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Abstract

Understanding climate variability requires good quality high resolution spa-

tially and temporally varying ocean fields due to its decisive role in regulating

the region's climate, including the Indian summer monsoon. In this regard, we

employed a new high-resolution regional earth system model (RESM), namely

ROM over CORDEX South Asia. We demonstrated the performance of the

RESM and its added value over the global earth system model, namely MPI-

ESM, in simulating the hydrographic characteristics and associated mecha-

nism over the tropical Indian Ocean (TIO). ROM shows better skill than

MPI-ESM in simulating the near-surface and subsurface characteristics of the

ocean. However, larger added values are noticed for subsurface (>350 m) ther-

mal structure. MPI-ESM's cold sea surface temperature (SST) bias is reduced

in ROM which is associated with weaker winds, anomalous cyclonic wind

stress curl, enhanced stratifications, and a shallower mixed layer, resulting in

greater upper-ocean heating. The reduced SST bias is also consistent with

improved ocean meridional heat transport (OMHT) in ROM. For example,

reduced southward export of OMHT over the Arabian Sea increases the surface

warming by �4%, reducing the RMSE by �0.2–0.6�C and becoming closer to

observation. The anomalous cyclonic wind stress curl, in turn, caused mixed

layer stratifications in the western Indian Ocean. The advective heat transfer

from the south-eastern Indian Ocean to the western Indian Ocean reduced

oceanic cooling by vertical processes, overcame the cooling by the net loss of

surface heat fluxes, and favoured the TIO's surface warming.
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1 | INTRODUCTION

The tropical Indian Ocean (TIO) plays an active role in
the natural variability of the climate system over South
Asia, eastern tropical Africa, and western Australia
(Annamalai and Murtugudde, 2004; Schott et al., 2009).
Seasonal variations of near-surface ocean thermal struc-
ture set the platform for thermodynamical changes
between ocean and atmosphere in TIO. The strongest
impacts are related to changes at the surface boundary
layer, which cause a significant change in fluxes and
modes of climate variability. The air–sea flux variability
over TIO influences climate on both regional and global
scales (Behera et al., 1999; Yamagata et al., 2004).

Regional-scale air–sea interaction and feedback pro-
cesses are fundamental to control the ocean variability
over TIO and Indian summer monsoon rainfall (ISMR)
(Schott and McCreary, 2001; Vinayachandran et al., 2015;
Srivastava et al., 2018). In turn, the SST influences the
atmospheric boundary layer and modifies the moist
atmosphere's temperature profile and atmospheric circu-
lation (Gadgil et al., 1984; Huang et al., 2011). Conse-
quently, the ISMR is influenced by oceanic variability
(Roxy et al., 2014; Vinayachandran et al., 2015; Misra
et al., 2020). Therefore, it is crucial to understand the
impact of regional air–sea coupling (air–sea interaction)
in simulating the circulation and variability of TIO,
which is one of the objectives of this study.

The warming of the TIO under global warming has
been reported in earlier studies (Roxy et al., 2014). It is
believed that the intensification of TIO warming alters
Asian monsoon variability and further affects the cli-
mates over the Indian Ocean (IO) rim countries (Abram
et al., 2008; Cai et al., 2014; Dong et al., 2014). For
instance, an increase in TIO surface warming leads to
strong upper-ocean stratification and reduces mixing. In
turn, changes in mixed layer (ML) modulate the subsur-
face temperature and ocean heat storage (Shroyer
et al., 2016). Saji et al., (1999) and Lau and Waliser (2011)
reported that a strong warming trend in TIO accelerates
several modes of intra-seasonal variability. Recent studies
reveal that TIO warming not only reduces the ISMR over
India but also reduces rainfall in remote places, for exam-
ple, over the tropical Atlantic ocean by intensifying the
Walker circulation and increasing vertical stability of the
atmosphere (Hu and Fedorov, 2019) and modulates
the intensity and frequency tropical cyclones and Afri-
can, Asian and Australian monsoon system (Delworth
et al., 2012).

As stated above, the SST of the northern Indian
Ocean significantly controls the ISMR (Mishra
et al., 2020) and its variability, in particular, the eastward
and northward propagation of the convective band

(Bellon et al., 2008; Klingaman et al., 2011). Therefore, an
accurate estimation of SST is very crucial. Furthermore,
as the SST is significantly controlled by upper-ocean ther-
modynamics, an adequate estimation of the subsurface
ocean is also important. Various studies employed the
high-resolution regional ocean models to investigate the
circulation and variability of the Indian Ocean (Huang
et al., 2015; Srivastava et al., 2016; 2018; Dwivedi
et al., 2018, 2019; Benshila et al., 2014; Pandey and
Dwivedi, 2021). Most of these studies have shown the
advantage of high-resolution modelling to improve the
Indian Ocean's variability. However, the stand-alone
ocean models lack the air–sea interactions, which pro-
foundly impact the dynamics of TIO and hence global
and regional climate systems (Trenberth and
Solomon, 1994; Zheng and Giese, 2009). These demands
improving the understanding of the dynamical and ther-
modynamical properties of the Indian Ocean using a
high-resolution coupled atmosphere–ocean model or
RESM, which is one of the objectives of this study.

