variability is mod-
ulated by oceanic heat transport (27), air-sea heat fluxes (28, 29),
mixed layer entrainment (30), and atmospheric radiation (31), which
are subject to atmospheric variability, such as the North Atlantic Os-
cillation (32). As such, wind-driven gyre circulation changes (33), a
more positive North Atlantic Oscillation (3), jet stream intensifica-
tion (34), and increased storminess (2) have also been proposed to
explain the formation of the cold blob. Studies suggest that North
Atlantic atmospheric circulation is, to some extent, interlinked with
AMOC variability (10, 32). Thus, the way the AMOC may induce the
cold blob in the past century, whether through ocean heat transport
or responses of the atmosphere, remains to be addressed.

This study investigates the role the AMOC plays in North Atlantic
cold blob formation within a suite of state-of-the-art climate models
and quantifies its influence through an ocean heat budget analysis.
Our findings reveal that the AMOC trend explains two-thirds of the
simulated cooling trend in the subpolar North Atlantic, with equal
contributions from oceanic and radiative processes. As to be dem-
onstrated here, on decadal timescales, AMOC weakening reduces
both ocean heat transport convergence (OHTC) and turbulent heat
loss from the ocean in the subpolar North Atlantic. These changes
are followed by lower troposphere cooling and drying, which decreases
downward longwave radiation and further intensifies sea surface
cooling. This research advances our understanding of AMOC’s role
in North Atlantic SST variability by elucidating accompanying at-
mospheric changes and radiative effects.

RESULTS
We examine historical SSTs simulated by state-of-the-art fully coupled
climate models participating in the 6th phase of the Coupled Model
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Fig. 1. The Subpolar North Atlantic SST trend, the AMOC trend, and the intermodel relationship between the two. (A) Observed linear SST trends from 1900 to
2014, estimated as the average of ERSSTv5, HadISST, and Kaplan SSTs (Materials and Methods). (B) Same as (A) but for the multimodel means (MMMs) across the 11 cold
blob (CB) models. (C) Same as (B) but for the MMM:s across the nine warm blob (WB) models. The magenta box in [(A) to (C)] represents the domain of the subpolar North
Atlantic. (D) Time series of subpolar North Atlantic (SPNA) SST anomalies in the observations (black), the CB-MMMs (blue), and the WB-MMM:s (red). For observations, the
SPNA regional mean is calculated over the domain of 25°W-45°W and 50°N-60°N, as shown by the box in (A); for CB- and WB-MMM:s, it is calculated over the domain of
25°W-45°W and 45°N-55°N, as shown by the box in [(B) and (C)]. (E) Time series of AMOC index anomalies averaged across the CB models (blue) and the WB models (red).
Linear regressions (dashed lines) and corresponding 95% confidence intervals (shading) for the data in [(D) and (E)] are also illustrated. The linear trends and their corre-
sponding SDs are provided in the legends. (F) Simulated subpolar North Atlantic SST trend versus AMOC trend for each model, together with the linear regression (dashed
line) across models, associated 95% confidence interval (shading), and explained variance (R?). Colors indicate model equilibrium climate sensitivity (ECS) values, and
models with no available ECS value are marked by gray. The CB and WB models are shown by the small dots and squares, respectively. The CB-MMM and the WB-MMM are

indicated by the large dot and square, respectively.

Intercomparison Project (CMIP6) (35). The models show a consider-
able spread in the linear trend of subpolar North Atlantic SSTs from
1900 to 2014 (fig. S2). Of the 32 models, we select 11 that exhibit a
long-term cooling in the subpolar North Atlantic for further analysis,
referring to them as cold blob models hereafter (see model informa-
tion in table S1). Conversely, nine models that simulate greater warm-
ing in the subpolar basin compared to elsewhere in the North Atlantic
are also selected and referred to as “warm blob” models. The cold blob
models, on average, reproduce the spatial pattern and magnitude of
the observed cold blob, i.e., cooling southeast of Greenland in the
central subpolar basin but warming elsewhere in the North Atlantic
(Fig. 1, A and B). In the cold blob models, the simulated regional
mean SSTs over the subpolar North Atlantic, defined as the region
from 25°W to 45°W and from 45°N to 55°N, show an average linear
trend of —0.13 (+0.04) K/century, which aligns closely with that
observed of —0.15 (+0.12) K/century (Fig. 1D). In contrast, the warm
blob models, on average, show substantial warming at a rate of 0.90
(£0.07) K/century in the subpolar North Atlantic (Fig. 1, C and D).
One differentiating factor for the subpolar North Atlantic SST
trends in the two model groups is the simulated rate of change in the
AMOC (Fig. 1, E and F), defined as the maximum overturning in the
stream function in the North Atlantic (Materials and Methods). Over-
all, differences in the AMOC trends explain 50% of the intermodel
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spread in the subpolar North Atlantic SST trends (R? = 0.50; Fig. 1F).
Models simulating a greater AMOC decline simulate more cooling
over the subpolar North Atlantic, whereas those with an AMOC
strengthening trend simulate more warming. Specifically, the cold
blob models, on average, simulate an AMOC weakening at a rate
of —1.67 (+0.14) Sv/century, whereas the warm blob models show
an average AMOC strengthening trend of 1.13 (+0.20) Sv/century
(Fig. 1E). This intermodel relationship between the AMOC index and
subpolar North Atlantic SST trends aligns with the hypothesized link-
age between the weakened AMOC and the cold blob. To identify the
physical processes through which the AMOC influences SSTs and
quantify their contributions, we apply a partial temperature change
decomposition framework (Materials and Methods) to the simulated
SSTs in the two groups of models.

