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Abstract
This study examines the future climate change in the South Asia region during 2070–2099 with respect to the historical period 
(1975–2004) under RCP8.5 scenario using a high-resolution regional earth system model. We found substantial changes 
in the key climatic parameters over the South Asia region including ocean biological productivity, however, the magnitude 
of response varies spatially. A substantial increase (> 2.5 °C) in the projected annual-mean sea surface temperature (SST) 
was found over the Indian Ocean with the highest increase (~ 3.4 °C) locally in the northern part of the Arabian Sea and in 
the Persian Gulf, SST changes being significant throughout the study area with 95% confidence level. The changes in the 
sea surface salinity showed strong spatial variability with the highest freshening over northern Bay of Bengal and highest 
salinity in the Persian Gulf followed by northern Arabian Sea. The amount of annual-mean precipitation will substantially 
increase over the eastern coast of the Bay of Bengal (up to 1.5–2.0 mm/day) and along the equator in the band 10° S–10° N 
(0.5–1.5 mm/day), while it will decrease over the western part of the Bay of Bengal and in the northern states of India (− 0.5 
to 1.0 mm/day). The most pronounced increase of precipitation rate in the future climate will occur over India (3–5 mm/day) 
and the eastern coasts of the Bay of Bengal (> 5 mm/day) during the monsoon period, and over the equatorial band (2–3 mm/
day) during the post-monsoon period, with all precipitation changes indicated above being significant at 95% confidence level.
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1  Introduction

The land masses surrounding the Indian Ocean enclose 
some of the most densely populated areas on the planet. It 
is home to about a third of the world’s population, which 
is especially vulnerable to extreme climate manifestations. 
For instance, the floods in the state of Assam in India in 
July–August 2020 caused the death of dozens of people and 
led to severe destruction that forced thousands of people to 
flee their homes. More than 480 people died in 2018 in the 
Indian state of Kerala during severe floods caused by unusu-
ally intensive rainfall during the monsoon season. In India, 
thousands of people lost their lives in 90 catastrophic floods 
between 2006 and 2015 compared to 67 floods during the 
decade before that, 1996–2005 (UNISDR 2016). Moreover, 
the frequency and severity of extreme occurrences over India 
are further increasing. To better understand the mechanisms 
implied in these events and improve our ability to predict 
their occurrence in the future, one should first study the pos-
sible changes in the ocean-atmosphere system in the future 
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climate. A consistent way to do it is to use a climate model 
to assess the time-averaged changes in such a system in the 
future climate for the South Asia region.

The Indian Ocean variability is significantly controlled by 
the ocean-atmosphere interaction, and studying the related 
mechanisms seems a challenging though exciting task. To 
better understand the dynamics of the Indian Ocean and to 
track its current state to facilitate decision-making based on 
scientific knowledge, the Indian Ocean Observing System 
IndOOS was organized (Beal et al. 2019). However, due to 
the nature of observational data, it is not enough to fully 
understand the processes occurring in the climate system 
and to project changes in its state in the future. Various 
studies were attempted to understand the dynamic processes, 
circulation, and variability of the tropical Indian Ocean, 
including the Arabian Sea (AS) and the Bay of Bengal 
(BoB). In a pioneering work by McCreary et al. (1993) 
the Indian Ocean’s dynamics and thermodynamics and 
its interaction with the atmosphere were studied using a 
simple 2.5-layer numerical model. The model reproduced 
well the general features of the ocean’s thermodynamics 
properties. Still, it could not represent the detailed patterns 
of circulation, SST, etc. due to a relatively low horizontal 
resolution and the lack of the entire 3D representation of 
the ocean’s dynamic processes. Jensen (2001) investigated 
the exchange of mass and salt between the AS and the 
BoB with an ocean model forced with the climatological 
atmospheric fields and found a significant influence of 
monsoon dynamics on the intrusions of saline water into 
the BoB. Estimates of surface freshwater runoff from the 
BoB to the tropical Indian Ocean were also reported by 
Sengupta et al. (2006). A modeling approach was used by 
Wiggert et al. (2006) to study biogeochemical variability in 
the tropical and northern Indian Ocean. They revealed the 
main mechanisms responsible for basin-wide spatiotemporal 
variability in ocean productivity such as iron limitation, 
Somali Current and Wyrtki Jet, Ekman pumping and 
westward propagating Rossby waves in the southern tropical 
region, and emphasized the need for additional studies based 
on the similar basin-wide approach to clarify the interplay 
between bioavailable iron distribution, physical–biological 
interactions and biogeochemical processes in the Indian 
Ocean. The research by Koné et  al. (2009) highlighted 
the main features of phytoplankton bloom dynamics in 
the Indian Ocean during summer and winter periods. 
The variability of the mixed layer depth and its influence 
on the chlorophyll-a in the BoB was studied by Narvekar 
and Prasanna Kumar (2014). The comparative influence 
of air–sea forcings (winds, incoming shortwave radiation, 
and freshwater flux) was investigated by Srivastav et al. 
(2018), who suggested that wind plays a dominant role for 
the northern Indian ocean dynamical and thermodynamic 
processes. The ocean-atmosphere interaction and their 

