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Earth system models exhibit considerable intermodel spread in Atlantic
Meridional Overturning Circulation intensity and its carbon uptake,

resultingin great uncertainty in future climate. Here we show that
present-day sea surface salinity (SSS) in the North Atlantic subpolar region
modulates anthropogenic carbon uptake in the North Atlantic, and thus
can be used to constrain future warming. Specifically, models that generate
apresent-day higher SSSin the North Atlantic subpolar region generate
agreater uptake of anthropogenic carbonin the future, suppressing the
greenhouse effect and resulting in slower warming, and vice versain models
with a present-day lower SSS. Emergent constraints based on the observed
SSS greatly reduce the uncertainty of the Northern Hemisphere surface
temperature warming and accumulative carbon uptake by about 30% and
53%, respectively, by the end of the twenty-first century under the Shared
Socioeconomic Pathways 5-8.5 scenario.

The North Atlantic (NA), where the Atlantic Meridional Overturning
Circulation (AMOC) transports both heat and carbon from the trop-
ics, regulates global mean surface temperature and its variability in
the present climate'?. A substantial decline of the AMOC is expected
under future global warming, weakening ocean heat transport along
with increased freshwater flux into the NA* ., The associated oceanic
and atmospheric circulation changesinclude ashiftin the Intertropical
Convergence Zone, due to enhanced interhemispheric asymmetries
in energy fluxes on the top of the atmosphere as well as in ocean heat
uptake®”. The NAis a hotspot for affecting global weather and climate®’.

The NA covers only 15% of the global ocean surface but accounts
for approximately 25% of the anthropogenic carbon (hereafter referred
to as carbon) inventory of the world’s oceans'* 2. The amount of car-
bon uptake in the NA is closely related to AMOC intensity due to the
ocean mixing that modulates the solubility and subduction of carbon

from the surface to the deep ocean” ™. Greater absorption of carbon
by the NA from the atmosphere could delay global warming'*™*. How-
ever, there is a large intermodel spread of NA carbon uptake among
Earth system models (ESMs), whichis partly due to alarge intermodel
spread of AMOC intensity?>”'. Consequently, projection of future
global warmingis uncertain. Therefore, reducing the uncertaintiesin
carbon uptake in the NA would greatly reduce the uncertainty of future
global climate projections, including sealevelrise, sea-ice retreat and
extreme climate events® .

Toreduce theuncertainty in carbon uptake in the NAand its associ-
ated Northern Hemisphere (NH) surface warming, here we develop an
emergent constraint using the present-day sea surface salinity (SSS),
whichis derived based onalong-term period of hydrographic datawith
low observational uncertainties**?%, SSS is often used to investigate or
represent upper ocean circulations because of its relationship with
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Fig.1|Projections of future NH climate under a high-emission scenario.

a,b, Future (2071-2100) changes relative to the pre-industrial period (1850-1900)
from 18 CMIP6 ESMs under SSP5-8.5 simulation of surface temperature (a)

and cumulative carbon uptake (b). The NA subpolar region is denoted by a blue
outlineinaand the NA domain is denoted by a green outline inb. Contours
indicate anintermodel one standard deviation (s.d.) of future changes among
ESMs. ¢, Future cumulative carbon uptake in the NA versus future surface

temperature changes in the NH. Shadings show the future changes of global
mean surface temperature and its correlation coefficient with cumulative carbon
uptakeinthe NAis—0.70, whichis slightly smaller than that with the NH surface
temperature (r=-0.73). The purple dashed ellipse is calculated based on the
multivariate normal distribution with 5-95% ranges. Correlation coefficient
(Corre. coeff.), slope and Pvalue determined by a two-sided Student’s ¢-test are
also provided with aregression line (black solid line).

ocean density and hence its ability to affect the stability and vertical
stratification of the water column®!, In particular, SSSin the NA sub-
polarregionis awell-known proxy for the AMOC becauseit reflects the
AMOC-induced transport of warm and salty water from the subtropical
NA’*?%, We find that the present-day SSS in the NA subpolar regionisa
reliableindicator of AMOC strength and thus constrains theamount of
NA carbon uptakein future climate and NH surface warming in ESMs.