Coupled Earth System Models (ESMs) are the most
sophisticated tool to investigate global climate and indi-
vidual components of the climate systems, including
atmosphere, ocean, land, and their driving plausible
mechanisms. They usually assist in inspecting the related
mechanisms of dynamics and thermodynamics of the
complex climate system (Stathopoulos et al., 2020). The
spatially coarse resolution (which is not less than 100 km
up to now) of ESMs is one of the fundamental sources of
strong biases in the SST and salinity field, which affects
the physical state of the ocean's subsurface and air–sea
fluxes (Ma et al., 2015; Chassignet et al., 2020), limiting
the predictive skill ESMs to predict the ISMR. Therefore,
high-resolution ESMs are necessary for improving the
simulated ocean state over TIO and hence ISMR. How-
ever, it is computationally expensive, and alternatively,
high-resolution RESM can be used at a less computa-
tional cost. Various RESM having varying complexities
have been developed and employed to explore the under-
standing of atmospheric and oceanic variability over dif-
ferent regions of the globe and suggest improvements
(Sein et al., 2015; Wang et al., 2015; Dubey et al., 2021;
Mishra et al., 2021a, 2021b; Saharwardi et al., 2021;
Kumar et al., 2022; Mishra et al., 2022a, 2022b, 2022c).
Kumar et al. (2022) demonstrated that dynamical and
thermodynamical processes including the upper tropo-
spheric circulation associated with the Indian summer
monsoon employing the same model used in this study.
Comparatively lesser efforts have been made over TIO
(Samson et al., 2015).

In this study, an effort is made to perform high-
resolution regional earth system modelling using a new
RESM, namely ROM, to improve TIO characteristics. To
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compute the added value of ROM over global ESM, we
compare the ocean fields simulated by ROM and the
earth system model, namely MPI-ESM, for the period
1982–2001. The details of the simulations are well
described in the model component/description section.

2 | MODEL DESCRIPTION

This study employed a high-resolution regional earth sys-
tem model (RESM), namely ROM, which consists of sev-
eral components of the climate systems (i.e., atmosphere–
ocean–land–hydrology and biogeochemistry). The ocean
fields simulated by ROM are compared with those from a
simulation with global the earth system model having
low resolution (having 1.8653� and 1.875� in longitude
and latitude) hereafter MPI-ESM. MPI-ESM consists of
ECHAM6 (Stevens et al., 2013) for the atmosphere com-
ponent, Max Planck Institute Ocean Model (MPIOM)
(Jungclaus et al., 2006) for the ocean, and hydrological
discharge model (HD) (Hagemann and Dümenil, 1997).
The same ocean component is also adopted in our ROM
setup, which is formulated with the hydrostatic approxi-
mation covering the global domain, which makes it dif-
ferent from the conventional regional earth system
models (generally utilized regionally configured ocean
model), which have an additional source of uncertainty
(a) coming from the unrealistic lateral boundaries

(LB) (Sein et al., 2020). (ii) uncertainty on the influence
of coastal waves originating from outside the target
region (beyond coupled domain consisting regional ocean
model). The use of the global ocean model overcomes
these complications, which brings important advantages
for climate change scenario simulations. Over the open
Ocean of Indian Ocean, horizontal is taken as �20 km,
which further increased up to 10 km (eddy-permitting)
over the coastal region and decreased gradually, reaching
a minimum of 100 km in the southern seas. We use
40 unevenly spaced vertical z-levels and incorporate the
influence of ocean tides. The MPIOM uses bottom bound-
ary layer slope convection (Marsland et al., 2003) and an
isopycnal diffusion scheme (Griffies, 1998). The model is
also equipped with tidal forcing, derived from the full
ephemerides lunisolar tidal potential (Thomas
et al., 2001). The ocean model receives continental runoff
from the global HD model and delivers freshwater dis-
charge at the exact river mouth. The regional atmosphere
model REMO (Jacob, 2001) having a horizontal resolu-
tion of 25 km, which is coupled over the CORDEX South
Asia domain (https://www.cordex.org/) (Sein et al., 2015)
(Figure 1). In both simulations, the models are coupled
via an OASIS coupler (Valcke, 2013).

The MPI-ESM historical simulation was initialized
from a preindustrial control run (PI-Control) and ran for
the period 1850–2005. The data obtained from Polar Sci-
ence Center Hydrographic Climatology (PHC) is used

FIGURE 1 Representation of model grid and orography (shaded colour scale) for (a) MPI-ESM and (b) ROM. Solid black lines–MPIOM

grid (every fifth grid line is shown). The red rectangle in (b) represents the coupled atmosphere–ocean area in ROM. [Colour figure can be

viewed at wileyonlinelibrary.com]
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initialized ocean component of RESM. It thereafter ran
in the spin-up mode for 90 years cyclically with ERA-40
reanalysis forcing (two times for 45 years, from 1958 to
2002). In addition, surface salinity fields of ROM were
relaxed to monthly climatological values with a relaxa-
tion constant 1/180 days. This allowed us to keep the
annual cycle. Considering the relaxation time 180 days,
the relaxation term for the upper layer in the salinity
equation looks like c*(S-Sobs), where Sobs is observed
monthly mean climatology of sea surface salinity and c is
relaxation constant (in our case 1/180 days, that is,
1/(180 × 24 × 3600)).