possible feedbacks in the region were also investigated in 
several studies focused on the Indian Ocean Dipole—an 
interannual mode of the tropical Indian Ocean variability 
that significantly affects the Southeast Asia climate (Li et al. 
2002; Luo et al. 2007; Vinayachandran et al. 2002; Zheng 
et al. 2010). A comprehensive review of the Indian Ocean 
circulation, variability, ocean-atmosphere interactions, 
biogeochemistry, and corresponding intra-annual cycles was 
reported by Phillips et al. (2021). Authors emphasized the 
important impact of small-scale processes on the large-scale 
properties of the ocean, as well as the importance of ocean-
atmosphere coupling in modeling studies.

Under climate change, the rapid warming of the Indian 
Ocean and ocean acidification are expected, likely leading 
to increased ocean extremes and hazards and severe threats 
to the marine ecosystem and devastating and long-lasting 
biological impacts. A reduction in ocean productivity in 
the northern part of the Indian Ocean and its connection 
with ocean warming over the last decades was reported 
by Roxy et al. (2016). Their findings demonstrated that 
the rapid warming of the ocean’s surface layer during the 
past century had led to a 20% decrease in phytoplankton 
over the last 60 years due to enhanced stratification and 
thus decreased nutrient supply from the deep ocean. Other 
climate projections also showed a further decrease of ocean 
primary production in the future, the northern Indian Ocean 
being one of the regions with the most significant drop in 
ocean primary production (Bopp et al. 2013; Laufkötter et al. 
2015; Steinacher et al. 2010). Thus, improving the predictive 
skill of ocean models is crucial for climate and Indian 
monsoon prediction and for improving the management of 
marine living resources and climate services to provide the 
foundation for informed decision-making. Climate change 
necessitates concerted action, and it should serve as a spur 
for the resurrection of the Indian Ocean Rim Association. 
Thus, reliable science-based tools are needed to assess the 
characteristics of the future climate and its impact on the 
frequency and severity of extreme weather events.

Nowadays, the main tools for studying the projected 
state of the future climate are numerical models including 
Atmosphere and Ocean General Circulation Models 
(AGCMs and OGCMs), and also global Earth System 
Models (ESMs). Global ESMs produce a lot of 3D state 
variables describing the ocean and atmosphere dynamics 
and composition. It makes the running and output of these 
models very ‘heavy’ in terms of computational time and data 
storage capacity required for carrying out the simulations 
and saving the results. Furthermore, if one needs to assess 
the climate change scenarios in any particular area on Earth, 
then the refinement of a computational grid (compared to 
general global coarse-resolution models) is required in order 
to correctly represent regional features such as coastline, 
islands, mountains, etc. In this respect, Regional Earth 
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System Models (RESMs), adequately tuned for a specific 
region of the Earth, are tools aimed at this particular 
purpose—to study regional features at the cost of neglecting 
the feedback between considered regional model’s domain 
and outer domain. RESMs include components of the 
climate system other than ocean and atmosphere that 
allow to study some climatic feedbacks that cannot be 
studied by coupled ocean-atmospheric regional models. A 
comprehensive review of climate phenomena and processes 
in the Indian Ocean was given by Schott et al. (2009), where 
authors emphasize the need for numerically and physically 
improved models, combined with observations, to make 
future climate projections robust and reliable. Multi-
model projections of precipitation in South and Southeast 
Asia based on coupled ESMs and a good review of the 
RESM’s development progress were reported in recent 
studies (Supari et al. 2020; Tangang et al. 2020; Kumar 
et al. 2022a, b). For instance, Supari et al. (2020) examined 
the projections of precipitation extremes for the period 
2081–2100 in Southeast Asia and showed that under the 
RCP8.5 scenario the heavier precipitation will occur over a 
wider area compared with the RCP4.5 scenario. Analyzing 
the results of multi-model simulations, Tangang et al. (2020) 
found that the mean rainfall intensity distribution will not 
be homogeneous both in space and time throughout the 21st 
century. Moreover, a significant uncertainty in precipitation 
projections was found among the member models.

