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Mean State AMOC Affects AMOC Weakening through Subsurface Warming in the
Labrador Sea?
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ABSTRACT: While most models agree that the Atlantic meridional overturning circulation (AMOC) becomes weaker
under greenhouse gas emission and is likely to weaken over the twenty-first century, they disagree on the projected magni-
tudes of AMOC weakening. In this work, CMIP6 models with stronger climatological AMOC are shown to project stron-
ger AMOC weakening in both 1% ramping CO, and abrupt CO, quadrupling simulations. A physical interpretation of
this result is developed. For models with stronger mean state AMOC, stratification in the upper Labrador Sea is weaker,
allowing for stronger mixing of the surface buoyancy flux. In response to CO, increase, surface warming is mixed to the
deeper Labrador Sea in models with stronger upper-ocean mixing. This subsurface warming and corresponding density de-
crease drives AMOC weakening through advection from the Labrador Sea to the subtropics via the deep western bound-
ary current. Time series analysis shows that most CMIP6 models agree that the decrease in subsurface Labrador Sea
density leads AMOC weakening in the subtropics by several years. Also, idealized experiments conducted in an ocean-
only model show that the subsurface warming over 500-1500 m in the Labrador Sea leads to stronger AMOC weakening
several years later, while the warming that is too shallow (<500 m) or too deep (>1500 m) in the Labrador Sea causes little
AMOC weakening. These results suggest that a better representation of mean state AMOC is necessary for narrowing the
intermodel uncertainty of AMOC weakening to greenhouse gas emission and its corresponding impacts on future warming
projections.
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1. Introduction the Ekman transport that corresponds to meridional Sverdrup
flow (Eden and Willebrand 2001; Kohl 2005). At the same time,
surface wind forcing might trigger Rossby waves that modify the
basinwide east-west density gradient (Hirschi et al. 2007). Both
account for the higher-frequency AMOC fluctuations (Zhao and
Johns 2014). On interannual to decadal time scale, buoyancy flux
plays a major role in determining the AMOC variations (Yeager
and Robson 2017). Studies have found that the North Atlantic
Oscillation (NAO) may be responsible for the decadal buoyancy
forcing in the subpolar region (Delworth and Zeng 2016; Eden
and Jung 2001; Lohmann et al. 2009), and the transport of the
buoyancy anomalies involves multiple processes including mean
ocean advection and propagation via boundary waves (Buckley
and Marshall 2016; Zhang 2010). On centennial to millennial
time scales, water flux and the associated salinity anomalies be-
come dominant in changing the AMOC strength (Delworth and
Zeng 2012; Menary et al. 2012).

Besides understanding the driving mechanisms of AMOC
variations on a broad range of time scales, it is as important to
evaluate the anthropogenically forced AMOC responses and
to predict the future AMOC changes. Due to the relatively
o ) ] ) sparse and short period of direct AMOC observation since
o {a)seé‘;’;flsaz‘c’;fm that is immediately available upon publica- 5004 (Smeed et al. 2014, 2018), it is still unclear if the recently

observed AMOC weakening is a forced response to green-
house gas emissions or is instead due to internal variability

P Supplemental information related to this paper is available at  (Jackson et al. 2016; Menary et al. 2020; Worthington et al.
the Journals Online website: https://doi.org/10.1175/JCLI-D-22- 2021). To understand how the AMOC would respond to an-
0464.s1. thropogenic forcing, we usually rely on numerical models,

which commonly show that the AMOC weakens in response
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The Atlantic meridional overturning circulation (AMOC)
is a global ocean circulation that generally transports warm
and salty upper waters northward, releasing heat to the atmo-
sphere to form the cold, deep waters flowing southward. The
AMOC varies over broad time scales, and these AMOC var-
iations shape global and regional climate through the trans-
port of heat, salt, and biochemical substances (Jackson et al.
2015; Liu et al. 2020; Zhang et al. 2019). The climate impacts
associated with the time-evolving AMOC include changes in
sea surface temperature (Knight et al. 2005; Muir and Fedorov
2015), shifts in tropical precipitation (Moreno-Chamarro et al.
2019; Parsons et al. 2014), the extent of the Arctic sea ice (Liu
and Fedorov 2019; Mahajan et al. 2011), and projections of sea
level rise (Gregory et al. 2016; Little et al. 2019).

Since the AMOC plays a vital role in modifying the global
climate, scientists have been focusing on the driving mecha-
nisms of the AMOC variations on multiple time scales. On
seasonal to interannual time scale, wind stress curl can drive
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AMOC weakening over the twenty-first century (IPCC 2013,
2021; Weijer et al. 2020).

Multiple features under a warmer future may be linked to
the projected AMOC weakening. For example, reduced ocean
heat loss at high latitudes (Drijfhout et al. 2014), increased pre-
cipitation in the North Atlantic (Dima et al. 2021), Arctic sea
ice loss (Liu et al. 2019; Sévellec et al. 2017), and Greenland ice
sheet melting (Bakker et al. 2016; Hu et al. 2011; Swingedouw
et al. 2006). Though the ultimate cause for the AMOC weaken-
ing remains an open question, some studies show that the sur-
face heat flux anomalies account for the AMOC weakening
under increasing CO,, outweighing the role of water flux or
momentum flux (Gregory et al. 2005, 2016). Also, some show
that the AMOC weakening over the twenty-first century or in
response to freshwater forcing is mostly through reduced den-
sity from warming instead of freshening (Haskins et al. 2020,
Levang and Schmitt 2020).

While the models qualitatively agree on the sign of AMOC
weakening in response to CO, increase, they disagree on the pro-
jected magnitudes (IPCC 2021; Reintges et al. 2017). The large
intermodel spread of AMOC weakening magnitudes can bring
uncertainties in a broad range of future projections (Bellomo
et al. 2021; Hu et al. 2020). Some studies have found that the
magnitudes of the AMOC weakening depend on the mean state
AMOC strength—the models with stronger mean state AMOC
usually correspond to more significant AMOC weakening under
CO, increase (Gregory et al. 2005; Jackson et al. 2020; Weaver
et al. 2012; Weijer et al. 2020; Winton et al. 2014). The findings
suggest that the present-day AMOC strength could be an emer-
gent constraint for projected AMOC weakening. However, ex-
planations for the diverse magnitudes of AMOC weakening
among models and their dependence on the mean state climate
are not fully understood.

In this work, we provide processes to interpret the spread
of model projections of AMOC weakening and its depen-
dence on the mean state climate. We begin by showing the
climatological and projected AMOC strength, as well as the
mean state climate in the North Atlantic in fully coupled cli-
mate models (section 2). In section 3, we analyze surface re-
sponses related to the model-dependent AMOC weakening.
In section 4, we develop a process-based understanding of
the dependence of AMOC weakening on the climatological
AMOC strength. We find that the subsurface warming in the
Labrador Sea acts as a precursor to AMOC weakening in
most models, and the varying vertical warming profiles in the
Labrador Sea are linked to their varying mean state stratifica-
tion. In section 5, we perform idealized experiments, suggest-
ing that the subsurface warming in the Labrador Sea leads
to stronger AMOC weakening than warming in the upper or
deep ocean. The proposed mechanisms are summarized in
section 6, along with the discussion of the related literature.