Relationship between carbon uptake and warming
Figure 1 displays changes in surface temperature and cumulative
carbon uptake amount in the NH during 2071-2100 compared with
pre-industrial climate (1850-1900) as projected by 18 ESMs participat-
ing in Phase 6 of the Coupled Model Intercomparison (CMIP6) under

the Shared Socioeconomic Pathways 5-8.5 (SSP5-8.5) simulations
(Extended Data Table 1).

The spatial distribution of future multimodel mean surface tem-
perature changes is characterized by the strongest warming in the
high latitudes of the NH, with a distinct weak warming in the NA sub-
polar region (outlined in Fig. 1a), aphenomenon known as the ‘warm-
ing hole™ (Fig. 1a). These regions, including the NA subpolar and
Arctic regions, also have a large intermodel uncertainty (Methods)
due to either model bias or internal variability (Fig. 1a). Cumulative
carbon uptake in the future is mainly concentrated in the NA with a
large intermodel uncertainty (Fig. 1b)">. The projected multimodel
mean NH surface warming from1850-1900t02071-2100is5.9 + 1.4 °C.
Anintermodeluncertainty (thatis, +1.4 °C) is defined as one standard

Nature Climate Change | Volume 13 | August 2023 | 816-822

817


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-023-01728-y

ANH surface temperature (°C)

60 —

50 —

40 —

30 —

ADownward longwave in NH (W m™)

Corre. coeff. = -074 "~ _
Slope = -0.54
209 p=0.0005 -

T T T T T T
30 40 50 60 70 80

ACumulative carbon uptake in NA (PgC)

Fig.2|Intermodel difference in the greenhouse effect response due to
cumulative carbon uptake in the NA among CMIP6 models. Downward
longwave changes in the NH against cumulative carbon uptake in the NA among
ESMs. Shadings illustrate corresponding NH surface temperature change. The
purple dashed ellipse is calculated based on the multivariate normal distribution
with 5-95% ranges. Correlation coefficient (Corre. coeff.), slope and Pvalue
determined by atwo-sided Student’s t-test are also provided with aregression
line (black solid line).

deviation of the projected NH surface warming across CMIP6 ESMs. The
projected multimodel mean of cumulative NA carbon uptake amountis
50.1+10.7 PgC (Extended DataFig.1a).In CMIP Phase 5 (CMIP5) ESMs,
the projected NH surface warming and cumulative NA carbon uptake
amount are somewhat lower than those in CMIP6 ESMs, at 5.2 +1.0 °C
and47.6 +11.1gPgC, respectively (Extended Data Fig. 1b). While CMIP6
ESMs have improved in simulating observed decadal fluctuations of
sea surface temperature (SST) in the NA subpolar region compared
with CMIP5 ESMs*®, the ranges of intermodel uncertainty in CMIP5 and
CMIP6 ESMs are similar (Extended Data Fig. 1).

Changesin NH surface temperature are statistically significantly
and negatively correlated with cumulative NA carbon uptake (cor-
relation coefficient, r = -0.73) among CMIP6 ESMs (Fig. 1c). Thus,
ESMs with alarger NA carbon uptake systematically project a weaker
future surface warminginthe globe,and more sointhe NH, compared
with ESMs with a smaller NA carbon uptake. This robust intermodel
relationship can be explained by areduction in the greenhouse effect
in models with a larger uptake of carbon from the atmosphere in the
NA (Fig. 2). More specifically, a greater cumulative NA carbon uptake
decreases the concentration of GHG in the atmosphere, whichin turn
leads to lower downward longwave radiation (Extended Data Fig. 2).
Inotherwords, alarger NA carbon uptake leads to asmallerincreasein
the downward longwave radiation in the NH, resulting in less surface
warming of the NH (Fig. 2). Although the carbon uptake is confined
to the NA, its influence reaches the whole NH surface temperatures.
Therefore, reducing the uncertainty of NA carbon uptake in ESMs will
reduce uncertainty in future NH surface warming, and consequently
infuture global warming. Although the Southern Ocean accounts for
40% of the global ocean’s carbon uptake and hosts robust meridional
overturning circulation'>**?, there is a large model uncertainty of
simulated future carbon uptake in CMIP6 ESMs'>*, which is not well
correlated to the future projected NH surface temperatures (Sup-
plementary Fig.1).