Indian summer monsoon variability was investigated 
by Di Sante et al. (2019), Mishra et al. (2021a) by means 
of coupled RESMs RegCM-ES and RegCM-MITgcm, 
respectively. It was demonstrated that the air-sea feedback 
implemented in the coupled models enhanced the quality 
of the Indian summer monsoon rainfall simulation, as well 
as improved the results of simulation of wind speed and 
SST in the AS and the BoB. Similar results were earlier 
reported by Ratnam et al. (2009), who used the RegCM3-
ROMS regional coupled model to simulate the Indian 
summer monsoon and who showed that the two-way coupled 
modeling system simulates the main features of the Indian 
monsoon much better compared to atmosphere-only model 
due to taking into account corresponding feedbacks between 
the SST and convective processes in the atmosphere. The 
importance of the two-way coupling between the ocean 
and the atmosphere for more realistic simulation of the 
Indian summer monsoon was also emphasized by Samala 
et al. (2013) on the basis of WRF-ROMS coupled model.  
Mishra et al. (2021b) demonstrated that the increase of a 
coupled model’s horizontal resolution improved the results 
of monsoon simulation in the CORDEX-South Asia domain.

The present study is aimed to assess the changes in key 
parameters of the ocean-atmosphere system in the future 
climate for the South Asia region using state-of-the-art 
high-resolution RESM developed by Sein et al. (2022). 

This RESM implements a global ocean component and a 
regional atmosphere component. Using this coupled model 
is advantageous compared to fully global ESMs because we 
can implement a higher spatial horizontal resolution in the 
atmospheric model. It allowed us to better reproduce spatial 
distribution of simulated fields by better taking into account 
such regional features as orographic-induced precipitation. 
Besides, the presence of a marine biogeochemical module 
allowed us to explicitly take into account the impact of the 
explicit marine biogeochemical light absorption on the 
simulated climate. Particular attention is paid to changes 
in ocean characteristics, including their validity and 
explanation of the causes of the most significant changes. 
This will contribute to the detection of weaknesses in models 
of the Earth’s climate system and their further improvement.

The layout of the paper is as follows. Section 2 briefly 
describes the coupled modeling system used in this study. 
The model results and related discussion are presented in 
Sect. 3. In Sect. 4, we discuss the comparison of our results 
with prior relevant studies including CMIP5 and CMIP6 
projections. Finally, Sect. 5 concludes the main findings of 
the study.

2 � Methods

In the present study, we used the RESM ROM (Sein et al. 
2015), which consists of the global Max Planck Institute 
Ocean Model—MPIOM (Jungclaus et al. 2013; Marsland 
et al. 2003), the Regional Atmospheric Model—REMO 
(Jacob 2001), the Hamburg Ocean Carbon Cycle Model—
HAMOCC (Ilyina et  al. 2013), and the Hydrological 
Discharge Model—HD (Hagemann and Dümenil 1997). All 
of the components were linked to each other via the OASIS 
coupler. The coupling frequency was three hours, while the 
forcing was updated each six hours.

