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Future changes in atmospheric synoptic variability slow down
ocean circulation and decrease primary productivity in the
tropical Pacific Ocean
Olaf Duteil1✉ and Wonsun Park 2,3

This study investigates the impact of future changes in atmospheric synoptic variability (ASV) on ocean properties and
biogeochemical cycles in the tropical Pacific Ocean using coupled and forced atmosphere–ocean model experiments. Future
climate projections show an annual mean decrease in ASV in subtropical gyres and an increase in the tropical band. Maintaining
ASV to current values lead to a deepening of the mixed layer in subtropical regions and a shalllowing at the equator associated with
a sea surface temperature decrease. The changes in ASV impact the large-scale ocean circulation and the strength of the
subtropical and tropical cells, which constrain the equatorial water upwelling and the tropical net primary productivity. Ultimately,
this study highlights the significance of ASV in understanding the impacts of climate change on ocean dynamics and
biogeochemical processes, as half of the primary productivity decline due to climate change is caused by changes of ASV in the
tropical Pacific Ocean.
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INTRODUCTION
Climate change due to the increase of carbon dioxide in the
atmosphere modifies the heat budget in the earth system, leading
to changes in ocean properties, such as ocean surface tempera-
ture and stratification1, as well as atmosphere properties, such as
the surface wind field, a major forcing of ocean circulation.
Changes in both atmosphere and ocean circulation ultimately
reshape the distribution of key biogeochemical quantities such as
ocean productivity2–5.
Atmosphere circulation is characterized by different timescales of

variability, ranging from sub-daily to multidecadal. Based on the 40
year’s data from the fifth generation of ECMWF Re-reanalysis (ERA5),
it has been shown that the “storm band” (period from 18 h to
1 month) or synoptic variability band6,7 captures most of the wind
variance over the global ocean in mid-latitudes8. The atmospheric
synoptic variability (ASV) is associated with storm tracks in mid- and
high-latitudes and with extra-tropical cyclones7,9. In tropical regions,
the importance of the ASV is less prominent and displays a variance
of the same order of magnitude compared to the annual cycle, or
the El Niño/Southern Oscillation in the Pacific Ocean8. The trade
winds are generally steadier than mid-latitude flows but still exhibit
significant synoptic variability10. Close to the equator, important
sources of the ASV are the Inter-Tropical Convergence Zone (ITCZ)11,
and the South Pacific Convergence Zone (SPCZ)12. The location of
the ITCZ and SPCZ controls the distribution of tropical cyclones12,13,
included in the ASV.
The ASV impacts ocean circulation and biogeochemical cycles

as strong winds transfer mechanical energy to the upper ocean,
modulate the surface heat fluxes14 and increase vertical mixing.
Model experiments suggest that the accumulated effect of
tropical cyclones in the current climate enhances productivity by
up to 15% in the eastern tropical Pacific Ocean15. Storms enhance
the net community production in mid-latitudes in summer due to
nutrient injection from the deep ocean into the surface water16

and drive the outgassing of CO2 in high latitudes, impacting the
global carbon cycle17.
Filtering out the intra-monthly atmosphere variability (more

specifically zonal and meridional wind velocity) in model experi-
ments forced by the Japanese Reanalysis (JRA) 55 weakens the
wind-driven ocean circulation by 10–15% in subtropical regions and
the meridional overturning circulation by up to 50%18. Using a
similar methodology another study19 filtered out the higher
frequencies of wind variability in model experiments forced by
the Coordinated Ocean-Ice Reference Experiments (CORE) v2
reanalysis. Wind stress decreased by up to 20% in the tropics and
50% in the mid-latitudes when a 1-month filter was applied,
weakening ocean productivity by 20%.
The role of the ASV in modulating ocean properties is however still

poorly understood, especially in a changing climate. While the
average wind increases by 15% in tropical regions and decreases in
the subtropics during the next century in CMIP520 and CMIP621

models, the changes in ASV may display a different picture. The
number of extra-tropical cyclones decreases by 3–5% under climate
change in idealized OpenIFS experiments22 and CMIP6 simulations23.
Storm tracks shift poleward23–26 in the Pacific Ocean region in CMIP5
climate projections, decreasing kinetic energy (KE) in the subtropics
especially in boreal winter26. Consistently, a seasonal decrease in the
synoptic anticyclone occurrence in midlatitudes has been shown in
CMIP5 models27. The net annual change in KE, especially at sea
surface level, is however not clear due to the different methodologies
employed and the strong seasonal variability. The future evolution of
tropical cyclones occurrence is still unclear as future trends are
strongly model-dependent28–30. Furthermore, differences in the
genesis potential index depend on the methodology employed31.
Here we assess the specific role of the long term integrated

