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Abstract

The surface mixed layer depth (MLD) of the tropical Indian Ocean is projected to shoal significantly under increased
atmospheric CO,, but its further response to subsequent CO, removal remains unclear. This work investigates

this issue utilizing climate models’simulations under an idealized scenario with symmetric increase and decrease

in atmospheric CO,. The results show that the increased CO,-induced basin-wide MLD shoaling recovers rapidly
when CO, decreases. However, the MLD changes display large spatial variations and leave a prominent overall deep-
ening trend in the North Indian Ocean (NIO) but an overall shoaling trend south of 10°S when CO, returns to its initial
level. The former comprises an overall deepened winter deep MLD but shoaled summer MLD, amplifying the seasonal
MLD contrast north of 10°N. The overall winter deepening is dominated by a prominent Newtonian cooling over large
residual surface warming as the overall winter monsoon changes are weak when CO, level is restored. While the over-
all summer shoaling primarily results from the prominent monsoon weakening, the shoaling effect from reduced
wind overwhelm the Newtonian cooling by reducing wind stirring, suppressing latent heat loss and increasing
cloud-related radiative flux. In contrast, the overall MLD shoaling south of 10°S displays minor seasonal differences
due to persistent weakening in the trade winds year-round, resulting from an enhanced Southern Ocean warming.
Despite complicated ocean—atmosphere coupling processes in the overall Indian Ocean MLD trend, the residual sea
surface warming and distinct winter and summer changes are essential. The results highlight the compound and cou-
pled effects of different surface forcing on MLD changes under external forcing and imply that while CO, removal
actions can largely recover the Indian Ocean MLD shoaling and seasonal cycle changes induced by anthropogenic
warming, nonlinear atmospheric response may leave asymmetric changes in oceanic conditions and hence climatic
and biological systems.
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Introduction

The surface ocean mixed layer (ML) plays a critical role
in the ocean environment, serving as a dynamic inter-
face associated with complicated physical, chemical and
biological processes. The ML depth (MLD) significantly
evolves over time and regions and is an essential metric
of the ocean environment. Particularly, seasonal deep-
ening of the MLD promotes nutrient entrainment from
subsurface waters, supporting phytoplankton blooms
and promoting the formation of water mass. Therefore,
MLD variations are also fundamental for understand-
ing changes in regional climate (Shi et al. 2024; Liu et al.
2024a), marine heatwaves (Amaya et al. 2021; Elzahaby
et al. 2022; Shi et al. 2022), and ecosystems (Fu et al. 2016;
Breitburg et al. 2018; Cai et al. 2020).

Under global warming, the ML responds rapidly
to external forcing and is closely linked to changes in
absorption and storage of anthropogenic heat and carbon
(Liu et al. 2018; Bourgeois et al. 2022; Li et al. 2023). The
MLD is determined by mechanical (wind) stirring, buoy-
ancy forcing (heat and freshwater), and ocean dynami-
cal (advection) effects (Liu and Lu 2016; Somavilla et al.
2017). The MLD under global climate change are sup-
posed to shoal under enhanced upper ocean warm-
ing over most oceans (Li et al. 2020; Peng and Wang
2024). However, due to different drivers such as surface
warming/cooling and freshening/salinizing, decreased/
increased wind speed and upper-ocean thermal and
dynamical adjustments (Sallée et al. 2021; Long et al.
2024), MLD may shoal over specific regions and deepen
or display insignificant changes in other regions. Indeed,
the global ocean’s vertical stratification strengthened
by 7-8%, accompanied by a 4 m deepening of the MLD
(Roch et al. 2023) during 2006—2021 despite upper ocean
stratification increases (Li et al. 2020).

