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Equatorward alongshore winds over major eastern boundary upwelling

systems (EBUSs) drive intense upwelling via Ekman dynamics, surfacing
nutrient-rich deep waters and promoting marine primary production and
fisheries. Itis generally thought, dating back to Bakun’s hypothesis, that
greenhouse warming should enhance upwelling in EBUSs by intensifying
upwelling-favourable winds; yet this has not been tested. Here, using an
ensemble of high-resolution climate simulations withimproved EBUS
representation, we show that long-term upwelling changes in EBUSs differ
substantially, under a high-emission scenario, from those inferred by the
wind-based upwelling index. Specifically, weakened or unchanged upwelling
can coincide with intensified upwelling-favourable winds. These differences
arelinked to long-term changes of geostrophic flows that dominate
upwelling changes in the Canary and Benguela currents and strongly offset
wind-driven changes in the Californiaand Humboldt currents. Our results
highlight the controlling role of geostrophic flows in upwelling trends in
EBUSs under greenhouse warming, which Bakun’s hypothesis overlooked.

The eastern boundary upwelling systems (EBUSs), including the
California, Humboldt, Canary and Benguela current systems, are among
the most biologically productive ecosystems, covering less than 2%
of the ocean surface but contributing 7% to global marine primary
production and more than 20% to global fish catches (Fig.1)'>. The
equatorward alongshore winds favoured by the large-scale atmos-
pheric pressure systems transport the surface waters offshore viathe
Ekman dynamics, causing them to be replaced by nutrient-rich deep
waters that are essential to sustain the high-level productivity in the
EBUSs* ®. How the upwelling in the EBUSs responds to anthropogenic
climate changes, therefore, has profound global environmental and
socioeconomicimpactsandisanenduringscientificissueinbiological
and climatic sciences’.

Duetothe sparsity of existing insitu ocean current measurements,
theupwellinginthe EBUSs s typically estimated from the wind-based
upwelling indices (WUIs) under the premise that the wind-induced
Ekman transport is the sole driver of upwelling**®. Recognizing the
validity of WUIs, Bakun' proposed a hypothesis that greenhouse

warming should enhance the upwelling in the EBUSs by intensify-
ing the upwelling-favourable winds due to the increased cross-shore
atmospheric sea-level pressure gradient. Bakun’s hypothesis has
stimulated tremendous effortsininvestigating the long-term change
of upwelling-favourable winds in the EBUSs on the basis of historical
observations and climate simulations”®" ', The findings generally
support Bakun’s' hypothesis, especially in the high-latitude regions
of EBUSs except for the California Current.

Despite the prevailing use of WUIs for assessing the effects of
greenhouse warming on the upwelling in the EBUSs, it is arguable
that the Ekman theory is an incomplete description of upwelling
dynamics in these regions. For example, there is evidence that the
cross-shore geostrophic flows associated with the alongshore sea
surface height gradient contribute nonnegligibly to the climatological
mean upwelling and its long-term changes in some EBUSs, which
motivates the refinement of upwelling indices”?°. This casts
doubts onthe long-term changes of upwellinginferred fromthe WUIs.
Furthermore, the WUIs can be used only to estimate the upwelling at
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Fig.1|Simulated upwelling in the EBUSs in CESM-H and CMIP6 CGCMs.

a,b, Geographic distribution of time-mean ocean chlorophyll-a concentration
during 2002-2022 (a) and fishing efforts during 2012-2021 (b). c-f, The
1920-2005 annual-mean vertical velocity at 50 min the CalCS (c), HCS (d), CanCS

(e) and BCS (f) simulated in the CESM-H ensemble mean. g-j, The 1920-2005
annual-mean vertical velocity at 50 min the CalCS (g), HCS (h), CanCS (i) and BCS
(j) simulated in the CMIP6 CGCM ensemble mean. Regions shallower than 50 min
c—jare masked in black according to the bathymetry of CESM-H.

the base of the surface Ekman layer but provide no information on
the vertical structure of upwelling. The latter affects the source depth
of upwelled waters, which is closely related to the efficacy of
upwelling in fuelling biological productivity”. Extension of a
two-dimensional Ekman model* by incorporating the effects of
geostrophic flows demonstrates that the geostrophic flows play
an important role not only in regulating the intensity of upwelling
butalsoits vertical structure".