Strong link between carbon uptake and
present-day salinity

The strength of the AMOC determines the NA carbon uptake because it
regulates the poleward transport of carbon-rich and warm subtropical

water to the sinking region>”. Since April 2004, a direct measurement
of the AMOC hasbeen collected at 26° N*?, but the overlapping period
between the CMIP6 historical period and the direct observations is
only10years (2005-2014), whichis not long enough to discern aglobal
warming signal from natural interdecadal variability; thus, it may not
be appropriate to use the AMOC as an emergent constraint for the
projected warming.

AMOC ntensity is closely related to SSSand SST inthe NA subpolar
region****, but the SSS has a stronger intermodel correlation with the
AMOC than that of the SST** (Extended Data Fig. 3). The SSSis related
tothe subduction of carbon-enriched surface waters to the deep ocean
through oceanic deep convection*®*. Inaddition, the SSS is associated
with carbon uptake because it modulates the solubility pump. More
specifically,ahigh SSSislinked to anincrease in dissolved inorganic car-
bon concentration, and thus to areduction in carbon uptake*, which
is also confirmed in CMIP6 ESMs during the present-day climate (Sup-
plementaryFig.2). Therefore, SSS in the NA subpolar region (outlined
in Fig. 1a) is a good indicator of AMOC intensity as well as the carbon
uptake; thus, itis a suitable constraint based on along-term period of
reliable observational record.

Nevertheless, it is still necessary to consider the complexity of SSS
and SSTrelated to AMOC intensity, to avoid a simplification using the
SSS*. First of all, the cumulative NA carbon uptake increases with GHG
concentration under the SSP5-8.5scenarioin allESMs. Thisimplies that
theoceanis able to absorb carbon from the atmosphere by the end of
the twenty-first century without saturation (Extended Data Fig. 4). The
present-day cumulative NA carbon uptakeis highly correlated with the
present-day SSS in the NA subpolar region (Fig. 3a). This implies that
ESMs with a stronger AMOC tend to take up more carbon in the NA
during the present-day, consistent with the notion that the intensity of
ocean circulation determines the amount of carbon uptake'. Further-
more, it is found that the global heat-carbon coupling parameter («)
(Methods) is significantly correlated with the SSS in the NA subpolar
regionduring the present-day (Extended Data Fig. 5). This suggests that
we cannot exclude the possibility that the global oceancirculationalso
playsarolein determining the carbon uptake in the NA.

ESMs tend to simulate alower SSSinthe NA subpolar regioninthe
future climate than that in the present-day (Fig. 3b), consistent witha
declinein AMOC intensity from the present-day to the future climate.
The intermodel distribution of present-day SSS in the NA subpolar
region is highly correlated with that of the future climate (r=0.60).
Giventhatthe SSSisanindicator of AMOC intensity in ESMs, this result
implies that ESMs with higher SSS in the present-day (that is, strong
AMOC) tend to simulate higher SSS in the NA subpolar region (that s,
strong AMOC) inthe future climate. Furthermore, thereiis astatistically
significant positive intermodel relationship between the future SSS
inthe NA subpolar region and the future cumulative carbon uptakein
the NA (r=0.69) (Fig. 3¢c). Therefore, ESMs with higher SSS in the NA
subpolar region (thatis, strong AMOC) in the present-day climate tend
to simulate alarger future cumulative NA carbon uptake (Fig. 3b,c).

Figure 3a-calsoindicates that AMOC intensity, represented by the
SSSinthe NAsubpolar region, is closely associated with the intermodel
spread of cumulative carbon uptake in ESMs, both in the present-day
and the future climate. Since the build-up of carbon is concentrated
inthe surface water through the air-sea carbon exchange, a poleward
transport of carbon-enriched surface water and its penetration into
deep ocean through the AMOC contributes to the amount of carbon
uptake in the present-day and the future climate'. Indeed, the cumula-
tive amount of carbon uptake at the end of the twenty-first century is
highly correlated with thatinthe present-day (Supplementary Fig. 3),
indicating that ESMs with aninitially large uptake of carbon continue
to take up more carbon in the future. Thus, ESMs with a high SSS in
the NA subpolar region during the present-day tend to take up more
carboninthe present-day (Fig. 3a) and this tendency will continue, lead-
ing to a larger uptake of carbon in the future (Fig. 3c). Consequently,
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Fig.3|Intermodel difference in cumulative carbon uptake in the NA and SSS
inthe NA subpolar region. a, Simulated present-day cumulative carbon uptake
inthe NA versus present-day SSSin the NA subpolar region for 18 CMIP6 ESMs.
b, Future climate of SSS in the NA subpolar region under the SSP5-8.5 scenario
versus that in the present-day climate. The marker, which is on the lower side

