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Weakened Atlantic Meridional
Overturning Circulation causes the
historical North Atlantic Warming Hole
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Most oceans over the globe have experienced surface warming during the past century, but the
subpolar Atlantic is quite otherwise. The sea surface temperature cooling trend to the south of
Greenland, known as the North Atlantic Warming Hole, has raised debate over whether it is driven by
the slowing of the Atlantic Meridional Overturning Circulation. Here we use observations as a
benchmark and climate models as a tool to demonstrate that only models simulating a weakened
historical Atlantic overturning can broadly reproduce the observed cooling and freshening in the
warming hole region. This, in turn, indicates that the realistic Atlantic overturning slowed between 1900
and 2005, at a rate of —1.01 to —2.97 Sv century™' (1 Sv=10°m?3s™"), according to a sea-surface-
temperature-based fingerprint index estimate. Particularly, the Atlantic overturning slowdown causes
an oceanic heat transport divergence across the subpolar North Atlantic, which, while partially offset
by enhanced ocean heat uptake, results in cooling over the warming hole region.

The Atlantic Meridional Overturning Circulation (AMOC) is characteristic
of the northward flow of warm salty water in the upper Atlantic and the
southward return flow in the deep Atlantic', serving as a major source for the
northward Atlantic heat and salt transports and playing a vital role in global
climate change™. The AMOC is suggested—albeit subject to debate’—to
have been in a weakening trend since the last century based on paleo-proxy
reconstructions™”, and is projected to further slow during the twenty-first
century®’.

Amidst the historical AMOC slowdown, a long-term cooling trend of
surface temperature has been observed to the south of Greenland'®"
(Fig. 1a), which is known as the North Atlantic Warming Hole (NAWH)",
and in contrast to global warming elsewhere'’. The formation of the NAWH
was attributed primarily to the AMOC slowdown and associated meridional
oceanic heat transport divergence across the North Atlantic*'>"*"*. This
close AMOC-NAWH relationship was hence used for developing an
AMOC index by ref. 5 or AMOC fingerprint by ref. 17. Particularly, the
fingerprint of AMOC slowdown combines, in a dipole-like pattern, both sea
surface temperature (SST) cooling in the NAWH and warming in the Gulf
Stream region, which coincides with a northward shift of the Gulf Stream.
Aside from the AMOC slowdown, the NAWH was argued to result from a
variety of factors encompassing changes in the North Atlantic wind-driven
gyre circulation'®, North Atlantic storminess'’ and westerly winds***', and a
more positive North Atlantic Oscillation”. Nevertheless, none of these
mechanisms appears to be able to refute the role of the AMOC in light of the
intrinsic link between North Atlantic thermohaline and wind-driven

circulations via the Gulf Stream™ " and the tight ocean-atmosphere cou-
pling over the North Atlantic"**.

The debate over the AMOC mechanism on the NAWH may stem
from AMOC uncertainties in either observations or model simulations.
Although direct AMOC observations from the RAPID array at 26.5°N in the
North Atlantic show that the strength of the AMOC quantitatively relates to
meridional heat and freshwater transports®~" and potentially influence the
eastern subpolar gyre of the North Atlantic”, they have only been available
for the last two decades™, whereupon the observed overturning change is
likely influenced by AMOC multi-decadal variability” and cannot fully
represent a long-term, centennial trend. On the other hand, a majority of
climate models were reported to simulate a weakened historical AMOC
from the fifth phase of the Coupled Model Intercomparison Project
(CMIP5)”, but a strengthened AMOC during the twentieth century from
the sixth phase (CMIP6)*. Such distinct historical AMOC changes between
two-generation climate models are owing largely to different AMOC
responses to anthropogenic aerosol forcing and aerosol-cloud interactions
in models”, which involve diverse responses of the net surface shortwave
radiation and atmospheric circulation over the North Atlantic and sub-
sequent AMOC-related feedback™.