impact of a future change of ASV on ocean properties and
biogeochemical cycles based on coupled atmosphere–ocean
model experiments.
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RESULTS
Current and future KE of ASV in climate projections
The mean KE (Fig. 1a) of the considered CMIP6 models for the
period 1980–2100 reaches maximal values of 40–50m2 s−2 in
subtropical gyres between 20°S/N and 40°S/N while minimum
values (30 m2 s−2) are located in the equatorial regions. The
easterly trade winds are located at around 20° and are
characterized by local maximums of 70m2 s−2. The ASV compo-
nent (Fig. 1a) represents a large part of the total KE in mid-
latitudes (about 50–60m2 s−2 equivalent to 70–80% of total KE
north of 30°N/S. In the tropics, the relative importance of the ASV
in the total KE is the smallest (10–20m2 s−2 or <30%). A similar
pattern has been found previously32 in a study which quantified in

a model the relative importance of the wind sub-seasonal
(60 days) variance. A minimum (KE <5m2 s−2) occurs in the
tropical eastern Pacific Ocean. These results are in agreement with
a previous study8, which quantified the variance of the wind
speed in different frequencies and in particular in the “storm
band” (18 h–1 month) in the ERA5 dataset. The mean spatial
pattern of the Kiel Climate Model (KCM; see “Methods”) that is
used in this study is consistent with the considered ensemble of
CMIP6 models. The winds are however generally stronger in the
KCM by about 10–20% (Fig. 1d).
Climate change impacts the total wind KE (Fig. 1f). In the

southern tropical Pacific Ocean, KE increases as a result of the
strengthening of the southern trade winds which extend toward

Fig. 1 Current and future atmospheric synoptic variability in climate models. a Fraction of the kinetic energy (KE) due to the atmospheric
synoptic variability (ASV) in the ensemble of CMIP6 models (average 1980–2100) (See Table 1). Contour is the total KE (m2 s−2). b Change in
ASV (percent) in the ensemble of CMIP6 models (model mean for the average period 2080–2100 compared to 1980–2000). Contour is the
average 1980–2000 average ASV (m2 s−2). Dots are regions where more than 80% of the models agree on the sign of change. c ASV KE change
(average years 120–140 compared to years 0–20) in the KCM. Contour is the ASV average of years 0–20 (m2 s−2). d Total KE zonal mean (m2 s−2)
(average 1980–2000). e Similar to (d) but ASV KE is considered. f Changes average (2080–2100) in total KE compared to the present day (%).
g Changes in ASV KE compared to the present day (%). In (d–f), the black lines are individual CMIP6 models, the blue line is the average of
CMIP6 models, the green lines are the average of CMIP6 models +/− one standard deviation, and the red line is the KCM. In all figures, the
average annual ASV is considered.
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the western part of the basin33. Total KE decreases in the Northern
Hemisphere, especially at the rim of the high-latitude westerlies,
which shift poleward due to the expansion of the Hadley cell34.
The changes in the ASV component (Fig. 1b, c, g) are

characterized by an annual mean decrease of 15% in the
subtropical gyres, consistent with previous work23. Similarly, a
decrease in synoptic anticyclone occurrence in mid-latitudes has
been shown in CMIP527. By the end of this century, climate
models’ projections display a poleward shift of mid-latitude storm
tracks23–26. Despite a strong seasonal variability26, it translates
here into an annual mean increase of KE by up 10m2 s−2 (about
10%) in high latitude and a decrease in the subtropical regions
(equatorward of about 40°) by a similar magnitude (similar to
results obtained using CMIP3 models35). Conversely, ASV increases
by up to 20% in the equatorial band. The changes are consistent
among the models studied here and in KCM-GW (Fig. 1g).

