Geophysical Research Letters’

RESEARCH LETTER
10.1029/2022GL102070

Key Points:

e Climate models consistently project
the Agulhas Current (AC) to weaken
in the 21st century

e Changes in Indo-Pacific wind and
Atlantic overturning both contribute to
the projected AC weakening

e The AC becomes shallower in a
warming climate mainly due to the
weakening of the Atlantic overturning

Supporting Information:

Supporting Information may be found in
the online version of this article.

Correspondence to:

S. Sun and Z. Chen,
ssun5 @fsu.edu;
chenzhaohui@ouc.edu.cn

Citation:

Zhang, R., Sun, S., Chen, Z., Yang, H.,
& Wu, L. (2023). Rapid 21st century
weakening of the Agulhas current in a
warming climate. Geophysical Research
Letters, 50, €2022GL102070. https://doi.
org/10.1029/2022GL 102070

Received 9 NOV 2022
Accepted 11 FEB 2023

© 2023 The Authors.

This is an open access article under

the terms of the Creative Commons
Attribution-NonCommercial License,
which permits use, distribution and
reproduction in any medium, provided the
original work is properly cited and is not
used for commercial purposes.

'.) Check for updates

A G s

> SPACE SCIENCE

ok

Rapid 21st Century Weakening of the Agulhas Current in a
Warming Climate

Ruize Zhang'?3 (), Shantong Sun* (©); Zhaohui Chen!? (2, Haiyuan Yang!? (*), and Lixin Wul-?
'Frontier Science Center for Deep Ocean Multispheres and Earth System (FDOMES), Physical Oceanography Laboratory,
Ocean University of China, Qingdao, China, 2Laoshan Laboratory, Qingdao, China, *Academy of the Future Ocean, Ocean
University of China, Qingdao, China, “Department of Earth, Ocean & Atmospheric Science, Florida State University,

Tallahassee, FL, USA

Abstract The Agulhas Current (AC) is a critical component of the global ocean circulation. Climate
models consistently project the AC to decline in the 21st century. Previous studies typically attributed the
weakening of AC to changes in Indian Ocean wind and/or a decline of the Indonesian Throughflow (ITF)
transport. However, our analysis suggests that changes in local surface wind and ITF can only explain a portion
of the model-simulated AC changes. Using a hierarchy of models, we show that the decline of the Atlantic
Meridional Overturning Circulation (AMOC) strength in a warming climate could also contribute substantially
to the AC weakening. Following a weakening of the AMOC, the baroclinic structure of the AC is also modified
such that the AC is shoaled to a shallower depth, communicated between basins via Kelvin waves. Our results
highlight the importance of remote processes in future western boundary current changes.

Plain Language Summary The Agulhas Current (AC) is one of the strongest currents in the ocean
and plays an important role in the climate system. Climate models consistently project a rapid weakening of
the AC during the 21st century. Traditionally, the weakening of the AC has been attributed to changes in local
surface wind and the Indonesian Throughflow, which transports water from the Pacific Ocean to the Indian
Ocean. However, our analysis suggests these changes cannot fully explain the AC changes in a warming
climate. In this study, we show that remote processes in the North Atlantic could also contribute substantially
to the AC weakening. In a warming climate, the Atlantic overturning circulation slows down and modifies

the density structure of the Atlantic, which propagates into the Indian Ocean via wave processes and causes a
weakening and shoaling of the AC. Our results highlight the importance of remote processes in future ocean
circulation changes.

1. Introduction

The Agulhas Current (AC) is the strongest western boundary current in the Southern Hemisphere and plays a
critical role in the climate system (Beal et al., 2011). Originating from the Mozambique Channel and the South-
east Madagascar Current, the AC transports around 76 Sv of warm water poleward (Beal et al., 2015; McMonigal
et al., 2020). After passing the southern tip of Africa, the AC retroflects back into the Indian Ocean, with a signif-
icant amount of warm and salty water leaked into the Atlantic, acting as a warm route for the surface branch of the
Atlantic Meridional Overturning Circulation (AMOC; Biastoch, Lutjeharms, et al., 2008; Riihs et al., 2013; Wang
et al., 2016). Thus, the AC plays a crucial role in connecting major ocean basins and could potentially modulate
the variability of the global ocean overturning circulation (Biastoch, Boning, & Lutjeharms, 2008; Talley, 2013;
Weijer et al., 2002). In this study, we focus on the centennial responses of the AC volume transport to the increas-
ing greenhouse gas forcing. Climate models consistently project the AC volume transport to decline in the 21st
century (Sen Gupta et al., 2021; Stellema et al., 2019). Here we argue that remote processes in the North Atlantic
are as important as local processes (e.g., surface wind) in determining the AC changes in a warming climate.