The ROM spin-up and salinity restoring procedures
are described in detail in Sein et al., (2015, 2020, 2022).
Both ROM and MPI-ESM have identical ocean model
physics but differ in grid resolution and input forcings.
The monthly outcomes of both simulations were ana-
lysed for the period 1982–2001.

3 | DATA METHODOLOGY

The monthly average of �25 km National Oceanic and
Atmospheric Administration (NOAA) Optimum Interpo-
lation Sea Surface Temperature (OISST) was used to eval-
uate simulated SSTs. The analysed OISST has been
produced using the optimal interpolation technique
(Reynolds et al., 2007). The monthly average of Centro
Euro-Mediterraneo sui Cambiamenti Climatici (CMCC)
Global Ocean Reanalysis System (C-GLORS; version 5)
ML was used to evaluate the corresponding simulated
values. The reanalysed monthly C-GLORS ML product
has been developed using the three-dimensional varia-
tional (3DVar) data assimilation technique (Storto and
Masina, 2016). The reanalysis product of the monthly
C-GLORS ML field was obtained from climate-data-guide
(https://climatedataguide.ucar.edu/climate-data). The
monthly average of �33 km Ocean Surface Current
Analysis Real-time (OSCAR) (Bonjean and
Lagerloef, 2002) was used to evaluate simulated surface
current velocity. The OSCAR currents were obtained
from the Physical Oceanography Distributed Active
Archive Centre (PODACC) (https://podaac.jpl.nasa.
gov/dataset/OSCAR_L4_OC_third-deg). The profile
temperatures of the Indian Ocean under the Global
Temperature and Salinity Profile Programme (GTSPP)
(Sun et al., 2010) were used for the evaluation of simu-
lated water temperature. The GTSPP profiles were
obtained from the National Oceanographic Data Cen-
tre (NODC) (https://www.nodc.noaa.gov). The oceanic
surface wind stress of the TROPFLUX (tropical ocean
tropical flux) analysis (Praveen et al., 2013) was used to
evaluate the model results. This analysed wind stress

product is obtained from the Indian National Centre
for Ocean Information Services (INCOIS) (https://
incois.gov.in/tropflux/).

The models' accuracy in the representation of the
thermal structure is evaluated by calculating bias, mean,
standard deviation (STD), root-mean-square-error
(RMSE), correlation, and the percentage change in the
RMSE (see Equation (1)) between the runs with respect
to observations is addressed in the study. The oceans'
meridional heat transport (OMHT; see Equation (2)) are
computed using the formulation of Mallick et al. (2020)
and Zheng and Giese (2009).

Added value AVð Þ= RMSEMPI−ESM−LR−RMSEROMð Þ
RMSEMPI−ESM−LR

� �
×100

ð1Þ

OMHT=
Z east

west

Z 0

−H
ρCp υT zð Þdzdx ð2Þ

where RMSE is the root mean square error of simulated
SST with respect to Reynolds OISST, x is the coordinate
in the east–west direction, z is the vertical coordinate,
T zð Þ is the simulated oceans' water temperature (WT), υ is
the meridional current velocity, Cp is the seawater ther-
mal capacity under constant pressure, ρ is the oceans'
water density, and H is the depth of the ocean.

4 | RESULTS

In this section, we demonstrated the skill of the ROM
simulated fields (e.g., SST, ML, sea surface hight anomaly
(SSHA), and ocean surface current (OSC)) and added
value over global MPI-ESM in our study region (20�S–
30�N, 30�E–120�E). To discuss the model validation
against the observations, we compare the annual mean of
the modelled SST, ML, surface wind stress (SWS), and
OSC against the datasets described above. We also dis-
cuss the annual cycle of OMHT, SST, SSHA, zonal veloc-
ity, and OSC magnitude. The SST is validated with
Reynolds OISST, ML is validated with CGLORS v5 ML,
SWS is validated with TROPFLUX, OSC is validated with
OSCAR current, SSHA is validated with altimeter derived
SSHA (ALTI), and simulated profile WT is validated with
GTSPP profile temperature datasets.

4.1 | Sea surface temperature (SST) and
its variability

The time-averaged SST bias of both simulations is shown
in Figure 2a,b. The oceanic component of MPI-ESM is
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characterized by a cold SST bias over the entire TIO
region. The magnitude of the cold SST bias is maximum
over the north-western Arabian Sea (AS) and south-

western Bay of Bengal (BoB) (Figure 2a). These cold SST
biases arise due to vertical instability, leading to strong
dynamical mixing (deepening of the mixed layer)
(Deppenmeier et al., 2020). Interestingly, the cold SST
bias over the AS and southern TIO is significantly
reduced in ROM (Figure 2b), however, it shows a positive
SST bias of �0.6�C and above concentrated in the west-
ern AS (AS; 10–25�N and 45–78�E), and western equato-
rial Indian Ocean (WEIO; 5�S–5�N and 35–60�E)
(Figure 2b). The positive SST bias over the western AS
and WEIO in ROM is because of shallowing of mixed
layer and accumulation (or pile-up) of warm water mass
at the western frontier of the eastern equatorial Indian
Ocean (EIO), which is advected from the eastern region
of the EIO (this is discussed broadly in the later sub-
section of the manuscript).