Oceanic and radiative processes driving SST trends in the
past century

On the basis of the ocean heat budget, the partial temperature
change framework (Materials and Methods) decomposes SST trends
into seven terms associated with different physical processes: surface
albedo feedback (T1); cloud radiative forcing at the surface due to
longwave (T2) and shortwave (T3) effects; surface downward clear-
sky shortwave irradiance (T4), which is mostly the direct effect of
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aerosol forcing; surface downward clear-sky longwave irradiance
(T5), which includes effects of atmospheric temperature, water va-
por, other greenhouse gases, and/or atmospheric absorbing aerosol;
OHTC (T6); and surface latent and sensible heat fluxes (T7). We first
evaluate the contributions of the seven physical processes to the
simulated long-term SST trends in both the cold blob and warm
blob models.

Decreased OHTC in the subpolar North Atlantic provides the
greatest contribution to cooling (Fig. 2A, T6), with a resultant SST
cooling rate of —2.14 K/century in the subpolar North Atlantic.
However, approximately 90% of the OHTC-induced cooling is offset
by a decrease in the surface turbulent heat fluxes from the ocean to
the atmosphere (Fig. 2A, T7). These changes in the surface turbulent
heat fluxes are a spontaneous response of the ocean that minimizes
SST anomalies caused by changes in ocean heat transport on multi-
decadal timescales (27, 36, 37). The combined effect of changes in
the OHTC and surface heat fluxes results in a net cooling rate of
—0.15 K/century in the subpolar North Atlantic (Fig. 3A, oceanic).
In the warm blob models, the opposite occurs; the OHTC increase
leads to a warming trend of 1.36 K/century (Fig. 2B, T6) and the
warming is largely counterbalanced by surface heat fluxes (Fig. 2B,
T7), resulting in a net warming of 0.21 K/century (Fig. 3B, oceanic).
This intergroup difference implies the important contribution of

oceanic heat transport to formation of the cold blob (Fig. 3C, oceanic),
consistent with previous studies (26, 33).

