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Weakening Atlantic overturning circulation causes
South Atlantic salinity pile-up

4,54

Chenyu Zhu®'23 and Zhengyu Liu

The Atlantic Meridional Overturning Circulation (AMOC)
is an active component of the Earth's climate system' and its
response to global warming is of critical importance to society.
Climate models have shown an AMOC slowdown under anthro-
pogenic warming since the industrial revolution®*, but this
slowdown has been difficult to detect in the short observational
record>"° because of substantial interdecadal climate variabil-
ity. This has led to the indirect detection of the slowdown from
longer-term fingerprints"' such as the subpolar North Atlantic
‘warming hole'’. However, these fingerprints, which exhibit
some uncertainties’, are all local indicators of AMOC slow-
down around the subpolar North Atlantic. Here we show obser-
vational and modelling evidence of a remote indicator of AMOC
slowdown outside the North Atlantic. Under global warming,
the weakening AMOC reduces the salinity divergence and then
leads to a ‘salinity pile-up’ remotely in the South Atlantic. This
evidence is consistent with the AMOC slowdown under anthro-
pogenic warming and, furthermore, suggests that this weaken-
ing has likely occurred all the way into the South Atlantic.

Significant anthropogenic warming has already occurred for
many decades, and some signals have already been detected in the
surface'® and deep Atlantic Ocean'”". Since the adjustment time of
the AMOC from the North Atlantic to the South Atlantic is at the
decadal timescale", the signal of AMOC slowdown will have propa-
gated from the subpolar North Atlantic far into the South Atlantic.
Physically, this remote AMOC response away from the North
Atlantic deep-convection region is possible because the AMOC
slowdown under global warming is forced by a slowly increasing
surface heat flux over the subpolar North Atlantic?, and this type
of buoyancy-forced AMOC response has been shown to be able
to propagate southward coherently against the distortion by vari-
able wind forcing?~**. However, there has so far been no observa-
tional evidence of a remote AMOC weakening response outside the
North Atlantic. Here, by ‘remote’ response, we refer to the response
downstream of the AMOC lower branch, away from the subpo-
lar North Atlantic where deep water formation occurs. Previous
indicators, such as the ‘warming hole’ (Fig. 1b and Extended Data
Fig. 1), are all confined locally around the subpolar North Atlantic
region'""*!°. The deep-warming signal detected recently extend-
ing from the North" into the South'® Atlantic is not an indicator
of remote AMOC slowdown, because this warming can be gener-
ated simply by the advection of a warm anomaly from the North
Atlantic in the mean abyssal current. The remote AMOC response,
if any, will also be difficult to detect in the SST field outside
the subpolar North Atlantic, because, under anthropogenic warm-
ing, the bipolar-seesaw SST fingerprint of the AMOC**** could be
overwhelmed by the associated surface heating.

Here, we show that the remote response of the AMOC slowdown
can be detected in the South Atlantic in a salinity indicator called
the Atlantic ‘salinity pile-up. This salinity indicator differs from the
traditional ‘salty-getting-saltier’ fingerprint in the global sea surface
salinity (SSS, climatology in Extended Data Fig. 2) identified in
observations (Fig. 1a) and models (Fig. 1c,e and Extended Data Figs. 3
and 4)*~*', which is forced locally by the surface evaporation minus
precipitation (E—P)* (Fig. 1d,f) through the ‘rich-getting-richer’
precipitation response (meaning increased (decreased) precipita-
tion in climatologically wetter (drier) regions*) and, therefore, is
a fingerprint of the intensified atmospheric hydrological cycle only
and is irrelevant to the AMOC response. Instead, the Atlantic salin-
ity pile-up refers to a relatively greater trend in basin-mean salin-
ity increase in the subtropical Atlantic than the Indo-Pacific from
the surface to the thermocline (>300 to 500 m) (Fig. 2). This salin-
ity pile-up is detectable in the observations (Fig. 1a and last panel
of Extended Data Fig. 3) and model ensemble means for both the
historical period (Fig. 1c and Extended Data Fig. 3) and future
warming scenarios (Fig. 1e and Extended Data Fig. 4). Note that,
in the observations or a single model simulation, the detailed
SSS-trend pattern within each basin could differ substantially due
to other factors such as the local wind-driven gyre and internal cli-
mate variability. Our focus here, however, is the basin-mean salinity
response, which will be shown to be affected more by the AMOC
in response to anthropogenic warming downstream in the South
Atlantic. Most interesting here is the comparison between the South
Atlantic and South Indo-Pacific in terms of their relationship of
basin-mean trends between SSS and the local E—P forcing. For
example, in the future warming scenario (Fig. le,f), the larger trend
in basin-mean salinity increase in the subtropical South Atlantic
is accompanied by a smaller trend in E—P increase relative to the
Indo-Pacific. Therefore, this salinity pile-up in the South Atlantic
relative to the Indo-Pacific cannot be caused simply by local E—P.
Given the robust AMOC slowdown across models and the poten-
tial reduction of the salinity transport by the AMOC slowdown in
the South Atlantic that is absent in the Indo-Pacific, we hypothesize
that this salinity pile-up in the South Atlantic is remotely caused
by, and therefore is a remote indicator of, the AMOC slowdown. In
comparison, the stronger trend in basin-mean salinity increase in
the subtropical North Atlantic corresponds to a stronger E—P trend
than that over North Pacific and, therefore, could be forced pre-
dominantly by the atmosphere”.