To make a quantitative comparison of both simula-
tions in simulating SST, we computed the difference
between SST simulated by ROM and MPI-ESM
(Figure 2c). The magnitude of SST in the southern Indian
Ocean (SIO; 20–5�S and 40–10�E) is increased by �0.4�C
while it is decreased over the eastern region of BoB and
eastern EIO (EEIO; 5�S–5�N and 95–105�E). The
decrease of SST (enhanced surface cooling) is due to
stronger positive feedback between equatorial easterlies,
upwelling, and coastal Kelvin waves (Fischer et al., 2005).
However, in the WEIO, the convergence of advected
warm surface water from EEIO enhance the surface
warming by �0.6–1.0�C in WEIO and cooling by �0.1–
0.2�C in EEIO in ROM compared to MPI-ESM, represent-
ing �3% enhancement in the west and �0.5% reduction
in the east. In ROM, the magnitude of area average SST
in the AS, WEIO, and SIO basins is increased by �1.4,
�0.9, and �0.4�C, respectively. However, in the eastern
regime of BoB and EEIO, the domain average SST magni-
tude is reduced by �0.2 and �0.1�C, respectively. In the
AS, WEIO, SIO, and some parts of the BoB, the magni-
tude of SST increases by �6, �3, 1.4, and 0.5%,
respectively.

To make results more perspective, we investigated the
model's potential in simulating the SST over different
subregions (AS, BoB, EIO, SIO) of the Indian Ocean
using different performance matrices, that is, root mean

FIGURE 2 Spatial distribution of the annual mean SST bias

(�C) of (a) MPI-ESM and (b) ROM. (c) Spatial distribution of the

time-averaged difference between simulated SSTs (ROM-MPI-ESM)

over the period of 1982–2001. SST biases are the time-averaged

difference between the simulated SSTs and the Reynolds OI SST.

[Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Evaluation model is

simulating the sea surface temperature

over subregions of India Ocean by

performance matrices (i.e., RMSE and

standard deviation)

Region
Root mean square error (RMSE) Standard deviation

ROM MPI-ESM-LR Observation ROM MPI-ESM-LR

BoB 0.575 0.691 0.973 0.973 0.974

AS 0.565 1.158 1.163 0.945 1.254

EIO 0.379 0.641 0.60 0.591 0.652

SIO 0.308 0.501 1.07 1.02 1.03
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square error (RMSE) and the standard deviation (SD).
The RMSE between model and observation is less than
the SD of observation demonstrating the good quality of
the model data (Srivastava et al., 2016, 2018). We tabu-
lated the performance matrices in Table 1. From the
table, it is noticed that the RMSE in SST is less than the
standard deviation of observation in both ROM over all
regions is less than the observation, demonstrating the
quality of ROM's simulated SST. Furthermore, the RMSE
in the ROM's SST is notably less than MPI-ESM-LR,
clearly depicting the added value over coarse-resolution
global model simulation. Both simulations are in good
resemblance in simulating the variability (standard devia-
tion) over all regions, however, ROM is relatively closer
to observation.

Figure 3 shows the annual mean error of simulated
SST and the percentage of improvement (added value) of
ROM in simulating SST for 1982–2001. Barring a few
places, the RMSE is substantially greater in MPI-ESM
than ROM. For example, MPI-ESM shows RMSE of
�0.8–1.4�C in the AS, SIO, and western regime of BoB
(Figure 3a) while ROM shows RMSE of �0.5–0.6�C over
most of TIO, except in the WEIO where the RMSE is sig-
nificantly larger (Figure 3b). The added value of high-
resolution ROM was estimated using Equation (1), and
found that ROM shows a substantial added value over
MPI-ESM in most of the TIO, where the error is reduced
by �20–60%. In contrast to this, some areas of increased
error (negative skill) are also noticed over which MPI-
ESM performed better than ROM; however, the area and
magnitude of the negative skill are minimal than the
regions of positive skill.

The investigation annual mean does sufficient to iso-
late the hidden uncertainty in the different seasons due
to compensation in the annual mean. The tropical Indian
Ocean exhibits substantial seasonal variability driven by
near-surface air–sea forcings, in a particular seasonal
reversal of wind; thus, it is worth analysing the model's
potential in simulating the SST on the seasonal scale.
Therefore we attempted to decipher the ROM's skill and
advantage over ESM in simulating seasonal SST. We
adopted the season defined by India Meteorological
Department. For example, December–January–February;
DJF, March–April–May; MAM, June–July–August–
September; JJAS, October–November; ON.

Figure 4 depicts substantial spatio-temporal variabil-
ity of SST in observation. The highest (lowest) SST is
noticed during MAM (DJF). The higher (lower) solar
radiation and shallow (deep) mixed layer depth (figure
not shown) are primarily responsible for high(low) SST
during MAM (DJF). In general, AS shows lower SST than
BoB. These features are reasonably captured by ROM and
parent ESM; however, the magnitude of ROM's SST is
closer to observation than ESM for all seasons and most
of the region. On the other hand, over the western coast
of AS during JJAS, ESM performed better than ROM.

To make results more perspective, we demonstrated
the comparative performance of ROM and MPI-ESM
quantitively; seasonal SST bias is computed (Figure S1).
The figure reveals substantial spatio-temporal variability
in SST bias. In general, MPI-ESM tends to underesti-
mate the SST during all seasons over most of the
regions except for some small patches, especially along
the coastal area, where overestimation is also noticed.
The ROM shows considerably less underestimation and
overestimation during all season except the western
coast of AS, where ROM shows stronger bias than MPI-
ESM during JJAS.