2. Mean state climate and AMOC weakening

a. CMIP6 models data

We use 31 models participating in phase 6 of the Climate
Model Intercomparison Project (CMIP6; summarized in Table 1)
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and analyze their monthly output from 150-yr simulations with
preindustrial conditions (piControl) and forced with an increase
in atmospheric CO, concentration, including the scenario in
which CO, increases at 1% yr~! (1pctCO,) and the scenario in
which CO, abruptly quadruples at the start of the simulation and
is subsequently held fixed (abrupt-4XCO,). To evaluate the
potential density responses in each model, the criterion for choos-
ing the models is the availability of seawater potential tempera-
ture (thetao) and salinity (so) in all three simulations. Here we
calculate the potential density following the Thermodynamic
Equation of Seawater-2010 (TEOS-10) (IOC et al. 2010). When
available, we also analyze sea ice cover and surface heat budget.
To evaluate the AMOC strength, we make use of mass overturn-
ing streamfunctions and meridional velocity (see the appendix for
more details). Only one ensemble member per model is assessed,
as most of the models provided only one member.

b. Dependence of AMOC weakening on AMOC
climatology

Similar to CMIP3 and CMIP5, the 31 CMIP6 models used in
the study show a considerable intermodel spread of climatological
AMOC strength, ranging from 11 to 28 Sv (1 Sv = 10° m® s ™)
(Fig. 1a). Here we define the AMOC strength as the mass stream-
functions at 35°N and 1000-m depth, where the maximum is
generally located. The large intermodel spread of AMOC cli-
matology not only leads to model biases in mean state climate
(Wang et al. 2014) but also accounts for the uncertainties in
future projections (Chen et al. 2019). For example, the am-
plitude of AMOC weakening depends on the strength of
AMOC climatology in both abrupt-4XCO, and 1pctCO,
simulations—the models with stronger AMOC mean state
tend to project stronger AMOC weakening (Figs. 1b,c). The
Spearman correlation coefficient between the AMOC climato-
logical strength and the magnitude of AMOC weakening in
years 11-30 of abrupt-4XCO, simulations is 0.87 (p value =
0.000), and 0.54 (p value = 0.002) for years 131-150 of 1pctCO,
simulations. While there is a significant correlation between the
AMOC climatology and the absolute magnitudes of the AMOC
changes, we find that the percentage change of the AMOC is
less significantly correlated with the AMOC climatology in
abrupt-4 X CO, simulations, and there is no significant corre-
lation for 1pctCO, simulations.

To study the AMOC mean state control on AMOC weak-
ening, we compare results from the 10 (out of 31) models that
have the strongest AMOC mean state (hereafter S10; in red)
with the 10 models that have the weakest AMOC mean state
(hereafter W10; in blue). The mean value (one standard devi-
ation) of AMOC climatology from S10 and W10 is 24.4 (2.1)
and 15.9 (2.5) Sv, respectively. Under CO, forcing, the differ-
ence of 8.5 Svin AMOC strength between the two groups be-
comes smaller, since S10 models project stronger AMOC
weakening and W10 models project weaker AMOC weaken-
ing (Figs. 1b,c). Indeed, the years 11-30 mean AMOC
strength difference in the abrupt-4XCO, simulation between
S10 and W10 is only 1.9 Sv, and the years 131-150 mean
AMOC strength difference in the 1pctCO, simulation is
3.2 Sv (Fig. 1a). The dependence of the AMOC weakening on
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TABLE 1. The 31 CMIP6 models used in the study.

Institution Model name References
CSIRO-ARCCSS ACCESS-CM2 Dix et al. (2019a,b,c)
CSIRO ACCESS-ESM1-5 Ziehn et al. (2019a,b,c)
BCC BCC-CSM2-MR Wau et al. (2018a,b,c)
BCC BCC-ESM1 Zhang et al. (2018, 2019a,b)
CAMS CAMS-CSM1-0 Rong (2019a,b,c)
CAS CAS-ESM2-0 Chai (2020a,b,c)
NCAR CESM2 Danabasoglu (2019a,b); Danabasoglu et al. (2019)
NCAR CESM2-FV2 Danabasoglu (2019g, 2020c,d)
NCAR CESM2-WACCM Danabasoglu (2019c¢,e,f)
NCAR CESM2-WACCM-FV2 Danabasoglu (2019d, 2020a,b)
CMCC-CM2-SR5
CMCC-ESM2
CMCC CMCC-CM2-SR5 Lovato and Peano (2020a,b,c)
CMCC CMCC-ESM2 Lovato et al. (2021a,b,c)
CCCma CanESM5 Swart et al. (2019a,b,c)

EC-Earth-Consortium
EC-Earth-Consortium
EC-Earth-Consortium

EC-Earth3-AerChem
EC-Earth3-CC
EC-Earth3-Veg

NOAA-GFDL GFDL-ESM4
NASA-GISS GISS-E2-1-G
NASA-GISS GISS-E2-2-G
INM INM-CM4-8
IPSL IPSL-CM6A-LR
UA MCM-UA-1-0
MIROC MIROC6

HAMMOZ-Consortium
MPI-M, DWD, DKRZ
MPI-M, AWI, DKRZ, DWD

MPI-ESM-1-2-HAM
MPI-ESM1-2-HR
MPI-ESM1-2-LR

MRI MRI-ESM2-0
NCC NorESM2-LM
NCC NorESM2-MM
SNU SAMO-UNICON
AS-RCEC TaiESM1

EC-Earth Consortium (2020a,b,c)
EC-Earth Consortium (2020d,e, 2021)
EC-Earth Consortium (2019a,b,c)
Krasting et al. (2018a,b,c)
NASA/GISS (2018a,b,c)
NASA/GISS (2019a,b,c)

Volodin et al. (2019a,b,c)
Boucher et al. (2018a,b,c)
Stouffer (2019a,b,c)

Tatebe and Watanabe (2018a,b,c)
Neubauer et al. (2019a,b,c)
Jungclaus et al. (2019a,b,c)
Wieners et al. (2019a,b,c)
Yukimoto et al. (2019a,b,c)
Seland et al. (2019a,b,c)

Bentsen et al. (2019a,b,c)

Park and Shin (2019a,b,c)

Lee and Liang (2020a,b,c)

the mean state AMOC strength found in the 31 CMIP6 mod-
els in this study is consistent with previous studies using differ-
ent model ensembles (Gregory et al. 2005; Jackson et al. 2020,
Weaver et al. 2012; Winton et al. 2014).