of the1:1line, indicates that the present-day SSS is higher than the future SSS

in ESMs. ¢, Future cumulative carbon uptake in the NA versus future SSS in the
NA subpolar region. Shadings indicate the corresponding changes of surface
temperature in the NH. The purple dashed ellipse is calculated based on the
multivariate normal distribution with 5-95% ranges. Correlation coefficient
(Corre. coeff.), slope and Pvalue determined by a two-sided Student’s ¢-test are
also provided with aregression line (black solid line).

the present-day SSSin the NA subpolar regionis akeyindicator of the
amountof NA carbon uptakein the future. The changesin the amount
of NA carbon uptake are associated with the future NH surface warming
rate because an NA carbon uptake suppresses the greenhouse effect,
andviceversa (Fig. 2). Asimilar conclusionis arrived on the causal link
betweenSSS, the AMOC and NH warming, based on acomposited analy-
sisof two groups, one with higher and the other with lower present-day
SSSinthe NA subpolar region (Extended Data Fig. 6).

Reducing uncertainties in future NH surface
warming

Climate model bias of the present-day SSS in the NA subpolar region
could increase uncertainty in the future NH surface warming since it
influences the amount of cumulative carbon uptake in the NA. Here
we apply an emergent constraint to reduce the uncertainty in future
NH surface warming based on the robust relationship between the
present-day SSSin the NA subpolar region and the amount of cumula-
tive NA carbon uptake.

The present-day SSS in the NA subpolar region has a strong
negative correlation (r=-0.72) with future changes in NH surface
temperature, and a strong positive correlation (r = 0.88) with cumula-
tive carbon uptake in the NA (Fig. 4a,b). The observed SSS in the NA
subpolar region and its uncertainty during 1981-2010, as obtained
from the World Ocean Atlas 2018 (WOA18)°°, is estimated to be
34.75 £ 0.04 practical salinity unit (psu, Methods). This value is similar
to that obtained from the CMIP6 ESMs mean of 34.41 + 0.70 psu. The
emergent relationship constrains the uncertainty in future projec-
tions of the NH surface warming and cumulative NA carbon uptake.
We assume that all ESMs are independent by using only one ensemble
member from each ESM, although some ESMs share the same key
physical components and codes®’.

The constrained probability density functions are derived from
the conditional probability density functions of the emergent rela-
tionship and the observed SSS in the NA subpolar region (Methods).
After incorporating the emergent constraint based on the observed
SSS (Methods), the NH surface temperature warming is reduced from
5.9+1.4°Ct05.5+1.0 °C(Fig.4c) and the cumulative NA carbon uptake
is increased from 50.1+10.7 PgC to 54.7 + 5.1 PgC under SSP5-8.5

(Fig. 4d). The uncertainties in future NH warming and cumulative
carbon uptake are reduced by 30% and 53%, respectively.

Since carbon uptake in the NA alters global atmospheric CO, con-
centration, it willalso directly impact the future changes in global mean
surface temperature. Therefore, there exists a strong relationship
between the present-day SSS in the NA subpolar region and future
global mean surface temperature changes in ESMs, with a significant
negative correlation (r=-0.64) between the two. After incorporating
the emergent constraints, the future global mean surface temperature
isreduced from 4.7 °C £+ 1.1°C (before constraint) to 4.4 °C+ 0.8 °C
(after constraint) with a 23% reduction in the uncertainty (Extended
Data Fig. 7). This suggests that the projected global warming in the
current ESMsiis probably overestimated. To provide further evidence
of the proposed emerging constraint, we conducted out-of-sample
testing in CMIP5 ESMs?**2, Results support the proposed emerging
constraint, reducing the uncertainty in the NH surface warming by 39%
andinthe cumulative NA carbon uptake by 26% (Extended Data Fig. 8).