The mechanism of the salinity pile-up can be examined in climate
models by statistical analysis and sensitivity experiments. Denoting
Sy as the basin-mean SSS anomaly (from long-term climatological
means) for the subtropical North Atlantic (10°N to 40°N) and ASg
as the difference between the basin-mean SSS anomalies between
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Fig. 1| Global SSS and SST trends. a-f, Linear trends in SSS (psu century™) for 1950-2017 (EN4) (a); SST (K century™") (b) for 1870-2017 (HadISST) in
the observations (Obs.); SSS (¢) and E—P (mm day~' century™) (d) for ensemble mean historical (Hist.) runs of 1950-2017 (the runs were extended from
2006 to 2017 with simulations of the RCP4.5 scenario) and SSS (e) and E—P (f) for ensemble mean RCP4.5 runs for 2018-2100. The salinity pile-up in

the Atlantic (relative to other oceans) can be seen in the observations, historical run and RCP4.5 run. The weaker E—P trend in the South Atlantic than
Indo-Pacific is clear in the RCP4.5 runs; this difference in E—P trends, however, is not very clear in the historical run because of the weaker trend signal,
and is difficult to assess in the observations because of the uncertainty in the long-term E—P observations.

the subtropical South Atlantic and Indo-Pacific (10°S to 34°S), we
define the salinity indices for the South and North Atlantic salin-
ity pile-ups as S = —ASg and Sy = —Sy, where the negative sign
is chosen to be consistent with the AMOC intensity. (All conclu-
sions drawn below concerning S are insensitive to the details of
domain choice). The close relationship between the salinity indi-
ces and AMOC can be seen first in their annual evolution from
1850 to 2100 in IPCC model simulations (Methods and Fig. 3a).
Ensemble-averaged across models, both salinity indices follow the
weakening AMOC closely, similarly to the warming hole index Ty,
which is defined as the SST anomaly of the subpolar North Atlantic
relative to the global mean (Methods)". This seemingly good cor-
relation itself, however, does not provide strong evidence for the
salinity indicator, because the ensemble mean filters out internal
variability such that the final ensemble-mean signal is dominated
by a global warming trend in the last 100 years.

The remote salinity indicator is instead supported by two more
stringent statistical measures, again similarly to Ty,'>'"* first, the

interannual correlation and, second, the cross-simulation trend cor-
relation, both with AMOC. First, in historical simulations, annual
Ss (Fig. 3b) and Sy (Extended Data Fig. 5a) are significantly cor-
related (P<0.1) with AMOC for most models, with the correlation
coefficients somewhat weaker than, but still comparable with, those
of Ty, Furthermore, for S variability, the AMOC forcing seems to
be more dominant than the local E—P forcing, as implied by the
stronger correlations of Sg with AMOC compared with those of S
with E—P in most models (Extended Data Fig. 5b). Given that the
historical simulation includes significant internal variability, nota-
bly the Atlantic multidecadal variability”, in addition to a weak
trend in its response to anthropogenic warming, we further calcu-
lated the correlation by decomposing the time series into internal
variability (detrended residual) and trend. The calculation shows
that the correlation between S; and AMOC in the historical run is
contributed largely by the internal variability and is enhanced by
the weak trend in most models (not shown). Since the contribu-
tion of internal variability may be underestimated in models*, the
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Fig. 2 | Zonal mean salinity trends. a-f, Linear trends in salinity (psu century~, colour bar) for the Atlantic (a) and Indo-Pacific (b) in the observations
(EN4) (1950-2017); the Atlantic (¢) and Indo-Pacific (d) in the historical run ensemble mean (1950-2017) and the Atlantic (e) and Indo-Pacific (f) for
the RCP4.5 ensemble mean (2018-2100). ¢,e, Trends in the AMOC (Sv century~', contours (represented by solid positive and dashed negative lines);
1Sv=10°m3s7"). The Atlantic salinity pile-up relative to the Indo-Pacific can be seen in all the cases.

