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ABSTRACT: Despite global warming, the sea surface temperature (SST) in the subpolar North Atlantic has
decreased since the 1900s. This local cooling, known as the North Atlantic cold blob, signifies a unique role of the sub-
polar North Atlantic in uptaking heat and hence impacts downstream weather and climate. However, a lack of obser-
vational records and their constraints on climate models leave the North Atlantic cold blob formation mechanism
inconclusive. Using simulations from phase 6 of Coupled Model Intercomparison Project, we assess the primary pro-
cesses driving the North Atlantic cold blob within individual models and whether the mechanisms are consistent
across models. We show that 11 out of 32 models, which we call “Cold Blob” models, simulate the subpolar North
Atlantic cooling over 1900-2014. Further analyzing the heat budget of the subpolar North Atlantic SST shows that
models have distinct mechanisms of cold blob formation. While 4 of the 11 Cold Blob models indicate decreased oce-
anic heat transport convergence (OHTC) as the key mechanism, another four models suggest changes in radiative pro-
cesses making predominant contributions. The contribution of OHTC and radiative processes is comparable in the
remaining three models. Such a model disagreement on the mechanism of cold blob formation may be associated with
simulated base-state Atlantic meridional overturning circulation (AMOC) strength, which explains 39% of the inter-
model spread in the contribution of OHTC to the simulated cold blob. Models with a stronger base-state AMOC sug-
gest a greater role of OHTC, whereas those with a weaker base-state AMOC indicate that radiative processes are
more responsible. This model discrepancy suggests that the cold blob formation mechanism diagnosed from single
model should be interpreted with caution.

SIGNIFICANCE STATEMENT: The mechanisms driving sea surface temperatures over the subpolar North At-
lantic to cool since the 1900s remain uncertain due to the lack of direct observations. Here, we use a temperature
change decomposition framework to dissect the historical trend of surface temperature simulated in multiple
global climate models. The models diverge on whether the subpolar North Atlantic cooling is induced by reduced
ocean heat transport convergence or altered radiative processes. Notably, the importance of ocean heat transport
convergence is influenced by the simulated base-state strength of Atlantic meridional overturning circulation and
the Irminger Sea’s mixed layer depth. This finding cautions against concluding the cooling mechanism from a single
model and highlights a need for ongoing observations to constrain AMOC-related climate projection in the sub-
polar North Atlantic.

KEYWORDS: Feedback; Meridional overturning circulation; Sea surface temperature; Air-sea interaction;
Climate change

1. Introduction blob'. The presence of the North Atlantic cold blob under-
scores the subpolar North Atlantic’s distinctive role in heat
uptake and redistribution in response to anthropogenic forc-
ing (Winton et al. 2013; Marshall et al. 2015). By influencing
local SST, the meridional SST gradient, ocean stratification,
and air-sea coupling, the North Atlantic cold blob has signifi-
cant climate impacts, including but not limited to the location
and spatial extent of the North Atlantic storm track (Woollings
et al. 2012), European temperature and precipitation patterns
(Haarsma et al. 2015; Gervais et al. 2020), the latitude of the

Running counter to global warming since the Industrial
Revolution, the sea surface temperature (SST) in the subpolar
North Atlantic has decreased in the past century at a rate of
0.39 (+0.23, 95% confidence interval) K century ' (Li et al.
2022; Drijthout et al. 2012; Kim and An 2013; Rahmstorf et al.
2015). This phenomenon, predominantly observed to the
southeast of Greenland, is known as the North Atlantic cold
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flects the statistically significant cooling trend observed over the
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intertropical convergence zone (Karnauskas et al. 2021), the dis-
tribution of marine heatwaves (Ren and Liu 2021), and climate
sensitivity (Mitevski et al. 2023).

Despite the broad implications of the North Atlantic cold
blob, the mechanisms underpinning its formation remain a
subject of debate. A prevailing hypothesis attributes the exis-
tence of the cold blob to a slowdown of the Atlantic meridio-
nal overturning circulation (AMOC; e.g., Rahmstorf et al.
2015; Caesar et al. 2018), a large-scale ocean circulation re-
sponsible for northward oceanic heat transport (OHT) in the
Atlantic Ocean (Johns et al. 2011). On decadal and longer
time scales, a weaker AMOC is associated with less northward
OHT and colder subpolar North Atlantic SST (Delworth et al.
1993; Zhang 2008; Zhang et al. 2019). The AMOC is typically
projected to decline throughout the twenty-first century (Weijer
et al. 2020), probably due to increased freshwater fluxes into the
subpolar North Atlantic associated with Arctic sea ice loss (Jahn
and Holland 2013; Sévellec et al. 2017; Gervais et al. 2018; Liu
et al. 2019), Greenland ice sheet melting (Golledge et al. 2019),
or increased Arctic runoff (Nummelin et al. 2016). The projected
AMOC weakening and resultant northward OHT decrease
might be responsible for a lack of warming over the subpolar
North Atlantic, as suggested by heat budget diagnosis (Menary
and Wood 2018) and sensitivity experiments (Sévellec et al.
2017; Liu et al. 2020).

However, a scarcity of direct ocean observations and recent
studies challenge the notion that the AMOC-associated OHT
decrease is the sole mechanism for the North Atlantic cold blob.
Neither observational nor proxy-based AMOC reconstructions
agree on the changes in the AMOC and associated OHT con-
vergence (OHTC) over the historical period (Moffa-Sanchez
et al. 2019; Fu et al. 2020; Caesar et al. 2021; Kilbourne et al.
2022). Climate models also disagree on the sign of the AMOC
trend over the historical period (Weijer et al. 2020). Moreover,
changes in wind-driven gyre circulations (Keil et al. 2020), inten-
sified heat loss from the ocean to the atmosphere due to a trend
toward more positive phase of North Atlantic Oscillation (Fan
et al. 2023), intensified surface wind (He et al. 2022), and more
passage of midlatitude storms (Li et al. 2022) have all been sug-
gested to play a role in driving the North Atlantic cold blob. Es-
sentially, the subpolar North Atlantic SST variability on decadal
and longer time scales can be influenced by multiple pro-
cesses: OHT by overturning or gyre circulation (Bjerknes
1964; Zhang et al. 2019; Li et al. 2020); mixed layer depth var-
iation (Yamamoto et al. 2020), stochastic atmosphere-induced
surface heat flux forcing (Clement et al. 2015; Liu et al. 2023),
ocean—atmosphere coupling (Delworth et al. 2017; Trossman
et al. 2016; Small et al. 2020), and external radiative forcing such
as anthropogenic aerosols and greenhouse gases (Booth et al.
2012; Bellomo et al. 2018) and volcanic eruption (Mann et al.
2021). The multifaceted nature of subpolar North Atlantic SST
variability makes it challenging to identify the causes of histori-
cal SST trends.