Notably, atmospheric radiative processes also contribute to the
simulated SST trends in the two groups of models (Fig. 2, A and B,
T2 to T5). Changes in cloud radiative forcing produce noteworthy
SST changes (Fig. 2, A and B, T2 and T3) and show statistically sig-
nificant intergroup differences (Fig. 2C, T2 and T3). Nevertheless,
differences in the longwave and shortwave cloud radiative forcing
are similar in pattern and opposite in sign, resulting in cloud-
associated intergroup differences in SST trends being negligible.
Surface downward clear-sky shortwave radiation decreases as in-
creased amounts of atmospheric aerosol scatter and absorb more
solar radiation, resulting in a basin-wide cooling (Fig. 2, A and B,
T4), which is present in both the cold blob and warm blob models
(Fig. 2C, T4). Last, surface downwelling clear-sky longwave radia-
tion increases due to increased atmospheric temperature, water va-
por, other greenhouse gases, and/or atmospheric absorbing aerosols,
resulting in basin-wide SST warming (Fig. 2, A and B, T’5). However,
the resultant warming in the subpolar North Atlantic is minimal in
the cold blob models and substantially lower than in the warm blob
models (Fig. 2C, T5). This implies the existence of a unique local-
ized radiative process that alleviates clear-sky longwave radiation-
induced warming in the cold blob models.
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Fig. 2. SST trends induced by the seven different physical processes. The (A) CB-MMM and (B) WB-MMM SST trends, (C) the CB-MMM minus WB-MMM differences in
simulated SST trends, and (D) the differences in SST trends regressed on the AMOC index trend. From left to right are the seven partial temperature changes due to
changes in surface albedo feedback (T1), surface longwave cloud radiative forcing (T2), surface shortwave cloud radiative forcing (T3), surface clear-sky downward short-
wave irradiance (T4), surface clear-sky downward longwave irradiance (T5), ocean heat transport convergence (T6), and surface latent heat and sensible heat fluxes (T7).
Values in the Labrador Sea and the Nordic Seas are masked because the decomposition error can be non-negligible in these ice-present regions. The hatching in [(C) and
(D)] indicates where the CB-MMM minus WB-MMM differences are not statistically significant at the 95% confidence level, estimated via a bootstrapping method.
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Fig. 3. Total SST trends and SST trends induced by oceanic and radiative pro-
cesses. (A) CB-MMM SST trends, (B) WB-MMM SST trends, (C) CB-MMM minus WB-
MMM differences in SST trends, and (D) the differences in SST trends regressed on
the AMOC index trend. From left to right are the sum of all terms (total), the sum of
T6 and T7 (oceanic), and the sum of T2, T3, T4, and T5 (radiative). The hatching in [(C)
and (D)] indicates where the CB-MMM minus WB-MMM differences are not statisti-
cally significant at the 95% confidence level. The magenta box in each panel repre-
sents the location of the subpolar North Atlantic domain, and the numbers shown
at the top right are corresponding domain averages.

Together, changes in cloud radiative effects, clear-sky shortwave
radiation, and clear-sky longwave radiation result in a cold blob-like
pattern in the cold blob models which is absent in the warm blob
models (Fig. 3, A and B, radiative). Among the three terms, clear-
sky longwave radiation is the primary differentiator for whether a
North Atlantic cold blob is present, as the intergroup difference in-
duced by this process alone exhibits a considerable cooling in the
subpolar North Atlantic (Fig. 2C, T5), a pattern similar to the total
radiation-induced SST difference (Fig. 3C, radiative). Hereafter, we
focus on explaining the differences between the multimodel means
of the two model groups. In this way, the homogeneous baseline SST
changes in response to external forcings are largely removed and the
localized physical processes unique to the formation of the cold blob
are highlighted.

Comparison between the contributions of oceanic and radiative
processes further demonstrates the importance of localized radia-
tive processes in the formation of the North Atlantic cold blob. Ra-
diative processes not only account for a larger spatial extent but also
contribute twice as much as oceanic processes in explaining the in-
tergroup difference in the subpolar North Atlantic SST trends
(Fig. 3C, oceanic versus radiative). Oceanic processes are responsi-
ble for about one-third (—0.35 K/century) of the total difference in

Fanetal., Sci. Adv. 11, eads1624 (2025) 4 June 2025

the subpolar North Atlantic domain, whereas radiative processes
account for the remaining two-thirds (—0.68 K/century).

Dual impacts of the AMOC on subpolar North Atlantic SSTs

Having evaluated the physical processes responsible for the SST
trends, we now assess the role of the AMOC by regressing the partial
temperature changes onto the AMOC index (Figs. 2D, 3D, 4, and 5
and figs. S3 and S4). Specifically, we estimate the change in a physical
process related to a change in the AMOC as the linear regression co-
efficient between the detrended, 9-year smoothed physical variable
and the AMOC index, with the AMOC index leading by 1 to 3 years
(Materials and Methods). The spatial patterns of the regression coef-
ficients for each partial temperature change are, overall, consistent in
the subpolar North Atlantic region across the cold blob and warm
blob models (Fig. 4, A and C). Therefore, the intergroup differences
in the regressed SST trends are primarily due to differences in the
AMOOC trend, rather than differences in simulated physical processes.

Consistent with the linear intermodel relationship between the
AMOC trend and the SST trend (Fig. 1E), the regression analysis
suggests that the AMOC is a major contributor to the drastic SST
changes in the subpolar North Atlantic region (Figs. 3D, total; and 5,
stippled boxes). The simulated AMOC weakening explains the basin-
wide cooling in the subpolar North Atlantic and the warming along
the Gulf Stream region (Fig. 3D; f4B, top row, total), a pattern closely
resembling the previously suggested SST fingerprint of a weakening
AMOC (6, 19). Moreover, our analysis shows that AMOC variability
imprints not only on OHTC but also on surface downward radiative
fluxes (Figs. 2D and 4). In other words, a weakening AMOC may
induce a cold blob through two processes at the same time: a direct
process via a decrease in OHTC as previously suggested and an indi-
rect response via atmospheric radiative processes. The latter, accord-
ing to CMIP6 models, is equally important for the formation of the
cold blob (Fig. 3D, oceanic versus radiative).

