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The surface ocean mixed layer (OML) is critical for climate and biological systems.
Changes in ocean mixed layer depth (MLD) of the Indian Ocean under global
warming are examined utilizing outputs from 24 climate models in the Coupled
Model Intercomparison Project phase 6 (CMIP6) models and the Community Earth
System Model 1.0 with Community Atmosphere Model version 5 (CESM1-CAM5). The
results show that the MLD generally decreases in low- and high-emissions Shared
Socioeconomic Pathway (SSP) scenarios (ssp126 and ssp585). In ssp126 and ssp585,
the multi-model ensemble-mean OML, respectively shoals about 5 and 10% over
both the northern tropics and southern subtropics, with high model consistency. This
robust OML shoaling appears in the 1980s and is closely associated with increased
surface buoyancy forcing and weakened winds. In contrast, the OML in the south
equatorial Indian Ocean slightly deepens and displays large intermodel differences
in the sign and magnitude of the changes. The effects of direct CO, increase and
wind changes on OML changes are further quantified by CESM1-CAM5 partially
coupled experiments. The results show that the increased surface net heat flux from
direct CO; increase dominates OML shoaling in the northern tropics. In the southern
subtropics, the increased surface heat flux, reduced wind speed, and wind-driven
divergence all facilitate the OML shoaling. In the south equatorial Indian Ocean, wind
changes generally deepen the OML, consistent with the CMIP6 results. Moreover,
the OML shoaling-related upper ocean stratification changes are contributed by
both temperature and salinity changes in the northern tropics but dominated by
temperature changes south of 10°S. These results highlight the regional differences in
MLD changes and their forcing, which is important for understanding regional climate
changes and corresponding changes in extreme events and biological systems under
global warming.
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ocean mixed layer depth, Indian Ocean, global warming, CMIP6, ocean stratification,
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1. Introduction

The surface ocean mixed layer (OML) is closely associated with physical, chemical, and
biological processes in the ocean (Sabine et al., 2004; Ito et al., 20105 Sallée et al., 2012, 2013;
Yamaguchi and Suga, 2019). The uniformity and stability of the OML are critical for marine
primary production and the global carbon cycle. Moreover, the OML is a key medium in ocean-
atmosphere interactions for the exchange of gas, heat, and momentum between them (Russell
et al., 2006; Sallée et al.,, 2021). The OML responds quickly and directly to external forcing,
through which heat and momentum are transferred to the deeper ocean and subsequently slowly
return to the atmosphere. Most water masses form in the OML, and their initial properties
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directly affect the oceanic uptake and storage of heat and carbon
(Emery, 2001; Sallée et al., 2012; Lauderdale et al., 2013; Liu et al.,
2018, 2021; Long et al., 2020; Bourgeois et al., 2022; Melet et al., 2022).
The ocean mixed layer depth (MLD) is an essential metric of the
OML and plays an important role in the climate system, especially in
regulating changes in the sea surface temperature (SST), hydrological
cycle, wind, and global energy balance (Price, 1981; Bender and Ginis,
2000; Gupta et al., 2022).

MLD changes significantly impact regional climate. For example,
the Northeast Pacific OML has been observed to significantly shoal
since 1980, which can exacerbate SST changes (Alexander and
Penland, 1996; Alexander et al., 2000, 2018) and, thus, increase
the frequency of marine heatwaves (Amaya et al., 2021; Elzahaby
et al.,, 2022; Shi et al., 2022). OML shoaling may also weaken sea
surface cooling processes caused by tropical cyclones (Wu et al,
2005; Anilkumar et al., 2006; Lin and Wu, 2008; Mei et al., 2015;
Lin et al, 2017). Therefore, shoaled OML may enhance tropical
cyclone intensities (Wu et al., 2018). Additionally, MLD changes can
influence oceanic heat absorption and storage under global warming
(Katavouta et al., 2019).