Climate simulations make it possible to directly evaluate the
response of upwelling in the EBUSs to greenhouse warming on the basis

of the model-simulated vertical water velocity. However, the current
generation of coupled global climate models (CGCMs) is generally too
coarse to resolve essential dynamics in the EBUSs”"?2, In this study,
we comprehensively analyse the long-term changes of upwellingin the
four major EBUSs (the California Current System (CalCS), Humboldt
Current System (HCS), Canary Current System (CanCS) and Benguela
Current System (BCS)) under a high carbon-emission scenario, using
an ensemble of state-of-the-art high-resolution climate simulations
based on a Community Earth System Model (CESM) with an oceanic
resolution of 0.1° and atmospheric resolution of 0.25° (CESM-H).
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Fig. 2| Vertical profiles of upwelling transport in the four major EBUSs.

a, CalCS.b,HCS. ¢, CanCS. d, BCS. The blue and red solid (dotted) lines show the
1920-2005 annual-mean upwelling transport (WUI) and its long-term projection
at the end of 21st century for the CESM-H ensemble mean, respectively. The
shading denotes the 90% confidence interval for the projected value defined as
the long-term change estimated from the linear trend during 2006-2100 added
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to the mean value during 1920-2005. The horizontal dashed line denotes the
1920-2005 annual-mean surface Ekman layer depth measured as the surface
boundary layer depth available in the CESM-H model output. The axes of vertical
velocity measure the values of upwelling transport and WUI divided by the
integration area. The sample size (the number of time records used to derive the
confidence interval) is 95.

Result

Consistent with the existing theoretical arguments and high-resolution
regional ocean simulations?°, the simulated upwelling in the four
EBUSs by CESM-H consists of arapid coastal component driven by the
alongshore wind stress and confined to a narrow band (<50 km) next
to the coast and a slower component driven by the wind stress curl
and extending further offshore (Fig. 1c—f). By contrast, the simulated
upwelling by an ensemble of coarser-resolution CGCMs (Extended Data
Table 1) participating in the Coupled Model Intercomparison Project
phase 6 (CMIP6)* is weaker and more diffusive (Fig. 1g—j), with the
prominent coastal upwelling zone being absent. The outperformance
of CESM-H over CMIP6 CGCM s in representing the upwelling in the
EBUSs can be further inferred from the alleviated warm sea surface
temperature (SST) bias inthese regions (Extended Data Fig. 1), in view of
the strongimprint of upwelling on SST**2. Improved upwelling simula-
tionin CESM-H s attributed primarily to a better resolution of coastal
upwelling”**and may also benefit from a more realistic representation
ofthe cross-shore wind stress structure, seafloor topography and oce-
anic mesoscale eddies**?***~¢, which all connect to the high resolution
in oceanic or atmospheric model configurations.

Note that even CESM-H is not fine enough to well resolve the
coastal upwelling, resulting in an overly wide coastal upwelling zone
relative to the reality’”***°**, On the one hand, a further increase of the
oceanic model resolution would probably make the coastal upwelling
stronger and narrower until it is fully resolved. On the other hand, the
integrated vertical velocity over a sufficiently wide region should be