The ocean component of ROM is global, whereas the 
atmospheric model is regional and is fully dynamically 
coupled with the ocean model only inside the South Asia 
CORDEX domain (https://​www.​cordex.​org, Fig.  1a). 
Outside the coupling region, MPIOM calculates heat, 
freshwater, and momentum fluxes from the atmospheric 
fields taken from the same global model used for REMO 
boundary conditions. In the simulations analyzed here, 
the driving model MPI-ESM-LR was used both for lateral 
boundary conditions for REMO and for calculation of 
the atmospheric forcing for MPIOM outside the coupling 
subregion. The horizontal and vertical resolution of the 
atmospheric model inside the coupling domain was 25 km 
and 31 hybrid levels, respectively. The variable horizontal 
resolution of the ocean model inside the coupling domain 
ranged from 23.3 to 24.5 km. MPIOM employed 40 vertical 
z-coordinate levels with the following thicknesses (in 

https://www.cordex.org
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meters): 16, 10, 10, 10, 10, 10, 13, 15, 20, 25, 30, 35, 40, 
45, 50, 55, 60, 70, 80, 90, 100, 110, 120, 130, 140, 150, 170, 
180, 190, 200, 220, 250, 270, 300, 350, 400, 450, 500, 500, 
600. The model grid and parameters in the current study 
are identical to those used in the recent study by Sein et al. 
(2022). These coupled model’s horizontal resolutions, for 
both ocean and atmosphere, are close to those implemented 
in other regional coupled models for Southeast Asia (25 km), 
e.g., by Supari et al. (2020) and Tangang et al. (2020).

Previously, we reported the results of the thorough 
verification of ROM and assessed the influence of different 
parameterizations of light attenuation in water upon physical 
and biogeochemical characteristics of the ocean and, 
through the ocean-atmosphere feedback, upon atmospheric 
dynamics, during the climatic period 1975–2004 (Sein et al. 
2021, 2022). As a result, it was demonstrated that taking 
into account the impact of marine biogeochemical variability 
upon the attenuation of the solar short-wave radiation (SWR) 
in the water (Gröger et al. 2013) leads to a decrease of SST 
compared to the simulation with a constant light attenuation 
coefficient set equal to 0.06 m−1 (Jerlov 1976; Paulson and 
Simpson 1977). Furthermore, the ocean mixed-layer depth in 
the numerical experiment with full marine biogeochemical 
variability’s impact was shown to be in a better agreement 
with available observations, along with better simulation of 
atmospheric precipitation.

Thus, having completed the ROM’s verification for the 
past climatic period (1975–2004) and shown its ability to 
realistically simulate the main regional climate features in 
South Asia, in the current study we investigated the future 

climate for the 2070–2099 period. To this end, we performed 
a simulation for the future South Asia climate under the 
RCP8.5 scenario taking into account the impact of the 
SWR absorption in the water column by explicitly-modeled 
phytoplankton. A corresponding influence of the SWR 
absorption on the water temperature (Gröger et al. 2013) 
and its feedback on heat and moisture flux between the ocean 
and the atmosphere was taken into account. Thus, due to 
spatial and temporal variability of modeled phytoplankton 
concentration, its aforementioned impact on water 
temperature was also spatially- and temporally-variable.

As stated in the study by Sein et  al. (2022), after 
100 years of spin-up, we carried out a simulation from 
1920 to 2005 forced by the global MPI-ESM-LR CMIP5 
historical run. Then, for this study, the model was further 
run for the 2006–2099 period forced by the fields from 
a MPI-ESM-LR simulation under the RCP8.5 scenario. 
We note that MPI-ESM-LR is among the best models 
that not only effectively estimates the mean climate but 
also the extremes globally (Sillmann et al. 2013). It has 
better mass and energy flow than other CMIP5 models 
(Vázquez-Patiño et al. 2020), better decadal prediction of 
precipitation, SST and 2-meter temperature (Purwaningsih 
and Hidayat 2016) even at a catchment level (Hossain 
et al. 2022) and is efficient in simulating global tropical 
cyclones (Shen et al. 2021). Over the CORDEX South 
Asia domain, MPI-ESM-LR has better simulation of East 
Asian Summer Monsoon (Guo et  al. 2016) and better 
wind simulation (Lakku and Behera 2022). According 
toSperber (2013), MPI-ESM-LR typically performs well 