The dominant drivers of MLD changes also vary across
regions. During 1960-2004, the deepening of winter
MLD in the North Atlantic is linked to changes in wind
stress and buoyancy forcing, whereas the shoaling trend
in the Pacific MLD is likely due to the upper-ocean
warming (Carton et al. 2008). In the Southern Ocean
(SO), the strengthening of the westerlies is more pro-
nounced in summer than winter during recent decades
and lead to a MLD deepening in summer and shoaling
in winter (Zhang et al. 2024a). The weakened seasonal
cycle of MLD in the South Indian Ocean is determined
by both the background oceanic conditions and a pole-
ward shift of the trade winds (Long et al. 2024). In future
warming scenarios, ocean absorbs more heat and strati-
fication strengthens further, which favors MLD shoaling
(Yeh et al. 2009; Somavilla et al. 2017) that is suggested
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to be generally larger during local winter and summer
in the North Pacific (Chen and Wang 2015) and Indian
Ocean (Gao et al. 2023). Under future low- and high-
emission scenarios, the tropical Indian Ocean (TIO)
MLD shoaling is dominated by surface net heat increase
in the North Indian Ocean (NIO) and the joint effect of
surface heat flux and wind changes in the South Indian
Ocean (Gao et al. 2023). MLD changes exhibit substantial
regional and seasonal differences under global climate
change and require further studies in associated seasonal
cycle changes and underlying mechanisms.

The continuous increase in atmospheric CO, concen-
trations since the Industrial Revolution has caused wide-
spread severe impacts on global climate and ecological
systems (Cheng et al. 2025). Achieving the 1.5 °C and 2 °C
low-warming goal proposed by the 2015 Paris Agreement
requires ambitious efforts toward the carbon-—neutral
target and even carbon dioxide removal (CDR) actions
(Field and Mach 2017; Sanderson et al. 2017). The climate
response under CDR scenarios is of great significance for
society (Wu et al. 2010) and thus is designed to explore
in the Coupled Model Intercomparison Project phase 6
(CMIP6, Eyring et al. 2016). Previous studies suggest that
CDR actions cannot ensure full recovery of the regional
climate change caused by the antecedent atmospheric
CO, increase (Zhou et al. 2022; Zhang et al. 2023, 20244,
b). However, the seasonal cycle change of MLD and asso-
ciated underlying processes under CDR scenarios are still
poorly understood in the TIO.

Therefore, the present study investigates the TIO MLD
response to an idealized CO, forcing scenario, in which
CO, first increases and then symmetrically decreases,
utilizing outputs from the CMIP6 and its subordinate
CDR Model Intercomparison Project (CDRMIP, Keller
et al. 2018). The rest of the present study is organized as
follows. Sect. “Data and methods” describes the data and
method. Sect. “Results” presents the results. Sect. “Sum-
mary and discussion” is a summary with discussion.

Data and methods

Data

The present study examines the performance of mod-
els in reproducing the TIO MLD by historical simula-
tions and BOA-Argo data (Li et al. 2017). Then outputs
of two idealized experiments, 1pctCO2 and 1pctCO2-cdr,
from 9 climate models (Table S1) are analyzed. In the
1pctCO2 experiment, the atmospheric CO, concentra-
tions increase at a rate of 1%/year from the preindustrial
level to quadruple level at year 140. Then the atmospheric
CO, concentrations decrease at a rate of 1%/year from
the quadruple level to the preindustrial level in IpctCO2
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Fig. 1 Temporal evolution of annual-mean (a) atmospheric CO, concentration (ppm, black line) and multi-model ensemble-mean global-mean
SST (GMSST, °C, magenta line) and tropical Indian Ocean—-mean SST (TIO SST, red line) in 1pctCO2 and 1pctCO2-cdr experiments, with a 9-year
running mean and a linear fit (dashed lines) being applied; (b) TIO-mean MLD change (AMLD, m) and (c) MLD percentage change (AMLD/MLD,
9%). The linear trend pattern of MLD during (d) years 1-140 (ramp-up period) and (e) years 140-279 (ramp-down period) and (f) years 1-279 (the
whole period). The dots indicate regions with at least 75% of the models agreeing on the sign of the MME change. Panels (g-i) are the same as (d-f)

but for percentage MLD changes (AMLD/MLD, %)

experiment (Fig. 1, black line). The two experiments
provide a consecutive 279-year simulation with sym-
metric CO, increase and decrease. The years 1-140 and
140-279 are, respectively, defined as CO, ramp-up and
ramp-down periods. Only one member of each model is
utilized, and all variables are interpolated into a common
grid for multi-model ensemble—mean (MME) analyses.