less sensitive to the model resolution and more faithfully simulated
by CESM-H. For this reason, we integrate the vertical velocity within
~200 km from the coast in the individual EBUSs, referred to as the
upwelling transport henceforth (Upwelling transport), and com-
pare their long-term changes under greenhouse warming with those
inferred from the WUIs. Such integration covers the coastal upwelling
and a large fraction of offshore wind stress curl-driven upwelling,
both of which are suggested to influence the ecosystem®. For the
climatological mean upwelling transportin the EBUSs, it peaks around
30-40 m, comparableto the surface Ekmanlayer depth, and attenuates
rapidly further downwards (Fig. 2). This vertical structure of upwelling
transport is consistent with the dominant role of winds in driving the
upwelling via the Ekman dynamics®. Indeed, a particular WUI used
in this study (WUI) is comparable to the peaking value of upwelling
transport in the vertical (upwelling transport intensity (UTI)) for the
individual EBUSs. Despite such qualitative agreement, there are notice-
able quantitative differences between the WUI and UTI, especially in
the CanCS and BCS, where the WUI overestimates the UTI by about 40%
and 60%, respectively. This overestimationis ascribed primarily to the
downwelling caused by the convergent geostrophic flowsinthe CanCS
and BCS (Extended Data Fig. 2).

The closeness between the WUI and UTI for the climatological
mean state does not extend to their long-term changes under green-
house warming (Fig. 3a-d). In the CalCS and HCS, the fitted linear
trends of WUl during2006-2100 are -1.6 x10° m*sand 4.5 x 10° m>s™*
per century, respectively. They severely overestimate the trends of UTI
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Fig. 3 | Relationship between the long-term changes of annual-mean UTI

and WUIin the EBUSs under greenhouse warming. a-1, The slope of the linear
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2006-2100 for the CESM-H ensemble mean (a-d,i-1) and CMIP6 CGCM ensemble
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(-0.5x10°m?sand -0.1 x 10° m*s™ per century) that are statistically
insignificant at the 90% confidence level. In the CanCS, the UTI has a
trend of 2.7 x 10° m*s™ per century, about three times the 0.9 x 10° m?s™
per century inferred from the WUI. For the BCS, the trend of UTl is
negative (-2.5 x10° m®s™ per century) whereas the WUI predicts a
positive trend of 0.8 x 10° m*s™ per century, suggesting concurrence
of weakened upwelling and enhanced upwelling-favourable winds.
We remark that the evident decoupling between the trends of WUI
and UTlin the EBUSs is not specific to CESM-H but qualitatively repro-
duced by CMIP6 CGCMs (Fig. 3e-h), providing strong evidence on its
robustness. There are, however, quantitative differences betweenthe
projected trends in CESM-H and CMIP6 CGCMs, whichis due partially
to the insufficient resolution of CMIP6 CGCMs in representing the
upwelling dynamics.

As suggested by Bakun’s hypothesis, the long-term change of
upwelling-favourable winds ina warming climate should be more evi-
dent in the warm season'*". To avoid degrading the validity of WUl in
representing theresponse of UTIto greenhouse warming, we repeat the
preceding analysis for the warm season only. Despite some quantita-
tive differences from the annual-mean case, the basic conclusion that
thelong-term change of UTIunder greenhouse warmingis decoupled
from that of WUI still holds in the HCS, CanCS and BCS (Extended
Data Fig. 3). In the CalCS, the trends of WUl and UTl in the warm sea-
son are qualitatively consistent, but the former is about 40% larger in
magnitude than the latter. In addition, given the latitude-dependent
long-term change of upwelling-favourable winds', we examine the
relationship between the trends of WUl and UTI at different latitudes.
Their values differ substantially from each other over a large fraction
of latitude bandsin all the four EBUSs, lending further support to our
argument (Extended DataFig. 4).

Considering the distinctive underlying dynamics and ecological
impacts of the rapid coastal upwelling, we recompute the WUl and UTI
for the approximately 50-km-wide coastal zone (Fig. 3i-1). The trends
of coastal WUl and UTI diverge greatly, with their differences in the

individual EBUSs resembling those calculated for the approximately
200-km-wide upwelling band from the coast. Such resemblance sug-
gests that the decoupling between the long-term changes of WUl and
UTlunder greenhouse warming is arobust feature thatis not sensitive
to the width of the upwelling band selected for analysis.