contribution of internal variability may be even stronger in the real
world. The significant correlation observed for internal variability
is further confirmed by calculating the interannual correlation for
ten models on their long control simulations that are forced under
fixed climate forcing. In all ten control simulations, the correlations
between S and AMOC are positive, with seven being significant
at P<0.1. (These correlations are smaller than those between Ty,
and AMOG, as in the historical runs). In addition, for both S and
Tys their correlations with AMOC tend to be maximized when
the AMOC leads, suggesting an impact of AMOC on both indica-
tors. The lead of maximum correlation in the different models is
less than 5years for Ty,, but ranges from years to decades for S;.
This is reasonable, because the AMOC impacts the warming hole
immediately after the local convection adjustment in the subpolar
North Atlantic but will affect South Atlantic salinity remotely on a
long timescale that may vary widely among models due to different
model circulation and internal variability.

Second, the support for the salinity indicator is even stronger in
the global warming responses in the trends of Sg (Fig. 3¢c) and Sy
(Extended Data Fig. 6a) across models. These salinity trends are well
correlated with the AMOC weakening across warming scenarios
(R=0.76 for Sg and 0.64 for S,), as for Ty, (R=0.75, Extended Data
Fig. 6b). This implies that a stronger AMOC slowdown corresponds
to a stronger salinity pile-up, especially in the South Atlantic, with
a slope of 2.3Sv/0.1psu, further supporting the salinity indices.
Moreover, for S, the trends are highly correlated with the AMOC
but have little correlation with the local E—P forcing (Extended Data
Fig. 6). The dominant effect of AMOC forcing over local E—P forc-
ing on trends is much stronger than the effect on interannual cor-
relations (Extended Data Fig. 5b), implying a more dominant role of
the AMOC on longer timescales. This is consistent with the coher-
ent dynamic response of the AMOC to buoyancy forcing occurring
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preferentially over longer timescales”**. In comparison, for Sy, the
E—P forcing becomes important (almost as important as the AMOC)
as seen in both the interannual correlation (Extended Data Fig. 5¢
versus 5b) and trend correlation (Extended Data Fig. 6d versus 6c¢).
The two correlation analyses above suggest that the South Atlantic
salinity pile-up can serve as a new indicator for AMOC changes,
from internal climate variability to long-term trends.

Our salinity indicators imply, consistently with Ty,, that a remote
weakening response of the AMOC is possible in the observations in
the span of 1900-2017 (Fig. 3d). In spite of strong decadal variability,
both Sgand Sy show a weakening trend after the 1960s, similar to that
of Ty,. For the last one to two decades, the inferred AMOC weaken-
ing trends in all three indices also appear to be consistent in sign with
the observed AMOC trends in the direct RAPID measurements®?,
a reanalysis (GloSea5)* over the North Atlantic and the reconstruc-
tion with Argo and altimetry in the South Atlantic’ (Fig. 3b). There
are, nevertheless, some differences: Ty, exhibits a strong interdecadal
variability starting from the 1950s, while S and Sy decrease smoothly
starting from the 1970s. The differences among indicators could be
caused by the distortion of natural interdecadal variability, especially
that associated with wind variability’**; by the signal of the AMOC
decline being weak, as inferred from the large ensemble spreads; or,
finally, by uncertainties in the three indices in the historical simula-
tions (Fig. 3a and Extended Data Figs. 5 and 6). Indeed, natural vari-
ability is also likely responsible for different timings of initial AMOC
decline estimated in the observations, even among various North
Atlantic local temperature indicators''~". Relative to S, Ty, may also
be affected more directly by radiative forcing and shorter Atlantic
decadal variability, especially in the last half-century when both the
variability and discrepancy are large.