Factors influencing MLD changes include surface buoyancy
forcing due to surface heat and freshwater flux, wind forcing, and
ocean interior processes (Liu and Lu, 2016). Changes in surface net
heat flux (Q,¢) and precipitation minus evaporation (P—E) modulate
surface buoyancy forcing by altering the surface water density,
thereby changing the mixing efficiency and MLD. Wind forcing
can influence the MLD by altering the mechanical energy inputs
(i.e., wind stirring), wind stress—forced convergence/divergence, and
wind-driven turbulent heat flux (Halpern, 1974; Cushman-Roisin,
1981; Somavilla et al., 2017; Young and Ribal, 2019; Ushijima and
Yoshikawa, 2020; Toualy et al., 2022). Over the past half-century,
upper ocean stratification has increased substantially (Capotondi
et al, 2012; Li et al, 2020). Stable stratification inhibits vertical
mixing, shallows the OML, and reduces the exchange of materials
and energy between the surface and deeper oceans (Cai et al., 2013,
2020; Somavilla et al., 2017; Breitburg et al.,, 2018; IPCC, 2019;
Kwiatkowski et al., 2020; Bourgeois et al., 2022). Furthermore, climate
models project that the upper ocean stratification will continuously
strengthen under most global warming scenarios (Yeh et al., 2009;
Capotondi et al., 2012; Cabré et al., 2014; Fu et al., 2016; Moore et al.,
2018), which is conducive to future OML shoaling.

The Indian Ocean plays a substantial role in global climate
systems. It has shown consistent basin-scale warming since the 1950s,
which affect the regional climate over multiple time scales (Saji et al.,
1999; Webster et al., 1999; Alory et al., 2007; Cai et al., 2013; Han
et al., 2014; Yang et al,, 2022), such as extreme weather in nearby
regions (Lau et al., 2006; Francis and Vavrus, 2012; Tierney et al.,
2013), East Asian and Pacific climate anomalies (Xie et al., 2009, 2016;
Luo et al,, 2012; Zhang et al., 2019; Abram et al., 2020; Zhou et al.,
2021), and the Atlantic meridional overturning circulation (Hu and
Fedorov, 2019). In addition, oceanic surface warming is determined
by the OML heat budget, in which MLD changes may play an
important role in shaping the pattern and magnitude of the warming
(Yeh et al,, 2009). Moreover, MLD changes and associated ocean
stratification are important for changes in mode water formation and
ocean circulation changes (Xu et al., 2013; Ju et al., 2020). However,
the characteristics and mechanisms of MLD changes in the Indian
Ocean under global warming are not well understood, especially
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their regional patterns and quantitative contributions from buoyancy
forcing and winds.

Therefore, the present study utilizes outputs from climate models
participating in the Coupled Model Intercomparison Project Phase 6
(CMIP6) to examine MLD changes in the Indian Ocean under the
Shared Socioeconomic Pathway scenarios 1-2.6 (ssp126) and 5-8.5
(ssp585) relative to the historical period. The results show that the
MLD significantly decreases in most regions throughout 21st century,
which is robust across models in both scenarios. However, the MLD
of the south equatorial Indian Ocean deepens slightly after 2000 and
displays large intermodel differences. Furthermore, partially coupled
experiments using the Community Earth System Model 1.0 with
Community Atmosphere Model version 5 (CESM1-CAM5, Hurrell
et al, 2013) are analyzed to quantify MLD changes driven by the
effect of direct CO, increase with constant wind and the effect of
wind changes alone. The results highlight the regional differences in
MLD changes and corresponding driving factors, which are critical
for understanding changes in regional mean climate and extreme
events under global warming.

2. Data and methods

2.1. Observation and reanalysis

To examine the performance of the climate models, the MLD
is calculated using monthly mean ocean temperature and salinity
data from the Scripps Argo dataset (2004-2021) and the Institute
of Atmospheric Physics (IAP, 1940-2021). The Argo data have a
global grid of 1° and are provided by the Scripps Institution of
Oceanography (Roemmich and Gilson, 2009). The IAP data feature
global coverage of the oceans, at a 1°x1° horizontal resolution on
41 vertical levels from in the upper 2,000 m, and range from 1940 to
the present. The MLD is calculated as the depth at which the ocean
potential density exceeding the sea surface density at a criterion of §p
= 0.125 kg/m?, following the definition for MLD outputs (referred to
as “mlotst”) from the CMIP6 models.

2.2. CMIP6 models and simulation

In CMIP6, 24 models that provide MLD and related variables
in historical and future simulations (Eyring et al., 2016) are
utilized, specifically ACCESS-CM2, ACCESS-ESM1-5, AWI-CM-
1-1-MR, BCC-CSM2-MR, CAMS-CSM1-0, CAS-ESM2-0, CESM2-
WACCM, CMCC-CM2-SR5, CMCC-ESM2, CanESM5, EC-Earth3,
EC-Earth3-Veg, EC-Earth3-Veg-LR, FGOALS-f3-L, FGOALS-g3,
GFDL-ESM4, IPSL-CM6A-LR, MIROC6, MPI-ESM1-2-HR, MPI-
ESM1-2-LR, MRI-ESM2-0, NESM3, NorESM2-LM, and NorESM2-
MM. Only the first ensemble member (rlilplfl) of each model is
selected, and all variables are interpolated into a common grid of
1°x1° for convenient data analyses and visualization.