TheWUIdoes notandis notintended to provide any measurement
of upwelling transport below the surface Ekman layer. Yet it is found
that the long-term change of upwelling transport is more evident in
the thermocline than at the surface Ekman layer base in all the EBUSs
except the BCS (Fig. 2). This feature is a strong implication that other
processes aside from the wind-driven Ekman transport play a crucial
role in the response of upwelling to greenhouse warming. Moreover,
asthe upwelling transportin the thermocline affects the source depth
of upwelled waters, its change in awarming climate s likely to have an
influence on the efficacy of upwelling in nourishing the ecosystem?,
which cannot be captured by the WUI.

To shed light on the underlying processes accounting for the
decoupled responses of WUI and UTI to greenhouse warming, we
decompose the upwelling transport into components associated
with the horizontal mass-flux divergence caused by geostrophic and
ageostrophic flows (referred to as the geostrophic and ageostrophic
upwelling transports), respectively (Upwelling transport). Thisdecom-
position is made for only one member of the CESM-H ensemble due
to the unavailability of sea surface height in the model output of the
other two members. Nevertheless, similarity inthe trends of upwelling
transport among the three members (Extended Data Fig. 5) provides
us confidence that the decomposition results derived from any mem-
ber should be qualitatively representative of the ensemble mean.
In all four EBUSs, the climatological mean ageostrophic upwelling
transport and its long-term change under greenhouse warming are
comparableto those of WUl below the surface Ekman layer (Fig. 4 and
Extended Data Fig. 2), suggesting that the ageostrophic upwelling
transportis attributed largely to the horizontal mass-flux divergence
caused by wind-driven Ekman transport. Although the geostrophic
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the CalCS (a), HCS (b), CanCS (c) and BCS (d). The grey line denotes the slope of
thelinear trend of WUI. The shading denotes the 90% confidence interval for the
slope. The axes of the vertical velocity trend measure the values of the upwelling
transport trend divided by the integration area. The sample size (the number of
time records used to derive the confidence interval) is 95.

upwelling transport contributes negligibly (CalCS and HCS) or second-
arily (CanCS and BCS) to the climatological mean UTI, its contribution
tothelong-term change of UTIbecomes much more important and is
primarily responsible for the difference between the trends of WUI
and UTI (Fig. 4 and Extended Data Fig. 2). In particular, the trend of
geostrophicupwelling transport peaksin the thermoclinein the CalCS,
HCS and CanCS but not the BCS, explaining the more pronounced
long-term changes of upwelling transport in the thermocline than at
the surface Ekman layer base in the former three EBUSs.

Discussion

Thisstudy reveals the crucial role of geostrophic flows in controlling the
response of upwelling to greenhouse warmingin the EBUSs, providing
new insights overlooked by the existing literature”° ™, It is generally
thought that theintensified stratification in awarming climate should
cause shoaling of the source of upwelled waters”***”. However, the
enhanced geostrophic upwelling transport in the thermocline of CanCS
islikely to deepen the source of upwelled waters despite the stronger
stratification under greenhouse warming (Fig. 2c and Extended Data
Fig. 6). Moreover, the role of geostrophic flows is not uniform among
the four EBUSs. Itis more prominentin the EBUSs in the Atlantic basin
(CanCS and BCS) than in the Pacific basin (CalCS and HCS), in terms
of both the climatological mean state and long-term change of
upwelling. Previous limited assessment on the effects of geostrophic
flows onthe long-term change of upwelling happens to be in the Pacific
EBUSs'®?°, which underestimates the fundamental contribution of

geostrophic flows to the response of upwelling in the global EBUSs to
greenhouse warming.