According to our quantification, changes in the AMOC almost
completely explain the OHTC-induced SST changes in the central
subpolar North Atlantic (Figs. 2D and 5A, T6). Note that the re-
gressed SST change might implicitly include effects from covarying
gyre circulation changes due to the inherent coupling between the
AMOC and wind-driven circulations (38). As discussed above,
OHTC-induced SST changes are largely compensated by surface
turbulent heat fluxes (Figs. 2D and 5A, T7) via thermal damping
(39). Therefore, AMOC-associated oceanic processes in total ex-
plain an SST trend difference of —0.33 K/century, which is 46% of
the total AMOC-associated difference (—0.71 K/century) in the sub-
polar North Atlantic domain (Figs. 3D, oceanic; and 5B, stippled
blue box).

The remaining 54% of the AMOC’s fingerprint involves atmo-
spheric radiative processes, primarily clear-sky downward longwave
radiation at the surface (Figs. 2D; 5A, T5; and 5B, stippled pink
box). Specifically, in the cold blob models, a weakened AMOC is
associated with reduced clear-sky downward longwave radiation
reaching the surface, hence contributing to additional SST cooling
in the subpolar North Atlantic (Fig. 2A, top row, T5). The maximum
loading of the AMOC’s imprint on clear-sky downward longwave
radiation at the surface is observed over the subpolar North Atlantic
and the eastern subpolar gyre, with a lag of 3 years, where a 1-Sv
AMOC change is followed by a 0.22-K SST change (fig. S3, T5). This
AMOC fingerprint on atmospheric radiative processes is also seen
in the warm blob models (Fig. 4A, bottom row, T5). Consequently,
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Fig. 4. The estimated fingerprints of the AMOC on SSTs through different physical processes. (A) The CB-MMMs (top row) and WB-MMM:s (bottom row) of the
decomposed SST anomalies regressed on the AMOC index anomalies (see Materials and Methods; unit: K/Sv). From left to right are the SST anomalies associated with one
Sverdrup of AMOC change induced by the surface albedo feedback (T1), surface longwave cloud radiative forcing (T2), surface shortwave cloud radiative forcing (T3),
surface clear-sky downward shortwave irradiance (T4), surface clear-sky downward longwave irradiance (T5), ocean heat transport convergence (T6), and surface latent

heat and sensible heat fluxes (T7). (B) From left to right are the sum of all terms (total),

subpolar North Atlantic regional means of the regressed SST anomalies.
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Fig. 5. CB-MMM minus WB-MMM differences in the subpolar North Atlantic
regional mean SST trends. (A) The subpolar North Atlantic regional means of
partial temperature changes, with radiative terms (T2 to T5) and oceanic terms
(T6 and T7) shown by pink and blue bars, respectively. The total SST trend is
indicated by the dark blue line. (B) Sums of the radiative terms (pink) and the
oceanic terms (blue) in (A). The stippling in (A) and (B) represents the corre-
sponding partial temperature changes obtained from the AMOC regression or,
in other words, the portion of the temperature changes that is explainable by
the AMOC trend.
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the sum of T6 and T7 (oceanic), and the sum of T2, T3, T4, and T5 (radiative). (C) The

AMOC-associated clear-sky downward longwave radiation pro-
cesses explain an SST change difference of —0.49 K/century in the
subpolar North Atlantic (Fig. 2D, T5).