The global ocean circulation is expected to change in a warming climate, but not uniformly (Chen et al., 2019; Hu
et al., 2020; Peng et al., 2022). In response to the increasing greenhouse gas forcing, the atmospheric circulation
evolves with a poleward shift in the westerly wind in both hemispheres (Chen et al., 2008; Goyal et al., 2021). This
shift in the westerly wind leads to a poleward expansion of the subtropical gyre circulation (Yang et al., 2020)
and could potentially contribute to a weakening of the western boundary currents (Ma et al., 2020). This wind
changes have been suggested to contribute to the weakening of AC in a warming climate (Stellema et al., 2019).
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Figure 1. A schematic of the Indian Ocean circulation and its changes. The background color represents changes in wind stress curl from 2006 to 2100 in CESM Large
Ensemble. The red line denotes the cross-section for evaluating the AC volume transport. The green arrows represent the direction of time-mean circulation and the
purple arrows represent the changes. The light purple arrows around the African continent indicate the pathway by which the AMOC affect the AC.

On the other hand, as the climate warms, sea surface temperature increases and leads to a stronger upper-ocean
density stratification (Capotondi et al., 2012; Li et al., 2020). The stronger density stratification limits the vertical
momentum input into the subsurface ocean, causing a spin-up of the upper ocean circulation and a spin-down of
the subsurface ocean circulation (Chen et al., 2019; Peng et al., 2022; Sun et al., 2013; Zhang et al., 2017). This
stratification change has been invoked in explaining the strengthening of the Kuroshio Current (Chen et al., 2019).

Previous studies on the long-term weakening of the AC transport have primarily focused on changes in the local
surface wind forcing and the Indonesian Throughflow (ITF) (Ma et al., 2020; Stellema et al., 2019). In the mean
state, the upper-ocean volume transports across the boundaries of a basin are balanced and, thus, the AC volume
transport can be expressed as a combination of the ITF volume transport and the wind-driven Sverdrup transport
across the Indian Ocean (green arrows in Figure 1), that is,

Vac = Vitr +/

w

e curl 7
Bpo

dx, )

where V. and V| represent the volume transport of the AC (positive for southward transport) and ITF (positive
for transport into the Indian Ocean), respectively, curl 7 is the curl of surface wind stress, f is the meridional
gradient of the Coriolis parameter, pj is the reference seawater density. Critically, the interior diapycnal upwelling
in the Indian Ocean might also contribute to the volume transport of AC, but it is small, ~1 Sv, compared to the
upper-ocean transport (Text S1 in Supporting Information S1). In a warming climate, the ITF volume transport is
projected to decline (Feng et al., 2017; Sen Gupta et al., 2016) and the Indian Ocean wind stress curl is expected
to develop a negative anomaly at around 30°S, as the Southern Hemisphere westerly wind shifts southward, both
contributing to a weaker AC (purple arrows in Figure 1). However, as we estimated in Section 2, changes in the
ITF and Indian Ocean wind stress forcing explain less than 60% of the AC volume transport decrease in most of
the climate models examined in this study. This discrepancy arises because the upper-ocean volume transport
balance in Equation 1 is not satisfied in transient responses due to a volume transport convergence that exists in
balance with the deepening of isopycnal surfaces, following a weakening of the AMOC (Sun et al., 2020, 2022).

Due to surface warming and freshening in the high-latitude North Atlantic, the AMOC is expected to slow down
in the 21st century with a reduced formation of North Atlantic Deep Water (NADW; Cheng et al., 2013; Weijer
et al., 2020). The reduction in NADW formation causes a deepening of isopycnals in the high-latitude North
Atlantic. The isopycnal deepening signal propagates into the South Atlantic and Indian Ocean via Kelvin waves
and Rossby waves (Huang et al., 2000), leading to geostrophically-balanced, volume transport anomalies that are
opposite between the Atlantic and Indo-Pacific basins (Sun et al., 2020; Sun & Thompson, 2020). Building on
this idea, we show that the isopycnal deepening along the western boundary of the Indian Ocean could modify
the baroclinic structure of the AC and contribute substantially to the projected AC weakening in the 21st century.