The present-day AMOC strength during 2005-2014 as an emergent
constraint resultsin anegative correlation with future NH surface tem-
perature warming (r=-0.63) (Supplementary Fig. 4), which is lower
than that using the SSS (r=-0.72 in Fig. 4a). NH warming is increased
from 5.9 °C to 6.1 °C after the constraint, which is largely because the
multimodel ensemble mean of AMOC intensity (17.4 sverdrups (Sv))
isstronger than the observed AMOC intensity (16.8 Sv). As mentioned
above, the large variability and short duration of the observed AMOC
lead to limitations of the AMOC-based constraint.

Discussion
We found that higher present-day SSSin the NA subpolar region, indi-
cating stronger AMOC intensity, is associated with a larger amount of
cumulative carbon uptake under global warming. This finding can be
used toreduce theintermodeluncertainty in future changesin NH sur-
face warming and cumulative carbon uptake. This constraint reduces
intermodel uncertainty of future NHwarming and NA carbon uptake by
about30%and 50%, respectively, under the SSP5-8.5scenario (Fig. 4).
Current ESMs tend to underestimate the present-day SSS in the
NA (Fig. 4a). Thus, the projected warming in NH is likely to be overes-
timated in the current ESMs, while the cumulative carbon uptake in

Nature Climate Change | Volume 13 | August 2023 | 816-822

819


http://www.nature.com/natureclimatechange

Article

https://doi.org/10.1038/s41558-023-01728-y

£
<
2
-
3P
£o
88
gd :
3 =~
£8
3 [
Z Corre. coeff. = -0.72 BN
=i a
Slope =-1.4
27 p=00008
T T T
33 34 35

Present-day SSS (psu)

M Access-Esmi-5 [l CanESMS
© CNRM-ESM2-1 @ EC-Earth3-CC @ GFDL-ESM4
< MPLESM1-2-LIR A MPI-ESMI-2-HR (O MRI-ESM2-0

b
Corre. coeff. = 0.88
- Slope =13.5
© 6
% o P=118X107
50
5§
%3
O —
e X
=
5]
g 40
3
O
2

Present-day SSS (psu)

Fig. 4| Emergent constraints on NH surface warming and NA cumulative
carbon uptake. a,b, Projected changes in NH surface temperature (a) and
cumulative carbon uptake in the NA (b) under the SSP5-8.5 scenario versus SSS
inthe NA subpolar regionin the present-day climate (1981-2010). The solid black
line follows the linear regression of 18 CMIP6 models, while the dashed black
lines indicate prediction errors with one s.d. (and 68% confidence intervals).
Thesolid vertical purple line (shading) indicates the climatology (one standard

@ canEsMs-CanOE @ CESM2

C
After constraint

0.4 —

Z 03
w
C
[}
o°
z

3 02
©
Q
[
o

0.1

CMIP6 prior
o -l
(0] 4 8 12

ANH surface temperature in 2071-2100 (°C)

A\ cesm2-wAaccM Q) CMCC-ESM2
A croLcva @ 1PSL-CMBA-LR @ MIROC-ES2L
WV NorESM2-LM P> NorEsM2-MM W UKESM1-O-LL

d

After constraint

o

o

>
1

Probability density

0.03 —

CMIP6 prior

20 40 60 80
ACumulative carbon uptake in 2071-2100 (PgC)

error) of the WOA18. The slope and Pvalue in Fig. 4a,b are obtained by a two-sided
Student’s t-test. Shadings in b indicate the corresponding surface temperature
changeinthe NH. ¢,d, Probability density functions for the projected NH surface
warming (c) and cumulative carbon uptake changes in the NA (d) before (‘CMIP6
prior’, transparent) and after (‘after constraint’, opaque) when the emergent
constraintis applied.