The AMOC imprint on clear-sky downward longwave radiation
suggests that the impact of AMOC variability is not limited to the
surface (Fig. 6 and figs. S5 and S6). As indicated by the lag regression
of subpolar North Atlantic air temperature trends on the AMOC
index trend, cooling associated with a weakened AMOC occurs
from the surface up to the mid-troposphere (~600 hPa), with a
weak, insignificant warming in the higher troposphere (Fig. 6A).
This pattern of lower troposphere cooling and upper troposphere
warming is consistent with projected atmospheric responses to a
collapsed AMOC (40). An AMOC fingerprint is also evident in at-
mospheric moisture, with a weakened AMOC accompanied by a
decrease in lower tropospheric specific humidity (Fig. 6B) and
column-integrated water vapor content (Fig. 6C) over the subpolar
North Atlantic. Both the air temperature and water vapor imprints
stem from sea surface responses to the AMOC decline. As the ocean
surface cools due to OHTC reductions, the ocean losses less heat
to the atmosphere via sensible and latent heat fluxes. The reduced
heat fluxes and associated reduction in evaporation create cooler
and drier atmospheric conditions that penetrate from the surface
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Fig. 6. CB-MMM minus WB-MMM differences in AMOC's imprint on the atmosphere. (A) Subpolar North Atlantic domain mean air temperature trends (ATa; unit: K/
century) regressed on the AMOC index trend. Left: Subpolar North Atlantic domain mean air temperature trends regressed on AMOC index trends with the AMOC leading
the air temperature by different numbers of years. Right: The regressed trends at 925 and 500 hPa when the AMOC leads by 3 years. (B) Subpolar North Atlantic domain
mean specific humidity trends (Ahus; unit: %o/century) regressed on the AMOC index trend with the AMOC leading the specific humidity by different numbers of years.
(C) Trends in water vapor path (vertically integrated through the atmospheric column) regressed on the AMOC index trend with the AMOC leading by 3 years (Aprw; unit:
kg/m2/century). (D) Same as (C) but for trends in cloud area fraction for the whole atmospheric column (Aclt; unit: %/century). The hatching indicates that the CB-MMM

minus WB-MMM difference is not statistically significant at the 95% confidence level.

upward into the mid-troposphere. Because of the importance of
temperature and water vapor to surface downward longwave radia-
tion (41), this will translate into less clear-sky downward longwave
radiation reaching the surface, thereby contributing to maintaining
and enhancing cold SST anomalies. These changes in clear-sky
downward longwave radiation at the surface are largely determined
by AMOC-associated SST changes (42), and they, in turn, induce
considerable SST changes, a positive feedback that amplifies the SST
fingerprint of the AMOC.

These changes in the vertical temperature profile would increase
the stratification and stability of the lower troposphere, favoring the
formation of stratocumulus clouds over the subpolar North Atlantic
(43). In the cold blob models, AMOC weakening is associated with an
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increase in cloud fraction downstream of the subpolar gyre (Fig. 6D
and fig. S5D). This increased cloudiness leads to a reduction in surface
downward shortwave radiation and an increase in surface downward
longwave radiation. As a result, AMOC-associated longwave and
shortwave cloud radiative effects largely counterbalance each other,
resulting in a negligible net effect (Fig. 2D, T2 and T3). Although
AMOC coupling to clouds has been previously suggested as contrib-
uting to the cold blob (33, 44), we do not find clear evidence to sup-
port its role in reinforcing cold blob formation and maintenance.

In summary, the implication of changes in the AMOC to the
long-term subpolar North Atlantic climate extends beyond its mod-
ulation of oceanic heat transport to its influences on atmospheric
properties and their radiative effects. Our findings suggest that the
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typical AMOC fingerprint on SST (18) results from a combination of
two distinct but equally contributing mechanisms, one related to
oceanic heat transport convergence and the other to atmospheric
radiative processes and feedbacks.

DISCUSSION

This study addresses the physical processes responsible for the North
Atlantic cold blob and the role the AMOC plays in them. In the his-
torical simulation by an ensemble of CMIP6 models, the AMOC
slowdown is largely responsible for the subpolar North Atlantic cold
blob. However, unlike previous studies that emphasize the predomi-
nant effect of oceanic heat transport, our findings highlight that
AMOCs contributions to the cold blob also involve a dampening ef-
fect by surface turbulent heat fluxes and an enhancing effect by sur-
face clear-sky downward longwave radiation. In models that simulate
a North Atlantic cold blob (cold blob models), the simulated AMOC
decline is associated with a substantial cooling induced by a reduction
in OHTC, which is almost completely (~90%) offset by adjustments
in surface turbulent heat fluxes. The AMOC weakening is also associ-
ated with a reduction in surface clear-sky downward longwave radia-
tion, which largely offsets the warming expected from increasing
amounts of heat-trapping gases in the past century. On the contrary,
models with accelerated warming in the subpolar North Atlantic
(warm blob models) show an AMOC strengthening and associated
warming from both oceanic and radiative pathways. As a result, the
difference in the AMOC trend between the cold blob and warm blob
models explains an SST trend difference of —0.71 K/century, with half
accounted for through oceanic processes and the other half through
radiative processes. Notably, the AMOC-associated changes in sur-
face clear-sky downward longwave radiation alone are responsible for
a difference of —0.49 K/century. Overall, we conclude that radiative
and oceanic processes are equally important in explaining the contri-
butions of the weakening AMOC to the simulated North Atlantic
cold blob over the historical period.