ZHANG ET AL.

2 of 9

85U801 7 SUOWILLIOD BAIERID 3|qedtjdde ay) Aq peusenob are s pie O ‘88N JO S8nJ oy A%eiqiT8ulUO 3|1 UO (SUOIPUOO-PUR-SLLBYWI0D" A3 1M A.d 1[BU 1 JUO//StNY) SUORIPUOD PUe swie | 8y} 88S *[£202/20/c2] U AriqiTauljuo 1M eulyD JO AISiBAIUN Uesd0 Aq 02020T 192202/620T 0T/I0p/woo Ae M Aiqijeut|uo'sqndnBey/sdny woiy pepeojumod ' ‘€202 '2008776T



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL102070

> Reduced Gravity Model

= @ °[(c) Comparison ‘ ‘
2 >
> © Opfssem—===c e
: :

2 S 5 ]
© ©
S _10|—Agulhas Current - S-10] AccEsm ]
3" |~ Cinear rend 57 o e

G -15 Sverdrup transport+ITF - g -15 |——RG model: AMOC FORCING i
= = Linear trend ‘ ) ) O RG model: WIND FORCING ‘ ) g

2020 2040 2060 2080 2100 < 2020 2040 2060 2080 2100
Year Year
20 ‘ : ; ; =20 ; : ‘ ‘

U’S‘) (b) CESM % | (d) Reduced gravity model

L )

o 15 £ 15¢

£ 3

[}

o]

310 £ 10}

b= [e]

2 g

% 5 c 5r

& £

[ 0 (<_()

0t \e NG ND (\®
curre® anspO 3 nd TV RC\ W\ W
S A \e\a (0) D (O
pguin? guexdr \TEAS P\L\‘/F W X AMOC-

Figure 2. Comparison of different processes in contributing to the AC volume transport reduction in CESM and the reduced gravity model. (a) Evolution of the
ensemble- and annual-mean AC volume transport anomaly (blue solid line) and its linear trend (blue dashed line) in CESM-LENS during 2006-2100. The sum of the
annual-mean Sverdrup transport anomaly and ITF volume transport anomaly (purple solid line) as well as its linear trend (purple dashed line) during 2006-2100 are

plotted for comparison. (b) The decline of

the AC volume transport from 2006 to 2100 in CESM and the contributions due to changes in Sverdrup transport and ITF

volume transport. The ITF volume transport reduction due to Indo-Pacific wind changes is estimated based on the Island Rule constraints. (c) The AC volume transport
anomaly (Sv) simulated by the reduced gravity model (blue line) as compared to the CESM-LENS member (gray line) and its linear fitting (red line). The AC volume
transport anomaly forced by the AMOC alone and the Indo-Pacific wind alone is plotted as a black and yellow line. (d) The decline of the AC volume transport (Sv)
simulated by the reduced gravity model from 2006 to 2100. Changes in panels (b) and (d) are calculated as the linear trend during 2006-2100, multiplied by 94 years.

Our main approach is to use a hierarchy of ocean and climate models to investigate the physical processes respon-
sible for the projected rapid weakening of the AC in a warming climate. We first use a suite of coupled climate
model simulations to estimate how much of the AC weakening in a warming climate can be explained by changes
in local surface wind and ITF, as described in Section 2. We then use a reduced gravity model and an ocean-only
general circulation model to illustrate the key processes for the AMOC to influence the AC volume transport in
Sections 3 and 4. We summarize the main results in Section 5.

2. AC Changes in Climate Models

To evaluate how much of the AC changes in a warming climate can be explained by local vs remote processes, we
use model output from the Community Earth System Model Large Ensemble (CESM-LENS) (Kay et al., 2015)
under the Representative Concentration Pathway 8.5 (RCP8.5) high-emission scenario from 2006 to 2100. We
calculate the ensemble mean of the 40 CESM-LENS members. The AC volume transport across 32.5°S (red line
in Figure 1), integrated from the sea surface to 2,000 m depth and averaged between 2006 and 2015, is 69.2 Sv,
which is close to observations (Beal et al., 2015; Bryden et al., 2005; Gunn et al., 2020; McMonigal et al., 2020).
From 2006 to 2100, the AC volume transport declines substantially by about 16.5 Sv (Figure 2a), or ~24%.