Indeed, from another perspective, the contrasting historical AMOC
trends amongst CMIP5/6 models®, combined with centennial SST obser-
vations, enable us in this study to elucidate the AMOC mechanism on the
NAWH while also justifying historical AMOC changes inferred from cli-
mate model simulations. The underlying rationale is to juxtapose the
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Fig. 1 | Atlantic SST and SSS trends in observations and CMIP5/6 models.

a Atlantic SST trend over 1900-2005 (color shading in °C century ') for the average
of six observation datasets (COBESSTvI and v2, ERSSTv5 and v6, HadISST, and
Kaplan Extended SSTv2). b, ¢ Atlantic SST trends over 1900-2005 (color shading in
°C century ") in historical simulations for the MMMs of b 51 AMOC- and ¢ 43
AMOCH models, respectively. d Atlantic SSS trend over 1955-2005 (color shading
in psu century ') for the average of three observation datasets (EN4, IAP, and Ishii).
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e,f Asinb, cbut for the SSS trends over 1900-2005 (color shading in psu century ).
The stipples refer to the regions where trends are statistically significant based on
Student’s t-test at 95% confidence level. The green (subpolar gyre region; 46-58°N,
49-21°W) and purple (near Gulf Stream region; 41-45°N, 66-40°W) boxes in b, cand
e, f are used for FPI calculation. Model drift from the pre-industrial control run has
been removed from the model result.

simulated and observed SST trends to elicit whether a weakened or
strengthened AMOC allows models to reproduce the observed NAWH
cooling. Besides this AMOC-SST relationship, we will offer several lines of
evidence leveraging long-term observations of sea surface salinity (SSS) and
subsurface temperature and salinity to demonstrate the central role of the
AMOC in the NAWH formation during the past century.

Results

AMOC and subpolar North Atlantic SST changes

We first examine the SST trend in six observational datasets (see “Methods”)
from 1900 to 2005, as this centennial timescale minimizes the influence
from decadal climate variability and the influence due to lags between
AMOC strength and NAWH surface temperature and salinity changes
within a decadal timescale’’. We discover that, despite slight differences in
location and strength, the NAWH is evident in all the datasets (Supple-
mentary Fig. 1). The average of six observations exhibit a conspicuous
cooling trend of annual mean SST up to —0.3 °C century " to the south of
Greenland, in contrast to the general SST warming in the rest of the
Atlantic (Fig. 1a).

To compare model and observation, we exploit historical simulations
with 41 CMIP5 models and 53 CMIP6 models (see “Methods”) and look
into each model’s ensemble mean to reduce the impact of internal climate
variability. We find that the majority of CMIP5 models (29 out of 41)
simulate AMOC weakening trends between 1900 and 2005, whereas the
majority of CMIP6 models (31 out of 53) simulate AMOC strengthening
trends during the same period (Supplementary Table 1), which aligns well
with previous researd] *. Nonetheless, there are substantial models from
either CMIP phase that simulate historical AMOC:s in the opposite trend as
the major ones. We thus divide the 94 CMIP5/6 models into two categories:

weakened AMOC (51 models, referred to as AMOC- thereafter) and
strengthened AMOC (43 models, referred to as AMOCH- thereafter). From
1900 to 2005, the AMOC trends for AMOC- and AMOC+ multi-model
means (MMMs) are —1.35Sv and 1.24 Sv century ' (1Sv = 10°m’s™"),
respectively. The annual mean SST trend for AMOC- MMM depicts a
pattern similar to the observed NAWH, featuring an SST warming mini-
mum or even cooling trend of up to —0.05 °C century " south of Greenland
away from stronger warming in the rest of the Atlantic (Fig. 1b). The
AMOC- NAWH cooling may appear statistically insignificant and weaker
for the MMM than the observed, likely related to different NAWH locations
across models or between model and observation (see “Methods”); yet the
cooling is statistically significant in certain individual models, with ampli-
tude akin to observations”. In stark contrast, the AMOC+ MMM
empbhasizes an enhanced annual mean SST warming, rather than cooling,
trend amounting to 0.65 °C century ' to the south of Greenland (Fig. 1c).
This result reveals that only models simulating a weakened AMOC can
generally reproduce the observed NAWH cooling in the real world between
1900 and 2005.