This study emphasizes the radiative effects of atmospheric chang-
es accompanying AMOC weakening, particularly lower troposphere
cooling and drying. These responses feedback on the SST change via
downward longwave radiation, further amplifying the preexisting
SST cooling induced by oceanic processes. Consistent evidence is
found in the NOAA-CIRES 20th Century Reanalysis, V2 (45), which
shows that changes in surface downward longwave radiation induce
a subpolar North Atlantic warming hole; this longwave radiation-
induced warming hole is associated with a lack of temperature and
moisture increase in the lower troposphere over the region (fig. S7).
The atmospheric responses to AMOC changes are recognized by re-
cent studies (40, 46) and suggested to be nonlinear (40). This nonlin-
earity complicates the understanding of subpolar North Atlantic SST
changes and associated climatic impacts (9), supporting the view that
the AMOC is a major source of intermodel uncertainty in future cli-
mate change projections (47). Thus, understanding AMOC’s impacts
on atmospheric properties and their radiative effects is a valuable re-
search avenue. Moreover, as AMOC-associated radiative effects may
introduce uncertainty in SST-based reconstructions of AMOC vari-
ability, other indicators, such as salinity, might be more reliable for
detecting signals of AMOC changes (48).

While our study provides another line of evidence supporting
the role of the AMOC in driving the historical trend of subpolar
North Atlantic SSTs, it is noteworthy that about one-third of the SST
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trend difference between the cold blob and warm blob models can-
not be explained by the AMOC using our current framework
(Fig. 5B, nonstippled pink box). Similarly, half of the intermodel
variance in the simulated SST trend remains unexplained by a sim-
ple AMOC trend (Fig. 1F). These results suggest that factors other
than AMOC variability need to be considered. One potential factor
is equilibrium climate sensitivity (ECS), a global metric represent-
ing how sensitive the Earth’s surface temperature is to rising carbon
dioxide concentrations. Across the two groups of models, ECS ex-
plains 45% of the variance in the simulated subpolar North Atlantic
SST trend (R? = 0.45). With a higher ECS, the same increase in at-
mospheric concentration of heat-trapping gases leads to greater sur-
face warming. The cold blob models, on average, have an ECS of
3.0 K, whereas the warm blob models have a much higher ECS of
4.7 K (Fig. 1F), indicating weaker global warming in the cold blob
models than in the warm blob models given the same historical forc-
ing. This is consistent with a previous study suggesting a reduced
ECS with the existence of the North Atlantic cold blob (9). Note that
models with a lower ECS also tend to simulate a more negative his-
torical trend of the AMOC (24). A detailed examination of the rela-
tionship among ECS, the AMOC trend, and North Atlantic SST trends
is an important future undertaking.

This study investigates the physical processes linking AMOC to
the North Atlantic cold blob in historical simulations from multiple
state-of-the-art global climate models. Our diagnosis pinpoints the
AMOC slowdown as the primary driver of the cold blob, with
roughly equal contributions from oceanic and atmospheric processes.
A key implication is that clear-sky longwave radiation feedback has
considerable contribution to the formation and maintenance of
the cold blob, a process not yet fully recognized. Despite these in-
sights, model spread remains in representing AMOC mean state
and variability (24). For example, models with stronger anthropo-
genic aerosol forcing tend to simulate more strengthening of the
AMOC over the historical period, likely inconsistent with observa-
tions (49). Future climate projection in the subpolar North Atlantic
relies on the evolution of the AMOC, as well as the oceanic and
atmospheric responses to it, both of which are dependent on the
base-state AMOC itself (50, 51). Thus, continuous observations of
the AMOC and appropriate methods e.g., (52) are needed to con-
strain model simulations and to yield a more reliable projection for
the subpolar North Atlantic.