We further show that the South Atlantic salinity pile-up is
caused remotely by AMOC slowdown, as already inferred from
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Fig. 3 | Evolution of AMOC and its indicators. a,Time series of the ensemble mean annual AMOC transport (black), S, (orange), Ss (red) and Ty, (green)
in the combined historical-to-future RCP4.5 scenario simulations (1850-2100), with the error bars on the left side denoting cross-simulation spread
(+1s.d.) averaged over the historical period. b, Scatter plot of the instantaneous interannual correlation coefficients of annual AMOC and T, versus
AMOC and S; for the historical period of 1861-2018 (2006-2018 extended with the RCP8.5 scenario simulations) across models. The black solid line
represents the 1:1 diagonal line, grey lines represent P = 0.1 significance, dashed lines represent the zeros and the filled black circle represents the model
ensemble mean. ¢, Scatter plot of the trends of AMOC versus S, for historical (1861-2018, circles), RCP4.5 (2019-2100, triangles) and RCP8.5 (2019-
2100, squares) simulations for each model. The solid line represents the regression line and the dashed line represents the zero S, trend (additional
information related to b and ¢ is shown in Extended Data Figs. 5 and 6). Correlation and linear regression analyses were performed with n=36
simulations, with model CanESM2 (grey) excluded as an outlier. R=0.76, P<0.01. d, Time series of Sy, (orange), S¢ (red, EN4) and Ty, (green, HadISST)
in the observations. Thin lines are the annual means, while the thick lines are the 10-year running means. Also shown are the trends of annual mean
AMOC transport across 26.5° N in the North Atlantic monitored in the RAPID project (2005-2016, solid black line) and an ocean reanalysis product
GloSea5 (1995-2014, dashed black line) as well as a reconstruction from Argo and altimetry averaged across 20°S, 25°S and 30°S in the South Atlantic
(1993-2015, grey line). All the time series are anomalies relative to the means of 1900-1950, except the three short AMOC measurements, for which the
trend line starts from the first year of each.

the much stronger impact of the AMOC on S than E-P in both The impact of the AMOC on S; is shown more clearly in
interannual and cross-simulation correlations (Extended Data  ocean-alone sensitivity experiments, which are forced by anomalous
Figs. 5b and 6¢). We first show that this salinity pile-up is caused  surface buoyancy forcing and are therefore not influenced by wind
by circulation changes in the salinity budget in a coupled simula-  forcing (Methods). The global warming impact of E—P forcing is
tion (Methods). With global warming, E—P increases less in the simulated in experiment EmP, which is forced by the E—P trend of
South Atlantic than in the Indo-Pacific, while salinity increases the ensemble mean RCP4.5 experiment (Fig. 1f), while the impact
more in the South Atlantic (as discussed in Fig. 1e,f). The salinity  of a weakening AMOC is simulated in experiment HFX, which is
pile-up is caused by a smaller increase in salinity divergence in the  forced by a spatially uniform surface heat flux trend. As expected,
South Atlantic than in the Indo-Pacific relative to their respective = E—P forcing alone (EmP) produces a pattern of upper-ocean salin-
increases in E—P forcing (Extended Data Fig. 7). The changes in ity similar to E—P, and salinity piles up (relative to the Indo-Pacific)
salinity divergence are mainly driven by the effect of the circulation  in the North Atlantic but not in the South Atlantic (Fig. 4c and
change on mean salinity (not shown). This circulation change is Extended Data Fig. 8c,d); the dominant effect of E-P forcing
induced substantially by the weakening AMOC. on South Atlantic salinity can also be seen in the salinity budget
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Fig. 4 | SSS and SST trends in ocean sensitivity experiments. a-f, Trends in SSS (psu century™) (a,c,e) and SST (K century™) (b,d,f) in ocean model
experiments forced by a trend in the combined E—P flux and heat flux (EmP+HFX) (a,b), the E—P flux only (EmP) (¢,d) and a globally uniform heat flux
(HFX) (e,f). The experiments show that the weakening of the AMOC under heat flux forcing generates a salinity pile-up in the South Atlantic as well as a

warming hole in the subpolar North Atlantic.

