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Results

The subpolar gyre sea surface temperature index in CMIP6
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Trends of the Atlantic Meridional Overturning Circulation (AMOC) at 26.5°N and subpolar

gyre sea surface temperature (SPG SST) index as calculated by Caesar et al.  from 1870 to

2016 (circles) with the uncertainties (1-σ) of the trends (lines). Climate models where trends in

both the AMOC and SPG SST index are statistically significant (p < 0.05) are shown in orange
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and climate models where the trends in the AMOC and/or the SPG SST index are not

statistically significant are shown in black. The labels at the dots allow identifying the

individual earth system models (ESMs): a) CanESM5-CanOE, b) CanESM5, c) CMCC-CM2-SR5,

d) CMCC-ESM2, e) CNRM-CM6-1-HR, f) CNRM-CM6-1, g) CNRM-ESM2-1, h) ACCESS-

ESM1-5, i) ACCSS_ACCESS-CM2, j) MPI-ESM1-2-HR, k) IPSL-CM6A-LR, l) MIROC6, m)

HadGEM3-GC31-LL, n) HadGEM3-GC31-MM, o) UKESM1-0-LL, p) MPI-ESM1-2-LR, q) MRI-

ESM2-0, r) GISS_GISS-E2-1-G, s) CESM2, t) CESM2-WACCM, u) NorESM2-LM, v) NorESM2-

MM, w) GFDL-CM4, x) GFDL-ESM4. A linear fit (dashed blue line) was calculated across all

climate models with the associated projection uncertainty (1-σ) (blue shading). The observed

trend of the SPG SST index as calculated by Caesar et al.  is shown as a grey line. The linear

fit across 12 climate models from CMIP5  is shown as a green dashed line.
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The Atlantic Meridional Overturning Circulation (AMOC) anomalies are calculated at 26.5°N

for 24 climate models individually with respect to a linear trend over the time period in the

pre-industrial AMOC simulations of each model that corresponds to the time period in the

historical simulations. The subpolar gyre sea surface temperature (SPG SST) anomalies

following Caesar et al.  are calculated with respect to a linear trend over the time period in

the pre-industrial AMOC simulations of each model that corresponds to the time period in

the historical simulations. Blue dots indicate averages of the respective anomalies from a

1850 to 2016, and from 2017 to 2100 under b SSP1-2.6 and c SSP5-8.5. Orange dots indicate

decadal averages of the anomalies from a the 1850s to the 2010s, and from b, c the 2020s to

the 2090s. Green dots show annual averaged anomalies from a 1850 to 2016, and b, c from

2017 to 2100. Only the relationship for overall averages in (a) is not statistically significant.

North Atlantic Ocean heat budget

34
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The Atlantic Meridional Overturning Circulation (AMOC) anomalies are calculated at 26.5°N

for 24 climate models individually with respect to a linear trend over the time period in the

pre-industrial AMOC simulations of each model that corresponds to the time period in the

historical simulations. The North Atlantic air-sea flux anomalies north of 26.5°N and south of

the Arctic (see orange area in Fig. 4 and methods for a detailed definition of the region) are

calculated with respect to linear trend over the time period in the pre-industrial AMOC

simulations of each model that corresponds to the time period in the historical simulations.

Blue dots indicate averages of the respective anomalies from a 1850 to 2016, and from 2017

to 2100 under b SSP1-2.6 and c SSP5-8.5. Orange dots indicate decadal averages of the

anomalies from a the 1850s to the 2010s, and from b, c the 2020s to the 2090s. Green dots

show annual averaged anomalies from a 1850 to 2016, and b, c from 2017 to 2100. Positive

heat flux anomalies indicate an increased heat flux from the atmosphere into the ocean.

Heat transport into the region from the south (red) can be compensated by: (1) heat

transport out of the region to the north (green), (2) heat loss to the atmosphere (blue), or
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(3) a change in Ocean Heat Content (orange).