Methods

The MLD is directly available as ‘mlotst’ in most CMIP
models (Table S1). For models without ‘mlotst’ output,
we calculated the MLD as the depth at which the seawa-
ter potential density exceeding its surface value at a cri-
terion of §p = 0.125 kg/m3. Indeed, the MLD calculated
based on this criterion is close to the direct MLD product
from BOA-Argo, which defines the MLD by the objective
maximum angle method (Chu and Fan. 2021).

The model-simulated TIO MLD is consistent with the
Argo result in spatial pattern (Fig. S1) in climatology
(2004-2014), with deep MLD in the Arabian Sea and
South Indian Ocean and shallow MLD within 10°S—-10°N
and the Bay of Bengal. The MLD is generally underesti-
mated in most models (Table S1) mainly due to underes-
timated winds (Pang et al. 2024) and coupled sea surface
temperature (SST) biases (Gao et al. 2024). The MME
climatology MLD (Fig. S1i) performs better than most
models in reproducing the Argo results.

The ML mass conservation equation below (Jacob et al.
2000) is applied to examine different factors influenc-
ing the MLD change, which includes the ocean horizon-
tal mass advection, vertical motion, entrainment effect
from surface wind stress (1), surface net heat flux (Qez)
and freshwater flux (W), and residual term induced by
other processes:
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2—]; = —1i - Vh — w_j, + Entrainment + residual (1)
where #is MLD, % the horizontal currents, w_y, the verti-
cal velocity at the ML bottom and is estimated as Ekman
pumping velocity W, = curl(T /f) as vertical velocity is
not available in some models.

The relative contributions of Q¢ andW,;, both posi-
tive downward, on the MLD changes can be estimated by

agt Quet

calculating the thermal (BuoyT: 20Cy

) and saline

(BuoyS = %) components of surface buoyancy

flux, where Sp is the sea surface salinity, and

po = 1025 kg/m® is the seawater density. The specific
heat capacity of seawater C, = 3980J (kg° C)il, a and B
are, respectively, the thermal expansion and saline con-
traction coefficients. Positive changes in surface buoy-
ance andWp, respectively, indicate shoaling effect on
MLD, we thus use -BuoyT, —BuoyS and —W . to shift
their signs consistent with the sign of MLD change for
easy comparison.

Moreover, the surface latent heat (Q.) of the Qe
can further be decomposed into a oceanic component
Q% = a;Q.T', where a; = L/R,T? L is latent heat of
evaporation, R, is the gas constant for water vapor, Q, is
climatology latent heat flux, and 77 and T are the change
and climatology of SST) and an atmospheric compo-
nent (Q7 = Q, — QY) based on Taylor expansion, which
are quite influential in ML heat budget (Xie et al. 2010).
The wind speed effect (Q¥ = Q. - W//W, where W/ and
W are receptively the change and climatology of wind
speed) is an important subcomponent of Qf and the esti-
mation of the wind—evaporation-SST (WES) feedback
(Xie and Philander 1994).

Results

Annual-mean MLD responses to CO, increase

and decrease

During the CO, ramp-up period, the MME area—mean
SST of the global ocean (GMSST) and TIO both increase
rapidly (Fig. la). After year 140, the GMSST contin-
ues to increase for about 5 years due to delayed ocean
slow response (Held et al. 2010; Long et al. 2014) and
then gradually decreases. However, a prominent resid-
ual warming trend remains when atmospheric CO, is
restored to the preindustrial level. The temporal evo-
lution of the TIO SST mimics the GMSST trajectory
and displays a similar magnitude of residual warming.
This suggests prominent asymmetric response of global
ocean and regional SST to a symmetric atmospheric CO,
increase and subsequent decrease.
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The MME basin—mean TIO MLD shoals when atmos-
pheric CO, increases and rapidly recovers when CO,
decreases (Fig. 1b), without a noticeable delay rela-
tive to the CO, peak. When CO, is restored, the overall
MME MLD change tends to be slight shoaling. The MLD
changes calculated by different density criteria from 0.03
to 0.125 kg/m? are highly similar (Fig. S2), suggesting
that the results are not sensitive to the variations in the
criterion.