SST- and SSS-based AMOC fingerprint indices

We also notice a distinct dipole pattern of SST trend in either observation
or model simulation, with annual mean SST cooling and warming in the
subpolar North Atlantic and in the vicinity of the Gulf Stream region for
observation and AMOC-, but opposite SST changes in both regions for
AMOCH-. Such distinct SST dipole manifests the AMOC fingerprint"/,
suggesting a decelerated AMOC in observation and AMOC- but an
accelerated AMOC in AMOCH+ . Similar to the index by ref. 17, we
define an SST-based AMOC fingerprint index (FPIssr) as the annual
mean SST difference between the subpolar gyre and near Gulf Stream
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Fig. 2 | Relationship between AMOC and FPI trends in CMIP5/6 models. a Scatter
plot of AMOC strength and FPIggr trends over 1900-2005 amongst 94 CMIP5/6
models (colored scatters). The correlation between the two trends is 0.57, statistically
significant at the 95% confidence level, with corresponding regression line in black
solid. Blue dashed lines denote the FPIsgr trends from six SST observations over
1900-2005. AMOC strength trends estimated from the regression line and the FPIgg

trends in COBESSTv1 and v2, ERSSTv5 and v6, HadISST, and Kaplan Extended
SSTv2are —1.01, —1.76, —2.66, —2.31, —2.97, —2.51 Sv century ', respectively. b As
in a but for AMOC strength and FPIggt trends over 1900-2005, whose correlation is
0.42, also statistically significant at the 95% confidence level. Model drift from the
pre-industrial control run has been removed from the model result.

regions (see “Methods”). Combining all 94 CMIP5/6 models, we find a
strong and significant correlation (0.57, p<0.01) between AMOC
strength and FPIggy trends over 1900-2005 (Fig. 2). Compared to ref. 17,
we are able to sample both AMOC strength and FPIggr trends over a
broader range, with the former typically ranging from —3 to 3Sv
century " and the latter from —1 to 1 °C century . This means that the
tight relationship between the overturning change and NAWH SST trend
holds true for not only decelerated but also accelerated AMOC. Based on
this relationship, the six SST observations provide an estimate of the
realistic AMOC decline trend between —1.01 and —2.97 Sv century '
during 1900-2005. It should be noted that the correlation between
AMOC strength and FPIggr trends is also strong and significant when
CMIP5 (0.42, p<0.01, Supplementary Fig. 2a) and CMIP6 (0.54,
P <0.01, Supplementary Fig. 2c) models are considered separately.

We can infer the AMOC slowdown not only from SST trends but also
from those in SSS. We investigate the annual mean SSS trend from 1900 to
2005 for CMIP 5/6 models and from 1955 to 2005 for observations. We
choose 1955-2005 for the latter because it is the period during which all
three salinity datasets are available (see “Methods”). The average of three
observations (Supplementary Fig. 3) shows a significant freshening trend of
annual mean SSS up to —0.25 psu century ™ across the NAWH (Fig. 1d).
This long-term SSS decrease is supported by recently underwent freshening
events over this region*"*” and contrasts sharply with the salinity increase to
the south (Fig. 1d). The AMOC- MMM experiences a pronounced SSS
freshening over the NAWH (Fig. le) as consistent with observations.
However, its freshening appears to extend to the Labrador Sea, where

observations point to an increase in SSS. This discrepancy may be attributed
to the shorter SSS observation period, which allows for effects from multi-
decadal climate variability. The AMOC+ MMM, on the other hand, dis-
plays an increasing trend in SSS over the NAWH but a decreasing trend in
the vicinity of the Gulf Stream region, thereupon at odds with observations
(Fig. 1f). Over the South Atlantic, both observation and AMOC- MMM
witness a salinity buildup (Fig. 1d, e) due potentially to an AMOC
slowdown®, whilst the AMOC+ MMM presents an SSS decrease there
(Fig. 1f). These results evince that only models simulating a decelerated
AMOC can generally replicate the observed NAWH freshening and South
Atlantic salinity pile-up*’; as such, the realistic AMOC has slowed between
1900 and 2005.