Sofar, effects of anthropogenic climate changes onthe ecosystems
in the EBUSs remain poorly understood. There is an ongoing debate
about to what extent the long-term change of biological productiv-
ity of EBUS ecosystems is related to that of upwelling in a warming
climate™®°. In addition to the upwelling, the responses of SST, strati-
fication and mesoscale eddy field to greenhouse warming and their
interactions with the upwelling are all suggested to play animportant
role”®?*%, In particular, the mesoscale eddies, generated primarily
through the baroclinic instability of upwelling jet***, transport the
nutrient offshore” and heat onshore®, counteracting the effects of
upwelling on the coastal SST and nutrient supply. It is thus important
tounderstand the changes of mesoscale eddies and their interactions
withthe upwelling changes under greenhouse warming. There is some
evidence that the mesoscale eddies in CalCS would become stronger
under a high carbon-emission scenario due to the enhanced baroclinic
instability of upwelling jet caused by intensified upper-ocean stratifi-
cation*>*', However, it remains unclear whether a stronger mesoscale
eddy activity in response to greenhouse warming is universal among
all the EBUSs and what its implication on the ecosystem is. Simula-
tion of mesoscale eddies is beyond the resolution capacity of most
CMIP6 CGCMs but is possible for CESM-H. Coupled with a reliable
biogeochemical model, CESM-H can provide us with abetter knowledge
of the response of EBUS ecosystems to greenhouse warming and its
underlying dynamics.
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Methods

CESM-H

The CESM-H ensemble, including three members (CESM-H1, CESM-H2
and CESM-H3), is based on CESM version 1.3 (CESM1.3), whose
atmospheric component is the Community Atmosphere Model
version 5 (CAMS), the oceanic componentis the Parallel Ocean Program
version 2 (POP2), the sea-ice component is the Community Ice Code
version 4 (CICE4) and the land component is the Community
Land Model version 4 (CLM4)*2, The POP2 and CICE4 use the same
nominal horizontal resolution of ~0.1°, and the CAM5 and CLM4
use the same nominal horizontal resolution of -0.25°. The CAM5
and POP2 have 30 and 62 vertical levels, respectively. CESM-H1
consists of a 500-year-long pre-industrial control (PI-CTRL) climate
simulation and a historical-and-future transient (HF-TNST) cli-
mate simulation from 1850 to 2100, branched from the PI-CTRL at
year 250. The HF-TNST uses the historical forcing for 1850-2005 and
representative concentration pathway 8.5 forcing for 2006-2100,
following the protocol for the CMIPS experiments*. Readers are
suggested to refer toref. **for detailed model configurations. CESM-H2
and CESM-H3 are branched from CESM-H1 in 1920 with the same
forcing but slightly altered initial atmospheric conditions and
integrated to 2100.

There are three-dimensional ocean velocity, temperature
and salinity as well as sea surface wind stress in the model output.
However, sea surface height is accessible only in CESM-H1 but not
CESM-H2 or CESM-H3. Accordingly, a decomposition of upwelling
transportinto components associated with horizontal mass-flux diver-
gence caused by geostrophic and ageostrophic flows can be made only
for CESM-HL1.

Upwelling transport

The upwelling transport (UT) is computed as the horizontal inte-
gration of model-simulated vertical velocity zonally within 20 model
grids (~200 km) from the coast:

UT(z,t) = ffw(x,y,z, t)dxdy 1)

wherewisthe vertical velocity and x, y, z, and t are the zonal, meridional,
vertical, and temporal coordinates, respectively. The northern and
southern boundaries for integration are 48° N and 23° N for CalCS,
15°Sand 45° Sfor HCS, 36° N and 15° N for CanCS, and 10° Sand 30° S
for BCS, respectively. Similarly, the coastal upwelling transport is
defined as the horizontal integration zonally within five model grids
(~50 km) from the coast. The (coastal) UTI is defined as the value of
(coastal) upwelling transport atits peaking depth, thatis, 30 (20) m for
CalCS, 40 (40) mfor HCS, 40 (30) m for CanCS and 40 (30) m for BCS.
As to the upwelling in CMIP6 CGCMs, we first bilinearly interpolate
win the individual CMIP6 CGCMs onto the grids of POP2 of CESM-H.
Then UTlis computed according to equation (1) on the basis of the
ensemble mean w.