However, the linear trends of MLD during different
periods display substantial spatial variations (Fig. 1d—f).
During the CO, ramp-up period, significant MLD shoal-
ing trends occur over broad regions, especially over the
Arabian Sea and south of 10°S, while weak shoaling or
even slight deepening trends appear over the south equa-
torial thermocline dome, where model consistency is
substantially low (Fig. 1d). The MLD shoaling is also evi-
dent on the equator, especially in the western and east-
ern parts, mainly due to equatorial wind changes and
associated ocean—atmosphere coupling (Xie et al. 2010;
Chadwick et al. 2013; Liu et al. 2015) through the WES
feedback (Xie and Philander 1994) and Bjerknes feedback
(Bjerknes 1969). These features are similar in the result
based on 28 CMIP6 models (Fig. S4). In contrast, the
TIO MLD trend during the CO, ramp-down period dis-
plays a nearly opposite pattern, with prominent deepen-
ing in the Arabian Sea, eastern Indian Ocean and south
of 10°S. The thermocline dome region still displays weak
trends (Fig. 1le). Indeed, the spatial correlation coefficient
between the MLD trend patterns during ramp-up and
ramp-down periods is as high as —0.85, suggesting an
efficient recovery of MLD by CDR actions. However, the
overall MLD trend during the whole period (years 1-279)
displays a prominent deepening in the NIO, especially
around the Indian Subcontinent, while a shoaling south
of 10°S. The opposing changes across regions largely
offset each other, resulting in a weak overall change in
basin-mean MLD. In other regions, the overall MLD
trend is negligible. Given the inter-model differences
in the climatological MLD, the MME of the percentage
changes in MLD relative to each model’s climatology is
further estimated (Fig. 1c, g—i). The percentage changes
display similar temporal evolutions and spatial patterns
with those of the raw changes, with MLD shoaling and
deepening over specific regions exceeding 20% of the cli-
matological value during ramp-up and ramp-down peri-
ods, respectively. Moreover, the overall MLD deepening
in the NIO (~10%) and shoaling south of 10°S (5%) fur-
ther highlight a prominent north—south differences in
MLD response to symmetric CO, forcing. The overall
MLD deepening in the NIO and shoaling south of 10°S is
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Fig. 2 Seasonal evolution of the zonal-mean (50-100°E) MLD in climatology (contours) and linear trends during (a) ramp-up period, (b)
ramp-down period and (c) the whole period (overall trend). In addition, the zonal-mean of overall trends in surface buoyance flux change induced
by (d) surface heat flux change (—ABuoyT) and (e) freshwater flux change (— ABuoyS), and in (f) wind stress (At, N/m?), (g) Ekman pumping

(= AW, positive downward), (h) horizontal mass advection (— T - Vh) and (i) net surface heat flux (— AQper, positive upward). The dots indicate
at least 75% models agreeing on the sign of the change, and the contours in panels (d-i) is the overall trends in MLD, with zero contour in thick

black

also evident in most models despite differences in magni-
tude (Fig. S3).

Seasonal evolution of the MLD responses
Surface buoyancy and wind forcing are two dominant
factors influencing the TIO MLD changes (Gao et al.
2023; Long et al. 2024), both of which display substantial
seasonality in the Indian Ocean, where monsoon dynam-
ics and intense ocean—atmosphere interaction primarily
shape the climate. Consequently, the MLD displays sub-
stantial seasonal fluctuations in climatology (contours in
Fig. 2a—c). The MLD is generally deep during the local
winter season (June—July—August—-September, JJAS)
south of 10°S. In the NIO, the MLD exhibits two peaks at
JJAS and December—January—February—March (DJEM),
respectively, with a deeper MLD during DJFM than JJAS
north of 10°N.

During the CO, ramp-up period (Fig. 2a), the MLD
change also shows pronounced seasonal differences.

Seasons with deep climatology MLD (larger than 50 m)
tend to have a large shoaling trend (i.e., deep-get-shal-
lower), which largely weakens the MLD seasonal cycle
in the TIO. Similarly, the MLD deepening trend dur-
ing the CO, ramp-down period also primarily appears
during season with deep climatology MLD (Fig. 2b)
(i.e., deep-get-deeper). This indicates that CDR actions
would largely recover the weakened MLD seasonal cycle
induced by the increased atmospheric CO,. The over-
all MLD trend displays significant north—south and
seasonal differences (Fig. 2c), with a notable deepening
trend in DJFM in NIO and a slight shoaling trend in JJAS
across both hemispheres. However, the overall shoaling
trend south of 10°S displays relatively weak seasonal dif-
ferences, indicating insignificant changes in seasonal
MLD contrast. The results suggest that the seasonal
contrast or seasonal cycle of MLD is largely enhanced
north of 10°N but may remain nearly unchanged in the
south TIO when atmospheric CO, is restored.
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Underlying mechanisms of the seasonal differences in MLD
responses