Changes in the Indian Ocean surface wind and ITF cannot fully explain the projected AC transport decrease (cf.,
Ma et al., 2020). The negative wind stress curl anomaly in the Indian subtropics corresponds to a weakening of
the interior Sverdrup transport and thus a decline of the southward volume transport by the AC [Equation 1 and
Figure 1]. At 32.5°S, we estimate that this change contributes 4.4 Sv to the AC volume transport reduction from
2006 to 2100 (Figure 2b). The ITF volume transport declines by about 4.2 Sv from 2006 to 2100 (Figure 2b).
Taken together, changes in the Indian Ocean surface wind and ITF volume transport explain 52% of the AC
weakening (pink line vs. blue line in Figure 2a). Critically, part of the ITF volume transport reduction may be
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Table 1 driven by remote changes in the North Atlantic (Sun & Thompson, 2020).

Description of the Reduced Gravity Model Experiments

We estimate the ITF volume transport reduction due to changes in local

Experiments

Indian wind

Pacific wind AMOC forcing Indo-Pacific surface wind based on the Island Rule constraint and conclude

Ind_wind
Pac_wind
AMOC_ForCing
AllForcing

CESM
Control
Control

CESM

that local processes only account for 1.6 Sv of the ITF reduction (Figure S1

Control Control in Supporting Information S1, Godfrey, 1989), with the remaining 2.6 Sv
CESM Control related to the weakening of the AMOC (Sun & Thompson, 2020). We note
Control CESM that the Island Rule calculation is sensitive to the choice of integral pathway,
CESM CESM but the conclusion should be robust qualitatively.

Note. “CESM” means the forcing evolves as in CESM during 2006-2100; Similar conclusions are drawn for models that participate the Coupled Model
“Control” means the forcing is fixed at year 2006 as in the control run. Intercomparison Project, Phase 6 (CMIP6) (Eyring et al., 2016). We exam-

ined the circulation changes in 20 CMIP6 climate models under the high-end

emission scenario (“SSP585”) from 2015 to 2100. As the climate warms, all
20 models exhibit a declining trend in the AC volume transport, ranging from 10 to 35 Sv. In 12 models, changes
in the Indian Ocean wind and ITF transport explain less than 60% of the AC weakening (Figure S2 in Supporting
Information S1). Only in five of the 20 models, changes in the Indian Ocean wind and ITF transport explain more
than 80% of the AC weakening. A brief discussion on the inter-model spread is included in Section 5. Nonethe-
less, these results suggest that there is another process in play that influence the transient responses of the AC
volume transport. Here we argue it is the weakening of the AMOC that accounts for the discrepancies between the
simulated AC volume transport changes and previous expectations based on the mean-state upper-ocean volume
transport balance (Equation 1). In the next section, we illustrate the processes by which the AMOC weakening
contributes to the AC volume transport decrease using a 1.5-layer reduced gravity model.

3. AC Changes in a Reduced Gravity Model

In this section, we use a 1.5-layer reduced gravity model to investigate the role of AMOC weakening and
Indo-Pacific wind changes in driving the decline of the AC volume transport, projected for the 21st century.
Reduced gravity models have proven in previous studies to be useful tools in guiding theoretical discussions of
the physical processes that govern the large-scale circulation (Allison et al., 2011; Chen et al., 2014; Johnson &
Marshall, 2004; Sun et al., 2020).