This study uses abundant outputs from phase 6 of Coupled
Model Intercomparison Project (CMIP6; Eyring et al. 2016)
to examine the reproducibility of the North Atlantic cold blob
within the current generation of climate models and assess
the consensus among these models regarding the mechanisms

JOURNAL OF CLIMATE

VOLUME 37

driving the cold blob. Through the analysis, we aim to eluci-
date the mechanisms behind the North Atlantic cold blob and
contribute to our understanding of model behaviors in repre-
senting the North Atlantic climate. The remainder of the man-
uscript is as follows. Section 2 introduces data and an SST
trend decomposition framework we use to diagnose the cold
blob formation mechanism. In section 3, we evaluate model
performance in simulating the North Atlantic cold blob and an-
alyze the underlying mechanisms for the simulated North
Atlantic cold blob. We find that the models highly spread in the
predominant process driving the cold blob and further explore
the potential factors causing the model spread in section 4.
We present our conclusions and highlight the implications of
our findings in section 5.

2. Data and methods
a. Observation-based SST datasets

To quantify the centennial trend of SST anomalies over the
subpolar North Atlantic, three observational SST estimates
are used, namely, the 1° X 1° HadISST (Rayner et al. 2003),
the 2° X 2° ERSST, version 5 (Huang et al. 2017), and the
5° X 5° Kaplan Extended SST version 2 (Reynolds and Smith
1994). Despite slight differences in the location, spatial extent,
and magnitude of the cooling, all three datasets show cooling
SSTs over 1900-2014 to the southeast of Greenland and over
the Irminger Sea (cyan boxes in Fig. 1). On account of the
agreement among the three datasets, we use their average as
the best estimate of the subpolar North Atlantic SST trend,
which is further used to evaluate the performance of CMIP6
models in simulating cold blob over the twentieth century.
According to the dataset average, the SST over the Irminger
Sea is cooling at a rate of 0.19 K century ' (90% confidence
interval of the linear trend: [—0.40, 0.00]). It is noteworthy
that the SST trend over the subpolar North Atlantic is subject
to climate variability on decadal and longer time scales
(Delworth and Mann 2000; Delworth et al. 2016; Robson et al.
2018; Zhang et al. 2019). Nevertheless, the three observa-
tional SST datasets consistently show a region of statistically
significant cooling over the subpolar North Atlantic. Thus, in
this study, we call the pattern of subpolar North Atlantic SST
change the “cold blob” rather than the “warming hole,” which
refers to a muted or lack of warming in the region, as in many
other studies (Drijfhout et al. 2012; Rahmstorf et al. 2015;
Menary and Wood 2018; Gervais et al. 2018).

b. CMIP6 models

A total of 32 models, which output SST (model variable
named as “tos”), overturning streamfunction, and variables
needed for heat budget analysis (see section 2c¢ for details) under
the historical all-forcing simulations, are analyzed to assess their
performance of reproducing the observed North Atlantic cold
blob (Table S1 in the online supplemental material). For models
with multiple realizations, results are averaged over ensemble
members, if not specifically noted. Linear trends of annual-mean
SSTs are calculated over 19002014 to quantify the centennial

Unauthenticated | Downloaded 0:

102/25 01:35 AM UTC



15 AuGusT 2024

(a) HadISST

FAN ET AL.

(b) ERSSTV5

(d) Average

4063

o
o
[K/century]

-0.3

-0.6

-0.9

-1.2

FIG. 1. Linear trends of annual-mean SSTs over 1900-2014. Individual panels are for (a) HadISST, (b) ERSSTvS,
(c) Kaplan SST, and (d) the average over (a)—(c). For HadISST, regions where sea ice exists are masked. The three
observational datasets are interpolated onto 1° X 1° grids before averaging. Trends are calculated using ordinary least
squares. In (a)—(c), hatches denote the region where the trend is statistically insignificant at the 90% confidence level
according to the Student’s ¢ test; in (d), hatches denote the region where one dataset shows different signs of trend from
the other two. The cyan boxes show the observed cold blob region, with respective regional mean trends (K century ')

on the top right of individual panels.

changes in subpolar North Atlantic SST. The data are interpo-
lated linearly into the same 1° X 1° grid cells before calculating
the multimodel mean.

The AMOC is commonly defined as the zonally integrated
northward volume transport, thus a function of latitude and
depth with a unit of cubic meters per second (m* s~!) or more
commonly as Sverdrup (Sv; 1 Sv = 10° m® s™') in physical
oceanography. The direct model output variable, overturning
mass streamfunction (“msftmz” or “msftyz”), corresponds to
its common definition if multiplied by the seawater density
(e.g.,1.03 X 10° kg s~ ! = 1 Sv, assuming the seawater density
is 1030 kg m~>). The strength of the two-dimensional AMOC
is represented by an AMOC index defined as the maximum
overturning streamfunction within 10°-90°N, below the depth
of 500 m. The maximum usually occurs at a latitude of around
35°N and a depth of 1000 m, although the specific location
could somewhat vary across models. An alternative AMOC
index is defined at a fixed latitude across all models. As our
main conclusions remain unchanged with whichever definition
is used (appendix B), we base our analysis on the first defini-
tion in this study.

c. SST trend decomposition

We use the partial temperature change (PTC) decomposi-
tion framework (Lu and Cai 2009) that decomposes the SST

trend to individual radiative, surface, and oceanic processes
based on ocean’s energy budget to quantify the mechanism of
cold blob formation. This method has been extensively used
to study the mechanisms of SST changes, such as those over
the Arctic (Lee et al. 2017) and the North Atlantic (Fan et al.
2021).