In ssp126, radiative forcing (RF) first increases to a peak of 3
W/m? at ~2045 and subsequently decreases to 2.6 W/m? by 2100
(Figure 1A, gray line). During 2050-2100, the multi-model ensemble-
mean (MME) and global-mean surface temperature (GMST) change
is weak, and the GMST trajectory remains nearly flat in the CMIP6
MME and most models (Long et al., 2020). In ssp585, RF increases
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FIGURE 1

ensemble-mean (MME).

Global-mean surface (2 m) air temperature change (AGMST, °C) relative to 1850-1899 mean in (A) ssp126 and (B) ssp585. The gray thick lines indicate
the radiative forcing (RF, W m~2) pathway, the colored thin lines indicate results of each model and the colored thick lines are multi-model

TABLE 1 Design of the CESM1-CAMS5 experiments.

Experiment Wstr CO, Purpose

(a) CTRL 1x 1x Coupled control run
(b) Tlwlel 1x 1x Baseline run

(c) Tlwlcd 1x 4x To isolate dirCO, effect
(d) T4wlc4 4x 4x To isolate Wstr effect
(e) 4xCO, 4x 4x Coupled response run

constantly and reaches 8.5 W/m? by 2100 (Figure 1B, gray line),
which is associated with rapid, intense, and continuous GMST
increase. In the MME, the increase in GMST by 2100 is <2°C in
ssp126 and ~5°C in ssp585 relative to 1850-1899 mean.

2.3. CESM1-CAM5 experiments

Quantitative analyses of MLD changes are examined based on the
CESM1-CAMS fully coupled and partially coupled runs conducted by
Liu et al. (2018). A partial coupling method based on the overriding
technique (Lu and Zhao, 2012; Liu et al., 2015) is applied in specific
experiments to isolate and quantify the contributions of the direct
CO; increase (dirCOs3, ¢), wind stress (7) forcing, and wind speed
(w) forcing on the oceanic response (Table 1). The partial coupling
is implemented by overriding the wind speed or wind stress from
specific states of interest to isolate their effect. The overriding
technique is realized through overriding the time series of one or
more variables at the air-sea interface from a fully coupled run to
disable the targeted process or feedback. Specifically, the fully coupled
runs, a preindustrial control run (CTRL) and a quadruple CO, run
(4xCO,), are first conducted. The overriding variables from these
two coupled runs are first output for overriding purpose at each
time step of air-sea coupling in CESM1-CAMS. The fully coupled
total response to global warming is estimated as 4xCO, - CTRL.
In the specific partially coupled experiments, the tlwlcl run is
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overridden by the wind stress and wind speed from CTRL run and
fixes atmospheric CO, concentration at the control run states, the
7lwlc4 run increases the atmospheric CO, concentration to the
4xCO4 level but is still overridden by the wind stress and wind speed
from CTRL run, and the t4wlc4 run is also forced by the 4xCO,
increase but overridden by the wind stress from 4 x CO; run and wind
speed from CTRL run. Hence, the direct CO; effect is calculated as
tlwlc4 - t1wlcl (labeled as dirCO; effect). The effects of wind stress
changes are evaluated as t4wlc4 — t1wlc4 (labeled as Wstr effect),
and the residual is mainly the effect of wind speed changes. Further
detailed information about the model and experimental design is
provided in Liu et al. (2018). Note that in the dirCO, effect, only
surface heat and freshwater flux changes, and the consequential
stratification-forced ocean dynamical processes resulting from CO,
increase (without wind stress and wind speed changes) influence the
MLD. Wind stress and wind speed forcing alter the OML by changing
the surface turbulent heat flux and surface freshwater flux. Moreover,
wind stress forces the changes in wind stirring, Ekman pumping,
and ocean dynamical processes to modulate the MLD. Only the last
50 years of each CESM1-CAMS5 run are examined to determine the
changes in the final state of the simulations.