Sensitivity of ocean circulation to changes in ASV
Model experiments have been performed to assess the impact of
the future change in ASV on upper ocean properties (see
“Methods” and Table 2). In GW (“final state,” corresponding to
the average of the past 10 years of the simulation, see “Methods”),
mixed layer (ML) shallows by about 15% between 10°S and 10°N
compared to CTL (from 37m (CTL) to 33 m (GW)) and by about
20% between 20°S and 40°S (from 52 m (CTL) to 45m (GW)). ML
shallowing of the same magnitude order has been shown in
CMIP52 and CMIP6 models4. Changes in ASV modulate the ML
depth. Maintaining the ASV to current values (GW-ASVCTL minus
GW) leads to a deepening of the ML in subtropical regions by
5–15% compared to GW (Fig. 2a). Conversely, it shallows at the
equator by about 10%. Concomitantly, the SST decreases in GW-
ASVCTL by 0.1–0.3 °C, both in the subtropics and the tropical
regions (Fig. 2b). Decreasing (GW-ASVM20, GW-ASVM10) or
increasing ASV (GW-ASVP20, GW-ASVP10) leads to a linear
(R2= 0.99) ML shallowing, associated with a SST decrease or
increase (Fig. 2e, f). Several mechanisms are at play to explain
these changes, acting at large (extra equatorial) and local
(equatorial) scales.
Gyre-scale circulation determines the stratification background

and the properties of the equatorial water upwelled. It is related to
the meridional subtropical cells (STC)36–41, which connect the
subtropics to the tropics and extend to about 300m depth.
Equatorward to the STCs, tropical cells (TC) are strong and shallow
(50m) recirculation cells located between 5° and 10°. These cells
are related to upper ocean mixing42 and the recirculation of water
originating from the equatorial upwelling. They are therefore
indirectly forced by large-scale wind patterns.
We define the strength of the STC and the TC here following

Eqs. (1) and (2) (see “Methods”). Consistently to previous
studies39,43,44, the strength of both STC and TC decreases under
global warming. Their strength is, respectively, 76 Sv (TC) and
60 Sv (STC) in CTL, while it declines to, respectively, 62 Sv (−19%)
(TC) and 40 Sv (−33%) (STC) in GW. Compared to GW, the
experiment GW-ASVCTL is characterized by an increase of 8 Sv
(+10%) (TC) and 4 Sv (+10%) (STC). The strengthening of the
upwelling in GW-ASVCTL is consistent with a decrease in SST by
0.1 °C in the eastern tropical Pacific Ocean.
The relationship between ASV intensity, TC (STC) strength, and

SST is clearly identified in Fig. 3a, b: in the experiment GW-
ASVM20, where ASV is decreased by 20%, TC and STC strength
decrease, respectively, to 58 Sv (−4%) and 39 Sv (−4%) associated
with a 0.15 °C increase compared to GW-ASVCTL. The experiment
GW-ASVP20 displays the opposite picture. This result is consistent
with a previous study41, which showed that the strength of the TC
and STC controls the tropical SST over a long (decadal) time scale.
In complement to the change in circulation strength, an

increase in ASV results in a deepening of the ML in the subtropics

and a cooling of the surface ocean due to an increase in the
mixing depth. The increased subduction rate of water masses
tends to deepen isopycnals. This mechanism contributes to
providing cooler water to the equatorial regions, by subduction
and transport of cooler water by the STCs. However, previous
studies have shown that equatorial temperature anomalies are
mostly due to changes in velocities and streamfunction rather
than changes in subducted water properties45.
Local mechanisms impact the water column stability and the

upper ocean mixing with the deeper layer. This is particularly
relevant in the Pacific equatorial upwelling as competition occurs
between upwelling strength (reinforced by a strong ASV, as seen
above) and vertical mixing of warm surface water with cold
deeper water (also reinforced by a strong ASV, as the mixing
depth directly depends on the wind KE). In complement, local
equatorial winds generate Kelvin waves, modulating equatorial
thermocline depth46,47 and SST. Furthermore, the wind velocity
term plays a major role in determining the turbulent heat fluxes
and SST in most of the tropical oceans with the exception of the
equatorial upwelling48,49 where the heat fluxes are driven by the
ocean–atmosphere gradient (and consequently the upwelling
strength).
The relative importance of these competitive mechanisms is

illustrated in Fig. 3. The experiment GW-ASVCTL displays an SST
anomaly close to GW-ASVP20, which is consistent as ASV is
stronger outside of the equator in GW-ASVCTL compared to GW.
The strength of TC and STC are similar in GW-ASVCTL and GW-
ASVP20. However, the ML shallows in GW-ASVCTL compared to
GW while it deepens in GW-ASVP20, suggesting a local equatorial
effect. We performed a complementary experiment GW-ASVCTL-
FLX similar to GW-ASVCTL, but where the wind forcing the heat
fluxes have been set to CTL values. Comparing GW-ASVCTL and
GW-ASVCTL-FLX (Fig. 2c, d) shows clearly that while the changes
in heat fluxes have a dominant effect in subtropical regions, the
change in circulation is dominant to explain changes in the
equatorial regions.