How long does it take for the models to develop contrasting
AMOC time evolution under CO, forcing? We find that the
projected AMOC weakening differs a lot among models in the
first decade of abrupt-4XCO, simulations, ranging from 0 to
—10 Sv. About half of the spread at the end of the 150-yr simu-
lations can already be observed in the first decade (Fig. 1b).
Also, Welch’s ¢ test shows that the AMOC weakening between
S10 and W10 is significantly different at 95% confidence level
after year 4, echoing the fast-developing intermodel spread of
AMOC weakening and its relation to mean state AMOC
strength (Fig. S1 in the online supplemental material). In
1pctCO, simulations, the AMOC variations are weak in all
models in the first 40 years and hence the intermodel spread is
relatively small. This can be due to the comparable impacts
from the forced and internal variability of the AMOC strength
in the first 40 years. Starting around the year 40-50, the pro-
jected AMOC weakening exhibits quantitative differences,
which can be well captured by the difference between S10 and
W10 models. (Fig. 1c). Welch’s ¢ test shows that S10 and W10
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models project significantly different AMOC changes at 95%
confidence level at year 45, and a continuous and significant dif-
ference at 95% confidence level after year 52 (Fig. S1). In the
following context, we will focus on the physical processes driv-
ing the diverse AMOC weakening in the first 10 years of
abrupt-4X CO, simulations and years after the 40th in 1pctCO,
simulations.

¢. Mean state climate in the North Atlantic

The AMOC strength is tightly connected to the formation
rate of deep water, which primarily occurs in the Labrador Sea
and the Greenland-Iceland-Norwegian (GIN) Sea (Marshall
and Schott 1999; Weaver et al. 1999). Here we report that the
models with stronger mean state AMOC strength significantly
correspond to weaker stratification in the upper (<500 m)
Labrador Sea in the mean state climate (Figs. 2a,d,g). The
models with stronger AMOC climatology bring warmer and
saltier water from the subtropics into the cyclonic subpolar
gyre in the upper ocean (Figs. 2b,c), corresponding to a
warmer and saltier western subpolar gyre, especially in the
Labrador Sea (Figs. 2e,f,h,i). The intermodel spread of salinity
outweighs the spread of temperature in determining the upper
Labrador Sea density among models in the mean state climate,



3898 JOURNAL OF CLIMATE VOLUME 36

a 220 ; b c
s;aﬂ?fﬁczoﬁ 1 - AMOC strength anomaly 5 AMOC strength anomaly

TaiESM1 1
NorESM2-MM +
GISS-E2-1-G
CESM2-FV2 4
MPI-ESM-1-2-HAM -
NoOreSM2-LM -
CESM2-WACCM-FV2 4
CESM2-WACCM -
MPI-ESM1-2-LR
BCC-CSM2-MR

CMCC-ESM2
CMCC-CM2-SR5

MRI-ESM2-0
ACCESS-ESM1-5

O
N

(Sv)

%
2 &

=15

EC-Earth3-AerChem -
MCM-UA-1-0 4

| —model mean L) A Ty —20 === model mean
== strong AMOC climatology === strong AMOC climatology
= weak AMOC climatology == Weak AMOC climatology
: L S e s — -25 —
T T T T T 0 5 10 15 20 25 30 50 100 150
0 5 10 15 20 25 30 0 20 40 60 80 100 120 140
AMOC climatology (Sv) year after abrupt4xCO, year after 1pctCO,

EC-Earth3-CC
EC-Earth3-Veg 4
CAMS-CSM1-0

CanESMS5 -
IPSL-CM6A-LR -

L
M4-8 e f—
e

Fo—

1

1

I

|

I

I

[}

1

FIG. 1. (a) Climatological AMOC strength in 31 CMIP6 models. The strongest 10 models are colored in red (S10), and the weakest
10 models are in blue (W10). The remaining 11 models are in gray. Solid lines denote the ensemble mean of AMOC climatology in each
group. Dashed lines denote the years 11-30 mean AMOC strength in abrupt-4 X CO, simulations in each group. Dotted lines denote the
years 131-150 mean AMOC strength in 1pctCO, simulations in each group. (b) AMOC weakening in abrupt-4 X CO, simulations, sorted
by the climatological AMOC strength. The black line denotes the 31-model mean. Red and blue lines denote the ensemble mean from
$10 and W10 models, respectively. (c) As in (b), but for 1pctCO, simulations.

reflecting the large haline contraction coefficient at cold subpolar  (e.g., temperature, salinity, and density profiles) and the AMOC
temperatures. In the GIN Sea, we find that the stratification in  climatology is not significant, either (Figs. 2a—f). The result implies
models is not related to the climatological AMOC strength. The  a tighter connection between the Labrador Sea and the AMOC
intermodel correlation between the GIN Sea mean-state features  strength across 35°N in the mean state climate in CMIP6 models.
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FIG. 2. Dependence of climatological potential density relative to the surface, potential temperature, and salinity on AMOC climatol-
ogy. Regression slopes of climatological, 0-200-m averaged (a) potential density relative to the surface, (b) potential temperature, and
(c) salinity against the AMOC climatology. Stippling denotes the significance at the 95% confidence level. (d)—(f) As in (a)—(c), but for
the cross section from the Labrador Sea to GIN sea (track shown by the green line in the top row). Area-weighted average of (g) potential
density relative to the surface (h) potential temperature and (i) salinity in the Labrador Sea (region shown by the green polygon between
50°-60°N and 40°-60°W in the top row). The black line denotes the 31-model mean, with red and blue lines denoting the ensemble mean
from S10 and W10 models, respectively. Black lines in the right panels show the difference between red and blue lines (S10 — W10).
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FIG. 3. (a) Regression slopes of climatological sea ice cover against AMOC climatology. Stippling denotes the significance at the 95%
confidence level. (b) Monthly sea ice cover climatology (repeating annual cycle; lines with crosses) and in abrupt-4X CO, simulations (lines
with dots). The red and blue lines denote the ensemble mean from S10 and W10 models, respectively. Note that the three models BCC-
CSM2-MR, BCC-ESM1, and MCM-UA-1-0 are not included due to unavailable sea ice data.

3. Surface climate in the Labrador Sea
a. Sea ice

Consistent with a warmer and saltier upper ocean (Fig. 2),
the sea ice extent is significantly less over the Labrador Sea in
the mean state for the models with stronger AMOC climatol-
ogy (Fig. 3a). The ensemble mean difference between S10
and W10 models reaches more than 30% (Fig. 3b). The sea
ice loss under global warming would be insignificant if there is
little sea ice to melt. Indeed, for those models with nearly ice-
free Labrador Sea in the mean climate (i.e., strong AMOC cli-
matology), there is barely any sea ice decline. In contrast, for
the models with the abundant-ice-covered Labrador Sea in
the mean state (i.e., weak AMOC climatology), the magni-
tudes of sea ice decline reach 10%-20% in the first 5 years of
abrupt-4XCO, simulations. Note that the projected sea ice
loss between S10 and W10 models already has contrasting
magnitudes in the first month after CO, quadrupling, and this
intermodel spread magnifies throughout the first 5 years until
the sea ice cover in most of the models is all relatively small
(about 5% in annual mean; Fig. 3b).