2.4. Methods

To investigate the causes of the MLD changes in the Indian
Ocean, we calculate the changes in the surface buoyancy flux and
stratification in the upper ocean (0-100 m). The surface buoyancy
flux and its thermal (BuoyT) and saline (BuoyS) components are
defined as follows:

B = BuoyT + BuoyS, 1)
SogW,
BuoyT = aanEt, and BuoyS = M, (2)
PoLp Po

where Qs is the net surface heat flux, W, is the net surface
freshwater flux, Sy is the sea surface salinity, and po(= 1,025 kg m—>)
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is the density of the seawater. The specific heat capacity of seawater is
Cp (3,980 ] (kg)_l), «a is the thermal expansion coefficient, and B is
the saline contraction coefficient.
Upper ocean stratification is estimated as the squared buoyancy
frequency calculated by the vertical gradient of the density:
P

N? = . 3
29z 3)

For a first-order approximation, the buoyancy frequency can
be expressed as a linear combination of the temperature and
salinity contributions:

N? = N} + N? (4)

oT aS
with N? = g and N? = —gﬂa. (5)

where g(= 9.8 m s2) is the acceleration of gravity, T is the seawater
temperature, S is the seawater salinity, and p is seawater density.

The wind-driven convergence/divergence or Ekman pumping
(W) is estimated as:

We = curl(T /f), (6)

where 7 is wind stress and f the Coriolis parameter. Positive values
indicate upwelling.

3. Results
3.1. MLD changes in CMIP6 models

3.1.1. Characteristics of MLD changes

Figure 2 displays the climatology of the MLD in the Scripps
Argo dataset during 2004-2021, and in the ensemble mean of
the TAP and 24 CMIP6 models during 1950-1999. In the Indian
Ocean, the model-simulated MLD closely resembles that of the
observation (Argo, Figure 2A) and TAP data (Figure 2B). The MLD
is deep in the Arabian Sea and the southern Indian Ocean (south
of 10°S) but shallow in the equatorial Indian Ocean and the Bay
of Bengal. In addition, the magnitudes of the MLD are comparable
between the model simulations and Argo observations, despite the
differences in time period. Therefore, the CMIP6 models reasonably
simulate the Indian Ocean MLD, which enables further investigation
in future MLD changes under low- (ssp126) and high-emissions
(ssp585) scenarios.

Under both ssp126 and ssp585, the MME results (Figure 3) show
that, during 2050-2099, the MLD generally decreases in the Indian
Ocean relative to 1950-1999. Specifically, OML shoals significantly
in the northern tropics (Region 1, 50°E—98°E and 2°S—25°N)
and southern subtropics (Region 3, 50°E—113°E and 30°S—14°S).
In contrast, the OML deepens slightly in the south equatorial
Indian Ocean, west of 85°E (Region 2, 41°E—85°E and 12°S—3°S).
Moreover, the shoaling trend broadly enhances as the emissions
increase from ssp126 to ssp585. In most regions of the Indian Ocean,
the MLD shoaling is below 5m in ssp126 and above 5m in ssp585.
The percentage change in MLD relative to the historical period
(1950-1999) in most regions is ~5% in ssp126 and 10% in ssp585.
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The maximum percentage changes in ssp126 and ssp585 appear in
the east equatorial Indian Ocean at ~10 and 20%, respectively.

Figure 4 displays the area-mean MLD changes in the three
selected regions (Figure 3) for each CMIP6 model (green bars)
and the MME (black bars). In Regions 1 and 3, nearly all models
consistently project a decrease in the MLD in both scenarios,
despite differences in the projected magnitudes. Moreover, the model
uncertainty, calculated as the intermodel standard deviations (red
error bar), is smaller than the MME value, especially for ssp585.
This suggests that OML shoaling is robust in Regions 1 and 3.
However, in Region 2, MME changes are relatively weak and the
intermodel differences in both the sign and magnitude of the changes
are substantially large (Figures 4B, E). As a result, the OML deepening
in Region 2 under global warming remains highly uncertain,
possibly because of the large compensation between the opposite
contributions from different influencing factors. Note that the signal-
to-noise ratio, defined as the MME change divided by intermodel
standard deviation, is smaller in ssp585 than that in ssp126, despite a
higher external forcing in the former. Moreover, despite that CMIP6
models display biases in simulating the climatology MLD compared
to observations and reanalysis datasets (Figure 2), there is weak and
insignificant intermodel correlation between the climatology MLD
and future MLD changes in all three regions (not shown).