In line with FPIsr, we define an SSS-based AMOC fingerprint index
(FPIgss) as the annual mean SSS difference between the subpolar gyre and
near Gulf Stream regions (see “Methods”). Amongst all 94 CMIP5/6
models, a strong and significant correlation (0.42, p < 0.01) emerges between
AMOC strength and FPIggs trends over 1900-2005 (Fig. 2). This relation-
ship is not specific to any one generation of the models, as the correlation is
also strong and significant when CMIP5 (0.35, p <0.05, Supplementary
Fig. 2b) and CMIP6 (0.38, p <0.01, Supplementary Fig. 2d) models are
examined separately. Both FPIggr and FPIsgs indicate coherent SST and SSS
changes over the NAWH, with surface cooling and freshening trends cor-
responding to an AMOC deceleration but opposite trends to an AMOC
acceleration.

Moreover, NAWH cooling and freshening are not limited to the sur-
face but extend into the subsurface ocean. Previous research found that the
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Fig. 3 | Atlantic temperature and salinity trend differences between AMOC— and
AMOC+-. Differences of Atlantic (a) SST and b zonal-mean ocean temperature
trends over 1900-2005 (color shading in °C century ') based on historical simula-
tions between the MMMs of 51 AMOC- and 43 AMOC+ models (AMOC- minus
AMOCH). The stipples refer to the regions where differences are statistically

significant based on Student’s t-test at 95% confidencelevel. ¢,d As in a, b but for SSS
and zonal-mean salinity trends over 1900-2005 (color shading in psu century™). The
green (subpolar gyre region; 46-58°N, 49-21°W) and purple (near Gulf Stream
region; 41-45°N, 66-40°W) boxes in a, ¢ are used for FPI calculation. Model drift
from the pre-industrial control run has been removed from the model result.

CMIP5 MMM exhibits ocean cooling down to 1000 m over the NAWH
region while warming beneath'®. These vertical temperature changes could
be the result of a combination of cooling caused by AMOC slowdown and
background anthropogenic warming’. To eliminate the impact of back-
ground anthropogenic warming, we calculate the difference between
AMOC- and AMOC+ MMMs in the zonal-mean temperature and salinity
trends over the Atlantic during 1990-2005 (Fig. 3). Compared to a
strengthened AMOC, the weakened AMOC creates cooling and freshening
to the south of Greenland that contributes to the NAWH (Fig. 3a, ¢) and
extends down to ocean bottom (Fig. 3b, d), which agrees with ref. 2. The
composite analyses on CMIP5 and CMIP6 models, respectively, also show
consistent results (Supplementary Figs. 4 and 5).

Physical mechanisms

We further elucidate the role of AMOC slowdown in the NAWH formation
by means of Atlantic Ocean heat budget that depicts a balance between
ocean heat uptake, meridional gradient of oceanic heat transport (OHT),
and ocean heat storage (see “Methods”). We leverage 9 AMOC- and 17
AMOC+ models that have all of the variables required for the heat budget
calculation (Supplementary Table 1) and compute the difference of Atlantic
Ocean heat budgets between AMOC- and AMOC+ MMMs from 1900 to
2005 (see “Methods”). Compared to a strengthened AMOC, the weakened
AMOC produces a diminished northward OHT and hence a meridional
OHT divergence in the North Atlantic, especially over 40-65°N (Fig. 4a).
This OHT divergence serves as the primary cause of ocean cooling between
40°N and 65°N (Fig. 4b), seeing that the atmosphere acts to warm rather
than cool the ocean in this region (Fig. 4a). The working mechanism for the
atmospheric warming is the negative turbulent heat flux feedback**’, via
which the SST cooling in the subpolar North Atlantic can promote ocean
heat uptake. In short, the AMOC slowdown brings about a meridional OHT
divergence in the subpolar North Atlantic, which is partially offset by

increased heat uptake and results in cooling in the full-depth water column,
manifesting as surface cooling over the NAWH.