(1)

(2)
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Timeseries smoothed with a 11-year running mean (±5 years) of the North Atlantic ocean

heat content change north of 26.5°N (blue), the anomaly of the air-sea heat flux in the same

region (orange), the anomaly of the northward heat flux at 26.5°N (green), and the residual

representing the heat flux to the Arctic Ocean (grey) for the a multi-model mean across an

ensemble of 18 climate models and b–s for each model individually. The missing 6 climate

models from the total ensemble of 24 climate models did not provide the northward heat

transport and are therefore not shown here.
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Correlations are shown a between southern meridional heat transport (MHT) anomalies and

North Atlantic air-sea heat flux anomalies, and b between southern MHT anomalies and

Atlantic Meridional Overturning Circulation (AMOC) anomalies. AMOC and northward heat

flux anomalies are calculated at 26.5°N for 18 climate models individually with respect to

each climate model pre-industrial AMOC. The North Atlantic air-sea flux anomalies in the

north of 26.5°N are calculated with respect to each climate model's pre-industrial air-sea heat

fluxes for each model individually. Blue dots indicate averages of the respective anomalies

from 1850 to 2016, orange dots indicate decadal averages of the anomalies from the 1850s

to the 2010s, and green dots show annual averaged anomalies from 1850 to 2016. A positive

heat flux anomaly indicates an increased heat flux from the atmosphere into the ocean.
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Atlantic Meridional Overturning Circulation (AMOC) anomalies are calculated at 26.5°N for 24

climate models individually with respect to a linear trend over the time period in the pre-

industrial AMOC simulations of each climate model that corresponds to the time period in

the historical simulations. The North Atlantic air-sea flux anomalies are calculated for each

model with respect to a linear trend of the North Atlantic air-sea heat fluxes over the time

period in the pre-industrial simulations of each model that corresponds to the time period in

the historical simulations. Sea surface temperature (SST) anomalies are calculated with

respect to the globally averaged SST and averaged from November to May. Decadal averages

of all anomalies were calculated over 15 decades from 1871 to 2020. Finally, the coefficient of

determination between AMOC anomalies and a air-sea heat flux anomalies and b SST

anomalies as well as the correlation coefficient between the AMOC anomalies and c air-sea

heat flux anomalies and d SST anomalies are calculated. The black lines indicate the subpolar

gyre region as defined by Caesar et al. . The maps were produced using the Basemap tool

in Python.

Testing the capability of air-sea heat fluxes to reconstruct the AMOC using climate
models
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The simulated decadal averaged Atlantic Meridional Overturning Circulation (AMOC)

anomaly at 26.5°N (orange line) and the reconstructed AMOC anomalies at 26.5°N based on

air-sea heat flux anomalies (blue line) for 24 climate models (a–x). The blue shading shows

the 2-sigma standard deviation that results from the uncertainty of the linear fit. The dashed

black line shows zero anomalies.
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Reconstructing the historical AMOC with observation-based air-sea heat flux anomalies
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Reconstructed decadal averaged Atlantic Meridional Overturning Circulation (AMOC)

anomalies with respect to the period from 1963 to 2017 at a 26.5°N, b 30°N, c 35°N, d 40°N,

e 45°N, f 50°N, and g 55°N based on air-sea heat flux anomalies from ERA5 (blue) and

JRA-55 (orange) integrated over the North Atlantic between that latitude and the Arctic

Ocean (see “Methods” section for detailed description of the regions boundaries). Decadal

averages from 2009 to 2017 are shown in (a) for the observed AMOC at the RAPID array

(black). As the anomaly for the RAPID observations was calculated with respect to the mean

over 2009 and 2017, we do not expect them to be at the same level on the y-axis as the

anomaly of the reconstructed AMOC timeseries that were calculated with respect to the

entire period from 1963 to 2017. For a better visual comparison of the time development and

trend, we have hence added an offset of 0.8 Sv to the RAPID anomaly so that it is close to the

two reconstructions in absolute magnitude. Shadings indicate the 1-σ uncertainty range
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based on uncertainties of the relationship between AMOC and air-sea heat flux anomalies

across the model ensemble. Uncertainties from the observation-based estimates of the air-

sea heat flux anomalies from the reanalysis products are not represented. Source data are

provided as a Source Data file.

Reconstructing the AMOC anomaly at various latitudes
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Discussion
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Methods

Earth System Models
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Processing of Earth System Model output
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Reconstructing the AMOC based on observation-based air-sea heat fluxes
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Testing the AMOC reconstruction with climate models
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