We use the 1.5-layer reduced gravity model developed in Sun and Thompson (2020). The model is an ideal-
ized representation of the wind-driven gyre circulation and the upper branch of the global ocean overturning
circulation. The model domain includes three idealized ocean basins representative of the Atlantic, Indian, and
Pacific, connected by a zonally re-entrant channel that represents the Southern Ocean (Figure S3a in Supporting
Information S1). The model evolves the upper layer thickness % in the ocean. Surface water mass transformation
in the Southern Ocean is represented as a relaxation of the upper layer thickness to 10 m close to the southern
boundary. The relaxation timescale increases from 10 days at the southern boundary to 100 days at 62°S. As such,
the Southern Ocean overturning circulation is allowed to evolve as the global-mean interface depth changes in the
northern basins. Interior diapycnal mixing is parameterized as a diapycnal upwelling velocity, wg,,, = /1, with
k=2.0 X 1075 m? s~!. The interior diapycnal mixing contributes about 1 Sv of diapycnal upwelling, close to that
in CESM-LENS (Text S1 in Supporting Information S1). The unresolved mesoscale eddies are parameterized as
a thickness diffusion with the diffusivity K, = 1,000 m? s~! (Gent & Mcwilliams, 1990). We force the reduced
gravity model with annual-mean surface wind stress and NADW formation rate derived from the first member of
CESM-LENS. The NADW formation rate in CESM is calculated as the maximum value of the AMOC at 40°N
and is prescribed in the reduced gravity model as a downward velocity across the layer interface close to the
northern boundary of the Atlantic basin. A detailed description of the model configuration is provided in Text S2
in Supporting Information S1. As a control, we integrate the reduced gravity model, forced by the annual-mean
surface wind stress (Figure S3a in Supporting Information S1) and NADW formation rate from CESM at year
2006, for 4,000 years to reach an approximately steady state. Using control as initial conditions, we conduct
another four simulations, summarized in Table 1, to quantify the contributions to the weakening of the AC due to
changes in the Indo-Pacific wind and AMOC (Figure S4 in Supporting Information S1).

When forced with both the Indo-Pacific wind and NADW formation rate that evolve as in CESM during 2006—
2100 (“ALLFORCING”), the reduced gravity model approximately reproduces the AC volume transport changes
(compare the blue and red lines in Figure 2c). This suggests that the reduced gravity model captures the key
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Figure 3. Connecting the shoaling of the AC to AMOC weakening. (a) Changes in the AMOC streamfunction from 2006 to 2100 in the CESM-LENS (background
color), calculated as 94 times the linear trend. The black contours denote the time-mean AMOC streamfunction averaged between 2006 and 2100 (positive for clockwise
overturning). (b) Changes in in-situ density (kg/m?) along the AC cross-section (red line in Figure 1) from 2006 to 2100 in CESM-LENS. The density anomaly on the
right boundary (x = 200 km) is subtracted to highlight the offshore density gradient. The gray patch in the left side denotes the coast of Africa. (c) Velocity changes
(m/s) in the AC section from 2006 to 2100 in CESM-LENS (negative for AC slowdown). The black contours denote the time-mean velocity of AC averaged between
2006 and 2100. The gray patch in the left side denotes the coast of Africa. (d—f) Same as above but for the “AMOC weakening” experiment carried out with MITgcm.
The anomalies are calculated as the difference between the “AMOC weakening” run and control run, averaged over the last 20 years.

dynamics in driving the projected AC weakening in CESM. When we only evolve the Indian Ocean wind as
in CESM and fix the Pacific wind and the AMOC as in Control (“IND_WIND”), the reduced gravity model
only simulates a weakening of the AC by 4.4 Sv (Figure 2d), consistent with the estimated Sverdrup trans-
port changes in CESM (Figure 2b). When we only evolve the Pacific surface wind as in CESM during 2006—
2100 (“PAC_WIND”), the reduced gravity model simulates a weakening of the AC by 1.1 Sv. This number is
much smaller than the decline of ITF volume transport (~4.2 Sv) in CESM, but it is close to our estimate from
changes in the Indo-Pacific wind based on the Island Rule constraints (1.6 Sv in Figure 2b). The discrepancy
arises because much of the projected ITF changes in CESM are driven by the weakening of the AMOC (Sun &
Thompson, 2020), which is not represented in “PAC_WIND.” To identify the impacts from the weakening of the
AMOC, we carry out “AMOC_FORCING,” in which we fix the surface wind stress and only evolve the NADW
formation rate as in CESM. The weakening of the AMOC leads to a decline of the AC volume transport by about
11 Sv (Figures 2c and 2d). Taken together, changes in the Indo-Pacific wind and AMOC explains the decline of
the AC volume transport. The impact of AMOC exceeds the contributions due to surface wind changes, highlight-
ing the role of remote processes in the projected decline of the AC volume transport.