Likewise, we leverage 2 AMOC- and 5 AMOC+H models that have all of
the variables required for Atlantic salt budget calculation (Supplementary
Table 1) and compute the salt budget difference between AMOC- and
AMOC+ MMMs from 1900 to 2005 (see “Methods”). In response to
AMOC slowdown, a meridional ocean salt transport divergence and the net
positive, downward surface freshwater flux (equivalent to negative virtual
salt flux) contribute almost equally to the freshening in the full-depth water
column between 45 °N and 60 °N (Fig. 4c, d). Note that the salt-advection
feedback'®™® is still in effect; however, the different AMOC and surface
freshwater flux responses to external anthropogenic forcings between
AMOC- and AMOCH serve as a major factor to the salt budget difference.
Meanwhile, another feedback connecting NAWH SSS and SST and invol-
ving ocean heat uptake, evaporation, and the AMOC is at work under
climate change®.

Discussion

By combining observations and CMIP5/6 climate models, we identify
that only models simulating a weakened AMOC can typically replicate
the observed NAWH cooling and freshening. This points to the fact that
the realistic AMOC has been slowing between 1900 and 2005. By con-
structing AMOC fingerprint indices based on dipole-like changes in SST
and SSS between the subpolar gyre and near Gulf Stream regions, we find
a strong and significant correlation between AMOC change and either
index and demonstrate the relationship between AMOC change and the
NAWH from both sides: a weakened (strengthened) AMOC corresponds
to surface cooling and freshening (warming and salifying) in the NAWH
during 1900-2005. We also discovered that NAWH cooling and fresh-
ening extends beyond the surface and into the subsurface ocean. Our heat
and salt budget analyses unravel that the AMOC slowdown yields a
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Fig. 4 | Atlantic heat and salt budget differences between AMOC- and AMOC+.
a Difference of Atlantic heat budget (OHU, blue; -0 (OHT)/dy, red; OHS, black, see
Methods) during 1900-2005 based on historical simulations between the MMMs of
9 AMOC- and 17 AMOC+ models (AMOC- minus AMOC+). A low-pass filter is
applied with a 5-degree latitude window using the distance weighted moving average
method. b Atlantic zonal-mean temperature trend difference (color shading in °C

century ') using the same model simulations and time period as a. ¢, d Same as

a, b but for differences of Atlantic salt budget and zonal-mean salinity trend between
the MMM s of 2 AMOC- and 5 AMOC+ models (AMOC- minus AMOC+). The
stipples refer to the regions where differences are statistically significant based on
Student’s t-test at 95% confidence level. Model drift from the pre-industrial control
run has been removed from the model result.

meridional OHT divergence in the subpolar North Atlantic, which is
partially offset by increased ocean heat uptake, leading to cooling in the
full-depth water column and surface cooling over the NAWH. On the
other hand, the weakened AMOC causes a meridional salt transport
divergence and promotes surface freshwater input, both of which con-
tribute to freshening in the full-depth water column and surface fresh-
ening over the NAWH. It should be noted that the relationship between
AMOC weakening and NAWH SST cooling, or between AMOC
strengthening and NAWH SST warming, is also visible in the CMIP
anthropogenic greenhouse gas-only or aerosol-only single forcing
experiment™.

We also probe the relationship between AMOC slowdown and the
NAWH from different perspectives. For instance, ref. 18. showed a warming
minimum to the south of Greenland in a CO, increase experiment with the
slab-ocean version of ECHAMS.3 to indicate atmospheric drivers on such
NAWH feature. To test the robustness of this result, we investigate the CO,
warming experiments with 10 CMIP3 and CMIP5 models, in their both
slab-ocean and fully coupled versions (see “Methods”). When atmospheric
CO, concentrations about double, the NAWH appears along with a wea-
kened AMOC in the MMM of fully coupled models (Fig. 5a, c), but it is
absent in the MMM of slab-ocean models (Fig. 5b). The result aligns with
ref. 51, suggests marked uncertainties in the formation of the NAWH in
slab-ocean models, and—above all—demonstrates the contribution of a
slowed AMOC to the NAWH generation.

We further elucidate AMOC effects on the NAWH using GFDL-
ESM2M free- and fixed- current simulations by ref. 52 (see “Methods”). In
response to increased atmospheric CO, concentrations, the AMOC
decelerates from pre-industrial times in the free-current simulation®
(Fig. 6d) while a robust NAWH emerges to the south of Greenland (Fig. 6a).
By contrast, there is no NAWH feature in the fixed-current simulation
(Fig. 6b). The difference between the two illustrates SST cooling over the
NAWH but warming in the vicinity of the Gulf Stream region, resembling
the fingerprint of a weakened AMOC (Fig. 6¢). NAWH cooling is not
limited to surface but extends throughout 3000 m depth (Fig. 6e). All these

characteristics are consistent with our findings, highlighting the critical role
of AMOC slowdown in the formation of the NAWH.