MATERIALS AND METHODS

Observational SST datasets

Three century-long global SST datasets are used in this study: the
Hadley Centre SST (53), the Extended Reconstructed SST Version 5
(54), and the Kaplan Extended SST Version 2 (55). SST anomalies are
referenced to the period from 1951 to 1980 to maintain consistency
with the period used in the original Kaplan dataset. All three datasets
agree on the century-long SST cooling trend southeast of Greenland
(fig. S1A), a phenomenon referred to as the North Atlantic cold blob.
The magnitude of the observed cold blob is quantified by the SST
trend averaged over the domain from 25°W-45°W to 50°N-60°N cen-
tered on the cooling. We acknowledge uncertainties in estimating the
magnitude of the observed cold blob, as seen from differences across
the three datasets (fig. S1B). Even though the choice of datasets does
not affect the main conclusions of our study, we use the mean of the
three datasets as an estimate of the observed SST trends.
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CMIP6 simulations and model selection

This study uses output from the 165-year (1850-2014) full-forcing
historical experiments compiled under the CMIP6 protocol. Among
the 32 CMIP6 models examined, the 11 models that simulate an SST
cooling trend in the subpolar North Atlantic are chosen as the cold blob
models: CMCC-CM2-SR5, CMCC-ESM2, FGOALS-f3-L, FGOALS-
g3, GFDL-ESM4, GISS-E2-1-G, GISS-E3-G, INM-CM4-8, MPI-
ESM1-2-HR, MPI-ESM1-2-LR, and SAMO-UNICON. As a counterpart
group, nine models that simulate more warming than elsewhere in
the North Atlantic are selected as the warm blob models: CanESMS5,
CESM2, CESM2-WACCM, CESM2-FV2, CESM2-WACCM-FV2, EC-
Earth3-AerChem, IPSL-CM6A-LR-INCA, IPSL-CM6A-LR, and MRI-
ESM2-0 (fig. S2). The remaining CMIP6 models are not included in our
analysis because they either simulate statistically insignificant SST
trends in the subpolar North Atlantic over the period from 1900 to 2014
or their archived output does not include variables required for the
analysis. Model information is summarized in table S1. The ECS of
these models is based on calculations in previous studies (56, 57).

AMOC index

The AMOC is commonly defined as the zonally and vertically inte-
grated northward volume transport in the Atlantic basin, thus a
function of latitude and depth, with the unit of cubic meter per sec-
ond, or more commonly, Sverdrup (1 Sv=10°m’ s™"). In this study,
we use direct CMIP6 output of the Atlantic overturning mass stream
function to represent the AMOC, which corresponds to its common
definition if multiplied by the density of seawater (e.g., 10° kg s~ =1 Sv
assuming the density of seawater is 1000 kg m ™). The strength of
the two-dimensional AMOC is generally represented by an AMOC
index, defined as the maximum of the Atlantic overturning mass
stream function from 10°N to 90°N and below the depth of 500 m.
On decadal and longer timescales, the subtropical and subpolar
AMOC estimates are coherent (58). The AMOC index as defined is
intended to capture overturning circulation variability that is mean-
ingful to the subpolar North Atlantic heat balance.

SST trend decomposition

The time tendency of annual mean ocean heat content (OHC) with-
in the whole-depth water column is determined by the net down-
ward heat flux at the surface (Q) and ocean heat transport (OHT)
convergence in the horizontal direction

00HC
ot

= Q+(~V-OHT) (1)

J00HC .
18

On timescales longer than 25 years, the magnitude of
generally one magnitude smaller than Q in the subpolar North
Atlantic (e.g., 25°W-45°W, 45°N-55°N). Therefore, a%HC ~0,and Q
has to be largely balanced by V - OHT on multidecadtal timescales.
We thus infer that —V - OHT, namely, the OHT convergence
(OHTC), is the residual of Eq. 1 as —V - OHT ~ —Q, which is a
common approach to estimate OHT effects (59).

The net surface downward heat flux, Q, can be expanded as the
sum of surface downward shortwave irradiance ()SW* absorbed by
the surface with an albedo a, downward longwave irradiance (LW*),
upward surface sensible heat (SH) and latent heat (LH) fluxes, and
upward longwave irradiance (LW")

Q= (1—a)SW'+ LW — (SH+LH) — LW!