The remote North Atlantic processes influence the AC volume transport via wave propagations. As the AMOC
slows down in a warming climate, isopycnals deepen in the high-latitude North Atlantic (Sun et al., 2020). The
deepening signal propagates as Kelvin waves along the coast and the equator to the western boundary of the
Indian Ocean (Figure S5 in Supporting Information S1; Huang et al., 2000). The isopycnal deepening along
the Indian Ocean western boundary corresponds to a northward geostrophic transport anomaly, that is, a slow-
down of the AC (Figure S6 in Supporting Information S1 for the reduced gravity model).

Despite the idealized nature of the reduced gravity model, the physical processes linking changes in the AMOC
to the AC discussed above appears to be also relevant in more realistic simulations (Figures 2 and 3). In CESM,
there is a positive anomaly in the offshore density gradient across the AC, most pronounced at 1-2 km depths,
consistent with a deepening of isopycnals along the western boundary (Figure 3b and Figure S7 in Supporting
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Information S1). This depth range aligns well with the structure of the AMOC weakening in CESM, which also
peaks at 1-2 km (Figure 3a). The density anomaly corresponds to a slow-down of the AC through geostrophy.

4. Shoaling of the AC in a Warming Climate

The weakening of the AC is accompanied by a change in its depth structure. In CESM-LENS, the velocity field of
the AC throughout the upper 2 km exhibits a decreasing trend, which peaks at about 1 km depth (Figure 3c) and
represents a shoaling of the AC depth. Defined as the maximum depth of the 1 cm/s velocity contour, the depth
of AC is shoaled from 1,700 m at 2006 to 1,300 m at 2100 (Figure S8 in Supporting Information S1). Similar
shoaling of the AC is present in other climate models that participate CMIP6 (Figures S9 and S10 in Supporting
Information S1). Both the AMOC weakening and the stronger surface stratification in a warming climate may
contribute to this shoaling of the AC (e.g., Peng et al., 2022). Here we use a suite of ocean-only simulations to
show that this shoaling of the AC is mainly driven by the remote AMOC changes.

We use the Massachusetts Institute of Technology General Circulation Model (MITgem; Marshall et al., 1997)
to carry out the ocean-only simulations. The model uses the same geometry as the reduced gravity model. The
model domain has 30 vertical layers ranging from 20 m at the top to 250 m at the bottom. There is only one ther-
modynamic variable, temperature, for simplicity. We perturb the AMOC through a warming in the high-latitude
North Atlantic. A detailed discussion of the model setup is provided in Text S3 in Supporting Information S1. As
a control run, we run the model for 2,000 years to reach an approximately steady state. Using the control run as
initial conditions, we evaluate the role of remote and local processes in driving the AC changes. Two experiments
are designed: “AMOC weakening” and “Indian Ocean warming.”

In “AMOC weakening,” we apply a 3°C sea surface warming in the high-latitude North Atlantic from 67.5°N
to 71.5°N. This surface warming strengthens the upper-ocean stratifications in the North Atlantic and leads to
a decline of the AMOC strength by 6 Sv (Figure 3d and Figure S12 in Supporting Information S1). Similar to
CESM, there is also a positive anomaly in the offshore density gradient across the AC. This density gradient
anomaly is most pronounced at 1-2 km depths and corresponds to a deepening of the isopycnal driven by an
AMOC weakening (Figures 3d and 3e). The AMOC weakening causes the AC volume transport to decrease by a
similar magnitude of around 6 Sv (Figure S12 in Supporting Information S1), largely consistent with the reduced
gravity model in Section 3. The velocity field shows a decreasing trend through the upper 1.6 km. The decreasing
trend peaks at around 0.8 km depth, slightly shallower than CESM, which is not unexpected considering their
different model configurations. The depth of AC, defined as the maximum depth of 1 cm/s velocity contour,
shoals by about 200 m in the “AMOC weakening” (Figure S11 in Supporting Information S1).