NA is underestimated (Fig. 4c,d). Furthermore, we reached a similar
conclusion using a low emission scenario with SSP1-2.6 in which the
emergent relationship between the present-day SSSinthe NA subpolar
regionand future NH warming is statistically significant (Supplemen-
tary Fig.5). Our results also suggest that SSS in the NA subpolar region
isaconstraint on projected global warming rates. Therefore, sustained
observations of SSS in the NA subpolar region are beneficial for an
accurate projection of the global warming ratein the future. Inaddition,
the emergent relationship between the present-day SSS and future NH
warming is muchstrongerinthe 18 CMIP6 ESMs that include the ocean
biogeochemical model component (r=-0.72in Fig. 4a) compared with
thatinthe other 22 CMIP6 ESMs without that component (r=-0.53in
Supplementary Fig. 6). Therefore, it is essential to use ESMs with a car-
bon cycle toreduce the uncertainty in future NH and global warming.
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Methods

CMIP5 and CMIP6 models

We used 31 ESMs based on CMIP6 (18 models) and CMIP5 (13 models);
see detail in Extended Data Table 1 (refs. 53,54). ESMs with coupled
ocean biogeochemistry schemes were applied within the context of
both climate and ocean biogeochemical projections®™?°, All model
simulations cover the period 1850 t0 2100 (1861-2100 for GFDL-ESM2G
and GFDL-ESM2M, 1860-2100 for HadGEM2-CC) following historical
forcing changes, including GHG, aerosols and natural variation over
the period 1850-2005 (CMIP5) or 1850-2014 (CMIP6). CMIP6 models
follow SSP5-8.5 simulations of the future (2015-2100). For CMIP5
models, the simulations follow the Representative Concentration
Pathway 8.5 for 2006-2100.

Statistical methods for emergent relationship

We used a total least squares (TLS) method to fit a linear regression
and a multivariate probability distribution function (PDF) to obtain
the uncertainty range. TLS regression minimizes the perpendicular
distances between the CMIP6 data points and the regression line.
Therefore, the errors between the independent and dependent vari-
ables are uncorrelated. The multivariate PDF is a joint probability
distribution of the data points, taking into account the relationships
betweenall variables in the dataset to find the most likely distribution.
This difference between TLS regression and multivariate PDF results
in an asymmetric relationship between the regression line and the
uncertainty range.

Global heat-carbon coupling parameter

We calculated the oceanic anthropogenic carbon storage (C,,.) by
vertically integrating the dissolved inorganic carbon throughout the
historical simulation. Global ocean heat storage (H) is calculated
from the potential temperature of each grid cell. Temperature is
converted to ocean heat storage by vertical integration through
each model level and multiplied by a fixed value for density and
heat capacity of 4.15 x 10° kg m~J K™'. Heat and carbon storage
anomalies are calculated with respect to a pre-industrial control
simulation to avoid the influence of climate drift. There is a linear
correlation between the two variables, similar to the relationship
between atmospheric warming and cumulative carbon emissions™.
The global heat-carbon coupling parameter («) is derived from a
regression of anthropogenic ocean carbon storage (C,,,,) onto the
ocean heat storage (H):

S Hx,y,6)dA At)

— - 1
O Coy DA~ G0 v

H and ¢, are globally integrated values and A is the surface grid
area.x,yand tarelongitude, latitude and time. The value of ais gener-
allyinthe range of 4.2 x10” to 8.6 x 10’ ) mol ™.

Emergent constraint

PDFs of projected NH warming and carbon uptake in the NA were
calculated following a previously established methodology*®. The
emergent relationship in this study was a linear regression of CMIP6
models between the simulated present-day state, x (surface salinity),
and projected changes, y (NH surface temperature and cumulative car-
bonuptakeintheNA), inthe future (2071-2100). We used an ordinary
least squares regression for linear regression and only one ensemble
from each model for equal model weighting. The prior PDF assumed
models followed a Gaussian distribution. The PDFs of observational
constraints were defined as:

Px) =

o2
exp{_M} (2)

1
£/ 210,

where x is the average of the observed surface salinity in the North
Atlantic subpolar region for1981-2010 (present-day) and g, is the cor-
responding standard error. The ‘prediction error’ of the emergent
multimodellinear regression (oy(x)) defines contours of equal probabil-
ity density around the multimodel linear regression, which represent
the probability density of y given x:

o -f)’ I

1
Py} = —expl :
2”0.2 ZUf

where f(x) is the fitted value of the linear regression and o;is the pre-
diction error of the linear regression. The emergent relationship was
combined with the observational PDF by calculating the product of
their PDFs and then integrating across the x-axis variable to derive a
constrained PDF:

P(y) = f P{ylx} P (x) dx )

AMOC stream function

The stream function of the AMOC was calculated from the Atlantic
Ocean meridional velocity v(x, y, z, t) of climate model outputs based
onlongitude (x), latitude (y), depth (z) and time (¢) as:

H pXeast
“’A(y,z,t):f/ v(x,y,z,t)dxdz )
z X

west

where H is the sea bottom and X, and X, are the boundary. The
AMOC stream function, W, ismeasured in sverdrups (1Sv=10° m®s™).
Ifmodels provided the stream function variable (‘msftmz’ and ‘msftyz’),
we calculated the AMOC based on these data. The AMOC index was
defined as the maximum of the AMOC stream function at a latitude
of 26° N below 50 m, based on the observational monitoring stand-
ard in the Rapid Climate Change Meridional Overturning Circulation
Heat-flux Array*’.

Cumulative ocean carbon uptake

Anthropogenic air-sea CO, flux was the difference between the air-sea
CO, flux (‘fgco2’) in historical simulations merged with future simula-
tions and concurrent pre-industrial control (piControl) experiments.
This definition of anthropogenic air-sea CO, flux includes both the
flux driven by increasing atmospheric CO, concentrations and any flux
from changes in the natural air-sea CO, flux due to internal climate
variability and climate change, such as changes in ocean circulation,
wind conditions and primary production driven by anthropogenic and
natural forcings®..

SSS and the Atlantic subpolar region

For observations, version 2 of the WOA18 annual climatology (1981~
2010) of salinity was used for the observation-based constraint. The
confidenceinterval of the observations was calculated from standard
errors during the present-day. All output fields were analysed on a
horizontal 1° x 1° interpolated model grid. The North Atlantic subpolar
region is defined as 55° W-15° W and 45° N-65° N and the Northern
Hemisphere is defined as 0-360° E and 10° N-90° N. The observed
SSSinthe NA subpolar region obtained from Multi Observation Global
Ocean Sea Surface Salinity and Sea Surface Density®° was also analysed
anditsuncertainty during 1993-2014 was estimated as 34.78 + 0.05 psu
(Supplementary Fig. 4).

Intermodel uncertainty
Ones.d. of the changes among ESMs is defined as anintermodel uncer-
tainty. For Fig. 1a,b, shadings illustrate the signal of future climate
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changes by multimodel mean and contoursillustrate the uncertainty
of future climate changes by one s.d. among CMIP6 ESMs.

Data availability

Alldata, CMIP5and CMIP6 outputs are available from the ESGF portals
(https://esgf-node.linl.gov). The WOA18 salinity climatology and stand-
ard error are available from the National Oceanographic Data Center
portal at https://www.ncei.noaa.gov/access/world-ocean-atlas-2018.
Multi Observation Global Ocean Sea Surface Salinity and Sea Surface
Density is available at https://data.marine.copernicus.eu/product/
MULTIOBS_GLO _PHY S SURFACE_MYNRT 015 _013/description. Rapid
Climate Change Meridional Overturning Circulation Heat-flux Array
for the observational AMOC is available at https://rapid.ac.uk/ or
https://climate.metoffice.cloud/amoc.html#datasets. The data nec-
essarytoreproduce theresults areavailable at https://doi.org/10.5281/
zenodo.7948570 (ref. 61).

Code availability

All plots and analysis were carried out using NCAR Command Lan-
guage v.6.6.2. Tointerpolate the model grid data, we used climate data
operatorsavailable at https://code.mpimet.mpg.de/projects/cdo/. The
codesfor generating the figures inthis work are available at https://doi.
org/10.5281/zenod0.7948570 (ref. 61).
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Extended Data Table 1| CMIP5 and CMIP6 models used in this study and the corresponding model centre

Model name

Modelling centre

ACCESS-ESM1-5 (ref. 62)

The Commonwealth Scientific and Industrial Research Organisation (Australia)

CanESMS5 (ref. 63)