Seasonal evolutions of the zonal-mean surface forc-
ing and ocean dynamical contributions further reveal
the processes driving the seasonal MLD changes. In
the NIO, the overall MLD deepening during DJFEM
(contours in Fig. 2d-f) is dominated by the promi-
nent surface buoyancy loss from reduced surface net
heat flux (i.e., positive —ABuoyT, Fig. 2d) rather than
freshwater flux (Fig. 2e). Wind forcing plays a negligible
role as its changes are weak (Fig. 2f). In contrast, the
overall JJAS MLD shoaling is dominated by the reduced
Indian summer monsoon winds in the NIO and south-
east trade winds in the south TIO, as illustrated by the
zero contours in Fig. 2f. Moreover, the weakening of the
trade winds is also evident across seasons, leading to a
persistent MLD shoaling south of 10°S throughout the
year. The effect from Ekman pumping and ocean advec-
tion is relatively minor, as their seasonal evolution sub-
stantially differ from that of the MLD changes (Fig. 2g,
h). Therefore, the seasonal response of surface heat flux
and wind forcing primarily explain the seasonal MLD
changes in the TIO.

It is interesting that why the surface heat input is largely
decreased (positive —AQ,,;) in DJFM but increased
(negative —AQ,,;) in JJAS in the NIO. When decompos-
ing the surface net hat flux into different components, it
is clear that the increased surface latent heat loss (posi-
tive upward, Fig. 3a) is dominant in the NIO, while the
contribution from sensible heat changes is negligible
(Fig. 3b). The increased surface radiative forcing (shad-
ing in Fig. 3c), mainly shortwave (not shown) and result-
ing from reduced cloud cover (contours in Fig. 3c), also
contributes to the increased surface buoyance and hence
MLD shoaling in JJAS. We thus further investigate two
important components of the latent heat change. The
delayed ocean slow response from the deep ocean ther-
mal inertia (Held et al. 2010; Chadwick et al. 2013; Long
et al. 2014, 2020) results in an overall SST warming in the
Indian Ocean (Fig. 3f) with relatively weak seasonal dif-
ferences (Fig. 3f). The Newtonian cooling (Q?, positive
upward) is thus large over seasons with intense climatol-
ogy latent heat loss, mainly JJAS and DJEM. However,
surface winds (contours in Fig. 3e) slightly weaken in the
NIO during DJFM, which cannot suppress the surface
warming-induced Newtonian cooling (shading Fig. 3e),



Long et al. Geoscience Letters (2025) 12:10

a DJFM -AQnet and AMLD

DJFM AsfcT, A(r,,7,) and clim Pr

Page 7 of 10

S \i:;:;,

20°N|
10°NF
EQf

10°S

S =

5\

JJAS -AQnet and AMLD

80°E

120°E 140°E

100°E
I —— g

140°E 40°E 60°E 80°E
|

100°E 120°E
L e ——
1.6 2 24 28 2 -5 -1 -0.5 0 0.5 1 1.5 2

Fig. 4 Spatial patterns of DJFM overall trends during the whole period in (a) surface net heat flux (— AQpet, shading, positive upward) and MLD (m,
contours), (b) surface temperature (AsfcT), surface wind stress change (A<, vectors), and climatology precipitation larger than 5 mm/day, and (c)
precipitation (APr, mm/day, shading) and total cloud cover (Aclt, contours, magenta for decreased cloud and green for increased cloud). Panels

(d—f) are the same as (a—c) but for JJAS

resulting in substantial latent heat loss residual from the
ocean. While the significantly weakened winds during
JJAS in the NIO and throughout the year in the south
TIO efficiently suppress the latent heat loss through WES
feedback, as indicated by large QY (Fig. 3e), largely miti-
gating the Newtonian cooling and lead to an overall weak
AQ,.