According to the energy budget of a local ocean column,
the time rate of change in annual-mean ocean heat content
(OHC = ﬁ p PCpbdz, where 7 is the sea surface height, D is
the depth of seafloor, p is the seawater density, and 0 is the
potential temperature) is determined by the net downward
heat flux at the surface Q and the divergence of horizontal
ocean heat transport (OHT = ij pCpubdz, where u is the ve-
locity of ocean current):

dOHC
ot

=Q - V-OHT. 1)

Here, Q is the sum of surface radiative and heat fluxes, including
the net shortwave (SW) radiation [(1 — a)SW!, where « is sur-
face albedo], net longwave (LW) radiation (LW! — LW'), and
sensible heat (SH) and latent heat (LH) fluxes. In appendix A,
we compare the magnitude of individual terms in Eq. (1)
and confirm that, on the time scale longer than 25 years, the
magnitude of JOHC/ot is one magnitude smaller than Q in
the cold blob region. Hence, Q has to be largely balanced by
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V - OHT on multidecadal time scales. We therefore infer
—V - OHT, which we call OHTC, as the residual term of Q,
i.e., =V OHT =~ —Q. The term Q has a full expression,

0=(1-aSW'+LW —LW' — SH — LH. )

Assuming seawater is a blackbody with emissivity equal to
1, the upward longwave radiation LW’ can be expressed as
LW' = ¢T*, where o is the Stefan-Boltzmann constant and T
is the surface temperature in the unit of K. On account that
cloud can influence both shortwave and longwave radiation,
we further diagnose cloud radiative forcing (CRF) as the
difference between full-sky and clear-sky conditions; i.e.,
SWHERE) — gy — gqyyllclearsky) 5,4 T WHCRF) — 1wl —
Lwielearsky) - qupstituting individual terms and taking the
linear trend of Eq. (2) yields

AQ = A{(1 - @)[SWHCRD | gyldearsiony
+ A[LWl(CRF) 4 Lwl(clear-sky)]

— A(oT*) — A(SH + LH), 3)

where A denotes a linear operation of calculating trends.
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Linearizing Eq. (3) around some basic state and neglecting
higher-order terms, AQ becomes

AQ = —AaSW' + (1 — @)[ASWHEearsky) 1 AGWHERF)]
+ ALWL(clear—sky) + ALWi(CRF)

— A(SH + LH) — 40T AT, 4)

where () represents climatological values. Utilizing the bal-
ance between Q and V - OHT on multidecadal time scales,
Eq. (4) becomes

A(V - OHT) = —AaSW! + (1 — @)[ASWHelearsky)
4 ASWL(CRF)] 1+ AL W/ (clear-sky)
+ ALWHCRF) — A(SH + LH) — 40T AT,
®)

Dividing Eq. (5) by 40T and rearranging terms lead to the
PTC framework, which allows for quantifying surface temper-
ature changes due to individual processes,

Radiative

AT = —173 —AaSW! + ALWHERD 4+ AGWHRD) 1 (1 — @)[ASWHEersi)] 4 Ap pyi(clearsky)

40T

T1: SAF T2: LW CRF

+ A(=V - OHT)
T6: OHTC

—A(SH + LH)

The terms on the right-hand side of Eq. (6) are surface tem-
perature trends decomposed into seven components associ-
ated with seven physical processes, which are, respectively,
surface albedo feedback (SAF) (T1), longwave cloud radia-
tive forcing (T2), shortwave cloud radiative forcing (T3),
surface downward clear-sky shortwave radiation (T4),
clear-sky longwave radiation (T5), OHTC (T6), and surface
turbulent heat fluxes (T7). Note that all variables are di-
rectly output by models, except that we calculate surface al-
bedo as a = SWT/SW'. Comparing the sum of all PTC terms
in Eq. (6) and simulated SST trends yields negligible differ-
ences in the extratropical North Atlantic, suggesting the va-
lidity of the PTC framework for diagnosing the mechanism
of historical cold blob formation.

3. Results
a. North Atlantic cold blob simulated by CMIP6 models

The 32 CMIP6 models show considerable spread in the spa-
tial pattern of 1900-2014 SST trends over the extratropical
North Atlantic (Fig. 2). Fourteen models simulate warming
over the subpolar North Atlantic, with nine of them (the four

T3: SW CRF

}.

T7: surface turbulent heat fluxes

T4: clear-sky SW T5: clear-sky LW

(6)

CESM2 models, the two EC-EARTH models, the two IPSL
models, and one MRI-ESM2-0) even simulating enhanced
warming, which is in stark contrast to observations. A total of
11 out of the 32 CMIP6 models simulate statistically signifi-
cant cooling trends over the subpolar North Atlantic, i.e., a
cold blob, and are referred to as “Cold Blob” models hereaf-
ter. As this study intends to understand the mechanism under-
lying the cold blob formation, we will focus on these Cold
Blob models.

Among the 11 Cold Blob models, the magnitude and loca-
tion of simulated North Atlantic cold blobs are highly spread.
For example, the simulated maximum cooling trend over the
subpolar North Atlantic ranges from about —3.0 K century
in the Community Integrated Earth System Model (CIESM)
to about —0.6 K century ' in MPI-ESM1-2-HR. Moreover,
the cooling patch concentrates over the region on the east
to the southern tip of Greenland (around 40°W) in the
CMCC-CM2-SR5, FGOALS-f3-L, INM-CM4-8, MPI-ESM1-
2-HR, and MPI-ESM1-2-LR, whereas it is in the western
portion of the subpolar gyre and extends westward to the
Labrador Sea in FGOALS-g3, GISS-E2-1-G, and GISS-E3-G.
In addition, Seoul National University Atmosphere Model
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FIG. 2. Simulated 1900-2014 trends of ensemble-mean SST. Hatches denote statistically insignificant trends at the 90% confi-
dence level. The magenta boxes denote the domain used to calculate the cold blob index in individual Cold Blob models, whose

names are in blue.

Version 0 with a Unified Convection Scheme (SAMO-UNICON)
simulates a cooling over most of the subpolar North Atlantic,
which resembles the SST fingerprint of AMOC slowdown
(Zhang 2008; Caesar et al. 2018), and CIESM simulates too
strong a cooling over the entire midlatitude North Atlantic
Ocean.

We also use a Taylor diagram (Fig. 3; Taylor 2001) to objec-
tively evaluate how well a model reproduces the observed
cold bold pattern. For each model, three statistics are exam-
ined, the pattern correlation between the simulated and ob-
served SST trends (azimuthal angle), the ratio of the standard
deviation of simulated SST trends across space between

models and observations (distance to the origin), and the
root-mean-square error normalized by observational standard
error (distance to point [1, 0]). The pattern correlation ranges
from —0.20 to 0.74. Notably, two models (CIESM and
GFDL-ESM4), which simulate excessive cooling in the subpo-
lar North Atlantic, show a negative pattern correlation with
observations. Moreover, the spatial variability of the simu-
lated SST trend is also spread among models. While five
models simulate more than twice the magnitude of spatial var-
iability compared to observations, three models show spatial
variability less than half of the observed value. Among the
32 models, MPI-ESM1-2-HR overall performs the best in
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FIG. 3. Model-observation comparison of 1900-2014 SST trend pattern over the subpolar North Atlantic (40°—65°N,

10°-60°W). The observation is the average of three ob:

capturing the observed SST trend pattern in the subpolar
North Atlantic, showing the highest pattern correlation of
0.74 and a ratio of spatial standard deviation of 1.2.