The upwelling transport can be further decomposed into com-
ponents associated with horizontal mass-flux divergence caused by
geostrophic and ageostrophic flows, respectively. Under the rigid lid
approximation for the seasurface, the geostrophic upwelling transport
(UT,) is computed as":

Of0us(x,y,5,8)  0Ug(x,.5,0)
UTg(z,0) = / f f Z( E + 3y )dsdxdy 2)

where sis the dummy variable in integral and u, = (1, v,) is defined as

_f%o Z—;’, ,%0 Z_Z) with fthe Coriolis parameter varying with latitude, p,
the reference seawater density and p the seawater pressure, except
along the coastal boundary where u, is set as zero. The value of p is
calculated on the basis of the hydrostatic approximation; that is,

D =pogNn + ffp (x,y,s,t) gds, with np the sea surface height, g the gravity
acceleration and p the in situ seawater density. The horizontal diver-
gence of u,is computed following the discretization scheme in POP2.
Once UT, is obtained, the ageostrophic upwelling transport UT, is
computed by subtracting UT, from UT.

WUl
The WUIlis defined as the total Ekman transportinto/out of the integra-
tion region as'**’;

wuuo:ffauf(a’;y’[) + avf(axy’y’t)dxdy 3)

where U. = (U, V;) is defined as if x kwith T =(t,, 7,) the surface wind

stress and k the unit vector pointing upwards, except along the coastal
boundary where U, is set as zero. The horizontal divergence of U; is
computed using the same discretizationscheme as that of u,. Note that
equation (3) accounts for the vertical velocity at the surface Ekman
layer base via the coastal divergence/convergence due to the
cross-shore Ekman transport driven by the alongshore wind stress and
via the Ekman pumping driven by the wind stress curl dt,/0x — 07,/dy
(refs. '), Asto the WUIin CMIP6 CGCMs, we first bilinearly interpolate
T in the individual CMIP6 CGCMs onto the grids of POP2. Then
WUI is computed according to equation (3) on the basis of the
ensemble mean.

Data availability

The CESM data used in this work are available from http://ihesp.
qnlm.ac and https://ihesp.github.io/archive/products/ds_archive/
Sunway_Runs.html. The CMIP6 model data can be downloaded from
https://esgf-node.llnl.gov/search/cmip6/. The multi-scale ultra-high-
resolution SST data are provided by NASA from their website (https://
archive.podaac.earthdata.nasa.gov/podaac-ops-cumulus-protected/
MUR-JPL-L4-GLOB-v4.1). The fishing effort data are provided by
Global Fishing Watch (https://globalfishingwatch.org/dataset-and-
code-fishing-effort/). The chlorophyll-a concentration data are
obtained from https://oceandata.sci.gsfc.nasa.gov.

Code availability

The CESM-H code used in this work is available via ZENODO:
https://doi.org/10.5281/zenodo.3637771 (ref. **). The MatlabR2016b
isused for plotting.
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Extended Data Fig. 1| Simulated 2003-2021 annual mean SST biasin the
CESM-H and CMIP6 CGCM ensemble means. The bias is with respect to the
observed SST from the Multi-scale Ultra-high Resolution (MUR) SST dataset for
the CESM-H ensemble mean (a-d) and CMIP6 CGCM ensemble mean (e-h) in the

d

CanCS,CESM-H BCS:CESM-H
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CalCS (a,e), HCS (b,f), CanCS (¢,g) and BCS (d,h). A spatial mean SST bias over the
shownregionis subtracted from each panel to highlight the SST bias related to
the upwelling dynamics.
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Extended Data Fig. 2 | Effects of geostrophic flows on the climatological mass flux divergence of geostrophic (purple) and ageostrophic (blue) flows for
mean upwelling transportin the EBUSs. The 1920-2005 annual mean upwelling ~ one member of CESM-H ensemble in the (a) CalCS, (b) HCS, (c) CanCS and (d)
transport (red) and its decomposition into components caused by horizontal BCS. The grey line denotes the climatological mean WUI.
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Extended DataFig. 3 | Relationship between the long-term changes of warm-
season mean upwelling transport intensity (UTI) and WUl in the EBUSs under
greenhouse warming. The slope of the linear trend of warm-season mean UTI
and WUI during 2006-2100 for the CESM-H ensemble mean in the (a) CalCS,