The above results reveals that the reduced wind stress
and associated surface warming and heat flux adjust-
ments, especially the latent component, are essential in
the overall trends of Indian Ocean MLD after symmet-
rical CO, increase and decrease. To further explore the
detailed underlying processes of the MLD changes, we
examine the spatial pattern of the overall trends of sur-
face net heat flux, wind stress and associated coupling
variables (Fig. 4) in DJFM and JJAS. In DJFM, the broad
overall MLD deepening pattern in the NIO (contours in
Fig. 4a) is associated with prominent surface heat loss
(positive -Qye, shading), nearly spatial uniform surface
warming but slightly weakened DJFM monsoon (Fig. 4b).
The precipitation and clod cover are enhanced in the
western Indian Ocean while decreased in the eastern
Indian Ocean and Marinetime Continent (Fig. 4c), with
relatively large easterly wind anomalies at the equator.

In JJAS, the MLD shoaling in the Arabian Sea (Fig. 4d)
accompanies with increased JJAS surface heat (negative

-Quet, Fig. 4d) around the Indian Subcontinent and pro-
nounced northeasterly wind anomalies (Fig. 4e), indicat-
ing weakened JJAS monsoon. The reduced JJAS winds are
tightly coupled with reduced (increased) cloud cover and
precipitation in the northeastern Indian Ocean (west-
ern Indian Ocean) (Fig. 4f), while the surface warming
still displays relatively weak spatial variations (Fig. 4e).
In compare to the contrast JJAS and DJFM responses in
the NIO, there is year-round MLD shoaling south of 10°S.
The winds converge from the equatorial ocean to the
south, significantly reducing the southeast trade winds.
The weak changes in DJFM winds in the NIO (vectors
in Fig. 4c) are to some extent associated with the land-
sea thermal contrast change as the Indian Subcontinent
warms more than the Indian Ocean when atmospheric
CO, is restored (Fig. 4c). Moreover, the precipitation
changes primarily display large west—east gradients but
weak meridional differences (Fig. 4b), accompanied by
prominent easterly wind anomalies within 10°S—-10°N
and minor southerly anomalies in the NIO. This pattern
suggests large zonal circulation changes in the equatorial
oceans but weak DJFM meridional wind changes in the
NIO, possibly due to a zonally distributed Intertropical
Convergence Zone (ITCZ) at the equator (black contours
in Fig. 4b). It also indicates that the Walker circula-
tion adjustment is important in the DJFM Indian Ocean
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response through the Bjerknes feedback (Bjerknes 1969;
Liu et al. 2015).

However, the prominent JJAS monsoon weakening
seems to be not primarily determined by the land-sea
thermal contrast as the Indian Subcontinent still warms
more than the Indian Ocean (shading in Fig. 4c, f).
Instead, previous studies reveal that the Indian summer
monsoon weakening under CDR scenarios may princi-
pally result from the moisture—circulation coupling pro-
cesses (Shaw and Voigt 2015; Li and Ting 2017; Zhang
et al. 2024b), which is to some extent similar to the mon-
soon response to the anthropogenic aerosols (Lau et al.
2006; Wang et al. 2019). This is supported in Fig. 4e, f,
which shows that surface winds converge from the Indian
Subcontinent and the Bay of Bengal, where precipita-
tion and cloud decrease, into the west Indian Ocean and
the equator, where precipitation and cloud increase. It is
interesting that the meridional wind changes are promi-
nent and much larger than the zonal winds in JJAS. This
phenomenon may be caused by two factors: (1) the ITCZ
locates farther north of the equator over the South Asia
(black contours in Fig. 4e), in contrast to the DJFM case
and (2) the magnitude of the surface meridional winds is
much larger in JJAS than DJFM in climatology (Fig. S5)
and the spatial pattern of precipitation and wind changes
are highly coupled in both seasons following the Gill pat-
tern (Gill 1980). Therefore, the locations of DJFM and
JJAS ITCZ may, respectively, favor zonal and meridi-
onal wind changes through ocean—atmosphere coupling
processes in the overall response to symmetrical CO,
increase and decrease. However, further in-depth inves-
tigation is needed to fully reveal the relative roles of local
ocean—atmosphere coupling and surrounding large-scale
temperature gradients in driving future Indian monsoon
changes (Paik et al. 2024).