Overall, CMIP6 models show highly spread skills in repro-
ducing the observed pattern of subpolar North Atlantic SST
trends throughout the twentieth century (Figs. 2 and 3). On
account of this large spread, we proceed to examine the pro-
cesses responsible for cold blob formation across the 11 Cold
Blob models. We first define a cold blob index as the SST
anomaly averaged over a 10° X 10° box centered on the loca-
tion of minimum SST trend, which we call the “cold blob
domain” (magenta boxes in Fig. 2). Note that this domain is
model dependent. For example, the cold blob domain is
45°-55°N, 36°—46°W in FGOALS-g3, whereas it is 56°—-66°N,
29°-39°W in GFDL-ESM4. Nevertheless, using a fixed cold
blob domain, determined from observational SST trends,
leads to qualitatively similar results (see appendix B for the
robustness test). As expected, the cold blob index in the
11 models shows a decreasing trend from 1900 to 2014, rang-
ing from —1.36 to —0.14 K century !, despite its decadal and
multidecadal variability (Fig. 4).

b. Physical processes contributing to the North Atlantic
cold blob

We apply the PTC framework [Eq. (6) in section 2c] to as-
sess the mechanism of the centennial SST cooling in the Cold
Blob models (Fig. 5). Among the seven PTC terms, surface al-
bedo feedback (T1 in Fig. 5) plays a negligible role in the
open ocean in all 11 Cold Blob models. Although albedo
changes on sea ice margins (Bliss et al. 2019), such as those in
the Labrador Sea, may have a contribution, their spatial pat-
tern does not overlap with the cold blob region. The simu-
lated cold blob formation, therefore, should be explained by
the other six PTC terms (T2-T7). Among these terms, OHTC (T6)

servational estimates. Stars denote the Cold Blob models.

and surface turbulent heat fluxes (T7) are balanced on the first
order; shortwave cloud radiative forcing (T2), longwave cloud
radiative forcing (T3), surface downward clear-sky shortwave
radiation (T4), and surface downward clear-sky shortwave ra-
diation (TS) together balance the residual of the first-order
terms (Figs. 5 and 6).

In each Cold Blob model, the decrease in OHTC (T6 in
Fig. 5) has induced substantial cooling in the cold blob region,
with a magnitude several times greater than the total cooling
trend. However, the spatial pattern and the magnitude of the
cooling vary with models. For example, OHTC-induced cool-
ing spreads over the entire subpolar North Atlantic basin in
CIESM, INM-CM4-8, MPI-ESM1-2-HR, MPI-ESM1-2-LR,
and SAMO-UNICON, while it is confined to the western basin
and the Labrador Sea in FGOALS-g3, GISS-E2-1-G, and
GISS-E3-G and more localized regions in FGOALS-f3-L and
GFDL-ESM4. Notably, the OHTC-associated cooling in
SAMO-UNICON exhibits a typical pattern of AMOC’s finger-
print suggested by previous studies (Zhang 2008): An SST
anomaly dipole in the subpolar North Atlantic and the Labrador
Sea and in the Gulf Stream extension region. The OHTC-
induced cooling in GFDL-ESM4, however, occurs at higher lati-
tudes, distinct from the typical AMOC fingerprint pattern. As
OHTC is largely determined by ocean currents, the diversity in
OHTC-induced SST trends may be associated with model simu-
lation of the location and strength of the ocean currents, such as
the AMOC. The potential effect of the base-state AMOC
strength is discussed in detail in section 5.

The cooling induced by reduced OHTC is offset by changes in
surface heat fluxes (T7), which show a similar pattern and magni-
tude but with an opposite sign (Fig. 5). Physically, variation of
subpolar North Atlantic surface turbulent heat fluxes on multide-
cadal time scales is largely driven by oceanic processes and acts to
damp the ocean-induced SST anomalies (Gulev et al. 2013;
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FIG. 4. Time series of simulated and observed cold blob index (K), calculated as the SST averaged over the boxes defined in Figs. 2
and 1d, respectively. For simulations, individual realizations are in gray thin lines, and the ensemble means are in thick black lines. Obser-
vation is the average over three observational SST estimates. In each panel, the dashed blue line denotes the linear trend of the back line,
calculated using an ordinary least squares method. The value of the linear trend is shown on the top right of the panel, where * denotes
statistical significance at the 90% confidence level after accounting for autocorrelations.

Zhang et al. 2016). For example, the surface turbulent heat flux
from ocean to atmosphere reduces with a below-average SST
through a thermodynamic adjustment of the marine atmospheric
boundary layer to preexisting SST anomalies (Hausmann et al.
2017). On account of the physical association of T6 and T7, we
combine the two terms in the discussion below and refer to the
combined effect as “oceanic processes.” The magnitude of the
combined oceanic term is comparable to the simulated SST trend
(“OHTC + SH&LH” in Fig. 6), yet its spatial pattern varies
across models. For example, the oceanic process leads to warm-
ing concentrated in the eastern North Atlantic in MPI-ESM1-
2-HR and MPI-ESM1-2-LR and warming in the entire North
Atlantic basin (except the Irminger Sea) in GFDL-ESM4. Yet, it
results in cooling in the western subpolar North Atlantic in the
other eight models.

In addition, the four PTCs associated with radiative pro-
cesses, namely, the “radiative” terms, explain a considerable

portion of SST trends. First, cloud radiative forcing consis-
tently shows perceptible contributions across models, but the
magnitude and the spatial pattern of the associated SST trend
exhibit a intermodel spread. The longwave cloud radiative
forcing (T2 in Fig. 5) has decreased and led to cooling over
most parts of the subpolar North Atlantic in all Cold Blob
models, except in the western subpolar basin in FGOALS-g3
and the eastern subpolar basin in CIESM, CMCC-CM2-SRS5,
and GFDL-ESM4. In addition, the shortwave cloud radiative
forcing (T3 in Fig. 5) has decreased and led to cooling over
the entire basin in CIESM and GFDL-ESM4, the western basin
in FGOALS-g3, and the eastern basin in CMCC-CM2-SRS,
GISS-E3-G, MPI-ESM1-2-HR, MPI-ESM1-2-LR, and SAMO-
UNICON but has increased and led to warming elsewhere.
These intermodel differences might be associated with changes
in multiple cloud properties, such as cloud type, cloud cover,
and cloud-base height, which climate models could differ
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T2: LW CRF T3: SW CRF T4: CIrSky SWR  T5: CIrSky LWR ! T6: OTTC T7: SH&LH
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FIG. 5. Partial temperature change terms [Eq. (6)] in the Cold Blob models. Shown from left to right are temperature changes
due to SAF change (T1), LW CRF change (T2), SW CRF change (T3), non-SAF-induced change in clear-sky SW (T4), downw-
elling clear-sky LW radiation change (T5), OHTC change (T6), and surface turbulent heat flux change (T7). T1-T5 share the left
color bar, and T6 and T7 share the right color bar.
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FIG. 6. (left) Sums of all PTCs, (middle) sums of PTCs associated with radiative processes (T2-T5), and (right) sums of PTCs due to
changes in OHTC and surface heat fluxes (T6 and T7) in the 11 Cold Blob models and their multimodel mean.

significantly in representing (Ceppi et al. 2017). Second, the sur-
face clear-sky downward SW, which is associated with the direct
effect of aerosol forcing, shows a consistent decrease and resul-
tant cooling across models, with a moderate intermodel spread
in the magnitude of the cooling (T4 in Fig. 5). This intermodel
spread in the direct aerosol radiative forcing is consistent with
previous studies (Zhang et al. 2022).