(Extended Data Fig. 9¢). Note that there is no warming hole (Fig. 4d),
because the AMOC remains little changed (Extended Data
Fig. 8¢). In contrast, under the heat flux forcing (HFX), the AMOC
weakens substantially’ (Extended Data Fig. 8e) and then generates
a distinct salinity pile-up remotely in the South Atlantic (relative to
the Indo-Pacific) (Fig. 4e and Extended Data Fig. 8e,f), as well as the
warming hole in the subpolar North Atlantic (Fig. 4f). Consistent
with buoyancy-forced responses in previous studies”*, the AMOC
response expands southward coherently into the South Atlantic,
inducing warming and salinity pile-up in the upper South Atlantic
(Extended Data Fig. 9e—g). Under HFX, salinity divergence is reduced
(Extended Data Fig. 9d) by the decreased AMOC export in the South
Atlantic, which, in a further decomposition, is caused by the weak-
ening AMOC circulation. Combined, E—P and heat flux force the
salinity pile-up in both the South and North Atlantic, as well as the
warming hole in experiment EmP+HFX (Fig. 4a,b and Extended
Data Fig. 8a,b), consistent with the coupled experiment (Figs. le
and 2e,f). In comparison with experiment EmP, the salinity budget
further confirms that the weakening AMOC reduces salinity diver-
gence and, in turn, piles up salinity over the South Atlantic (Extended
Data Fig. 9b,c), mainly due to the change in circulation. The mech-
anism of the South Atlantic salinity pile-up is summarized sche-
matically in Extended Data Fig. 10, along with the budget of upper
Atlantic salinity transport in experiment HFX. With the reduction
of the AMOC, the northward salinity transport in the upper South
Atlantic is reduced relative to the control climatology (Extended Data
Fig. 10a). In the upper branch of the AMOC, the reduction in salinity
transport is greater downstream (on the northern side) than upstream
(southern side) because of a greater mean salinity on the northern
side, leading first to anomalous salinity convergence and then to
salinity pile-up in the South Atlantic (Extended Data Fig. 10b).

In short, we have provided evidence of a remote signal of AMOC
slowdown under anthropogenic warming in the South Atlantic, far
removed from the subpolar North Atlantic, in models and, likely,
observations. This remote echo of the AMOC is projected to inten-
sify with global warming and further AMOC slowdown.

Online content
Any methods, additional references, Nature Research report-
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Methods

CMIP5 model simulations. We use the model output of a total of 13 CMIP5
models: CanESM2, CCSM4, CESM1-BGC, CESM1-CAM5, CNRM-CMS5,
GFDL-ESM2M, GISS-E2-R, INMCM4, MPI-ESM-LR, MPI-ESM-MR,
MRI-CGCM3, NorESM1-M and NorESM1-ME. We analyse the time period
1850-2100, covering the historical run and two future scenarios (RCP4.5 and
RCP8.5) as well as control runs with various model integration lengths. The
ensemble mean is calculated with equal weight on each simulation. Model data
are interpolated to the observation grid points before calculation. All these
simulations are publicly available at http://www.ipcc-data.org/sim/gcm_monthly/
AR5/Reference-Archive.html.

Datasets. We use two observational datasets for salinity. The first is the ISHII
data® version 6.13 (https://rda.ucar.edu/datasets/ds285.3/), which includes the
objectively analysed subsurface temperature and salinity of 24 levels in the upper
1,500 m, with1°x 1° resolution, during 1945-2012. The second is the monthly
mean ocean salinity from Hadley Centre EN4 dataset version 4.2.1 (ref. *’)
(https://www.metoffice.gov.uk/hadobs/en4/download-en4-2-1.html) with

the Levitus correction™. This is a quality-controlled ocean dataset of in situ
observations objectively mapped onto a global 1°x 1° grid for 1900-2017. The
observational SST is HadISST* from the Hadley Centre, which is a unique
combination of monthly globally complete fields of SST and sea ice concentration
on a 1°x 1° grid from 1870 to 2017 (https://www.metoffice.gov.uk/hadobs/
hadisst/).The direct measurements of the AMOC in the RAPID array along 26.5°N
are publicly available on www.rapid.ac.uk/rapidmoc/rapid_data/. The GloSea5
reanalysis data were provided by L. Jackson®. The South Atlantic AMOC data
derived from Argo and altimetry are freely available from www.aoml.noaa.gov/
phod/samoc_argo_altimetry/index.php. The Community Earth System Model
(CESM) Large Ensemble (CESM-LE) data' can be found at http://www.cesm.
ucar.edu/projects/community-projects/LENS/. The POP2 data of sensitivity
experiments used in this study are available from the corresponding author

upon request.