The surface warming in the Indian Ocean could also contribute to the subsurface weakening of the AC (Peng
et al., 2022). Here we test this idea by applying a 3°C warming in the Indian Ocean (“Indian Ocean warming”
run). Consistent with previous studies, the surface warming leads to a spin-up of the upper ocean circulation
and a spin-down of the subsurface gyre circulation (Figure S13 in Supporting Information S1). However, these
changes are confined to the upper 600 m and does not appear to affect the AC depth by our definition (Figure S11
in Supporting Information S1). When integrated vertically, the surface spin-up and subsurface spin-down also
cancels out, leading to minimal changes in the AC volume transport (Figure S12 in Supporting Information S1).

We also examined the influence of the Southern Hemisphere (SH) westerly wind in the AC changes. The SH
westerly wind is projected to strengthen in a warming climate (Goyal et al., 2021) and may also contribute to the
AC changes. However, our results suggest that a strengthening of the SH westerly wind by 10%, comparable to
the projected changes in CMIP6, actually strengthens the AC from 300 to 800 m depth (Figure S14 in Supporting
Information S1).

5. Summary and Discussions

Climate models consistently project a weakening of the AC during the 21st century. Previous studies typically
attributed this weakening to changes in the local surface wind stress or/and ITF volume transport. However,
our analysis suggests these changes cannot fully explain the AC changes in climate model simulations. Here we
revisit the physical processes in driving the AC weakening and highlight the role of AMOC weakening as an
additional process in contributing to the AC changes. In response to the increasing greenhouse gas forcing, the
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AMOC slows down and modifies the baroclinic structure of the AC, communicated between basins by waves.
This process leads to a weakening and shoaling of AC in a warming climate during the 21st century.

The 21st century projections for the AC transport stand in contrast with the historical changes. During the histor-
ical period, it remains debatable whether the AC strength has changed significantly in response to greenhouse gas
forcing (cf., Beal & Elipot, 2016). Recently, using a hierarchy of ocean and climate models, Zhang et al. (2023)
showed that the AC is characterized by substantial decadal and multi-decadal variabilities, which complicated the
interpretation of the AC responses based on a short observational period during the historical period.

Although the dynamical connection between the AMOC and the AC is robust, our results suggest significant
inter-model spread in how much the AMOC explains the projected AC changes in the 21st century (e.g., Figure
S2 in Supporting Information S1). This may arise from the inter-model spread in the projected AMOC weakening
during the 21st century (e.g., Bellomo et al., 2021; Bonan et al., 2022) or the inter-model spread in the projected
wind changes (e.g., Sen Gupta et al., 2016).

We emphasize that the remote impact of AMOC weakening on the AC is a transient process that is mostly high-
lighted on decadal to centennial timescales. On longer timescales, as the isopycnal deepens in the Indo-Pacific
basin, the Southern Ocean overturning circulation will gradually play a bigger role in balancing the AMOC
changes on multi-centennial timescales (Sun et al., 2020). Eventually, the AC will be in balance with the local
Sverdrup transport and ITF volume transport again (Equation 1) in steady state.

The rapid weakening of AC might play an important role in the climate system. As one of the strongest western
boundary currents, the AC transport a large amount of heat poleward. In a warming climate, the weakening of
AC could induce a heat convergence and contribute to the warming of the Indian Ocean (McMonigal et al., 2022;
Sun et al., 2022). Additionally, changes in the AC system in a warming climate might play an important role in
modulating the strength of AMOC by changing the salt budget in the Atlantic basin (Beal et al., 2011; Biastoch
et al., 2009; Weijer et al., 2002). However, due to the coarse resolution in most of the climate models, the simu-
lated Agulhas Leakage is likely unrealistic, which might affect our understanding of how the Agulhas Leak-
age changes, following a weakening of the AC, may feed back to the overturning circulation (Weijer and van
Sebille, 2014). In the future, more state-of-the-art high-resolution climate models are needed to evaluate the
potential feedbacks to the Atlantic overturning due to changes in the AC system.

Data Availability Statement

The CESM large ensemble data were downloaded from Climate Data Gateway at NCAR (https://www.earthsys-
temgrid.org/). The CMIP6 data were downloaded from the Earth System Grid Federation node (https://esgf-
node.llnl.gov/search/cmip6/). The reduced gravity model is available at the online open access repository
figshare (https://doi.org/10.6084/m9.figshare.12903086) under a “CC BY 4.0” licence. The MITgcm experi-
ments source code and the data used to generate figures are now available in figshare (https://doi.org/10.6084/
m9.figshare.21802770).
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