Finally, changes in the surface clear-sky downward long-
wave flux (T5 in Fig. 5) lead to a lack of warming in most of
the Cold Blob models, except in CIESM, FGOALS-f3-L, and
GFDL-ESM4 where an absolute cooling is induced. These
changes are a combination of changes in lower-troposphere
temperature profiles and the concentration of atmospheric
greenhouse gases, including water vapor. For instance, in
GFDL-ESM4, despite the increase in greenhouse gases that
efficiently emit longwave radiation, the cold blob present at

the ocean surface might cool the lower troposphere through
decreased turbulent heat flux from the ocean to the atmo-
sphere such that the colder atmosphere radiates less longwave
downward. Changes in these radiative processes jointly result in
an SST cooling pattern that resembles the simulated cold blob,
with minor differences between the sum of all PTCs and that of
radiative terms (Fig. 6). For example, in CMCC-CM2-SRS, the
cooling due to the radiative processes is smaller in both magni-
tude and spatial extent, compared to the simulated cold blob,
whereas in MPI-ESM1-2-HR and MPI-ESM1-2-LR, the radia-
tive terms lead to stronger cooling in a larger area than the simu-
lated North Atlantic cold blob.

It is noteworthy that the substantial cooling induced by de-
creased OHTC (Fig. 6) and the net cooling effect due to radi-
ative processes (Fig. 7) are consistently absent in models that
simulate enhanced warming in the subpolar North Atlantic
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FIG. 7. SST trends and PTCs averaged within the respective cold blob region in each Cold Blob model (K century ™). The SST trends
and T2-T5 use the y axis on the left, and T6 and T7 use the one on the right. The orange line denote the sum of PTCs due to radiative pro-
cesses (T2-T5; orange bars), and the blue line represents the sum of PTCs due to OHTC and surface turbulent heat fluxes (T6 and T7;
blue bars). The four models where the cold blob predominantly results from radiative processes (Radiation Dominant models) have their
name in orange, while those four with OHTC being the dominant contributor (OHTC Dominant models) in blue.

(see Figs. S1 and S2). The contrast between these models and
the Cold Blob models underscores the critical roles of the
OHTC decrease and the cooling effect from radiative pro-
cesses in reproducing a North Atlantic cold blob within the
CMIP6 models. Nevertheless, the prominence of either mech-
anism over the other varies across models, as evidenced by
the differing magnitudes and spatial patterns of PTCs in the
subpolar North Atlantic region (Figs. 5 and 6). The domi-
nance of either the OHTC or the radiative processes may de-
termine the final positioning of the induced North Atlantic
cold blob. Specifically, the multimodel mean shows that the
radiation-induced cooling is mostly in the eastern basin, while
the net cooling effect from OHTC and surface turbulent heat
fluxes tends to occur in the western basin and the Labrador
Sea (Fig. 6). This positioning difference could be associated
with the existence of significant ocean currents in the western
basin and prevailing marine boundary layer cloud occurrence,
along with distinctive aerosol sources, in the eastern basin
(Jensen et al. 2021; Wang et al. 2022).

The model disagreement on the predominant cold blob mech-
anism can be further demonstrated from PTC terms averaged
over the model-specific cold blob domain in each Cold Blob

model (Fig. 7). In four models, the radiative processes provide
the predominant cooling mechanism to the North Atlantic cold
blob, with oceanic terms leading to a net warming (e.g., in MPI-
ESM1-2-HR) or a negligible cooling (e.g., in GFDL-ESM4).
In other words, the simulated cold blob primarily results from
the imbalance between the radiative processes. We thus label
these models, CIESM, GFDL-ESM4, MPI-ESM1-2-HR, and
MPI-ESM1-2-LR, as “Radiation Dominant.” These Radiation
Dominant models on average simulate radiative processes’ con-
tribution to the cold blob as —0.72 K century” ' and other pro-
cesses’ contribution as 0.13 K century '. As a counterpart,
another four models are labeled as “OHTC Dominant” as they
simulate the cold blob as a result of the imbalance between the
first-order processes—OHTC and surface turbulent heat fluxes.
Specifically, they simulate the fourth greatest cooling effect of
oceanic terms, which are —0.88, —0.84, —0.41, and —0.35 K per
century by CMCC-CM2-SR5, FGOALS-g3, GISS-E3-G, and
GISS-E2-1-G, respectively. In these OHTC Dominant models,
radiative terms contribute to either net warming (e.g., CMCC-
CM2-SRS5) or relatively modest cooling (e.g., FGOALS-g3).
They on average simulate the net effect of OHTC and surface
turbulent heat fluxes as —0.62 K century ' and that of other
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processes as —0.02 K century ', In the remaining models,
radiative and oceanic processes make comparable contribu-
tions to the simulated cold blob, which, on average, are
—0.19 and —0.34 K century !, respectively.

Overall, we conclude that there is no model agreement on
the formation mechanism of the North Atlantic cold blob.
The spread of the dominant North Atlantic cold blob forma-
tion mechanisms has motivated us to explore the factors that
cause the differentiation of the importance of radiative pro-
cesses versus oceanic processes. In the following section, we
propose the model spread in the base-state AMOC strength
as a potential explanation.