FIGURE 3 Annual mean simulated sea surface temperature

(SST) error (RMSE, �C) from (a) MPI-ESM, (b) ROM with respect

to the OISST for the period of 1982–2001. (c) Annual mean SST

improvement (positive value) of ROM over MPI-ESM. [Colour

figure can be viewed at wileyonlinelibrary.com]
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To assess the model's ability in capturing the spatio-
temporal variability of the SST standard deviation for
each season using monthly SST data from ROM, ESM,
and observation (Figure 5). Interestingly, the season of
SST value (MAM) exhibits the highest variability over AS
followed by during JJAS. The variability is found to be
decreased from north to south over AS and BoB during
all seasons. MPI-ESM shows reasonable skill in reprodu-
cing variability during all seasons with notable magni-
tude discrepancies. During MAM, MPI_ESM shows
stronger variability than observation over AS and BoB,
while during JJAS, stronger (weaker) variability is
noticed over AS (BoB). This overestimation and underes-
timation in the variability have substantially reduced the
ROM, indicating the advantage of RESM over ESM.

Further, model's skill is evaluated in reproducing the
leading modes of the TIO SST variability at interannual
time scales. In this regard, EOF analysis is performed using
the monthly mean SST for ROM, MPI-ESM, and observa-
tion (Figure 6). In general, ROM is found to perform
slightly better than MPI-ESM. The figure reveals a positive
signal over the entire basin in the first EOF mode, indicat-
ing the basin-wide warming, also known as Indian Ocean
basin warming mode (IOBM), in the observations, which
is reasonably well simulated by both ROM and MPI-ESM.

MPI-ESM shows a slightly stronger positive signal than
observation over the eastern IO. The first EOF, the mode
in ROM (MPI-ESM), explains �23% (28%) of the total vari-
ance, which is lesser(greater) than the respective values in
the observation (25%). The underestimation observed in
the ROM is lesser than in a previous study based on
CMIP5 models (Du et al., 2013). Though, a direct compari-
son cannot be made due to different periods of study.

The observed second EOF mode shows a dipole struc-
ture, with the positive (negative) signal over eastern
(western) IO. ROM generally captures this dipole struc-
ture pattern in the second mode with a slight discrepancy
in the magnitude of the signal. On the other hand, MPI-
ESM shows a contrasting dipole pattern with the negative
(positive) signal over eastern (western) IO. The second
EOF mode in ROM (MPI-ESM) explains �10% (15%) of
the total variance, which is comparable (higher) to that
in the observation (�10%).

4.2 | Oceanic mixed layer (ML)

To investigate the advantage of ROM in simulating the
upper ocean stability in the TIO, we estimated the oce-
anic mixed layer (ML) using the density criterion. The

FIGURE 4 Seasonal mean sea surface temperature (SST in �C) for observation (Obs), ROM, and MPI-ESM. [Colour figure can be

viewed at wileyonlinelibrary.com]
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ML is defined as the depth at which density is larger than
surface density by 0.125 kg/m3. The study of ML plays
a pivotal role in the TIO as it acts as a bridge between
the ocean and atmosphere and influences climate
change (Yeh et al., 2009; Amaya et al., 2021). Figure 7
displays the time-averaged ML biases for TIO. In
MPI-ESM, positive ML bias is concentrated along off
Somalia-Kenya-Tanzania region, north of Madagascar,
northern parts of EIO, eastern AS, and BoB. Prasad
(2004) reported that this positive ML bias is due to wind-
induced momentum stress and buoyancy forcing that
enhance oceans' convective mixing, leading to deeper

ML. On the other hand, negative ML bias is noticed over
the south of 10�S (which is the region of higher MLD
(Figure S2) bias in north-western AS is because of upper-
ocean stability. For SIO, the Ekman dynamics associated
with wind burst and the precipitation perturbation
inhibit the deepening of the ML (Duvel et al., 2004).
However, the shoaling of ML in the western BoB is due
to the advection of net freshwater flux, causing upper-
ocean stratification and the formation of the thick barrier
layer (Sharma et al., 2016). In turn, compared to MPI-
ESM, the ROM experience a negative ML bias over the
TIO (i.e., shallower by 4–16 m). From the difference in

FIGURE 5 Variability (standard deviation) of sea surface temperature (SST in �C) during each season for observation (Obs), ROM, and

MPI-ESM. [Colour figure can be viewed at wileyonlinelibrary.com]
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ML of both simulations, it is observed that except for
western AS, central and northern parts of BoB, ML
(or vertical mixing) in ROM is significantly reduced due
to upper-ocean stability. In ROM-SA, reduction in ML
alters the upper ocean thermal structure and increases
the ocean heat content in ML, leading to warm the ocean
and hence positive SST bias in most of the TIO region
(Figure 1b).