Definition of AMOC strength and the SST-based AMOC index. AMOC
intensity is defined as the maximum overturning stream function below 300 m
over 30°N to 50°N in the Atlantic. The SST-based AMOC index Ty, is calculated
following its latest version as proposed in Caesar et al.", except that the annual
mean data are used instead of the November-May season data. First, we calculate
the SST trend on each grid point over the globe for the period 1850-2100 with
the global mean SST trend subtracted. This tends to generate a cooling in the
subpolar North Atlantic and warming along the Gulf Stream region (Extended
Data Fig. 1). We then use the area-weighted SST averaged over the cooling region
in the subpolar North Atlantic as the SST-based AMOC index Ty, for each
ensemble member. The ensemble mean Ty, is then calculated with each member
equally weighted.

Salinity budget and analysis. The salinity budget for the upper 300 m is calculated
offline using the monthly output based on the tracer transport equation,

Hyg H H
./ogz(EfP)xsofl/OV(v XS)+'/0m1x

Here S and H represent the salinity and layer depth, respectively, and
S,=134.7 is a reference salinity. The salinity tendency (dS/0t) is determined by
the three right-hand side terms above, which are, from left to right, the surface
net freshwater flux, ocean salinity transport divergence and interior mixing. The
v x §is the three-dimensional salinity transport by the resolved flow (Eulerian
mean velocity). The mixing term (including diffusion and unresolved transport
induced by eddy and submesoscale processes) in the offline scheme is diagnosed
as a residual term. A comparison of our offline scheme with the online scheme
(using the last 10 years’ data from a default 900 year POP2 control run with
online advection and mixing output) over specified regions shows that the offline
calculation of salinity advection (or transport divergence) and the residual term
using monthly freshwater flux, velocity and salinity output accurately reproduce
the online calculation of advection and mixing terms, respectively (not shown).

The salinity budget is applied to one member of the CESM-LE in the RCP8.5
scenario. For the mean climatology, the salinity tendency is determined by
a positive source from net E—P and a negative sink of divergence in salinity
transport (Extended Data Fig. 7a). With global warming, the accumulated E—P
increases (becomes more positive) in both the South Atlantic and Indo-Pacific,
overwhelming the increased salinity transport divergence (which becomes more
negative) and therefore increasing the salinity in both regions (Extended Data
Fig. 7b). The accumulated E—P increases much more in the South Indo-Pacific
than in the South Atlantic (Extended Data Fig. 7b), consistent with the discussion
of Fig. le,f above. This large E—P increase in the Indo-Pacific, however, is largely
balanced by a greater salinity divergence and therefore leaves little salinity increase
in that region. In contrast, over the South Atlantic, salinity is increased much more
than over the Indo-Pacific in spite of a smaller E—P increase, because the salinity
divergence is enhanced only slightly, such that a smaller E-P trend in the South

NATURE CLIMATE CHANGE | www.nature.com/natureclimatechange

Atlantic can still drive a larger SSS increase than in the Indo-Pacific. This smaller
increase in salinity divergence in the South Atlantic (relative to the Indo-Pacific)
is caused remotely by the weakening AMOC, as demonstrated in ocean-alone
experiments below. In comparison, a similar budget analysis shows that in the
North Atlantic, the effect of circulation change on salinity divergence is less than
the effect of E—P (not shown).

Ocean model and sensitivity experiments. Our ocean model is POP2 (refs. **?),
which is the ocean component of the coupled CESM model. Our version of

POP2 has a uniform resolution of 3.6° in the zonal direction and a non-uniform
resolution in the meridional direction (0.6° near the equator gradually increasing
to the maximum of 3.4° at 35°N/S and then decreasing polewards). The model
has 60 levels in the vertical. In the upper 160 m, it has a uniform resolution

of 10m. The resolution then decreases towards depth, reaching a resolution

of 250 m at a depth of 3,500 m. From 3,500 m towards depth, it has a uniform
resolution of 250 m. The control run is forced by the normal year forcing from the
Coordinated Ocean-Ice Reference Experiments (CORE) dataset®, using the CORE
experimental design as outlined in Griffies et al.*. The CORE forcing and bulk
formulae used here are the version 2 (COREv2) as defined in Large and Yeager".