4. Discussion

a. Potential causes of model spread in oceanic processes’
contribution

By transporting warm surface water northward from the
tropics, the AMOC plays a major role in redistributing heat in
the North Atlantic (Johns et al. 2011). The AMOC-associated
OHT varies with latitudes, which reaches the maximum,
about 1.18 PW, at 15°N, and is about 0.8 PW around 45°N
(Trenberth and Fasullo 2017). Besides, the AMOC could im-
pact the subpolar North Atlantic climate by coupling with the
atmosphere via cloud radiative feedback (Trossman et al.
2016), atmospheric circulation such as the North Atlantic
Oscillation (Delworth et al. 2016; Kim et al. 2023), and sea ice
properties (Liu and Fedorov 2022; Deng and Dai 2022). Cur-
rent climate models highly diverge in simulating the base-
state AMOC and its variability (Jackson et al. 2020; Weijer
et al. 2020; Lin et al. 2023). Along 26°N, the mean AMOC
strength ranges from 9.6 to 23 Sv across CMIP6 models, with
a large spread in the latitude and depth of the maximum
AMOC (Weijer et al. 2020). This model spread in the base-
state AMOC could be further translated into uncertainties in
model projection of future climate change, such as the rate of
the AMOC decline (Jackson et al. 2020; Lin et al. 2023) and
the associated North Atlantic warming hole and the poleward
shift of the midlatitude jet (Bellomo et al. 2021).

Given the AMOCs relevance to the North Atlantic climate
in climate models, we composite the base-state AMOC (1900
2014 climatology) simulated by in the OHTC Dominant mod-
els and the Radiation Dominant models (Fig. 8). We find that
the base-state AMOC differs between the two groups of
models. Specifically, the maximum intensity of the base-state
AMOC is 24 Sv, averaged across all 11 Cold Blob models
(Fig. 8a), but is 27 and 20 Sv in OHTC Dominant models and
Radiation Dominant models, respectively (Figs. 8b,c). Com-
paratively, the AMOC base state is about 7 Sv stronger at the
depth of 1 km and the latitude of 35°N (where the maximum
AMOC usually occurs) in the OHTC Dominant models than
in the Radiation Dominant models (Fig. 8d). This stark contrast
suggests that the base-state AMOC could be a differentiator
between the two predominant North Atlantic cold blob mech-
anisms among the two groups of the Cold Blob models. Across
the Cold Blob models, the base-state AMOC intensity explains
approximately 40% of the spread in the OHTC-induced cooling
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AMOC (Sv) averaged over (a) all Cold Blob models, (b) OHTC
Dominant models, and (c) Radiation Dominant models. (d) The
difference between (b) and (c).

(Fig. 9a). Taking into account surface turbulent flux’s damping
effect, the explained variance decreases to 25%, implying that
the damping mechanism introduces uncertainty to the base-state
AMOCs influence on the contribution of oceanic terms to the
North Atlantic cold blob.

As a weakening AMOC is hypothesized to induce the North
Atlantic cold blob or warming hole by decreasing OHT into
the subpolar region (Rahmstorf et al. 2015; Keil et al. 2020;
Liu et al. 2020), we quantify the contributions of AMOC-
associated OHTC to the SST trend in each model and their
dependence upon the AMOC base state. The effect of the
AMOC intensity (denoted by ¢ and defined as the maximum
AMOC north of 10°N and below 500 m) on the SST is com-
monly estimated as 97/9¢ through linear regression. The
AMOC could modulate subpolar North Atlantic SST not only
through OHTC but also through other processes such as
cloud radiative forcing (Trossman et al. 2016). Therefore, we
quantify the sensitivity of SST to AMOC-associated OHTC as
S = (0T/AOHTC)(@OHTC/d¢). The effect of AMOC-associated
OHTC on the SST trend hence can be mathematically written
as AT oyrey = (@T/HOHTC)(@OHTC/dd)Ad. Thus, the spreads
in § and/or A¢ across models are expected to lead to the
spread in AToprc,g. Further decomposition of S and A¢
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FIG. 9. (a) AMOC climatologies versus OHTC-induced SST changes in the cold blob region. Here, the AMOC strength is defined as
the maximum overturning streamfunction north of 10°N and below 500 m in the Atlantic basin. (b) Climatologies and centennial trends of
the AMOC simulated by all 32 CMIP6 models. The dashed line in (a) and (b) represents the linear regression between the two variables,
and the corresponding explained variance R* is shown on the top right (** denotes statistical significance at a 95% confidence level). Note
that the Cold Blob models are in color, while others in gray. The Radiation Dominant models, the OHTC Dominant models, and the rest
of the Cold Blob models are marked by squares, triangles, and dots, respectively. The hollow square and triangle in (a) denote the average
values over the Radiation Dominant models and OHTC Dominant models, respectively. (c) The relationship between detrended, 9-yr
smoothed AMOC index, and domain-averaged OHTC in each Cold Blob model. Small transparent scatters show annual values, and large
solid scatters represent 1900-2014 climatologies. Solid lines denote the linear regression in each model, with corresponding slope values
noted on the top. (d) Asin (c), but between detrended, 9-yr smoothed Cold Blob regional averages of OHTC and SST. Note that when es-
timating the relationship between the OHTC, the AMOC, and the SST, we only use one realization (rlilp1f1) for the models that have
multiple realizations available, as analogous to the real-world climate that has internal variability. (e) Sensitivity of OHTC to AMOC
(x axis) versus sensitivity of SST to OHTC (y axis), estimated by the slope of regression shown in (c) and (d), respectively. The values de-
noted beside the triangle and the square are the average x-axis and y-axis values for OHTC Dominant and Radiation Dominant models.
(f) As in (e), but for R? of the regression.

OHTC Dominant (Radiation Dominant) models on average
show a base-state AMOC intensity of 29.4 (20.8) Sv and an
AMOC decline of 2.6 (2.1) Sv century ™' In other words, the
OHTC Dominant models that simulate a stronger AMOC
base state also simulate a 20% greater slowdown of the
AMOC in the past century compared to their Radiation
Dominant counterparts. Our findings here are consistent with

into the multimodel mean plus the difference from the
mean leads to Eq. (7):

ATS vy = S"(AD) + SU(AD)™. )

In Eq. (7), superscripts m and d, respectively, denote the
multimodel mean and the difference from the mean. Accord-

ing to Eq. (7), we show that both (A$)? and S are dependent
on the base-state AMOC, with stronger AMOC accompanied
by more significant AMOC slowdown in the past century and
a larger sensitivity of SST to AMOC anomaly (Figs. 9b-f).
Specifically, the base-state AMOC strength explains 16% of
the spread in the historical AMOC change [(Ad)?] across the
32 CMIP6 models examined (Fig. 9b). Among them, the

previous studies reporting the base-state dependence of
AMOC change under future forcing scenarios, even though
the physical mechanisms behind remain an open question
(Jackson et al. 2020; Lin et al. 2023).

Besides, the base-state AMOC can also affect the response
of SST anomalies to AMOC anomaly S. Figures 9c—f illustrate
the relationship between S and ¢. Overall, the magnitude of
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FIG. 10. January—-March mean MLD (m) averaged over (a) all Cold Blob models, (b) OHTC Dominant models, and (c) Radiation
Dominant models. CIESM, INM-CM4-8, and SAMO-UNICON do not have available MLD output, so that they are excluded from

calculating the model composites.