In terms of time evolution (Figure5), the MLD displays a
robust shoaling signal relative to 1950-1999 mean level in Regions
1 and 3 by 2100 under both scenarios. However, the shoaled
OML slightly recovers after 2050 in sspl26 (Figures 5A,C) as
RF declines and GMST stabilizes (Figure 1A). Hence, the OML
shoaling peaks at ~2050 in ssp126; however, the shoaling strengthens
over time in ssp585 (Figures5D,F) following the continuous
increases in RF and GMST (Figure 1B). In Region 2, a weak
deepening trend of MLD appears after the 1980s. However, this
trend displays a large intermodel range that exceeds the MME
value (Figures 5B, E). Moreover, the model uncertainty in the MLD
changes in Region 2 increases over time in ssp585 and peaks
by 2100 despite large increases in RF and GMST. This suggests
that, in Region 2, the intermodel discrepancies in the driving
forcing for the MLD changes increases over time under the high-
emissions scenario.

3.1.2. Drivers of regional MLD changes

To explore the relationships between MLD changes and surface
forcing, we further examine changes in surface heat flux (Que),
freshwater flux ((P — E)), wind speed (Ujp), wind stress (), and
Ekman pumping (We; Figure 6) in ssp585. The results in ssp126 are
similar but at a smaller magnitude (not shown). North of 10°N in
Region 1, the positive Q¢ and (P — E) both reduce the surface water
density, thereby strengthening the surface layer stratification, which
is conducive for the OML shoaling. Between 0° and 10°N, the Q¢
and (P — E) tend to have opposite effects on MLD, with the former
deepening the western OML while the latter shoaling it, and vice versa
for the eastern OML. The surface wind weakens throughout Region
1, which largely shoals the OML owing to reduced wind stirring and
suppressed wind-driven latent heat loss from the ocean. However, the
wind stress-induced convergence (—W,; > 0) to some extent offset
this effect west of 80°E.

In Region 2, the net surface heat loss, decreased P — E, and
wind stress-induced convergence all tend to deepen the OML.
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With these favorable surface conditions for OML deepening, the
MLD in Region 2 would be expected to increase significantly.
However, the deepening trend in Region 2 is much weaker than
the shoaling trends in the other regions (Figures3, 4). This
suggests that ocean interior processes may largely suppress the
OML deepening; Moreover, the large intermodel differences in
wind changes may obscure the deepening trend. South of 10°S
(Region 3), the MLD decreases the most, which is associated
with a shoaling effect from Qe > 0, decreased wind speed,
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and —W, > 0 that may overwhelm the deepening effect from
(P—E) < 0.

Furthermore, the area-mean results show that, in Region 1,
the increased Qe (Figure 7B) and P — E (Figure 7C) both lower
the surface density; they display nearly equal contributions to the
surface buoyancy increase (Figure 7F) and, hence, the MLD decrease
(Figure 7A). The reduced wind speed (Figure 7D) is also conducive
for OML shoaling but may to some extent be offset by the wind-
driven convergence (— W > 0) (Figure 7E). The model uncertainty
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red error bar indicates the range of one standard deviation.

Changes of MLD in the Indian Ocean for each CMIP6 model (green bar) and MME (black bar) for (A) Region 1 (50°E—98°E, 2°S—25°N), (B) Region 2
(41°E-85°E, 12°S-3°S), and (C) Region 3 (50°E—113°E, 28°S—14°S) in ssp126 relative to 1950—-1999 mean. (D—F) Are the same as (A, B) but for ssp585. The

D Region 1

ssp585

A MLD (m)
A

A MLD (m)

A MLD (m)

(red error bar) is low relative to the magnitude of MME changes in
surface buoyancy and wind forcing for Region 1, thereby explaining
why the OML shoaling is robust across models.

In Region 2, the slight OML deepening is a result of the wind-
driven convergence and weakened buoyancy from a decrease in Qe
and P — E, possibly with a weak contribution from wind speed as
its change is negligible. The surface buoyancy change resulting from
the surface heat flux change is nearly twice that from the surface
freshwater flux (Figures 7H, I, L). However, the effects of wind are
highly uncertain because of the large intermodel spread for both wind
speed and wind stress changes (Figures 7], K), which causes smaller
magnitude of MME changes than the intermodel standard deviation
(Figure 7G, red error bar).