As for the seasonality of the sea ice decline, we report that
the sea ice loss mostly happens in winter and spring. In sum-
mer and fall, the Labrador Sea is nearly ice-free in the mean
climate, and thus sea ice responses under warming are negligi-
ble. To summarize, the models with stronger AMOC climatol-
ogy, associated with less sea ice extent over the Labrador Sea
in the mean climate of winter and spring, tend to project less
sea ice decline over these two seasons under CO, forcing. The
opposite is also true for the models with weaker AMOC cli-
matology. The influences of the above intermodel spread of
sea ice responses will be demonstrated later.

b. Surface energy budget

The sea ice decline could have multiple effects on the surface
heat budget. First, the sea ice loss leads to weaker albedo that
causes an increase in net incoming surface shortwave radiation
(i.e., surface ice—albedo feedback). Second, the removal of the in-
sulating sea ice creates an open water area for heat and moisture
exchange between the atmosphere and the ocean (Serreze et al.
2009). As long as the ocean temperature is warmer than the at-
mosphere, with differences most pronounced in the wintertime,
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the climatologically upward turbulent heat fluxes would become
stronger in response to sea ice decline.

Figure 4 shows that the intermodel spread of sea ice decline
can be explained by the models with strong and weak AMOC
climatology. Also, it indicates that the spread of sea ice re-
sponses has a greater impact on the spread of turbulent heat
fluxes than shortwave radiation over the Labrador Sea, dem-
onstrated as follows. For the models with weak AMOC clima-
tology (i.e., strong sea ice decline), the surface downwelling
net shortwave radiation does increase more than in other
models, but the intermodel difference between S10 and W10
is small (peak value of 30 W m™2 in spring; Fig. 4c). At the
same time, strong sea ice decline causes anomalous upward
turbulent heat fluxes, which offset or even outweigh the
anomalous downward heat fluxes from the warmer atmo-
sphere under CO, forcing. Indeed, we do see a 30 W m ™2 in-
crease in upward turbulent heat fluxes in wintertime in the
W10 models. On the other hand, in the S10 models that al-
most has no sea ice to melt, the upward turbulent heat fluxes
weaken by more than 30 W m 2. The intermodel difference
thus reaches more than 60 W m™~? in winter between S10 and
W10 models (Fig. 4b). Combined with the fact that the net
longwave radiation anomalies are generally weak in all models
(Fig. 4d), the spread of turbulent heat fluxes, associated with
sea ice responses, is the dominant contributor to the spread of
net surface flux responses to CO, forcing over the Labrador
Sea (cf. Figs. 4a,b).

Since the AMOC is thought to be driven by deep water for-
mation, in which the surface water releases heat and moisture
to the atmosphere and forms the cold, deep water (Visbeck
2007), the above finding provides one possible physical inter-
pretation of the dependence of the AMOC weakening on the
AMOC climatology. For the models with stronger AMOC cli-
matology and no sea ice decline, a larger decrease in upward
turbulent heat fluxes leads to stronger AMOC weakening un-
der CO, forcing. On the other hand, upward turbulent heat
fluxes are barely suppressed (or even enhanced in winter) due
to stronger sea ice decline in the models with weaker AMOC
climatology, and thus the AMOC weakening is less signifi-
cant. The above argument is consistent with the mechanism
provided in Levermann et al. (2007). Also, it is consistent
with the studies suggesting the dominant role of surface heat
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FIG. 4. Changes in (a) net surface flux, (b) the sum of the two turbulent heat fluxes (sensible heat flux and latent heat
flux), (c) net shortwave radiation, and (d) net longwave radiation averaged over the Labrador Sea in abrupt-4x CO, sim-
ulations. Positive values indicate downward anomalies and negative values indicate upward anomalies. (left) The monthly
mean responses in the first 5 years and (right) the annual-mean responses in the first 10 years. The red and blue lines de-
note the ensemble mean from S10 and W10 models, respectively. Note that the model MCM-UA-1-0 is not
included due to unavailable data.

flux in weakening the AMOC rather than freshwater or mo-
mentum fluxes (Gregory et al. 2005, 2016).

However, how do the changes in the surface turbulent heat
fluxes over the Labrador Sea affect the AMOC strength, defined
at 35°N and 1000-m depth (generally the location of the strongest
overturning)? What are the processes that translate the inter-
model spread of forced responses in the subpolar region into
the spread of subtropical AMOC weakening? Also, note that
there is positive feedback involving the AMOC weakening
and the anomalous turbulent heat fluxes that could amplify the
correlation between the two features—the AMOC weakens in
response to reduced upward turbulent heat fluxes, while the
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AMOC weakening causes the consequent cooling in the upper
ocean, accounting for an even stronger reduction in the upwell-
ing turbulent heat fluxes. In the next section, we will provide
the time scales and the physical processes that are responsible
for the intermodel spread of projected AMOC weakening,
which can be further traced to the models’ mean state climate.

4. Subsurface responses in the Labrador Sea

In this section, we show the processes and time scales by
which the forced responses in the Labrador Sea lead to the
AMOC weakening under CO, forcing, how those processes
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FIG. 5. Time evolution of the Labrador Sea averaged potential temperature responses in the models with (a) strong
AMOC climatology (S10 models), (b) weak AMOC climatology (W10 models), and (c) their difference (S10 — W10)
in abrupt-4XCO, simulations. Stippling denotes the significant difference between S10 and W10 at the 70% confi-
dence level of the Welch’s ¢ test. (left) The monthly mean responses in the first 5 years and (right) the annual-mean

responses in the first 10 years.

vary from model to model, and how they can be traced to the
mean state climate in the Labrador Sea.

a. Subsurface warming

Figure 5 shows the vertical profile of temperature responses
to CO, forcing in the Labrador Sea, with a focus on the sea-
sonal structure over the first few years of adjustment. Generally,
the warming is kept to the surface due to the climatologically
stratified Labrador Sea in summer and fall. In winter and
spring, the surface warming is mixed to the subsurface as the
water is climatologically less stratified. This seasonality can be
observed in all models regardless of their mean state AMOC
strength. However, we also find that the warming responses are
markedly different between models with strong and weak
AMOC climatology, which are tightly connected to their mean
state stratification. For the models with stronger AMOC clima-
tology and the corresponding less stratified upper (<500 m)
Labrador Sea (Fig. 2g), the mixing of the surface modified wa-
ter to the subsurface is stronger. The less stratified Labrador
Sea leads to enhanced warming in the subsurface and little
warming (or even slight cooling) near the surface, especially
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during late winter to early spring (Fig. 5a). On the other hand,
for the models with weaker mean state AMOC, the warming is
more contained in the upper ocean (<500 m) due to the more
stratified upper Labrador Sea in the mean state climate (Fig. 5b).
The intermodel spread is shown when taking the difference be-
tween the models with strong and weak AMOC climatology,
with the more pronounced subsurface warming difference occur-
ring after around year 5. Those models with stronger mean state
AMOC and less stratified upper Labrador Sea continuously
bring surface warming down to the subsurface (Fig. 5c). The sub-
surface warming anomaly itself can also modify the stratification,
as it would create a more stratified water column locally and
keep the subsurface warming signal from penetrating all the way
to the deep ocean. While most of the differences in the subsur-
face warming between S10 and W10 models are not significant
(02 < p < 0.3), we note that the volume weighted, subsurface
averaged warming over 500-1500 m is significantly stronger at
90% confidence (p < 0.1) in S10 models than in W10 models
when excluding the model CAS-ESM2-0, especially in late winter
to early spring around year 5 (Fig. S2). CAS-ESM2-0 is also
the model with the strongest AMOC climatology of the W10
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ensemble, thus excluding this model does not largely change
our result linking the Labrador Sea subsurface warming to the
AMOC climatology.