Sensitivity of net primary production to changes in ASV
Net primary productivity (NPP) displays the highest values (greater
than 300 gCm−2 yr−1) in tropical regions and in the eastern
boundary upwelling system. Values are intermediate
(50–100 gCm−2 yr−1) in the subpolar system and minimum in
the subtropical gyres (less than 50 gCm−2 yr−1). Previous analyses
of CMIP5 and CMIP6 experiments have shown a global mean NPP
decline from −2 to −18% in 2100 compared to 2000 in CMIP5
(RCP 8.5 scenario)2 and CMIP6 models (SSR850 scenario)4

Comparing the final state of the experiments GW and CTL shows
that the total Pacific Ocean NPP decreases from about 12 to
10.5 GtC yr−1 (−15%) in GW.
Productivity is strongly related to stratification in the tropical

Pacific Ocean50 as an increase of the upper layer stratification
reduces the exchanges between the upper, nutrient-poor, and
lower, nutrient-rich, ocean. Increasing or decreasing the ASV may
modulate the upper ocean stratification and consequently
nutrient availability in the mixed layer. The stratification changes
due to global warming are related both to changes in the mixed
layer, caused by changes in heat fluxes or vertical mixing depth,
and to changes in the deeper ocean circulation linked with
changes in the wind-driven TC/STCs. The role of ocean circulation
in controlling NPP is illustrated in Fig. 4, showing the correlation
between the NPP low frequency variability in the tropical Pacific
Ocean and the TC (Fig. 4a, b), STC (Fig. 4c, d) and ML depth (Fig.
4e, f). At low frequency, the NPP is most strongly correlated to the
TC, directly linked to the upper equatorial upwelling system, and
the STC: a stronger TC and STC result in an increase of NPP, by
transporting more nutrients to the euphotic zone. In complement,
NPP correlates to a lower extent with the mixed layer depth, as a
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deeper ML is associated with more mixing with the nutrient-rich
deep ocean in the tropical regions.
Maintaining the ASV to current values (GW-ASVCTL) leads to an

increase in NPP compared to GW in the regions of strong
productivity (Fig. 5a). The most prominent increase occurs in the
tropical Pacific Ocean (up to 50 gCm−2 yr−1). Total NPP in the
Pacific Ocean is equal to about 10.5 GtC yr−1 in GW-ASVCTL, which

corresponds to a decrease of solely about 15% compared to CTL
and only half of the decrease modeled in GW (Fig. 5b): changes in
ASV contribute to half of the change in NPP due to climate
change. The relationship between ASV intensity and NPP change
is clearly shown by the linear correlation (R2= 0.97) between ASV
intensity (experiments GW-ASVP10, GW-ASVP20, GW-ASVM10,
GW-ASVM20) and NPP (Fig. 5b). NPP increase in GW-ASVCTL in a

Fig. 2 ASV change, sea surface temperature, and mixed layer depth. a Mixed layer depth (MLD) difference (percent) between GW-ASVCTL
and GW (GW-ASVCTL minus GW). The ASV kinetic energy (KE) difference is represented in black contour. The average GW MLD (m) is
represented in red contour. b Sea surface temperature (SST) difference (°C) between GW-ASVCTL and GW. The ASV kinetic energy difference is
represented in black contour. The average SST (°C) is represented in red contour. c Mixed layer depth (MLD) difference (percent) between GW-
ASVCTL-FLX and GW. The MLD difference (percent) between GW-ASVCTL and GW is represented in contour. d Average SST difference (°C)
between GW-ASVCTL-FLX and GW. The SST difference (°C) between GW-ASVCTL and GW is represented in contour. e, f The region 10°N-10°S
(e) and 20°S-40°S (f) are considered. The mean MLD (m; abscissa) vs. KE ASV (m2 s−2; ordinate) vs. SST anomaly compared to GW-ASVCTL
(color) for each experiment are represented. The black circle represents the experiment CTL, the black square GW, the green circle GW-
ASVCTL, the green square GW-ASVCTL-FLX (the ASV value corresponding to GW-ASVCTL is plotted here), the blue triangle GW-ASVM10, the
blue hexagon GW-ASVM20, the red triangle GW-ASVP10, and the red hexagon GW-ASVP20 (see Table 2 for experiments).
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similar way as in GW-ASVP10, despite a shallowing of the ML in
GW-ASVCTL, suggesting the impact of ASV-related changes in the
strength of the TC/STC are dominant (Fig. 3c, d) compared to
changes in the mixed layer depth.