Methods

Observations

We use six monthly SST observation datasets. The Centennial in situ
Observation-Based Estimates version 1 (COBESSTv1)™ and version 2
(COBESSTv2)* have a horizontal resolution of 1°, with the former spanning
from 1891 to 2023 and the latter from 1850 to the present. The Extended
Reconstructed Sea Surface Temperature version 5 (ERSSTv5)> and version
6 (ERSSTv6)™ have a horizontal resolution of 2°, with the former spanning
from 1854 to the present and the latter from 1850 to the present. The Hadley
Centre Sea Ice and Sea Surface Temperature (HadISST)” has a horizontal
resolution of 1° from 1870 to the present. The Kaplan Extended SSTv2** has
a horizontal resolution of 5° from 1856 to the present. We choose the period
0f 1900-2005 for SST analysis given most CMIP5 historical simulations end
in 2005. All SST observations are re-gridded to 1° by 1° when calculating
their average.

We also employ three monthly subsurface temperature and salinity
objective analyses. The EN4 ocean temperature analysis™ has a horizontal
resolution of 1° with 42 vertical levels on a full-depth ocean from 1900 to the
present. We take the average of the four versions with different bias cor-
rections to represent the EN4 result. The Institute of Atmospheric Physics
(IAP) ocean temperature analysis*’ has a horizontal resolution of 1° with 41
vertical levels from surface to 2000 m from 1940 to the present. The sub-
surface temperature analysis led by Ishii”' has a horizontal resolution of 1°
with 28 vertical levels from surface to 3000 m from 1955 to the present. We
focus on the period of 1955-2005 when data from all three analyses are
available and use the top-layer (EN4: 5 m, IAP: 1 m, Ishii: 0 m) salinity to
represent SSS.

Climate model simulations
We leverage pre-industrial control (piControl) and ensemble-historical
simulations of 41 CMIP5 models and 53 CMIP6 models (Supplementary
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Fig. 5 | Atlantic SST and AMOC changes in slab-
ocean and fully coupled model experiments.

a, b Atlantic surface temperature changes (color
shading in °C) as atmospheric CO, concentrations
about double for the MMMs of a slab-ocean and

b fully coupled versions of 10 CMIP3/5 models (see
“Methods”). ¢ Timeseries of AMOC strength in the
Ipctto2x/1pctco2 experiments for the MMM of 10
fully coupled CMIP3/5 models. The linear regres-
sion line (gray dashed) denotes the AMOC

decline trend.
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Table 1) in which the AMOC strength is derived from the maximum of the
meridional overturning stream function below 500 m in the North Atlantic.
When calculating the temperature, salinity, and AMOC trends, we average
over ensembles for each model, and average over models for multi-model
mean (MMM). The trends from piControl are removed to prevent model
drift. To analyze oceanic heat budget, we use piControl and ensemble-
historical simulations of 5 CMIP5 models and 21 CMIP6 models (Sup-
plementary Table 1), which include variables for calculating all budget
terms. For each model, we calculate its ensemble mean and remove its
piControl value. Similarly, we use piControl and ensemble-historical
simulations of 7 CMIP6 models (Supplementary Table 1) for Atlantic salt
budget analysis. To align with observations and to be consistent to the
greatest extent, we choose the period of 1900-2005 for SST, SSS, subsurface
temperature and salinity, and heat and salt budget analyses for CMIP5/6
historical simulations.

We notice large inter-model difference in deep convection/mixing in
the North Atlantic among either CMIP5'**>** or CMIP6 models®, as well as
discrepancy from observation, or namely, model bias” *'. However, while
deep mixing region and NAWH site may differ amongst models, the former
is usually downstream of the latter'®. Thereupon, the different NAWH
locations across models or between model and observation could potentially
relate to inter-model difference or model bias in deep convection/mixing in
the North Atlantic. We also notice large inter-model difference in AMOC
change. The inter-model spread on AMOC and NAWH simulations could
affect anthropogenic carbon uptake in the North Atlantic®, and the inter-
hemispheric asymmetry of temperature and precipitation®.