Multiple reasons could possibly account for the enhanced
subsurface warming in the models with stronger mean state
AMOC, including stronger downward surface heat flux anom-
alies, stronger vertical mixing of the heat, or stronger horizon-
tal heat convergence at depth. Here we argue that stronger
vertical mixing holds the key. For the models with stronger
mean state AMOC, despite having stronger surface heat input
under CO, forcing over the Labrador Sea (Fig. 4a), the warming
responses over the Labrador Sea are not uniformly enhanced. In-
stead, the warming is only enhanced in the subsurface and largely
reduced in the upper and deep Labrador Sea (Fig. 5c). The ocean
heat content averaged over the Labrador Sea also agrees that
less heat is kept in the Labrador Sea for the models with stronger
surface heat input (not shown). In other words, the relatively
enhanced subsurface warming in the S10 models is not due to
the overall stronger warming by the surface heat input. It is,
on the other hand, due to the heat distribution that favors
the subsurface warming, especially in the late winter to early
spring (Fig. 5¢). As the vertical warming responses are shown
to be dependent on the mean state AMOC, which corresponds
to divergent upper-ocean stratification in the mean state cli-
mate (Fig. 2), we further deduce that the enhanced subsurface
warming under CO, forcing in W10 models is likely to be
caused by stronger vertical mixing in the upper Labrador Sea
that is tightly linked to the mean state stratification.

b. Attribution of the subsurface buoyancy flux

As the modeled AMOC is close to the state of geostrophic
balance (Levang and Schmitt 2020), the AMOC strength is
largely determined by the density difference between the
western and eastern margins of the Atlantic basin (Buckley
and Marshall 2016; Buckley et al. 2012; Hirschi and Marotzke
2007). The enhanced subsurface warming in the Labrador Sea
in S10 models (section 4a) could further weaken the AMOC
across subtropical latitudes, following the southward transport
of the relatively buoyant subsurface water by the deep west-
ern boundary current (DWBC). To test the hypothesis, we de-
compose the density responses to CO, forcing (Ap) into the
contribution from temperature (Apr) and salinity (Apg), with
potential nonlinearity noted as Apponjinear- The reference state
is the 150-yr-mean annual cycle of piControl simulation in each
model (ppicy), which is also used to determine the monthly ther-
mal expansion coefficient [ = (—l/ppicu)(ap/a T); K™'] and hal-
ine contraction coefficient [3 = (1/pPiCtl)(Bp/6S); kg g ']

Ap = Pco, ~ Ppicu

Apr = —alTpycy

Apg = BASppiCtl

Apnonlinear = AP - ApT - ApS

(4.1)

Figure 6 suggests that the difference in the 500-1500 m, sub-
surface density anomaly between S10 and W10 models can be
mostly traced to the temperature changes instead of the salin-
ity component (cf. Fig. 6a with Figs. 6b,c). Consistent with the
warming responses in the Labrador Sea, the surface buoyancy
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flux due to CO, forcing can penetrate to the subsurface Lab-
rador Sea when the local mean state stratification is weak and
is trapped in the upper ocean when the stratification is strong.
The intermodel spread of salinity responses, on the other
hand, is significantly dominant in modifying the density re-
sponses in the upper ocean shallower than 500 m (Fig. 6¢).
Also, the nonlinearity remains relatively small in this case
(Fig. 6d). In summary, the relatively stronger decrease in the
subsurface density decrease in S10 models can be mostly at-
tributed to the relatively stronger warming in 500-1500 m.
This relatively buoyant water in the subsurface Labrador Sea
would act to weaken the AMOC in the subtropics through
the southward transport by the DWBC (more discussion on
the time scale in section 4d).

While the density responses in the Labrador Sea modify
the AMOC strength as discussed above, one might think the
changes in AMOC strength would also affect the water proper-
ties in the Labrador Sea. For example, the weaker northward
heat and salt transport associated with the AMOC weakening
would cause the upper water to be cooler and fresher in the
North Atlantic. The positive salt-advection feedback amplifies
both the salinity-related density decrease and the AMOC weak-
ening, making it difficult to distinguish causality. However,
the negative feedback between the AMOC weakening and the
Labrador Sea subsurface warming excludes such ambiguity—the
Labrador Sea subsurface warming would lead to the AMOC
weakening, which reduces the Labrador Sea subsurface warming
through a reduction in northward heat transport. As a result, we
infer that the relatively enhanced subsurface warming (Fig. 5c) and
the corresponding density decrease (Fig. 6b) are not the effects of
stronger AMOC weakening. Instead, this model-dependent sub-
surface density response in the Labrador Sea acts as a precursor
to AMOC weakening and an indicator of the weakening magni-
tude (see below). The role of subsurface density in changing the
AMOC strength is consistent with previous studies highlighting
the meridional connectivity between the subpolar and subtropi-
cal Atlantic (Ortega et al. 2021; Zhang 2010).

c¢. 1pctCO; simulations

As mentioned in section 2b, the intermodel spread of the
AMOC weakening is relatively small in the first 40 years of
the 1pctCO, simulations due to comparable impacts from
forced and internal variability of AMOC strength. Starting
around year 40-50, magnitudes of the AMOC weakening differ
among models, which can also be categorized into the group of
strong and weak AMOC climatology (Fig. 1c; Fig. S1). Around
the same time, the models with strong AMOC climatology tend
to project enhanced warming in the subsurface Labrador Sea
and slight cooling near the surface (<100 m; Fig. 7a). Warming
is limited to the upper ocean for the models with weak AMOC
climatology (Fig. 7b). When comparing the two groups of models,
we see the slightly enhanced subsurface warming in 1000-1500 m
and strongly reduced warming in the upper 500 m in the models
with strong AMOC as opposed to weak AMOC strength.
Consistent with abrupt-4XCO, simulations, the results can be
explained by the less stratified mean-state Labrador Sea in the
models with strong AMOC climatology, and vice versa. The
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FIG. 6. Time evolution of the Labrador Sea averaged (a) potential density responses in abrupt-4X CO, simulations.