The OML shoals the most in Region 3 (Figure 7M), but the
underlying driving factors differ from those in Region 1. The
decreased MLD is closely associated with the enhanced buoyancy
(Figure 7R) due to increased Qe (Figure 7N), the decreased wind
speed (Figure 7P), and the wind-driven divergence (—Wy < 0,
Figure 7Q). As a result, OML shoals notably in Region 3 despite a
decrease in P — E (Figure 70).

To examine the detailed vertical structure associated with the
MLD changes, we calculate changes in the ocean stratification in the
upper 100 m (N?) and the contributions from temperature (Ntz) and
salinity (N?; Figure 8). In Region 1, the shoaled OML is accompanied
by strengthened stratification in the upper 100 m. The increased
Quer and P — E tend to warm and refresh the seawater, thereby
strengthening the upper ocean stratification. The thermal and saline
contributions to ocean stratification change are comparable above
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40 m (Figure 8A), consistent with those for surface buoyancy change
(Figure 7F). This suggests that surface heat and freshwater flux
display nearly equal importance in shoaling OML (green line) and the
contribution from ocean interior processes may be weak. In Region
2, ocean stratification weakly decreases in the upper 40 m, which is
consistent with the slightly deepened OML. The saline contribution
to stratification change is nearly the same as or even larger than
the thermal contribution in the upper 40 m (Figure 8B). This differs
from the much weaker saline contribution than thermal contribution
on surface buoyancy change (Figure 7L), illustrating that the ocean
interior processes is also important in altering the MLD in Region
2. The more stratified upper layer in Region 3 is dominated by
temperature changes throughout the upper 100 m (Figure 8C), with
a slight negative contribution from salinity changes as the decreased
P — E reduces surface buoyancy. Ocean interior process may amplify
the contribution from temperature change as the surface buoyancy
change resulting from the surface heat and freshwater flux are of
comparable magnitudes.

Diagnostic analyses highlight that the characteristics and
driving factors of MLD changes substantially differ across regions.
Additionally, under both ssp126 and ssp585, the OML shoaling
in Regions 1 and 3 is robust in the CMIP6 models, whereas the
deepening in Region 2 is highly uncertain (Figure 4). For both
Regions 1 and 3, the robust OML shoaling is tightly associated with
the increased surface heat flux, reduced wind stirring, and suppressed
latent heat flux loss from the ocean. In Region 2, the decrease in Q.
and P — E and the wind-driven convergence all facilitate the OML
deepening. The winds display substantial intermodel differences and
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are the main cause of the large uncertainty in the OML deepening.
However, in the diagnostic analyses, the relative roles of surface
buoyancy, wind changes, and their related processes cannot be
quantified. For example, the heat flux changes caused by wind-
forced turbulence cannot be isolated from those induced by direct
CO;, increase.

3.2. MLD changes in CESM1-CAM5

3.2.1. Quantitative contributions from CO, and
wind

To directly compare and quantify the effects of various forcing on
MLD changes, we utilize the outputs from the CESM1-CAMS5 fully
and partially coupled experiments to decompose the total coupled
response of the MLD into the effects of the dirCO, forcing, wind
stress forcing, and wind speed forcing.

As shown in Figure 9A, in the CESM1-CAMS5 fully coupled
experiments, the spatial patterns of the MLD changes are highly
consistent with those of the CMIP6 MME results. For example, the
significant shoaling in Regions 1 and 3 and slight deepening in Region
2 are also produced in CESM1-CAMS5. Furthermore, the dirCO,
forcing shoals the OML at the basin scale (Figure 9B). Wind stress
forcing deepens the MLD in the south equatorial Indian Ocean and
most north tropical regions west of 90°E (Figure 9C). In contrast,
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it predominantly shoals the OML in the eastern equatorial ocean
and southern subtropics. Wind speed changes tend to decrease the
MLD in most regions and increase it in limited regions in the west
(Figure 9D).

The area-mean results (Figure 10) show the quantitative
contributions from the dirCO, forcing and wind forcing on MLD
changes in the three selected regions. The shoaled OML (black bar)
in Region 1 is dominated by the dirCO, effect (red bar), with a
relatively weak positive contribution from wind speed forcing (purple
bar). The wind stress forcing slightly deepens the OML in Region 1,
which is consistent with the diagnostic results in ssp585. In Region 2,
the deepened OML is primarily due to wind stress and wind speed
forcing, which is dampened by the dirCO, effect (Figure 10B). In
Region 3, the dirCO; effect and wind stress forcing jointly shoals the
OML, with a weak contribution from wind speed changes.