S is greater in models with a stronger ¢, indicating a stronger
AMOC tends to play a more important role in modulating
the OHTC and the SST variability in the subpolar North At-
lantic. Mathematically, S is the product of two components:
The sensitivity of OHTC within the Cold Blob region to the
AMOC anomaly ()OHTC/d¢) and the sensitivity of the SST
to the OHTC anomaly (#7/0OHTC). We estimate the sensi-
tivity, JOHTC/d¢ and 0 T/0OHTC, as the slopes of linear re-
gression of OHTC on AMOC and of SST on OHTC, as
shown in Figs. 9c and 9d, respectively. The two sensitivity
components for each Cold Blob model are summarized in
Fig. 9e, and the corresponding explained variances are shown
in Fig. 9f. First, in the Radiation Dominant models, the
AMOC on average explains only 7% of the decadal OHTC
variability (Fig. 9f; R ranges from 0 to 0.17). This explained
variance increases to 0.62 [0.53, 0.70] in the OHTC Dominant
models, whose base-state AMOC is stronger by 8 Sv on aver-
age. Meanwhile, 1 Sv AMOC anomaly is on average associated
with 7.55 W m ™2 of OHTC anomaly in OHTC Dominant mod-
els, an order of magnitude larger than that in Radiation Domi-
nant models (0.16 W m~?). Second, in OHTC Dominant
models, OHTC variability on average can explain 59% of the
total SST variance on decadal time scales, which is more than
twice the value for Radiation Dominant models (Fig. 9f).
While 1 W m~2 of OHTC anomaly might on average induce a
0.041 K-SST anomaly in OHTC Dominant models, it is only
associated with a 0.027-K SST anomaly in Radiation Dominant
models (Fig. 9¢). These intergroup differences suggest that the
AMOC and the associated OHTC are more important to low-
frequency SST variability in the subpolar North Atlantic when
the base-state AMOC is relatively strong.

AMOC strength is closely linked to water mass transforma-
tion in the North Atlantic high latitudes (Isachsen et al. 2007;
Grist et al. 2009; Langehaug et al. 2012), which allows the for-
mation of North Atlantic Deep Water and the lower limb of
the AMOC. Deep-water formation is often characterized by
large mixed layer depth (MLD) that signifies the existence of
deep convection, and it primarily occurs in regions like the
Labrador Sea (Pickart and Spall 2007; Yashayaev and Loder

2017), the Irminger Sea and Iceland Basins (Lozier et al. 2019;
Petit et al. 2020; Chafik et al. 2022), and the Nordic seas (Chafik
and Rossby 2019). Current climate models show biases in repre-
senting deep-water formation in the North Atlantic (Heuzé
2017, Jackson and Petit 2023). Consistently, the Cold Blob mod-
els examined here also differ in simulating wintertime MLD in
the deep-water formation regions (Fig. 10).

However, between the OHTC Dominant and Radiation Domi-
nant models, the most significant discrepancy is over the Irminger
Sea rather than the Labrador Sea, a location traditionally thought
to be the most critical for deep-water formation and AMOC
intensity. Specifically, the MLD in the Labrador Sea and the
Irminger Sea reaches more than 1000 m in the OHTC Dominant
models (Fig. 10b), while in the Radiation Dominant models, the
MLD is approximately 1000 m in the Labrador Sea, similar to the
OHTC dominant models, but reduces to 500 m in the Irminger
Sea (Fig. 10c). The intergroup difference in the wintertime MLD
climatology suggests that deep convection in the Irminger Sea,
rather than the Labrador Sea, is more relevant to the intermodel
spread in the base-state AMOC strength. The importance of the
Irminger Sea deep convection shown in model simulations is con-
sistent with the observational evidence suggesting that deep con-
vection in the Irminger Sea and Iceland Basins, rather than the
Labrador Sea, is largely responsible for the base-state AMOC
(Lozier et al. 2019; Menary et al. 2020; Chafik et al. 2022).

It is worth mentioning that in addition to the MLD in deep-
water formation regions, model spreads in representing the
base-state AMOC can also be introduced by other factors
such as the location of the North Atlantic Current (Jackson
et al. 2020), the strength of the Nordic Sea overflow (Zhang
et al. 2011), and model resolution (Roberts et al. 2020). Ex-
ploring these parameters in Cold Blob models and their con-
tribution to the modeled base-state AMOC and long-term
SST trend will be a valuable next step to address uncertainties
in projecting subpolar North Atlantic climate change.

b. Model spread in radiative processes’ contribution

Across the Cold Blob models, the oceanic process-induced
SST change and the radiative process-induced SST change are
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negatively correlated (r = —0.54); that is, models that simulate a
greater-than-average cooling due to oceanic processes tend to
simulate a smaller-than-average cooling due to radiative pro-
cesses, especially cloud radiative forcing and clear-sky down-
ward SW radiation. The base-state AMOC intensity, however,
does not explain the model spread in radiative processes’ contri-
bution (R* = 0.03). Over 60% of the spread is from clear-sky
downward longwave radiation-induced PTC, with 28% and
16% from PTCs due to clear-sky shortwave radiation and cloud
radiative forcing, respectively. These processes indicate that the
representation of feedback mechanisms, such as water vapor
feedback and lapse rate feedback, in climate models might intro-
duce uncertainties to radiative forcing on SST (Heinze et al.
2019). As examining these feedbacks is beyond the scope of this
study, we leave it for future work.

5. Conclusions

Through an examination of CMIP6 historical simulations, we
have found that the latest generation of climate models exhibits
a considerable spread in simulating the century-long SST
trend over the subpolar North Atlantic, with 11 out of 32 (34%)
models simulating a cooling trend. These 11 so-called Cold
Blob models, however, diverge in intensity, spatial coverage,
and most importantly, the underlying mechanisms. Our analysis,
utilizing the partial temperature change framework [Eq. (6)], in-
dicates a divided understanding among the models: Four of the
Cold Blob models simulate the imbalance between OHTC and
surface turbulent heat flux as the primary mechanism, another
four models simulate radiative processes as the key, and the two
mechanisms play an equally important role in the remaining
three models. Consequently, there is a notable lack of consensus
regarding the mechanisms underlying the North Atlantic cold
blob, leaving open the question of whether it can be attributed
to a single process, such as an AMOC slowdown, gyre circula-
tion change, or jet stream migration, as proposed by previous
studies. Given the large uncertainties in identifying the mecha-
nisms in simulations, single model-based studies on the North
Atlantic cold blob should be interpreted with caution, especially
when extrapolating to the geological past or future climate.