Also, we adopt Geophysical Fluid Dynamics Laboratory Earth System
Model 2 (GFDL ESM2M) free- and fixed-current simulations from ref. 52.
They are two 100-year simulations forced with a transient increase of 1%
atmospheric CO, per year (1pctco2) from piControl. One is a free-running
forced experiment (free-current) with a changing AMOC, while the other
while the other is a fixed-circulation experiment (fixed-current) in which
ocean currents are programmed to follow a fixed seasonal cycle in GFDL
ESM2M piControl”.

Additionally, we employ slab-ocean and fully coupled versions with ten
climate models. They are 8 CMIP3 models (cccma_cgem3_1, csiro_mk3_0,

giss_model_e_r, miroc3_2 hires, miroc3_2_medres, mpi_echams5,
mri_cgem2_3_2a and ukmo_hadgem1)* and 2 CMIP5 models (CCSM4
and CESM1-CAMS5, both having ~1-degree resolution in all components)".
For CMIP3/5 slab-ocean models, we use their pre-industrial or present-day
control runs, and abruptly doubled CO, (2xco2) experiments based on their
control runs. We compare the last 10 years average of the 2xco2 experiment
to the last 10 years average in the corresponding control runs. For CMIP3
fully coupled models, we resort to their 1% per year CO, increase to dou-
bling (1pctto2x) experiments. We perform 1pctco2 experiments on CMIP5
fully coupled models based on their piControl runs. We compare the dif-
ference between the average of years 71-80 and the average of years 1-10 in
Ipctto2x for CMIP3 models and in 1pctco2 for CMIP5 models.

AMOC fingerprint index

We develop the AMOC fingerprint index (FPI) based on the dipole pattern
of SST or SSS trend from CMIP5/6 models. Although the locations of the
dipoles may vary among models, for consistency, we define the subpolar
gyre region as 46-58°N, 49-21°W, and the near Gulf Stream region as
41-45°N, 66-40°W according to the CMIP5/6 MMM. For all the models, we
calculate SSTg and SSSsg as the area-averaged SST and SSS anomalies in
the subpolar gyre region, SSTgs and SSSgs as the area-averaged SST and SSS
anomalies in the near Gulf Stream region in historical simulations with
respect to their piControl values. The SST- and SSS-based AMOC finger-
print indices (FPIsgr and FPIgg) are defined as

FPI¢pr = SSTg; — SST g (1)

FPI g5 = 88S¢; — SS8S¢s 2)

Also, we compare our FPIgsr with Ixyoc defined by ref. 17, that is,

IAMOC = SSng - SSTglahal (3)

where SST',, denotes the mean SST of the subpolar gyre region defined by
ref. 17,and 88T y,y,,; denotes globally averaged SST. To align with our FPIssy
calculation and eliminate the effect of time window selection, we utilize
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annual mean SST rather than winter and spring months (November to
May) SST in the calculation of Iyyioc. We find that the correlation between
AMOCand Ispmoc trends (0.53, p < 0.01) over 1900-2005 is nearly as strong
and significant as our FPIggr result (0.57, p < 0.01), which demonstrates the
robustness of our AMOC fingerprint index (Supplementary Fig. 6).

Oceanic heat and salt budget analysis

We conduct an ocean heat budget analysis in the Atlantic basin with
components of ocean heat uptake, transport, and storage™*”. At a certain
latitude, the full-depth integrated ocean heat content (OHC) is

x, 0
OHC = / / poC,0dzdx 4)
x,J —H

where x,, and x, denote the longitudes of the western and eastern boundaries
of the Atlantic basin at that latitude, p, is sea water density, C, is the specific
heat of sea water, 6 is potential temperature of sea water, and —H denotes the
depth of ocean bottom. Ocean heat storage (OHS) is defined as OHC
tendency, that is,

P 9 Xg 0
HS = — OHC = —
OHS atO C at/xw/_HPOCPedde (5)
The integrated ocean heat uptake (OHU) is
OHU = / ' (SHF)dx ©)

where SHF denotes the net downward surface heat flux. The meridional
OHT is

X, 0
OHT — / / poCy (v + Dy)dad @)
X, —H

where v is three-dimensional velocity and Dy, represents diffusion processes
of heat. The heat budget is then written as

)
OHS = OHU — 5 OHT (8)

which means that OHS is determined by heat uptake from atmosphere and
heat redistribution in form of the meridional gradient of OHT.