CanESM5-CanOE®®

Canadian Centre for Climate Modelling and Analysis (Canada)

CESM1-BGC**

CESM2 (ref. 65)

CESM2-WACCM®

National Center for Atmospheric Research, Climate and National Center for Atmospheric Research, Climate and Global Dynamics
Laboratory, (USA)

CMCC-CESM*®

CMCC-ESM2 (ref. 67)

Fondazione Centro Euro-Mediterraneo sui Cambiamenti Climatici (Italy)

CNRM-ESM2-1 (ref. 68)

Centre National de Recherches Météorologiques (France)

EC-Earth3-CC®°

EC-Earth consortium, Rossby Center, Swedish Meteorological and Hydrological Institute/SMHI (Sweden)

GFDL-ESM2G™°

GFDL-ESM2M"°

GFDL-CMA4 (ref. 71)

GFDL-ESMA4 (ref. 71)

National Oceanic and Atmospheric Administration, Geophysical Fluid Dynamics Laboratory (US)

GISS-E2-H-CC”

GISS-E2-R-CC”

Goddard Institute for Space Studies, National Aeronautics and Space Administration (US)

HadGEM2-CcC”

UKESM1-O-LL™

Met Office Hadley Centre (UK)

IPSL-CM5A-LR”

IPSL-CM5A-MR”®

IPSL-CM6A-LR”

Institut Pierre-Simon Laplace (France)

MIROC-ESM”

MIROC-ESM-CHEM"’

MIROC-ES2L"

Japan Agency for Marine-Earth Science and Technology (Japan)

MPI-ESM-LR”

MPI-ESM-MR”®

MPI-ESM1-2-LR®°

MPI-ESM1-2-HR®

Max Planck Institute for Meteorology (Germany)

MRI-ESM2-0 (ref. 81)

Meteorological Research Institute (Japan)

NorESM2-LM®?

NorESM2-MM*?

Climate modeling Consortium consisting of Center for International Climate and Environmental Research (Norway)

CMIP5 models are in italics.
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Extended Data Fig. 1| Future surface temperature changes in the Northern
Hemisphere (NH) linked to projected cumulative carbon uptake in the North
Atlantic (NA). a, b, Theinter-model relationship between projected changes
inthe NH surface temperature and carbon uptake in the NA from a, CMIP6 and
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Extended DataFig. 2 | Inter-model difference between future surface heat Hemisphere and cumulative carbon uptake in the North Atlantic. b-e, The same
flux in the Northern Hemisphere and future cumulative carbon uptake in the asabut for net surface shortwave radiation (SW), net surface longwave radiation
North Atlantic. a, Projected change total net heat flux (Qnet) in the Northern (LW), sensible heat flux (HFSS), and latent heat flux (HFLS).
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Extended Data Fig. 6 | Composite comparison between two groups. a-c,
Differences between two groups (high sea surface salinity (SSS) minus low
SSSinthe NA subpolar region) in the present-day climate state (shading) of

a, meridional streamfuction, b, mixed layer depth, ¢, zonal mean dissolved
inorganic carbon. The two groups were divided into 9 CMIP6 ESMs based on the
present-day SSSin the NA subpolar region. Contoursillustrate the multi-model
ensemble mean of 18 CMIP6 ESMs. Stipples indicate regions that are statistically

I I
34 35
SSS (psu)

-3.2
Asurface temperature (°C)

-1.6 0 1.6 3.2

significant at 99% confidence level by Student’s t-test. Green box indicates NA
subpolarregion. d, Inter-model difference of SSS over the NA subpolar region
inthe present-day and cumulative carbon uptake in the NA for the present-day
(bottom) and future climate (top). Light colors illustrate each ensemble and dark
colors multi-model ensemble mean of each group. e, Difference between two
groups in future changes (shading) of surface temperature.
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Extended Data Fig. 8 | Emergent constraints on the Northern Hemisphere
(NH) surface warming and the North Atlantic (NA) cumulative carbon
uptake in CMIP5 ESMs. a, Projected changes in NH surface temperature and

b, cumulative carbon uptake in the NA under RCP8.5 scenario versus sea surface
salinity (SSS) of the NA subpolar region in the present-day climate (1981-2010).
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