We further suggest that the intensity of the base-state
AMOC might be a differentiator among models in terms of the
predominant mechanisms driving the North Atlantic cold blob.
On average, the base-state AMOC is about 7 Sv stronger in
models with decreased OHTC as the predominant mechanism
compared to those with radiative forcing as the primary driver
for the simulated cold blob. Models’ representation of the base-
state AMOC might impact the simulated cold blob mechanism
in two ways: a stronger AMOC tends to exert a more promi-
nent influence on the ocean heat balance via OHTC and hence
the SST variability over the subpolar North Atlantic; mean-
while, a stronger base-state AMOC is associated with a greater
decrease in its strength in response to anthropogenic green-
house gas forcing (Jackson et al. 2020; Lin et al. 2023), which
may translate into a greater decrease in OHTC over the subpo-
lar North Atlantic. As such, models with a stronger base-state
AMOC tend to simulate a stronger cooling induced by the de-
crease in AMOC-associated OHTC.
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We also found that the spread in base-state AMOC among
the Cold Blob models is associated with wintertime MLD in
the subpolar North Atlantic deep-water formation regions, in
particular, the Irminger Sea. Deepened wintertime MLD re-
flects enhanced deep convection and water mass transforma-
tion, which strengthens the formation of North Atlantic Deep
Water and the lower limb of the AMOC. The association be-
tween the base-state AMOC intensity and the Irminger Sea
MLD is consistent with the latest observations suggesting that
deep convection over the Irminger Sea is responsible for the
mean-state AMOC in the subpolar North Atlantic (Lozier
et al. 2019). Our results indicate that continued and focused
monitoring of deep convection and overturning processes in
the Irminger Sea is imperative. Such observational efforts are
vital for refining climate models’ representation of the base
state of the AMOQC, its variability, and the mechanisms driving
long-term climate changes in the subpolar North Atlantic.

Acknowledgments. The authors thank the discussion with
Drs. Susan Lozier, Eugene E. Clothiaux, Sukyoung Lee, Me-
lissa Gervais, Raymond Najjar, and Chris Forest. YF and LL
are supported by the National Aeronautics and Space Admin-
istration Grant 8ONSSC22K0997 and the seed grant from the
Institution of Computational and Data Sciences at the Pennsyl-
vania State University. PZ is supported by the National Sci-
ence Foundation, under Grant AGS 2232582.

Data availability statement. The Met Office HadISST1.1
dataset is available at https://www.metoffice.gov.uk/hadobs/
hadisst/. The Kaplan Extended SST V2 and ERSST.v5 data-
sets are provided by the NOAA/OAR/ESRL PSL, Boulder,
Colorado, United States, from their website at https:/psl.
noaa.gov. CMIP6 output can be accessed through the ESGF
nodes (https://esgf-node.llnl.gov/search/cmip6/) and down-
loaded in Python environment using “acccmip6” (https://
github.com/TaufigHassan/acccmip6).

APPENDIX A

Ocean Heat Balance

It is a commonly used approach to estimate the ocean heat
transport effect as a residual term from ocean heat balance
(Xie et al. 2010; Roberts et al. 2017; Huguenin et al. 2022).
In this study, we estimate ocean heat transport convergence
—V - OHT as a residual term in Eq. (6). It provides a conve-
nient way to infer SST change due to OHTC without an explicit
calculation from ocean currents and potential temperature,
which itself causes heat budget disclosure due to discretiza-
tion in time and space. We further assume that on multideca-
dal time scales, the time rate of change in ocean heat content
(0OHC/ot) is negligible. To examine to what extent JOHC/ot
approximates to zero, we estimated OHC as Cppozi()(i)ﬁz(i),
where C, = 3900 J kg ' K™, py = 1026 kg m~~, 6(j) is the
ocean potential temperature at the ith level, and 6z(i) is the in-
terval distance between the ith level and the (i + 1)th
level. We then smoothed the derived 9OHC/ot and the net
surface downward heat flux Q using a 25-yr moving window
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and calculated the regional averages over the identified cold
blob region specific to each model. Across the models exam-
ined, the ratio of [JOHC/¢| to |Q| has a mean of 0.075 and a
median of 0.052. Eight out of ten models show an average
ratio of less than 0.1 (Fig. S3). Overall, fJOHC/¢| is at least
one order smaller than |Q|, and Q largely balances with
OHTC on the time scale of our interest. Thus, it is valid to
use changes in the net surface downward heat flux AQ to
approximate changes in the ocean heat transport effect on
SST.

APPENDIX B

Robustness Test

We have tested the robustness of our results and conclu-
sions against the choices of the cold blob domain, the time
period for analysis, and the definition of the AMOC index.
As mentioned in section 3a, aside from a fixed-sized cold
blob domain, a variable-sized domain that includes all grid
cells within the subpolar North Atlantic that show a de-
creasing trend of SST is used to calculate regional averages.
We also conduct the same analysis for the period of 1900-89,
which yields a stronger cooling trend of observational SST and
a different group of Cold Blob models. Model grouping and
key statistics using the second definition of cold blob domains
or the 1900-89 period are summarized in Tables S1 and S2.
With the use of a variable-sized cold blob domain, the vari-
ance of oceanic process-induced SST trend explained by the
base-state AMOC decreases to 0.18. During the 1900-89 pe-
riod, the observed North Atlantic cold blob magnitude is three
times as large as that during the 1900-2014 period, and
more CMIP6 models are qualified as Cold Blob models.
Before the 1990s, most models simulate radiative processes
as the predominant cooling mechanism, with seven models
grouped as Radiation Dominant and only one model,
CMCC-CM2-SRS, grouped as OHTC Dominant. However,
the base-state AMOC strength still explains 29% of the
model spread in the oceanic processes’ contribution to the
simulated cooling. Our findings remain robust if we use an
alternative definition of the AMOC index, which is the
maximum overturning at a fixed latitude (e.g., 40°N) across
all models. The results are consistent in that 1) the multi-
model means of the overturning strength along 40°N in
the Radiation Dominant and OHTC Dominant models are
18.4 and 26.2 Sv, respectively, with an intergroup differ-
ence of 7.8 Sv; and 2) the sensitivity of subpolar North
Atlantic OHTC to AMOC and the sensitivity of SST to
OHTC both show a clear separation between the Radia-
tion Dominant and OHTC Dominant models (Fig. S4).
This is consistent with previous studies suggesting the co-
herence of AMOC variability across latitudes on multide-
cadal or longer time scales (Gu et al. 2020). Overall, it is
robust that OHTC Dominant models simulate a stronger
base-state AMOC and that maximum base-state AMOC
strength can explain a significant fraction of the model
spread in the oceanic processes’ contribution to the North
Atlantic cold blob.
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