Note that we only show the difference between S10 and W10 ensemble mean (S10 — W10). This intermodel differ-
ence in potential density responses can be further decomposed into (b) the contribution from potential temperature
(Ap7), (c) the contribution from salinity (Aps), and (d) the nonlinear term (Ap,ontinear)- Stippling denotes the signifi-
cant difference between S10 and W10 at the 70% confidence level of the Welch’s ¢ test. (left) The monthly mean re-

sponses in the first 5 years and (right) the annual-mean responses in the first 10 years.

slow-building subsurface Labrador Sea warming in the models
with stronger AMOC climatology at around year 40-50 would
correspond to a larger decrease in density (not shown), implying
a stronger AMOC weakening through communications by the
DWBC.

d. Time series analysis

To provide further evidence of the causality between the
decreasing subsurface (500-1500 m) density in the Labrador
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Sea and the AMOC weakening in CO,-increase simulations
in each CMIP6 model, we compare the year when each fea-
ture has its first significant decreasing (negative) linear trend
at 99% confidence level (p < 0.01). Most CMIP6 models
agree that the significant decrease in subsurface density leads
the significant AMOC weakening by several years. There are
18 (out of 31) models that agree on the lead in abrupt-4XCO,
simulations (Fig. 8a) and 27 (out of 31) models agree on the
lead in 1pctCO, simulations (Fig. 8b).
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FIG. 7. Time evolution of the Labrador Sea averaged potential
temperature responses in the models with (a) strong AMOC clima-
tology (S10 models), (b) weak AMOC climatology (W10 models),
and (c) their difference (S10 — W10) in 1pctCO, simulations. Stip-
pling denotes the significant difference between S10 and W10 at
the 70% confidence level of the Welch’s ¢ test.

In those models agreeing on the lead of the subsurface density
(hereafter LEAD models), the lead time is generally 1-5 years,
consistent with the advective time scale of the DWBC (Curry
et al. 1998; Zhang 2010). In abrupt-4 X CO, simulations, 16 out of
18 LEAD models agree on the leading time of 1-5 years. Only
2 models have slightly longer leading time of 6 and 7 years
(Fig. 8a). In 1pctCO, simulations, however, only 12 out of
27 LEAD models have a time lead of 1-5 years, another 5 models
lead by 6-10 years, another 6 models 11-20 years, and the other
4 models longer than 20 years (Fig. 8b).

Note that we should avoid overinterpreting the causal rela-
tionship based on the lead time discussed here. It is possible
that the decreasing subsurface density and the AMOC weak-
ening are not physically connected in the models with a long
leading year (especially longer than 20 years). The earlier de-
tection of the subsurface density trends can also be explained
by its smaller interannual-to-decadal variability, comparing to
the variability of AMOC strength.
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Despite the caveats mentioned above, there is further evi-
dence lending confidence to our physical interpretation of de-
creasing subsurface density in the Labrador Sea leading to the
AMOC weakening trend. First, we find that the decadal varia-
tion of the Labrador Sea subsurface density leads the AMOC
decadal variation by several years, simulated in piControl
conditions in most of the CMIP6 models (Fig. S3). Second,
the leading role and leading time of the Labrador Sea subsur-
face density is consistent with the previous studies using dif-
ferent model ensembles (Ortega et al. 2021; Roberts et al.
2013).

Figure 8 also shows that most of the LEAD models with a
time lead of 1-5 years are the models with strong AMOC cli-
matology (model on the y axis is sorted by its mean state
AMOC strength). The result is consistent with the dependency
of AMOC weakening on AMOC climatology (section 2b).
For the models with weak AMOC climatology, the sub-
surface warming in the Labrador Sea is obscure (Fig. 5b
for abrupt-4XCO, simulations and Fig. 7b for 1pctCO,
simulations) and the AMOC weakening is also less significant
(Figs. 1b,c). The lead-lag relationship is thus harder to detect
because of the weak responses of the two features.

5. Idealized experiments

To address the mean state dependence of the AMOC weak-
ening through modifying the vertical warming profile in the
Labrador Sea (Fig. 5) and to understand the underlying physi-
cal processes, we restore temperature profiles in the Labrador
Sea and find that the subsurface warming (500-1500 m) in the
Labrador Sea drive the most pronounced AMOC weakening.

a. Model

The simulations are conducted in the National Center for At-
mospheric Research Community Earth System Model version
1.2.1 (CESM1.2.1) in which only the ocean component—Parallel
Ocean Program version 2 (POP2)—is active. It is an ocean model
with the grid North Pole displaced into Greenland. In this study,
we use the nominal 1° horizontal resolution version of the model.
There are 60 vertical levels with thicknesses increasing from 10 m
near the surface to about 250 m in the abyssal ocean. The atmo-
sphere and the land runoff components read the boundary forc-
ing data from a repeating annual cycle of the Coordinated Ocean
Research Experiments version 2 (COREv2) dataset (Large and
Yeager 2009). The sea ice component reads the data from a re-
peating annual cycle derived from the Special Sensor Microwave
Imager (SSM/I) on board the Defense Meteorological Satellite
Program (DMSP) satellites (Comiso 2000). Both datasets are rep-
resentative of late-twentieth-century observations.

b. Experiment design

We first run a 300-yr control simulation, in which the AMOC
strength and the deep ocean potential temperature have settled,
and their trends remain weak in the last 30 years that we used.
Six idealized experiments branched from the control simulation
share the same model configuration, except that different verti-
cal potential temperature anomalies are restored in the Labra-
dor Sea. For each experiment, we run five ensemble members,
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FIG. 8. The comparison between the year when the subsurface (500-1500 m) density in the Labrador Sea first has a significant decreasing
trend at the 99% confidence level (p < 0.01; orange circles) and the AMOC strength first has a significant weakening trend at the 99% con-
fidence level (p < 0.01; black crosses) in (a) abrupt-4 X CO, simulations and (b) 1pctCO, simulations. The model on the y axis is sorted by
its AMOC climatology. Note that in 1pctCO, simulations, the starting point for calculating the trend is the 40th year, consistent with

Roberts and Palmer (2012).

with each being branched from the year 271, 276, 281, 286, and
291 of the control simulation.

In POP2, the ocean interior potential temperature Tyodel
can be restored to Ty, With a restoring time scale 7, shown as
the following equation:

daT 1
%dd = ;(Tdata - Tmodel)‘ (51)

We restore the potential temperature in the Labrador Sea by
imposing an extra potential temperature forcing (7torcing)
onto the potential temperature in the control run (7control),
with a restoring time scale of 5 days. For each ensemble mem-
ber, Teonwror 1s the monthly potential temperature taken from
each branch year. Outside the Labrador Sea, we setup a 10-yr
7 that is long enough for the potential temperature to nearly
freely evolve within the first several years:

Thaia = Teontrol T Trorcing® . in the Labrador Sea, (52)
Tdata = Tcontrol’ otherwise

7= Sdays, in the Labrador Sea, (5.3)
7= 10years, otherwise ' ’

To elaborate on how the varying vertical warming profile in
the Labrador Sea affects the AMOC weakening, we set the
potential temperature forcing (Ttorcing) as follows:
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d d
:Acos(Z dzcw), Zc_§<Z<Zc+

T,

forcing

5 G4

where z. denotes the central depth of the forcing, d is the ver-
tical span of the forcing, and A indicates the amplitude of the
forcing. In all the six experiments, d is set to 500 m and A is
set to 1°C. These two parameters are chosen based on the
results from CMIP6 analysis, where the relatively enhanced
subsurface warming spans 500 m and is on the order of 1°C
(Fig. 5). The variable z., on the other hand, is set to six differ-
ent depths separately at the six experiments—250, 500, 750,
1000, 1250, and 1500 m. Figure 9a shows the Tioring that is
separately applied to the six experiments.

c. Results

Figure 9b shows the AMOC strength in different experi-
ments. Wherever the warming is imposed, the AMOC im-
mediately has a weakening in the first 5 years. For the
warming imposed in the subsurface Labrador Sea (z. = 500,
750, 1000, 1250 m), the model projects stronger AMOC
weakening, with the most pronounced weaking for z. = 750
or 1000 m. In contrast, for the warming that is imposed in
the upper (z. = 250 m) or the deep Labrador Sea (z, = 1500 m),
the AMOC shows less significant weakening. The ensemble
spread in the six experiments is small compared to the ensemble-
mean responses (see thin lines in Fig. 9b), implying the weak
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FIG. 9. (a) Potential temperature forcing (7torcing) in the Labrador Sea in six experiments. (b) AMOC strength at
35°N and 1000-m depth. For each experiment, ensembles are shown as thin lines and the ensemble mean as a thick
line. Dots in (a) indicate the vertical levels in the model used here.

interannual variability when the ocean is decoupled from the
atmosphere.