DISCUSSION
We quantified in this study the impact of the ASV, more
specifically of the wind forcing, on ocean circulation and NPP.
While this impact is implicitly considered in forced (the atmo-
spheric field resolution of reanalysis is of the order of 1 h) or
coupled models, its integrated global-scale impact has not been
explicitly quantified in a climate change context.
A simple methodology has been used to define the atmo-

spheric synoptic variability based on a band-pass filter approach.
This filter permits isolating frequencies higher than 30 days, as the
band 12–30 days is considered the lowest frequency of variability
at the synoptic timescale22. Such a 30-day threshold has been
used in previous studies to isolate synoptic variability19,26,51,52.
In CMIP6 models the mean KE contained in the ASV band

(0–30 days) represents more than half of the total mean average
KE poleward of 20°. The annual mean KE in the ASV band
decreases due to climate change in the subtropical regions,
corresponding to a reduction of storminess. Conversely, the
annual mean ASV KE increases in the equatorial region. Using the
Kiel Climate Model, we performed model experiments to assess
the long-term impact of the change in ASV on ocean upper
properties in a climate change context. Compared to a control
global warming experiment, maintaining ASV at current values
leads to a shallowing of the ML in the tropics and a deepening in
the subtropics, associated with a strengthening of the wind-driven

tropical (TCs) and subtropical–tropical cells (STCs) and an increase
in net primary productivity. Increasing or decreasing ASV has a
linear effect on the strength of these recirculation cells. The TCs/
STCs connect the subduction regions, the equatorial undercurrent
system and the equatorial upwelling. They play a large role in
SST36–41 and biogeochemical variability53 of the equatorial ocean,
especially at decadal timescale36. Climate models however still do
not agree on their mean state and on the magnitude of future
changes41. Current and future changes in ASV need to be explicitly
quantified in climate projections, as they may partly explain some
of the inter-model heterogeneity.
This study opens up further questions. It has been previously

shown that changes in ASV impacts the productive Eastern
Boundary Upwelling Systems (EBUS)54,55 by modifying local
upwelling favorable winds patterns56. In complement, a change
in large-scale circulation and thus equatorial connections57,58 may
have an impact on these productive areas. ASV changes may also
modify the mean state of other biogeochemical quantities such as
oxygen concentrations. Observations have shown an oxygen
decrease in the interior ocean59, fostering the expansion of
Oxygen Minimum Zones60,61 impacting marine life and biogeo-
chemical cycles. Climate models do not agree on the oxygen
decline and even the sign of change2,4,62. Oxygen levels depend
on solubility, transport, and productivity53,62,63. All these mechan-
isms are potentially impacted by ASV changes. Finally, by
modulating the ocean mean state ASV changes may have an
impact on the amplitude of the El Nińo/Southern Oscillation
(ENSO) due to ocean/atmosphere feedbacks64,65. We therefore
advocate for a more thorough assessment of ASV in climate
models.

Fig. 3 Subtropical/tropical cells index and upper ocean properties. a, b Mean sea surface temperature difference (10°N–10°S) (°C)
(compared to GW) vs. Tropical Cells Index (a) (see “Methods”) and Subtropical Cells index (b). The mixed layer depth (MLD) difference (m)
(10°N–10°S) is shown in color for each experiment. c, d Similar to (a, b) but net primary production (NPP) difference (percent) (compared to
GW) is shown in color for each experiment. The black square is GW, green circle GW-ASVCTL, green square GW-ASVCTL-FLX, blue triangle GW-
ASVM10, blue hexagon GW-ASVM20, red triangle GW-ASVP10, red hexagon GW-ASVP20 (see Table 2 for a list of the experiments).
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METHODS
Climate models
We analyzed a subset of 20 CMIP6 models (ssp585 scenario)
(Table 1) as well as a high-resolution (T255 spectral, approximately
50 km) experiment66 of the Kiel Climate Model (KCM)39 character-
ized by a 1% CO2 increase per year (KCM-GW).
We isolate the low-frequency (LF) and the high-frequency synoptic

variability (ASV) part of the zonal and meridional 10m wind fields by
applying a 30 days low-pass filter after having detrended the data.
The temporal resolution of the CMIP6 outputs used here is 1 day,
while the temporal resolution of the KCM outputs is 12 h.