(b) HCS, (c) CanCS, and (d) BCS, respectively. The errorbar denotes the 90%
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confidence interval for the slope. The warm season is defined as May-August and
November-February in the northern and southern hemispheres, respectively.
The sample size, thatis, the number of time records used to derive the confidence
interval is 95.
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Extended Data Fig. 4 | Relationship between the long-term changes of annual
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greenhouse warming at different latitudes. The slope of the linear trend of
annual mean UTland WUI during 2006-2100 in the individual -0.1° latitudinal
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bands for the CESM-H ensemble mean in the (a) CalCS, (b) HCS, (c) CanCS and
(d) BCS, respectively. The shading denotes the 90% confidence interval for the
slope. The sample size, that is, the number of time records used to derive the
confidence interval is 95.
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CanCSand (d) BCS, respectively. The shading denotes the 90% confidence
interval for the slope. The sample size, that is, the number of time records used to
derive the confidence intervalis 95.

transportin the EBUSs under greenhouse warming for individual CESM-H
members. The slope of linear trend of annual mean upwelling transport during
2006-2100 for the individual CESM-H members in the (a) CalCS, (b) HCS, (c)

Nature Climate Change


http://www.nature.com/natureclimatechange

Article https://doi.org/10.1038/s41558-022-01588-y

CanCS

50 - .

100 [~ N

Depth (m)
g
T
1

200 - b

250 - N

300 1 1 1 1 1 1
0 0.5 1 1.5 2 25 3.5

Stratification trend %107
(s'2 per century)
Extended Data Fig. 6 | Long-term change of stratification in the CanCS. The slope of linear trend of annual mean squared buoyancy frequency during 2006-2100

for the CESM-H ensemble mean in the CanCS. The shading denotes the 90% confidence interval for the slope. The sample size, that is, the number of time records used
toderive the confidence intervalis 95.

w

Nature Climate Change


http://www.nature.com/natureclimatechange

Article https://doi.org/10.1038/s41558-022-01588-y

Extended Data Table. 1| A list of CGCMs in CMIP6 used in this study

CMIP6 Oceanic Resolution Scenario CMIP6 Oceanic Resolution Scenario

1.CAMS-CSM1-0 1° Hist, SSP5-8.5 13.FIO-ESM-2-0 1° Hist, SSP5-8.5
2.CESM2-WACCM 1° Hist, SSP5-8.5 14.GISS-E2-1-G 1° Hist, SSP5-8.5
3.CESM2 1° Hist, SSP5-8.5 15.HadGEM3-GC31-LL 1° Hist, SSP5-8.5
4.CIESM 0.5° Hist, SSP5-8.5 16.HadGEM3-GC31-MM 0.25° Hist, SSP5-8.5
5.CNRM-CM6-1-HR 0.25° Hist, SSP5-8.5 17.IPSL-CM6A-LR 1° Hist, SSP5-8.5
6.CMCC-ESM2 1° Hist, SSP5-8.5 18.MIROC-ES2L 1° Hist, SSP5-8.5
7.CNRM-CM6-1 1° Hist, SSP5-8.5 19.MIROC6 1° Hist, SSP5-8.5
8.CNRM-ESM2-1 1° Hist, SSP5-8.5 20.MPI-ESM1-2-HR 0.5° Hist, SSP5-8.5
9.CanESM5-CanOE 1° Hist, SSP5-8.5 21.MPI-ESM1-2-LR 2.5° Hist, SSP5-8.5
10.E3SM-1-1 0.5° Hist, SSP5-8.5 22.MRI-ESM2-0 1° Hist, SSP5-8.5
11.CanESM5 1° Hist, SSP5-8.5 23.NESM3 1° Hist, SSP5-8.5
12.EC-Earth3-Veg-LR 1° Hist, SSP5-8.5 24.UKESM1-0-LL 1° Hist, SSP5-8.5

The model selection is based on the output availability of surface wind stress and vertical velocity. The analysis period combines 1850-2014 from the historical simulations and 2015-2100 from
the SSP5-8.5 simulations.
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