& frontiers | Frontiers in Climate

@ Check for updates

OPEN ACCESS

EDITED BY

Yang Yang,

Nanjing University of Information Science and
Technology, China

REVIEWED BY
Jian Shi,

Ocean University of China, China
Xinghrong Chen,

National Marine Environmental Forecasting
Center, China

*CORRESPONDENCE
Shang-Min Long
smlong@hhu.edu.cn

SPECIALTY SECTION

This article was submitted to
Predictions and Projections,
a section of the journal
Frontiers in Climate

RECEIVED 30 November 2022
accepTeED 09 January 2023
PUBLISHED 25 January 2023

CITATION

Gao Z, Long S-M, Shi J-R, Cheng L, Li G and
Ying J (2023) Indian Ocean mixed layer depth
changes under global warming.

Front. Clim. 5:1112713.

doi: 10.3389/fclim.2023.1112713

COPYRIGHT

© 2023 Gao, Long, Shi, Cheng, Li and Ying. This
is an open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with these
terms.

Frontiersin Climate

TvPE Original Research
PUBLISHED 25 January 2023
pol 10.3389/fclim.2023.1112713

Indian Ocean mixed layer depth
changes under global warming

Zhen Gao'??, Shang-Min Long*?%*, Jia-Rui Shi*, Lijing Cheng®,
Gen Li** and Jun Ying?

'Key Laboratory of Marine Hazards Forecasting, Ministry of Natural Resources, Hohai University, Nanjing,
China, ?State Key Laboratory of Ocean Environment Dynamics, Second Institute of Oceanography, Ministry
of Natural Resources, Hangzhou, China, *College of Oceanography, Hohai University, Nanjing, China,
*Woods Hole Oceanographic Institution, Woods Hole, MA, United States, ®Institute of Atmospheric Physics,
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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.

KEYWORDS

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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FIGURE 2

The climatology of annual-mean MLD (m) in Indian Ocean for (A) the Argo dataset during 2004—-2021, (B) the IAP data during 1950-1999, and (C) the
CMIP6 MME during 1950—-1999.

FIGURE 3
The CMIP6 MME changes of MLD (m) in the Indian Ocean in (A) ssp126 and (B) ssp585 relative to 1950-1999 mean. (C, D) Are respectively the same as (A,
B) but for percentage changes (%) of MLD. Black boxes indicate the domain of three selected regions.

With these favorable surface conditions for OML deepening, the and —W, > 0 that may overwhelm the deepening effect from
MLD in Region 2 would be expected to increase significantly. (P —E) < 0.

However, the deepening trend in Region 2 is much weaker than Furthermore, the area-mean results show that, in Region 1,
the shoaling trends in the other regions (Figures3, 4). This  the increased Que (Figure 7B) and P — E (Figure 7C) both lower
suggests that ocean interior processes may largely suppress the  the surface density; they display nearly equal contributions to the
OML deepening; Moreover, the large intermodel differences in  surface buoyancy increase (Figure 7F) and, hence, the MLD decrease
wind changes may obscure the deepening trend. South of 10°S  (Figure 7A). The reduced wind speed (Figure 7D) is also conducive
(Region 3), the MLD decreases the most, which is associated  for OML shoaling but may to some extent be offset by the wind-
with a shoaling effect from Qe > 0, decreased wind speed,  driven convergence (—W . > 0) (Figure 7E). The model uncertainty
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FIGURE 4

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
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(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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FIGURE 5
Time series of area-mean MLD changes relative to 1950-1999 mean for (A) Region 1, (B) Region 2, and (C) Region 3 in ssp126. (D—F) Are the same as
(A-C), but for ssp585. Shading indicates the range of one standard deviation.

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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Changes of (A) surface heat flux Qe (red shading for surface ocean heat gain and blue shading for heat loss), (B) surface freshwater flux P — E, (C) surface
(10 m) wind speed U1o, and (D) wind stress 7 and Ekman pumping —We (red shading for downwelling and blue for upwelling) in ssp585 relative to

1950-1999 mean.
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Area-mean changes of Region 1 (A) MLD, (B) Qnet, (C) wind speed (Wspd), (D) precipitation minus evaporation (P — E), (E) —We, and (F) surface buoyancy
flux changes due to temperature (BuoyT) and salinity (BuoyS) in ssp585. (G—R) Are the same as (A—F) but for Region 2 and Region 3, respectively. The red
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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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FIGURE 11

MLD changes at each calendar month in CESM1-CAM5. (A) The total MLD response in Region 1. (B—D) Reveal the contributions resulting from the direct
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

the Qyer-
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FIGURE 12
Surface heat flux change Qpet due to (A) direct CO, forcing, (B) wind stress forcing, and (C) wind speed forcing in CESM1-CAM5. (D-F) Is the same as (A,
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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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FIGURE 13
Zonal-mean results in CESM1-CAM5 for (A) total ocean stratification change, (B) stratification change due to temperature change, (C) stratification
change due to salinity change, and (D) ocean temperature change. (E=P) Are the same as (A-D) but for effect from direct CO;, wind stress and wind
speed, respectively. The black and green curves respectively indicate the location of climatological MLD in control run and forced run.

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.
4= 3 L 4 NE 2 Giving that a small percentage of OML shoaling is also efficient in
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
) § impact the monsoon climate (Saranya et al, 2022). Thus, it is
D 4 5 2 . s . .
N L K §~ , L important to quantifying the regional MLD changes and their
g underlying mechanism that can promote our understanding and
2 1.5 2 1 S . . ;
Wspd . l ol . L projection of the cbanges in extreme ?vents and regional .chm?tte
forcing 0 under global warming. However, the influence of ocean interior
-2 -1.5 2 -1 dynamical processes on the MLD changes is complicated. For
44— 3 41— e e— s example, the effects of remote forcing from the tropical Pacific (Liu
AMLD AQ"‘? ﬁ(P'E) ) LS et al., 2016) and Southern Oceans (Hong et al., 2022) on the eastern
(m) (W/m®)  (x107kg/(m"s)) . . . .
equatorial and southern Indian Ocean, respectively, remain unclear.
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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