Figure 8 shows the annual RMSE of ML for both sim-
ulations against observation and the percentage of
improvement (added value) for the period 1982–2001. It
is noted that MPI-ESM shows greater RMSE than ROM.
The stronger mixing in MPI-ESM produces deepening
ML, hence increasing the positive ML biases (Figure 8a)
in the AS, BoB, EIO, and off the African coast. On the
contrary, the weaker mixing in ROM also reduces the
RMSE in most of the TIO, especially in the BoB, AS,
EEIO, and off the African and Madagascar coast
(Figure 8b). Additionally, it has been found that ROM
improves the ML simulation over most of the TIO except
SIO and some patches over AS where performance is
degraded. Maximum improvement is observed over east-
ern AS and some patches along the Somalia coast
(�40%), while 10–20% improvement is noticed over the
remaining area of the domain (AS and BoB). However, in
the SIO, the reduction in vertical mixing increases the
ML error by �20–40%.

Further, we demonstrated the skill of ROM as well as
MPI-ESM in simulating the ML variability for each sea-
son (Figure 9). Observation shows considerable spatial as
well as seasonal variability. The AS shows larger variabil-
ity than BoB for all the seasons; however, notable differ-
ences are observed during the winter and summer
seasons. The highest variability is observed over the
southern Indian Ocean (south of 10�S) during the sum-
mer season, followed by MAM. Both models show rea-
sonable skill in distinguishing low and high variability
regions. MPI-ESM shows a notable discrepancy in simu-
lating the magnitude of variability. The overestimation
(>5–10 m) is noticed over the southern Indian Ocean
during the summer season and along Sumatra and the
Great whirlpool region during winter. These discrepan-
cies are substantially reduced in ROM; however, produce
larger bias than MPI-ESM during MAM over
northern AS.

4.3 | Surface wind stress (SWS)

Figure 10 shows the annual mean surface wind stress
(SWS) of the TIO from TROPFLUX (hereinafter referred
as TFLX) for both simulations. In north-western AS,
ROM bears quite a resemblance to observation in repre-
senting the magnitude of SWS, while MPI-ESM

FIGURE 6 Spatial structure of two leading modes of empirical orthogonal function for TIO SST for observation (OISST), ROM and

MPI-ESM during 1982–2002: first mode (upper panel) and second mode; lower panel. [Colour figure can be viewed at

wileyonlinelibrary.com]
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underestimates these values. The lower SWS in MPI-ESM
weakens the vertical mixing due to reducing turbulent
kinetic energy in north-western AS and leads to shallow
ML with negative bias (Figure 11a). On the contrary, a
strong SWS over the eastern region of AS and BoB in
MPI-ESM leads to imparting more momentum to the
ocean surface. This increases the shear-induced mixing
in the water column, increasing the wind-induced ML
(Figure 3a,b). The SWS magnitude in MPI-ESM and
ROM are well demarcated at the equator (Figure 8b,c);
however, MPI-ESM has a stronger SWS (Figure S3),
which increases the wind-induced mixing of the equator

at a latitudinal band of 0�–5�N and leads to greater posi-
tive ML bias. In the SIO, MPI-ESM experienced a stron-
ger SWS magnitude hence ML depth. However, the
magnitude of SWS is significantly reduced in ROM, lead-
ing to shallow mixing in the SIO.

4.4 | Ocean surface current (OSC)

Figure 11 shows the spatial map of the simulated ocean
surface current (OSC) that summarizes the annual mean
flow of the TIO. Both simulations reproduce well the

FIGURE 7 Spatial distribution of the annual mean mixed

layer (ML in meter) bias (a) MPI-ESM and (b) ROM. (c) Spatial

distribution of the time-averaged differences between model ML

(ROM-MPI-ESM). ML biases are the time-averaged of the

difference between model and computed ML and the C-GLORS ML

for 1982–2001. [Colour figure can be viewed at

wileyonlinelibrary.com]

FIGURE 8 Same as Figure 3 but for mixed layer (ML in meter)

error (RMSE, m) of (a) MPI-ESM and (b) ROM. (c) Annual mean

ML improvement (positive value) of ROM over MPI-ESM [Colour

figure can be viewed at wileyonlinelibrary.com]
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OSC in the AS, which are in close agreement with the
observation (OSCAR), whereas in the BoB, the coastal
current is well demarcated in both simulations. It has
been found that the magnitude of OSC is much stronger
in ROM at the western half of the equator (Figure 11c)
while weaker over SIO compared to MPI-ESM. In ROM,
the equatorial current is characterized by the westward
flow, whereas in MPI-ESM, it shows an eastward flowing
equatorial current. The westward equatorial flow advects
warm water from the eastern to the western regime of
the EIO. It splits at the east coast of Somalia near the
equator (0�) into northward and southward branches.
The northward branches bring warm water from the
WEIO into the AS basin, whereas the southward
branches export to Madagascar's northern tip, where it
modulates the upper ocean thermal structure and thereby
enhances the SST by 0.2–0.6�C (Figure 2b).

During winter (Figure S4), the magnitude of the west-
ward flow of the North Equatorial Current (NEC)
becomes much stronger in ROM compared to MPI-ESM
and OSCAR. Thereby, a pool of warm surface water is
advected and pile-up in the west thereby reducing
(increasing) cold SST bias in the WEIO (EEIO). The
strength of southward flows of Somali Current (SC) is
also enhanced in ROM and meets the East Africa Coastal
Current (EACC), then it turns eastward and aligned with
South Equatorial Counter Current (SECC). However, in
the SIO, the magnitude of the southward flow of ROM
current is partially reduced compared to MPI-ESM and
OSCAR. This reduction of current velocity reduces the
advection of warm surface water and OMHT, increasing
the SST over the region.