Due to a fresh bias, the default POP2 shows an unrealistically shallow
late-winter mixed layer (<200 m) around the Labrador Sea and east of Greenland,
where the observations show a deepest mixed layer depth of over 1,000 m. Instead,
the deepest mixed layer in the model occurs in the Greenland, Iceland and
Norwegian Seas. As a remedy, we performed a flux adjustment on salinity. First,

a restoring run restarting from a 900 year default control run is performed with
an additional surface restoring term added such that SSS is restored towards its
observational monthly climatology over the globe with a restoring time of 90 days
(upper 50m). After 300 years of integration, both the AMOC and Labrador Sea
mixed layer are found to be near quasi-equilibrium. Then the seasonal cycle of
the restoring term is diagnosed from the last 10 years of the restoring run and is
added to the model as the surface flux adjustment term. The flux adjustment run
is then integrated for another 200 years and exhibits a more realistic mixed layer
around the Labrador Sea and Greenland. This flux adjustment run is used as our
control run from which the three sensitivity experiments are launched. Sensitivity
experiments are integrated for 100 years (corresponding to model years 1401-
1500). The wind stress remains unchanged in all experiments so that there is no
effect of wind-induced circulation change. As such, the dynamic effect on salinity
transport is caused by the buoyancy-forced AMOC change only.

The first experiment (EmP) is designed to study the SSS response to E—P forcing
in the global warming scenario. Thus, the anomalous E—P forcing uses the trend of
the ensemble mean E—P of the RCP4.5 scenario as demonstrated in Fig. 1f (the results
are similar if CESM E—P forcing is used) while the magnitude of the anomalous E—P
forcing is increased linearly from zero to its full strength over 100years, resembling
the RCP4.5 scenario integrated from 2006 to 2100. To isolate the salinity response to
local E—P forcing in the subtropical ocean and avoid the additional effect of AMOC
transport change, the E—P forcing is applied south of 53°N over the globe, avoiding
a substantial reduction of the AMOC (Extended Data Fig. 8c) forced by the high
latitude freshwater flux. The second experiment (HFX) is designed to identify the
responses of both the salinity and temperature to a weakening AMOC in the absence
of the E—P trend forcing. Since the increased downward surface heat flux is the major
forcing for the weakening AMOC in response to global warming’, we apply a globally
uniform heat flux anomaly over the ocean with the magnitude increasing linearly
from 0 to 5W m~in 100 years. By this time, the AMOC has been reduced by ~10 Sv
(Extended Data Fig. 8e). The third experiment (EmP+HFX) combines both the E—P
and heat flux forcing in experiments EmP and HFX. Finally, we note that we have
performed extensive sensitivity experiments, which all confirm our major conclusion
that the salinity pile-up in the South Atlantic is caused by the weakening AMOC
transport. For example, in a set of parallel sensitivity experiments in the default model
(without flux adjustment), the results are similar, except that the warming hole is
shifted from the Labrador Sea into the Greenland, Iceland and Norwegian Seas in
experiments HFX and EmP+HFX.

Data availability

All data used are publicly available online, as described in detail in the Dataset
section of Methods. In addition, the POP2 data of the sensitivity experiments used
in this study are available from the corresponding author upon request.

Code availability
POP2 is freely available as open-source code from http://www.cesm.ucar.edu/
models/cesm1.1.
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Extended Data Fig. 1| Model SST trends under global warming. Global pattern of SST trends (relative to the global mean) (K century) for 1850-2100
(from 2006 to 2017 with simulations of RCP4.5 scenario) in individual IPCC models and the multi-model mean (MMM).
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Extended Data Fig. 3 | Model SSS trends in the historical period. Global pattern of SSS trends (relative to the global mean) (psu century™) for the period
0f 1945-2012 in individual models and the multi-model mean in the historical runs. The trend in another observational dataset, ISHII, is plotted in the
bottom right panel.
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the temporal correlations between the annual mean AMOC and Ty, versus those between AMOC and S, (a), (E-P)s and S¢ versus AMOC and S (b) and
(E—P)y and S, versus AMOC and S, (for comparison with ‘'S" in b, here ‘N’ represents the difference of North Atlantic with North Pacific) for the historical
period (1861-2018 with 2006-2018 from the RCP8.5 simulation) (c). In each panel, the average of the correlations is shown by open black circles and the
correlation of the cross-model ensemble mean is shown in in filled black circles. The grey lines in each panel denote the P> 0.1 significance level (against a
white noise with sample size n=158, one-tailed test). A scatter plot similar to that in a for AMOC and Ty, versus AMOC and S is shown in Fig. 3b.
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Extended Data Fig. 6 | Trends in AMOC, fingerprint indices and E—P. a-d, Cross-model scatter plots between the trends of the fingerprint indices and
AMOC transport in the historical run (1861-2018, circles, with the period 2006-2018 using the RCP8.5 scenario) and for the future period 2019-2100 in
RCP4.5 (triangle) and RCP8.5 (square) scenarios with the cross-ensemble correlations R shown in the lower left corners of the panels. a, AMOC versus Sy
(R=0.64). b, AMOC versus Ty, (R=0.75). ¢, (E-P)s versus S (R=-0.03). d, (E-P), versus S, (R=0.62, for comparison with 'S" in ¢, here ‘N’ represents
the difference of North Atlantic with North Pacific). Panel € shows no correlation between the trends of local (E~P)s and S, in contrast to the AMOC (Fig.
3c), suggesting the AMOC as the dominant driving force. By contrast, d shows that E—P is a strong forcing of salinity pile-up in North Atlantic, comparable
with AMOC (a). The R value is calculated without the CanESM2 model (grey), which appears to be an outlier model for the trends of AMOC and all the
indices, with the P> 0.1 significance level as R=0.22 (against a white noise with sample size n=36, one-tailed test).
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Extended Data Fig. 7 | Salinity budget in a coupled model. a,b, Subtropical (10°S-30°S) upper-ocean (0-200 m) basin mean salinity budget for an
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RCP8.5 simulation of CESM-LE. a, Historical period (1980-2005) annual mean salinity budget (psuyear™). b, Accumulated anomaly (relative to the 1980-
2005 mean, psu) for the comparison between the South Atlantic and Indo-Pacific. The four terms in the legend indicate the contributions of the tendency