As MLD largely varies across seasons, we further examine
the MLD changes during each calendar month in CESM1-CAM5
(Figure 11). In Regions 1 and 3, OML shoaling occurs during most
months but reaches a maximum during the local winter half year. It is
dominated by the dirCO; effect, that is, surface buoyancy forcing and
ocean interior processes resulting from CO; increase. Additionally,
wind stress and wind speed changes deepen the MLD in Region
3 during certain months. In Region 2, the OML deepening mainly
occurs during boreal spring and winter due to wind forcing, with
a shoaling effect from the dirCO, effect that reaches its maximum
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during August-November. The results highlight that the seasonal
evolution of MLD changes is dominated by the dirCO; effect in
Regions 1 and 3 and by wind changes in Region 2.
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FIGURE 8

Change of upper ocean stratification (black line) and its component
due to temperature change (red line) and salinity change (blue line) for

(A) Region 1, (B) Region 2, and (C) Region 3 in ssp585. Green line
indicates the location of climatology MLD in 1950-1999.
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3.2.2. Underlying processes for MLD changes

Figure 12 displays the surface buoyancy-related heat flux changes
Quer and freshwater flux changes (P — E) due to the dirCO; forcing
(r1wlc4 - tlwlcl), wind speed forcing, and wind stress forcing.
Similar to the MME results in ssp585, the increased Qe facilitates
OML shoaling in Regions 1 and 3 by enhancing upper layer warming.
Moreover, OML shoaling is closely related to the increased P — E
from the dirCO, forcing and wind stress forcing in Region 1, and
the wind-driven divergence in Region 3. The basin-wide reduced
wind speed decreases the MLD (Figures 10A, C) by suppressing
turbulent heat loss from the ocean, thereby leading to a weak
increase in Qe over most regions (Figure 12C). In Region 2, the
OML deepening is associated with positive contributions from the
decreased Qe (Figure 12B) under wind stress forcing, the decreased
P — E under wind speed forcing (Figure 12F), and the wind stress-
driven convergence (Figure 12H). As a result, the wind changes
dominate the OML deepening in Region 2 through wind-driven
thermal and dynamical processes (Figure 10B).

To examine the detailed vertical structures associated with the
MLD changes, we calculate the zonal-mean stratification changes of
the upper ocean in CESM1-CAMS5 (Figure 13). In the fully coupled
total response, ocean stratification is strengthened above 100m in
Region 1, mainly owing to the dirCO; effect (Figure 13E). Changes in
temperature and salinity in Region 1 are both important in enhancing
the upper layer stratification (Figures 13F, G), associated with the
increased P — E (Figure 12D) and upward-strengthened warming
structures (Figure 13D). This is consistent with the CMIP6 results.
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and (C) Region 3 in CESM1-CAMS.

The total change of MLD and the contributions from dirCO, effect, wind stress (Wstr) effect and wind speed (Wspd) effect for (A) Region 1, (B) Region 2,
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CO;,, wind stress and wind speed effect in Region 1. (E-L) Are the same as (A—D) but for Region 2 and Region 3, respectively.

However, in Region 2, ocean stratification decreases above the MLD
and increases below the MLD, which cannot be explained by the
dirCO; effect. Furthermore, the OML deepening in Region 2 is
associated with reduced stratification above 60 m (Figure 131), as a
result of the joint contributions from wind stress-driven convergence
and wind speed-driven decrease in P—E (Figures 13L, P). Wind stress
forcing reduces the stratification in Region 2 mainly via temperature
changes (Figures 131, J), with enhanced subsurface warming that
reaches a maximum below 50 m (Figure 13L). The wind speed effect
predominantly decreases the stratification below 30 m in Region
2 (Figure 13M), which is mainly attributed to salinity changes
(Figure 130) from the decreased P — E (Figure 12F). In Region
3, the dirCO; effect, wind stress effect, and wind speed effect all
tend to enhance upper layer stratification (Figures 13A, E, I, M).
The wind-driven divergence (Figure 12D) clearly forces subsurface
cooling originating from the deeper layer in Region 3 (Figure 13L).
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Wind stress and wind speed forcing can also indirectly influence
MLD by changing surface buoyancy flux. Given the importance
of wind stress and wind speed forcing in decreasing the MLD
in Region 3, we calculate the corresponding area-mean Qyes,
(P — E), and their contributions to the surface buoyancy flux
(Figure 14). The dirCO,, wind stress, and wind speed forcing
all tend to increase Qe and enhance surface buoyancy, which
promote the OML shoaling in Region 3. The surface freshwater
flux increases due to the dirCO; effect, but to some extent, this
increase is offset by the wind stress effect. Therefore, surface
buoyancy flux changes resulting from surface salinity changes are
much weaker than those resulting from surface temperature changes
(Figures 14D, H, L). In Region 3, surface buoyancy changes are
dominated by Qe but not (P — E). The dirCO;, effect and
wind changes display nearly equal contributions to increasing
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4. Summary and discussion