During summer (Figure S4), the magnitude of the
northward flow of Somali Current (SC) is significantly

FIGURE 9 Variability (standard deviation) of mixed layer (in meter) during each season for observation (Obs), ROM, and MPI-ESM.

[Colour figure can be viewed at wileyonlinelibrary.com]
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enhanced in ROM compared to MPI-ESM and OSCAR.
The increase in the northward flow of SC brings warm
surface water from the WEIO into the AS basin, leading
to a reduction in southward advection of water mass and
OMHT, which leads to a high SST in the AS. In EIO, the
magnitude of westward flow equatorial current velocity
strongly dominates eastward flow in ROM.

4.5 | Simulated vertical profile of water
temperature (WT)

The vertical profiles of simulated water temperature
(WT) with reference to ARGO have also been analysed to
examine the model's potential to reproduce the vertical
thermal structure. The vertical distribution (0–1,000 m)
of mean profiles of WT along with standard deviation
(STD), root mean square error (RMSE), and correlation
for the period of 1985–2001 (as per the availability of pro-
file data) are shown in Figure 12. The figure reveals that

ROM bears a close resemblance to observation (better
than MPI-ESM) in simulating the mean profile. In gen-
eral, ROM shows added value in simulating the surface
as well as subsurface temperature. However, more con-
siderable value addition is noted for subsurface tempera-
ture, especially beyond 350 m.

We made a quantitative demonstration by comput-
ing the root mean square error (RMSE) for both

FIGURE 11 Annual mean current (m/s) with the current

vector of (a) ocean surface current analysis real-time (OSCAR),

(b) MPI-ESM, and (c) ROM run for the period 1982–2001. [Colour
figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Mean surface momentum flux (N/m2) with stress

vector for the study period from (a) observation (TROPFLUX),

(b) MPI-ESM, and (c) ROM run. [Colour figure can be viewed at

wileyonlinelibrary.com]
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simulations relative to observation to make results
more perspective. It is noted from the profile RMSE
that MPI-ESM appears to have serious errors, particu-
larly just below the mixed layer. This could be due to
diffused thermocline, which is a common problem in
many ocean models. The RMSE is reduced in ROM by
10% (i.e., �0.2�C) in the top 100 m, whereas in the sub-
surface (beyond 300 m), it is significantly reduced by
�30–50% (i.e., �0.6–1.2�C) with maximum reduction at
600 m depth of about 60% (i.e., �1.4�C) (Figure 12c).
However, the correlation for ROM is near similar in the
top 200 m, but the correlation is reduced by �6–8%.
This confirms the advantage of using a high-resolution
RESM relative to a coarse resolution global model in
simulating surface and subsurface thermal structure in
the TIO.

4.6 | Annual cycle of oceans' meridional
heat transport and SST

The proper stimulation of the annual cycle of ocean fields
is a necessary precursor for a potential model that proves
the model's ability to simulate the semi-annual variability
(which is the dominant mode of variability over TIO).
The inaccurate distribution throughout the year leads
to altering the Indian summer monsoon, making
them unreliable. Thus, it is worthwhile to access the
model's performance in simulating the annual cycle.
Figure 13 shows the annual cycle of monthly oceans'
meridional heat transport (OMHT, in Petawatt (PW), i.e.,
1 PW=1015 W) for both model and corresponding obser-
vation. The OMHT of both models for the Arabian Sea

(AS), Bay of Bengal (BoB), equatorial Indian Ocean
(EIO), and southern Indian Ocean (as marked in
Figure 2a) are computed using Equation (2). The negative
(positive) sign corresponds to the southward (northward)
export of OMHT (Figure 13a–d). It has been found that
the magnitude of southward (northward) export of
OMHT varies in different seasons, followed by a variation
of SST magnitude (Figure 13e–h). The comparison shows
that the seasonal variation of southward (northward)
export of OMHT is notably decreased (increases) in ROM
in the AS, BoB, and EIO; however, there is an increase in
southward export OMHT in the SIO. MPI-ESM mostly
overestimates the southward export of OMHT in the AS,
BoB, and EIO, whereas, in SIO, these southward exports
of OMHT are reduced. Therefore, the seasonal variation
of OMHT can also modify the upper-ocean thermal struc-
ture in the basin.

The decrease in southward export of OMHT in ROM
inhibits the export of the ocean's thermal storage out of
the basin in all seasons. For AS, the decrease in south-
ward export of OMHT increases the SST by �1.2�C with
the maximum difference (of about �1.6�C) from January
to March and minimum difference (of about �0.5�C)
during June (Figure 13e). For BoB, from February to
May, the reduction of southward export of OMHT
increases SST by �0.5–1.0�C, respectively. But during
June to September, a reversal of the south-west monsoon
current significantly reduces the southward advection of
cold freshwater flux (figure not shown), leads to �1.0�C
drop in SST in the basin (Figure 13f). For EIO, the
decrease in the magnitude of southward export of
OMHT, except June and July, increases the SST by
�0.4�C (Figure 13g). However, in the SIO, the increase

FIGURE 12 Domain averaged statistics of profile (a) mean (�C), (b) root mean square error (RMSE; �C), and (c) correlation for

simulated water temperature from MPI-ESM (solid red line with marked squares) and ROM (solid blue line) at 31,159 number of ARGO

profiles for the period 1985–2001. Observation (ARGO) is represented as a solid black line with marked squares. [Colour figure can be

viewed at wileyonlinelibrary.com]
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in southward export of OMHT increases SST by �0.3 to
�0.5�C (Figure 13h).