(‘tend"), transport divergence (‘trans’), surface E—P (‘sfwf") and mixing (‘'mix’). The major feature is a smaller increase in salinity divergence (less-negative
anomaly) in the South Atlantic than in the Indo-Pacific and North Atlantic. This smaller increase is caused by the weakened AMOC transport.
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Extended Data Fig. 8 | Ocean salinity trend in the sensitivity experiments. a-f, Ocean zonal mean salinity trend (psu century, colour scale) in the ocean
model sensitivity simulations in the Atlantic (a,c,e) and Indo-Pacific (b,d,f) for experiments EmP+HFX (a,b), EmP (c,d) and HFX (ef). The trends in the
AMOC are also plotted (Svcentury™, contours) ina, cand e.
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Extended Data Fig. 9 | Evolution in the sensitivity experiments. a-g, Upper ocean (0-300 m) basin mean salinity budget for the subtropics (10°5-34°5S)
for ocean-alone sensitivity experiments. a, Control run annual mean budget. b,c,d, The accumulated anomalies (relative to control) for South Atlantic

and South Indo-Pacific in experiments EmP+HFX (b), EmP (¢) and HFX (d). Note the different vertical scales for each experiment. Over the South
Atlantic, in HFX, the salinity divergence is reduced (positive in Extended Data Fig. 9d) by the weakening AMOC. With the combined forcing in EmP+HFX,
the divergence of salinity transport still increases slightly over the South Atlantic (slightly negative in Extended Data Fig. 9b) as in the coupled model
(Extended Data Fig. 7b), because the E—P forcing increases the salinity gradient and, in turn, the mean advection on the salinity anomaly and finally, the
salinity divergence (Extended Data Fig. 9¢). e f,g, The time-latitude evolution of the AMOC (e) and upper (0-300 m) South Atlantic temperature (f) and
salinity (g) in HFX shows a coherent penetration southward. The salinity response appears to respond earlier in the South Atlantic, likely caused by the
divergence of the oceanic transport and salinity gradient. Therefore, the AMOC slowdown in the South Atlantic reduces salinity transport divergence,
leading to the salinity pile-up there.
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Extended Data Fig. 10 | Mechanism of South Atlantic salinity pile-up. a,b, Mechanism illustrated by the salinity budget of the upper South Atlantic in the
ocean model experiment HFX (psuyear™). Control climatology (@) and HFX experiment (b) with a weakening AMOC (climatology of the last 20 years).
Blue arrows are net E—P flux, red arrows indicate meridional salinity transport and green arrows indicate vertical salinity transport (including a small
contribution by mixing). Red shadings are the symbolic salinity gradient across the South Atlantic (note that the northern side is climatologically saltier
than the southern side, also see Extended Data Fig. 2c). The accumulated salinity budget of HFX is shown in Extended Data Fig. 9d. The salinity pile-up

is caused primarily by the reduced northward salinity transport associated with the reduced AMOC, which is more reduced downstream (northern side)
than upstream (southern side) because of a greater mean salinity in the former. This AMOC-induced salinity pile-up is robust for the South Atlantic overall
basin mean, while the detailed pattern of salinity changes can be affected by other processes, especially in the coupled model.
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