2
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Under the assumption that seawater is approximately a black body
in the infrared with an emissivity close to 1, LW'can be expressed as
oT*, where ¢ is the Stefan-Boltzmann constant and T is the surface
temperature. As clouds influence downward longwave and shortwave
irradiance, we further account for cloud radiative forcing (CRF) as
LWL — LWiCRF + LWl(cleur—sky) and SWi — SWlCRF + SWl(clear—sky),
where ()l(de”_SkY) is surface downward irradiance assuming a clear
sky. Taking the linear trend of each term in Eq. 2 yields

8Q=a{(1-o[switF L swi e | 4

®)
A[LWHRF 4 weear=)| — A(SH+LH)— A(cT*)

We linearize Eq. 3 by setting

ALW' =46T AT

A(aSWHCRF) = GASWHCRF 1 AaSWICKE 1 AqASWHCREF
and
A[aswl(clear—xky)] = QASWdear—sky) 4
AGW+ A(xAswl(clear—sky)

where () represents the climatology over the period from 1900 to
2014 of any variable. Eq. 3 then becomes

AQ= — AaSW — AaASW* + (1 — ) ASWHCRF 4
(1 _&)Aswi(clmr—sky) +AL Wl(CRF) + ALwl(CZEW—SkJ’) _
A(SH+LH)—46T AT

(4)

Rearranging the terms in Eq. 4, substituting —Q with—V - OHT
based on Eq. 1, and dividing each term by 46T, we arrive at the
decomposition of the surface temperature change into partial tem-
perature changes related to different physical processes

1

40T
(1= ASWHED 4 (1 - ASWHEr=s) 4 ALwHar=sh) 1. (5)

AT =

[— Ao (SWH+ASWH ) + ALWHERD1

A(~V-OHT)— A(SH+ LH)]

The seven processes, represented by the seven terms within the
brackets, are the (i) surface albedo feedback (SAF) change, (ii) LW
CREF change, (iii) SW CRF change, (iv) non-SAF-induced change in
clear-sky SW, (v) clear-sky downward longwave radiation change,
(vi) OHT convergence change, and (vii) surface turbulent heat flux
change, respectively. All variables in Eq. 5 are direct outputs from
the cold blob and warm blob models, except for the surface albedo,
which we calculate as the ratio of surface upward shortwave irradi-

ance to surface downward shortwave irradiance at each grid point
<oc= % ) The differences between the sum of all partial tempera-
ture changes and the simulated SST changes are negligible in the

North Atlantic open ocean (fig. S8), demonstrating the validity of
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this decomposition method. Similar decomposition methods have
been used in previous studies to address the mechanisms for Arctic
surface warming and North Atlantic surface cooling (60, 61).

Lagged regression analysis

We use the least-squares fitting method to estimate the partial tem-
perature changes, as well as air temperature and water vapor con-
centration changes, that are attributable to changes in AMOC. To
this end, we use the equation

AF = _OF AAMOC + residual (6)
0AMOC
oF o
where ——"— denotes sensitivity of surface heat flux F (e.g., surface

turbulent heat flux) to the AMOC index change, and the residual
represents the changes in F that are irrelevant to the AMOC. The
sensitivity is estimated by linear regression of the variable F on the
AMOOC index, with the AMOC index leading by N years (N > 0).
The time series is detrended and 9-year smoothed before the regres-
sion. Here, detrending aims to remove any linear relationship be-
tween F and the AMOC index that might result from the response
of the two variables to external forcing, a confounding factor. Nine-
year smoothing is applied to reduce the effect of high-frequency
variability and to emphasize the AMOC-SST coupling on decadal
timescales. The N-year lag accounts for potential time differences
between anomalies in the AMOC strength and variable F. We ac-
knowledge that decadal AMOC variability might, in turn, be influ-
enced by surface heat fluxes in some regions, such as the Labrador
Sea (62), and not others. Our regression approach here only aims to
estimate the potential influence of the AMOC change on surface
heat fluxes, rather than the other way around. Thus, we perform the
regression with the AMOC always leading the heat flux by some
number of years, subsequently focusing on the lag time that maxi-
mizes the absolute value of the regression coefficient in the subpolar
North Atlantic domain. Specifically, the 2-year, 3-year, 2-year, 0-year,
3-year, 2-year, and 2-year lags lead to the regression coefficients with
the largest magnitude in the region of interest for the seven terms,
respectively (fig. $3). We calculate the regression for each model, and
then take the ensemble means as the final regression estimate for the
CB and WB models, respectively.

Significance test

The statistical significance of the CB-MMM minus WB-MMM dif-
ferences in SST changes is estimated by bootstrapping. For each grid
point and each term, we randomly draw a resample of size 11 from
SST change from the cold blob models and a resample of size 9 from
the warm blob models, and then calculate the difference between
the multimodel mean of the two resample. After resampling for
1000 times, we can estimate a distribution of the difference. The dif-
ference is considered as statistically significant at the 95% confi-
dence level if the 95th percentile of the estimated distribution of the
difference is larger or smaller than zero, depending on the sign of
the sample mean difference.
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