Figure 10 shows the latitudinal structure of the AMOC
weakening. In all simulations except for the upper ocean
warming (z. = 250 m), the AMOC weakens locally at the
forcing latitudes (the Labrador Sea has a latitudinal span
from 48° to 60°N). When the forcing is applied to the subsur-
face, the warming is carried by the DWBC, which leads to the
density decrease along the west Atlantic, reduces the zonal

Mass streamfuntions anomalies (1000m)
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FIG. 10. Ensemble-mean anomalies of mass streamfunctions at
1000 m in each experiment.
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density gradient (Fig. 11a), and drives the AMOC weakening,
following the thermal wind balance (Buckley and Marshall
2016). We can clearly see the AMOC weakening in the sub-
surface warming experiments, starting from the subpolar region
and propagating southward to the subtropics (Fig. 10). We can
also see the warming along the west Atlantic coastline, which is
responsible for the density decrease (Fig. 11b). On the other
hand, the salinity responses partially offset the density de-
crease along the west Atlantic by temperature responses, act-
ing to reduce the magnitudes of AMOC weakening in each
simulation (Fig. 11c). The AMOC weakening stays locally
when the warming is too deep for communication by the
DWBC. In POP2, we find that this transition depth is around
1500 m (see z. = 1500 m in Fig. 10).

The consistency shown between the idealized simulations
and the CMIP6 analysis is at least twofold. First, simulations
suggest that the imposed subsurface warming over 500-1500 m
in Labrador Sea leads to stronger AMOC weakening (Fig. 9b).
Across the CMIP6 models, those with enhanced subsurface
warming at the depth of 500-1000 m correspond to stronger
AMOC weakening in abrupt-4 X CO, simulations (Fig. 5). Simi-
lar results are found in 1pctCO, simulations, but at the
depth of 1000-1500 m (Fig. 7). Both idealized simulations
and CMIP6 model spread analysis indicate that density
changes at depths would lead to a stronger AMOC weaken-
ing. This result is also consistent with the previous research
emphasizing the density variations at depths in driving the
AMOC variations (Waldman et al. 2021). Second, idealized
simulations support the proposed time scale in most CMIP6
models that the subsurface warming and density decrease
lead the AMOC weakening by 1-5 years (Fig. 8), which is
also consistent with the advective time scale of the DWBC
(Curry et al. 1998; Zhang 2010).

Despite the consistency shown above, we note that the
range of the AMOC responses to varying vertical forcing



15 JUNE 2023 LIN ET AL. 3907
Ap (35°N; year=5) Apr (35°N; year=5) c Aps (35°N; year=5) d Aproniinear (35° N; year=5)
o Zc=0250 m o Zc=0250 m o Zc=0250 m o Zc=0250 m
500 Ve 500 = 500 r 500
1000 1000 1000 ~ 1000
= 1500 - = 1500 = 1500 = 1500
= 2000 = 2000 = 2000 = 2000
2500 2500 2500 2500
3000 3000 3000 3000
ke
Zc=0500 m Zc=0500 m Zc=0500 m Zc=0500 m %)
07 — 0 0 0
500 r-.--: 500 (T — 500 e 500 0.020
1000 1000 1000 1000
2 1500 - 2 1500 2 1500 £ 1500 k
= 2000 = 2000 < 2000 = 2000 0.016
2500 2500 i 2500 2500
3000 3000 3000 3000 0012
5.Zc=0750m 5. Zc=0750m 5.Zc=0750m . 2c=0750m
T e —|
500 !& —— 500 R 500 500 0.008
1000 - 1000 1000 1000
= 1500 = 1500 = 1500 = 1500
£ £ £ £ 0.004
= 2000 < 2000 = 2000 = 2000
2500 2500 2500 2500
3000 3000 . 3000 3000 0.000
Zc=1000 m Zc=1000 m Zc=1000 m Zc=1000 m
0T 0T 0 0 -0.004
500 1 — E——— 500 500 500
1000 - 1000 1000 1000
7 1500 7 1500 7 1500 £ 1500 —0.008
< 2000 < 2000 < 2000 < 2000
2500 2500 2500 2500
3000 3000 3000 3000 o012
o Zc=1250m - o Ze=1250m o Ze=1250m o Ze=1250m —0.016
500 b ——— — 500 T — 500 500
1000 1000 1000 1000 ¥ 0.020
= 1500 & = 1500 = 1500 = 1500 -
£ 2000 £ 2000 £ 2000 € 2000 ]
2500 2500 2500 2500
3000 3000 3000 3000
o Zc=1500 m o Zc=1500 m o Zc=1500 m o Zc=1500 m
500 E 500 * 500 500
1000 1000 l 1000 l 1000
= 1500 = 1500 = 1500 = 1500
£ 2000 £ 2000 ’ £ 2000 £ 2000
2500 2500 2500 2500
3000 3000 3000 3000

80°W 70°W 60°W 80" W 70°W

70°W 70°W 60" W
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from the decomposition.

profile is relatively small. The year-5 AMOC response to up-
per ocean warming (z. = 250 m) is —0.3 Sv, and it is —1.4 Sv
to subsurface ocean warming (z. = 500, 750 m). The differ-
ence of 1.1 Sv is smaller than the CMIP6 intermodel spread of
the AMOC weakening in most of the time (Figs. 1b,c). The
small magnitudes could be attributed to multiple reasons. For
example, the compensation between Apy and Apg described
above (Fig. 11). In our ocean-only simulations without an ac-
tive sea ice component, salinity changes due to sea ice varia-
tions are excluded, whereas the sea ice responses show large
intermodel spread in CMIP6 models (Fig. 3) and could poten-
tially have a strong influence on salinity responses. Also, the
ocean-only simulations’ lack of atmospheric coupling and posi-
tive feedbacks from the CMIP6 models, which might also ex-
plain the weaker AMOC decline in our simulations. In
addition, oceanic warming is only imposed in the Labrador
Sea to isolate its impact on the AMOC strength across 35°N,
whereas the warming responses to CO, forcing in CMIP6
models are complex and the AMOC strength can be modified
locally or remotely.