In ROM, the reduction of OMHT restricts the south-
ward export of ocean thermal storage and increases the
surface warming by �4% in the AS basin. Therefore, sim-
ulated SST reaches the observed value and reduces the
SST error by �0.2 to �0.6�C (Figure 3b). In BoB, the
reduction of southward export of OMHT increases the
SST error by �0.1–0.3�C. For EIO, the southward export
of OMHT shows an anomalous behaviour from June to
July (Figure 12c). In SIO, an increase in the southward
export of OMHT increases the surface warming by �1–
2%, leads to a reduction in SST cold bias (−0.3 to 0.2�C)
and thereby reduces the SST error by �20–40%
(Figure 3c).

4.7 | Annual cycle of meridionally
average sea surface height anomaly (SSHA)
and ocean surface current (OSC) at a
latitudinal belt of 1�S–1�N

Figure 14 shows the annual cycle of zonally averaged
equatorial SSHA from altimeter (ALTI; first column of
first row), MPI-ESM (second column of first row), and

ROM (third column of first row) while second and third
row represents the annual cycle of zonal current and the
magnitude of OSC at a latitudinal belt of 1�S–1�N. In
ROM, SSHA has significantly increased by 6–8 m during
April–July and 3–4 m in August–October compared to
ALTI and MPI-ESM run in the EEIO (Figure 14c). This
increase in SSHA at the eastern boundary of the equator
is due to an increase in the eastward flow of ROM zonal
velocity (Figure 14f). As a result, at the eastern boundary
of the EIO, the surface remains warm for a longer period
and reduces the cold SST bias and thereby reducing the
SST error by 5–10% (Figure 3c) and ML error by �20%
(Figure 8c) compared to MPI-ESM. Though SSHA of
ROM and MPI-ESM are relatively close to the ALTI at
the western boundary of the EIO, the strength of the
westward flow of zonal velocity (Figure 14f) and the mag-
nitude of OSC (Figure 14i) is much stronger in ROM dur-
ing June–September. The increase in strength of the
westward flow of zonal velocity inhibits the strength of
the equatorial counter-current and increases the north-
ward (southward) import (export) of warm surface water
at the western boundary of EIO, which increase the
warm SST bias by 0.2–0.6�C (Figure 2b) and thereby 20–
40% increase of SST error off the Somali coast and reduc-
tion of SST error in the AS (Figure 3c).

FIGURE 13 Seasonal cycle of simulated oceans' meridional heat transport (OMHT; Petawatt (PW, 1PW=1015W ), left panel; a–d) and
the corresponding simulated sea surface temperature (SST in �C, right panel; e–h) from MPI-ESM, ROM and observation over the different

regions of TIO. The red line for MPI-ESM, blue line for ROM, and black line for observation [Colour figure can be viewed at

wileyonlinelibrary.com]
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5 | CONCLUSION

The advantages of high-resolution RESM, namely ROM
over the low-resolution earth system model (MPI-ESM),
were assessed for 1982–2001. The performance of ROM is
demonstrated for SST, WT, ML, SWS, OSC, and OMHT
for different regions. ROM shows better skill compared to
MPI-ESM in simulating the near-surface and subsurface
characteristics of the ocean (e.g., sea surface temperature
(SST), subsurface temperature, and mixed layer (ML)).
However, larger added values are noticed for subsurface
(deeper than 350 m) thermal structure. It is observed that
ROM reduces the SST cold bias from −0.93 to +0.26�C
over AS, −0.4 to −0.25�C over EIO and −0.32 to −0.01�C
over SIO, however, a strong cold bias of −0.6�C is
observed over the BoB. The improvement (added value)
is observed over most parts of the TIO with varying
degrees of magnitude �0.2–1.4�C (for SST) and �5–15 m
(for ML). Seasonal climatology of the ocean's meridional
heat transport (OMHT) is also investigated for different
regions. OMHT transport in ROM is consistent with the
improvement in SST. For example, reduced southward
export of OMHT over AS increases the surface warming
by �4%, reducing the RMSE by �0.2 to �0.6�C and

becoming closer to observation. This is in good agree-
ment that the reduction of basin-average OMHT
increases surface warming and improves the SST simula-
tion in the north TIO (Mallick et al., 2020). The error in
EEIO may be due to a strong equatorial mixing and
weaker export/import of the heat out of the region. How-
ever, in the SIO, the southward export of OMHT value is
increased by 1.0 PW, as a result, this reduces average SST
error by �13%. The reduction in the cold SST biases in
ROM is also associated with the shoaling of ML due to
the weaker Surface wind stress (SWS) which amplifies
upper-ocean heat and hence warming.

It can be thus suggested that using high-resolution
RESM, one can expect a better simulation near-surface
thermal structure with reduction of cold SST bias over
TIO. This further suggests that improvement in the upper
ocean thermal structure improves the ML dynamics.
Therefore, a high-resolution coupled model is ideal for
understanding the coupled climate phenomena over TIO.
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