The characteristics and driving factors of MLD changes in
the Indian Ocean under global warming are investigated using
outputs from 24 CMIP6 models and CESM1-CAMS5. The MME
results show that, the MLD generally decreases under low- and
high-emission scenarios (ssp126 and ssp585) but displays notable
regional variations. The MME MLD significantly decreases in
the northern Indian Ocean (Region 1) and southern subtropics
(Region 3), with high model consistency under both scenarios.
The robust OML shoaling in these two regions appears early in
the 1980s and persists through 2100 in both scenarios despite a
slight recovery emerges after 2050 in ssp126. In contrast, the OML
slightly deepens in the south equatorial Indian Ocean (Region 2)
but displays large model uncertainty in the sign and magnitude.
The fully coupled 4xCO, run of CESM1-CAMS5 simulate a
spatial pattern of MLD changes that highly resembles the CMIP6
MME pattern.

The driving factors of the regional MLD changes are investigated
by diagnostic analyses using the CMIP6 models and quantitative
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analyses based on partially coupled experiments from CESMI1-
CAMS. In Region 1, the robust OML shoaling primarily results
from increased surface heat and freshwater flux (with nearly
equal contributions), which is highly consistent between the
CMIP6 and CESMI-CAMS5 results. Additionally, the increased
surface buoyancy is dominated by the dirCO; forcing, with wind
forcing playing a negligible role. However, the prominent OML
shoaling in Region 3 is mainly caused by the enhanced surface
buoyancy and the wind-driven divergence. The dirCO, effect
and wind forcing have comparable contributions to the increased
surface net heat flux in Region 3. In comparison, the increased
surface freshwater flux is mainly a result of the dirCO, effect.
In Region 2, where the OML slightly deepened, the weakened
wind and wind-driven convergence tend to increase the MLD in
both CMIP6 MME and CESM1-CAMS5, whereas surface buoyancy
forcing shows the opposite effect in the two datasets. Moreover,
wind forcing is the primary source of the large intermodel
differences in MLD changes in Region 2. For ocean stratification
changes related to the MLD changes, the results also highlight
the dominant influence of temperature changes south of 10°S and
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the important roles of temperature and salinity changes in the
Region3 , A , B , , D northern tropics.
The results reveal the characteristics of MLD changes in three
— 2 . : ! distinct regions of the Indian Ocean and highlight the regional
forcing 0 0 0 0 differences in the driving factors. The percentage change of Indian
2 -1.5 -2 o -l Ocean MLD is ~5% in most regions in ssp126 and 10% in ssp585.
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B B e .- & B L amplifying the heating processes in the OML, thereby facilitating
2 15 l 2 X 1 the surface layer warming and the occurrence of marine heatwaves
Wstr 0 0 0 - (Amaya et al., 2021; Elzahaby et al., 2022; Shi et al., 2022). These
forci | 2 . :
oreing 5 ' a5 P = changes would cause heat stress on marine ecosystems and potentially
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FIGURE 14 Xia et al. (2021) show that MLD change can be influenced by Ekman
Changes of Region 3 (A) MLD, (B) Qpet. (C) precipitation minus . . .
evaporation (P — E), and (D) surface buoyancy flux due to temperature pun.lplng, and upper—ocearT cold or war.m adveCt.lon m. th.e North
(BuoyT) and salinity (BuoyS) changes under dirCO, forcing. (E-L) Are Pacific under global warming. Further in-depth investigations are
the same as (A-D), but for Wstr forcing and Wspd forcing, respectively. required on the detailed ocean dynamical processes related to the
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MLD changes in the Indian Ocean.
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