Moreover, the persistent northwesterly wind anomalies
south of 10°S (Fig. 4b, e) and easterly wind anomalies in
the SO across seasons indicate a year-round weakening
of the southwest trade winds in the south TIO and west-
erly in the SO (black and cyan vectors in Fig. S5). This
is attributed to the enhanced SO surface warming and
is explained by the delayed deep ocean slow response or
deeper ocean thermal inertia to external forcing, which
preferentially lead to an enhanced SO surface warming
when CO, decreases (Long et al. 2020; Oh et al. 2024;
Zhang et al. 2024b) or hundreds and even thousands of
years after the initial fast increase in atmospheric CO,
(Held et al. 2010; Long et al. 2014; Liu et al. 2024b).

The results reveal the dominant role of atmosphere
circulation changes and associated ocean—atmosphere
coupling processes in regulating the TIO oceanic envi-
ronment. We also note that there are substantial model-
to-model differences in the seasonal MLD response (Fig.
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S6). In the NIO, the inter-model differences in the over-
all MLD trend display positive correlation with those
of the wind stress, with a high correlation coefficient of
0.95 and 0.92 between them in DJFM and JJAS, respec-
tively, and the results are similar south of 10°S (r=0.94
and 0.87). This further confirms that the model-projected
atmospheric circulation changes primarily determine the
MLD response and thus is the key source of improving
the projections in Indian Ocean environment changes.

Summary and discussion
The seasonal response of TIO MLD under an idealized
scenario with symmetric atmospheric CO, increase and
decrease has been analyzed to examine the irrevers-
ibility of oceanic conditions under CDR actions. The
results show that the Indian Ocean basin—-mean MLD
first shoals as CO, increases and subsequently recovers
when CO, decreases. In both the NIO and south of 10°S,
the MLD shoaling (deepening) during the CO, ramp-up
(ramp-down) period is much larger during the deep MLD
season than shallow MLD season, i.e., deep-get-shallower
(deep-get-deeper). However, the MLD shoaling trend
during CO, ramp-up period is not exactly neutralized by
the subsequent MLD deepening trend during the CO,
ramp-down period at regional scale. There is a promi-
nent overall MLD deepening trend in the NIO around
the Indian Subcontinent, which primarily appears dur-
ing DJFM but turns to be an overall shoaling trend during
JJAS. This largely amplifies the seasonal MLD contrast,
i.e., seasonal cycle amplitude, north of 10°N. Oppositely,
the MLD south of 10°S displays an overall shoaling trend
but is weak in both magnitude and seasonal variations.
Furthermore, the changes in surface winds and the
underlying residual sea surface warming jointly regu-
late the north—south differences in the overall seasonal
MLD changes when atmospheric CO, is restored to the
preindustrial level. In the NIO, the dominant role of sur-
face heat flux change on the overall DJFM MLD deepen-
ing is a compound result of a large Newtonian cooling
and a weak wind-induced latent heat change. While the
summer MLD shoaling in the NIO is determined by the
reduced Indian summer monsoon. Despite an increased
surface radiative heat flux associating with cloud and
precipitation changes also favors the JJAS MLD shoaling
(Fig. 2i), it can further be traced back to the weakened
JJAS monsoon (Fig. 3e). In comparison, the prominent
trade winds weakening, resulting from the enhanced SO
warming, dominates the overall MLD shoaling south of
10°S. In addition, the large residual surface ocean warm-
ing at the final state is a result of the delayed ocean slow
response due to huge thermal inertia from the deep
ocean (Held et al. 2010; Chadwick et al. 2013; Long et al.
2014, 2020; Zhang et al. 2024b) and ocean dynamics
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associating with the meridional overturning circulation
(Liu et al. 2018; Sun et al. 2022).

The present study highlights that the immediate CDR
actions after high carbon emissions would largely recover
the CO, increase-induced MLD shoaling and resultant
seasonal cycle changes over most regions but may still
leave irreversible changes. Given that the seasonal evo-
lution of MLD prominently impact the seasonal cycle of
SST (Liu et al. 20244a; Shi et al. 2024), marine heatwaves
(Amaya et al. 2021; Shi et al. 2022), as well as upper ocean
Chlorophyll and nutrients, oxygen and primary produc-
tion (Kumar et al. 2001), these results can help under-
standing the model-projected changes in climate and
biological systems under potential CDR scenarios in the
future (Athira et al. 2025).
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