Forced ocean–biogeochemistry experiments
We assess specifically the role of a change in ASV on ocean
properties by using an ocean–biogeochemistry model (NEMO-
PISCES)67. For that purpose, atmospheric forcings sets are
constructed from KCM experiments in a first step, and used to
force the NEMO-PISCES experiments in a second step.

Construction of atmosphere forcing sets from the KCM
The atmosphere forcings sets are constructed based on two high-
resolution experiments (T255 spectral, approximately 50 km)66

performed using KCM. The experiment KCM-GW is characterized

Fig. 4 Net primary production low frequency variability and ocean circulation. a Correlation coefficient between net primary production
(NPP) and Tropical Cells (TC) Index (11 years running mean) (see “Methods”). b Time series of NPP (black) and TC index (11 years running
mean) in the region (180°E–100°E, 10°N–10°S). c, d Similar to (a, b) but considering subtropical cells (STC). e, f Similar to (a, b) but considering
mixed layer depth (MLD). The experiment analyzed is CTL (see Table 2). The region 180°W–100°W, 10°N–10°S is considered in (b, d, f).
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Fig. 5 ASV changes and net primary production. a Difference in depth-integrated net primary production (NPP) (mgCm−2 yr−1) between
GW-ASVCTL and GW. The mean NPP in GW is displayed in contour. b ASV kinetic energy (m2 s−2) vs. total NPP (PgC yr−1) in the Pacific Ocean.
Black square is GW, green circle GW-ASVCTL, green square GW-ASVCTL-FLX (the ASV value corresponding to GW is plotted here), blue triangle
GW-ASVM10, blue hexagon GW-ASVM20, red triangle GW-ASVP10, and red hexagon GW-ASVP20 (see Table 2 for experiments).

Table 1. Resolution of the ocean and atmosphere components of CMIP6 and KCM models used in this study.

Model Ocean Atmosphere

ACCESS-CM2 360 × 300 (1° with refinement in the tropics) 192 × 144 (N96)

AWI-CM-1-1-MR Unstructured 384 × 192 (T127)

BCC-CSM2-MR 360 × 232 (1° with refinement to 0.3° in the tropics) 320 × 160 (T106)

CanESM5 361 × 290 (1° with refinement to 0.3° in the tropics) 128 × 64 (T63)

CMCC-CM2-SR5 362 × 292 (1° with refinement to 0.3° in the tropics) 288 × 192

EC-Earth3 362 × 292 (1° with refinement to 0.3° in the tropics) 512 × 256 (linearly reduced T255)

EC-Earth3-Veg 362 × 292 (1° with refinement to 0.3° in the tropics) 512 × 256 (linearly reduced T255)

GFDL-CM4 1440 × 1080 (0.25°) 360 × 180 (1°)

GFDL-ESM4 720 × 576 (0.5°) 360 × 180 (1°)

IITM-ESM 360 × 200 (1°) 192 × 94 (linearly reduced T62)

INM-CM4–8 360 × 318 (1° with refinement in the tropics) 180 × 120 (2° × 1.5°)

INM-CM5-0 720 × 720 (0.5° × 0.25°) 180 × 120 (2° × 1.5°)

IPSL-CM6A-LR 362 × 332 (1°) 144 × 143 (N96)

KACE-1-0-G 360 × 200 (1°) 192 × 144 (N96)

KIOST-ESM 360 × 200 (1°) 192 × 96 (Cubed sphere C48)

MIROC6 360 × 256 (1°) 256 × 128 (T255)

MPI-ESM1-2-HR 802 × 404 (0.4°) 384 × 192 (T127)

MPI-ESM1-2-LR 256 × 220 (1.5°) 192 × 96 (T63)

MRI-ESM2-0 360 × 364 (1° with refinement 10°S–10°N up to 0.3°) 320 × 160 (linearly reduced T159)

NESM3 384 × 362 (1° x 0.5°) 192 × 96 (T63)

KCM 182 × 149 (2° with refinement to 0.5° in the tropics) 768 × 384 (T255)

Table 2. Summary of the NEMO-PISCES experiments performed in this study.