Likewise, we conduct Atlantic salt budget analysis with components of
virtual salt flux (VSF), ocean salt transport (OST), and ocean salt storage,
where surface freshwater flux (F,,) is converted into an equivalent virtual
salt flux (F), that is,

F, = —F,,SSS ©9)

where SSS denotes sea surface salinity’’. The salt budget can be written as

)
0SS = VSF — — OST (10)
dy

where OSS denotes ocean salt storage, and the integrated net downward
surface virtual salt flux is

VSF = / " (F ) (11)
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Fig. 6 | Atlantic SST and zonal-mean ocean temperature changes in GFDL-
ESM2M free- and fixed-current simulations. a-c Atlantic SST changes (color
shading in °C) in GFDL-ESM2M (a) free- and b fixed-current 1pctco2
experiment over years 71-80 relative to the pre-industrial control run, and c the
difference between the two (a minus b). d Timeseries of AMOC strength
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anomaly in GFDL-ESM2M 1pctco2 experiment relative to the pre-industrial
control run. The linear regression line (gray dashed) denotes the AMOC decline
trend. e Atlantic zonal-mean temperature difference (color shading in °C)
between GFDL-ESM2M free- and fixed-current 1pctco2 experiment over years
71-80 (free minus fixed).
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The meridional salt transport is

X, 0
OST = / / po(vs 4+ Dg)dzdx (12)
X, —H

where s is salinity of sea water and Dy represents diffusion processes of salt.
According to the budget, OSS is determined by surface virtual salt flux and
salt redistribution in form of the meridional gradient of OST.

Statistical significance test

We use the Student’s t-test to determine the statistical significance of
the linear trend and calculate the p-value to see if it deviates sig-
nificantly from a zero trend. We use the Student’s t-test to compare
AMOC- and AMOC+ at the 95% confidence level. We also use the
Pearson correlation significance test with a degree of freedom of n,
where n represents the number of models.

Data availability

COBESST vl data are available at https://psl.noaa.gov/data/gridded/data.
cobe.html. COBESST v2 data are available at https://psl.noaa.gov/data/
gridded/data.cobe2.html. ERSST v5 data are available at https://www.ncei.
noaa.gov/products/extended-reconstructed-sst. ERSST v6 data are
available at https://www.ncei.noaa.gov/pub/data/cmb/ersst/v5/2023.ersst.
v6/. HadISST data are available at https://www.metoffice.gov.uk/hadobs/
hadisst/. Kaplan Extended SST v2 data are available at https://psl.noaa.gov/
data/gridded/data.kaplan_ssthtml. EN4 data are available at https://www.
metoffice.gov.uk/hadobs/en4/download-en4-2-2.html. IAP data are avail-
able at http://www.ocean.iap.ac.cn/pages/dataService/dataService. html?
navAnchor=dataService. Ishii data are available at https://climate.mri-
jma.go.jp/pub/ocean/ts/v7.3.1/. CMIP3 model data are available at https://
aims2.llnl.gov/search/cmip3/. CMIP5 model data are available at https:/
aims2.llnl.gov/search/cmip5/. CMIP6 model data are available at https://
aims2.lInl.gov/search/cmip6/. GFDL-ESM2M 1pctCO2 free- and fixed-
current experiments data are available at https://doi.org/10.1594/
PANGAEA.914424.

Code availability

The source codes of CCSM4 and CESM1 are available at https://www.cesm.
ucar.edu/models/releases. The mapping package for MATLAB is from
Pawlowicz, R. (2020) “M_Map: A mapping package for MATLAB?, version
1.4m, [Computer software], and available at www.eoas.ubc.ca/~rich/
map.html.
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