6. Conclusions and discussion

Due to the large uncertainty in the AMOC weakening and
its corresponding broad climate impacts, it is important to
narrow the intermodel spread of AMOC weakening under
global warming. Here we find the dependence of AMOC
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weakening on the mean state AMOC strength in 31 CMIP6
models, consistent with previous studies (Gregory et al. 2005;
Jackson et al. 2020; Weaver et al. 2012; Winton et al. 2014),
implying that the mean state AMOC could act as an emergent
constraint for the projected AMOC weakening. Also, we provide
time scales and physical processes to explain the dependence of
AMOC weakening on AMOC climatology, summarized in the
schematic (Fig. 12).

For the models with strong mean state AMOC, the upper
Labrador Sea is warmer, saltier, with less sea ice, and with
stronger upward turbulent heat fluxes climatologically. The
stratification over the upper ocean (<500 m) is weaker, thus
the mixing is stronger (noted as a larger vortex sign in Fig. 12a;
section 2) in the mean state climate. Within the first decade af-
ter CO, increase, the weak sea ice decline leads to little change
in net shortwave radiation and stronger suppression of the up-
ward turbulent heat fluxes (section 3). Also, the surface warm-
ing penetrates to the subsurface (>500 m) due to the stronger
climatological mixing in the upper ocean (mixing noted as
the larger vortex sign and temperature responses as A7 in
Fig. 12a; see also Fig. 5a), especially during late winter to early
spring. The subsurface warming and the corresponding density
decrease drive the AMOC weakening at a leading time scale
of 1-5 years, consistent with the advective time scale of the
DWBC (section 4). Idealized experiments support the driving
role of subsurface warming in AMOC weakening. The subsur-
face warming occurring at 500-1500 m drives the most
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FIG. 12. The winter and spring schematic illustrating the contrasting mean state climate and projected climate years
5-10 after CO, increase in the Labrador Sea between the models with (a) strong and (b) weak mean state AMOC.
The Fy, indicates the sum of the two turbulent heat fluxes (sensible heat flux and latent heat flux) in each climate
state. Similarly, the blue vortex sign represents the strength of the upper-ocean mixing, and the blue line shows the
vertical density profile in the Labrador Sea in each climate state. To better describe the CO,-induced responses, A in-
dicates the anomalous quantity under CO, forcing relative to the mean state climate. For example, ASW shows the

net shortwave radiative responses and A7 shows the potential temperature responses to CO, forcing.

pronounced AMOC weakening in a time scale of 1-5 years.
For the simulations with significant AMOC weakening, the
density is reduced through warming at 1000-2000 m along the
subtropical western Atlantic, again highlighting the southward
transport by the DWBC (section 5). Similarly (but with the op-
posite sign), for the models with weak mean state AMOC, the
climatological stratification in the upper Labrador Sea is
strong and the mixing is weak (noted as a smaller vortex sign
in Fig. 12b), with extensive sea ice cover in the mean state. Un-
der CO, forcing, the strong sea ice decline largely reduces the
suppression of the turbulent heat loss by creating more open
water area for heat and moisture exchanges. The turbulent
heat loss even enhances in late winter to early spring in the
first few years. Also, the warming in the Labrador Sea is
trapped in the surface due to the strong mean state stratifica-
tion in the first few years after CO, forcing (AT in Fig. 12b; see
also Fig. 5b). The reduced subsurface warming corresponds to
less pronounced subsurface density decrease in the Labrador
Sea, and hence the AMOC weakening is also less significant in
the models with weak AMOC climatology, in comparison with
the strong AMOC climatology models. Here we argue the key
physical factor governing the AMOC response to abrupt CO,
forcing in the first few years is the climatological stratification
in the Labrador Sea, which modifies the vertical warming pro-
files locally and in turn, affecting the magnitudes of the
AMOC weakening.

Caution should be taken when interpreting the results.
First, our proposed processes are used to interpret the CMIP6
intermodel spread of AMOC variations, thus the dominant
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uncertainty among models is shown and explained. For an in-
dividual model or multimodel mean, processes other than the
role of the Labrador Sea subsurface warming might be more
dominant in driving the AMOC weakening. Second, some
studies with recent AMOC observation show that models
have difficulty simulating the observed distribution of the
deep water formation (Heuzé 2017; Jackson et al. 2022; Li
et al. 2021; Liu et al. 2019; Lozier et al. 2019; Pickart and Spall
2007). For example, observation data from the Overturning in
the Subpolar North Atlantic Program (OSNAP; Lozier et al.
2017) suggests little deep water forming in the Labrador Sea
(Lozier et al. 2019). The relationship between interannual
variations of the western boundary current and the overturn-
ing is weak in the observational records (Li et al. 2021). Com-
pared with the observation, the Labrador Sea dense water
formation in the models is usually biased strong (Jackson et al.
2020; Yeager et al. 2021), thus its link to the AMOC varia-
tions could also be overestimated. For now, the role of differ-
ent deep convection sites in modifying the AMOC variations
over multiple time scales is not fully understood, and the
causes for the model biases on simulating the deep convection
and dense water formation remain an open question.

One other potential caveat is the resolution of the models.
Most of the CMIP6 models used in this study run the simula-
tions with a horizontal ocean resolution of around 1°. Recent
studies show that increasing horizontal ocean resolution in
some models can reduce the model biases on the mean state
AMOC, including its strength and depth (Menary et al. 2018)
and the spatial structure of the horizontal flow (Yeager et al.
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2021). However, the results seem to be model dependent.
Roberts et al. (2020) show that the sensitivity of the AMOC
strength on ocean resolution can be positive or negative. Also,
it is still under debate whether the increase in resolution is asso-
ciated with stronger overturning in the east subpolar gyre or the
west subpolar gyre (Jackson et al. 2020; Yeager et al. 2021). As
our results highlight the role of mean state AMOC in determin-
ing the projected AMOC weakening, future work to constrain
the present-day AMOC strength in models is needed for better
AMOC projections.
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APPENDIX

AMOC Strength Evaluation

To maximize the number of models in our analysis, we apply
two methods to evaluate the AMOC strength; both show con-
sistent results (Figs. A1l and A2). The first method is to simply
use the model output of overturning mass streamfunctions
(msftmz or msftyz). The second method is to integrate the me-
ridional velocity (vo). The AMOC strength across a specific
latitude (W) can be estimated as follows:

Y(z) = Ixevao(x, z)dz dx, (A1)
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FIG. A2. The AMOC strength at 35°N and 1000-m depth estimated
from the Eq. (A.1) (red lines) and retrieved from the model output
(black lines) in the 1pctCO, simulations.
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point, and z is the vertical coordinate.

In this study, the AMOC strength is calculated using the
Eq. (A.1) if models only provide the meridional velocity. If
models provide mass streamfunctions or provide both, we use
the streamfunctions to determine the AMOC strength. In both
abrupt-4XCO, (Fig. Al) and 1pctCO, (Fig. A2) simulations,
the AMOC strength estimated from the Eq. (A.1) is consistent

year after 1pctCO,

are the western and eastern bound-
aries of the Atlantic, H is the ocean depth at each grid

with the values of the model-generated streamfunctions.
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