Experiment name Forcing name ASV-part from LF-part from

CTL F-CTL KCM-CTL KCM-CTL

GW F-GW KCM-GW KCM-GW

GW-ASVCTL F-GW-ASVCTL KCM-CTL KCM-GW

GW-ASVCTL-FLX F-GW (dynamics) F-GW-ASVCTL (heat fluxes) KCM-GW (dynamics) KCM-CTL (heat fluxes) KCM-GW

GW-ASVP10 F-GW-ASVP10 KCM-GW+ 10% KCM-GW

GW-ASVP20 F-GW-ASVP20 KCM-GW+ 20% KCM-GW

GW-ASVM10 F-GW-ASVM10 KCM-GW− 10% KCM-GW

GW-ASVM20 F-GW-ASVM20 KCM-GW− 20% KCM-GW
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by a 1% CO2 increase per year and has been compared to CMIP6
models in this study. After 140 years of integration, CO2 levels
reach 4 times the initial concentration in KCM-GW. The experiment
KCM-CTL is characterized by a constant pCO2 level of 348 ppm.
Both experiments are initialized from a spun-up simulation with a
CO2 level of 348 ppm and integrated for 140 years. The temporal
resolution of the outputs used to construct the forcings is 12 h.
The forcing sets constituted by meridional and zonal winds at

10m height (u10, v10), air temperature at 10m height (t10),
humidity at 10 m height (q10), sea level pressure (SLP), precipita-
tion (PRE), short- and long-wave fluxes (QSR and QLW) have been
constructed:
—F-GW: the forcings originate from the experiment KCM-GW
—F-CTL: the forcings originate from the experiment KCM-CTL
—F-GW-ASVCTL: the LF part of u10, v10 originates from KCM-

GW, while the ASV part originates from KCM-CTL. t10, q10, SLP,
PRE, QSR, and QLW originate from F-GW
—F-GW-ASVM10, F-GW-ASVM20, F-GW-ASVP10, F-GW-ASVP20:

the LF and the ASV part of u10, v10 originate from KCM-GW. The
ASV part has been, respectively, decreased by −10%, −20% and
increased by +10%, +20%. t10, q10, SLP, PRE, QSR, and QLW
originate from F-GW.

Ocean–biogeochemistry NEMO-PISCES experiments
To determine the importance of changes in ocean circulation and
biogeochemistry, we performed 140-years-long sensitivity tests
(Table 2) using the ocean general circulation model NEMO
coupled to a biogeochemical model of intermediate complexity,
PISCES67. The atmospheric forcing sets are described above. The
ORCA2 configuration, characterized by a nominal 2° horizontal
resolution (refined to 0.5° meridionally in the tropics) with 31
vertical levels has been used. The ocean resolution is comparable
to that of the CMIP6 analyzed models and permits us to estimate
the role of the ASV in climate projections. This NEMO-PISCES
framework has been used in previous studies19,67.
The surface fluxes have been computed using the same

methodology employed by a previous study19. A damping term
has been added to the freshwater flux for stability reasons. The
“final state” of the experiments (average of years 130–140) is
compared in this study.

Subtropical (STC) and Tropical Cells (TC) Index
The TC and STC Index have been defined similarly to previous
studies37,39.

TC ¼ ψmaxð5�S� 5�N; upper 250mÞ � ψminð5�S� 5�N; upper 250mÞ
(1)

STC ¼ ψmaxð10�N� 30�N;upper 250mÞ � ψminð10�S� 30�S; upper 250mÞ
(2)

where Ψmax and Ψmin are the maximal and minimal values of the
Meridional Overturning Streamfunction in the given latitude and
depth ranges.

DATA AVAILABILITY
The model experiment data are available at https://figshare.com/s/
2cab684cffc34dceca6f. The outputs of the CMIP6 models are available at https://
esgf-data.dkrz.de/projects/cmip6-dkrz/.

CODE AVAILABILITY
The code of the ocean model is NEMOv4.0. It includes PISCESv2. The code is available
at https://forge.nemo-ocean.eu/nemo.
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