Fig. 1   a South Asia CORDEX domain as implemented in the current 
ROM configuration. The red frame shows the coupled ocean-atmos-
phere domain. The black lines show the global curvilinear grid of the 
ocean model (every 12th line is shown). b Specific areas in the model 
domain. The red square is the South Asia CORDEX domain. The 

black squares inside denote the following regions used in the analysis: 
IO (northern part of the Indian Ocean, 40°–100° E, 15° S–25° N), AS 
(Arabian Sea, 53°–77.5° E, 8o–25° N ), and BoB (Bay of Bengal, 80°–
95° E, 6°–22.5° N). Color scale represents orography in both figures
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in simulations of the Indian Summer Monsoon and is a 
viable candidate for downscaling in the Indian Ocean 
region (McSweeney et al. 2015). Considering this high 
performance in simulating different spheres of Earth 
components, we chose MPI-ESM-LR as the model 
providing the forcing data.

ROM simulations of the past climate (1975–2004) 
of the South Asia CORDEX domain were previously 
presented and validated (Sein et al. 2022; Kumar et al. 
2022a, b). It was shown that the regional ROM’s setup was 
able to successfully reproduce the current climate of this 
region. In order to be consistent with those earlier results, 
in the present study we used the same seasonal periods 
which are defined by the India Meteorological Department 
based on the monsoon activity in the northern part of the 
Indian Ocean:

•	 DJF: December–February (winter season, north-east 
winds);

•	 MAM: March–May (pre-monsoon season);
•	 JJAS: June–September (monsoon season, south-west 

winds);
•	 ON: October–November (post-monsoon season).

We note that the base period 1976–2005 is commonly 
used as a reference period for climate studies because a 
30-year period represents a period of relative stability in 
global temperature and weather patterns. It is also a period 
that is well documented by the World Meteorological 
Organization (WMO). Still, instead of taking the 
1976–2005 period, in the current study we took the 
1975–2004 period assuming that the shift in one year 
would not significantly change the results, but in this case 
the results obtained in the current study are fully consistent 
with those reported by Sein et al. (2022) where the same 
climatic period 1975–2004 was used for the verification 
of ROM and for the analysis of simulations.

The RCP8.5 scenario is one of several scenarios 
developed by the Intergovernmental Panel on Climate 
Change (IPCC) to model future greenhouse gas emissions 
and their impact on the climate. The RCP8.5 is a high 
emissions scenario that assumes that global emissions of 
greenhouse gasses will continue to rise throughout the 21st 
century. It is considered a “business as usual” scenario, 
meaning that it assumes no significant changes in human 
behavior or policies to reduce greenhouse gas emissions. 
The RCP8.5 was chosen in the current study, as well as 
in the previous study by Sein et al. (2022), because it 
gives the strongest climate change signal, allowing us to 
identify more clearly the impact of the feedback of the 
ocean marine biogeochemical variability on the climate 
change signal.

3 � Results and discussion

In the following sections, we compared the past 
(1975–2004) and future (2070–2099) simulated South 
Asia climates to determine the corresponding changes 
in the ocean-atmosphere system’s key parameters. The 
spatial distributions of sea surface temperature (SST), sea 
surface salinity (SSS), mixed-layer depth (MLD), depth-
integrated phytoplankton primary production (PP), 2 m 
air temperature (T2M), and total precipitation rate (PR) 
were examined. Additionally, we also assessed the climatic 
intra-annual variation of these characteristics for the two 
periods considered in different areas of the model domain, 
namely in the AS and in the BoB.

Figure 2 shows the annual-mean modeled SST, SSS, 
MLD, PP, T2M and PR distributions for the future climate 
and the differences (Δ) between the future and past 
climatic periods (future–past)

A brief look at Fig. 2 emphasizes the main features 
of the simulated future climate change consequences in 
the considered area. According to our projection, SST in 
the northern part of the Indian Ocean will significantly 
increase in the future climate, while biological 
productivity will decrease. In general, the Arabian Sea 
shows north–south gradient of SST, having northward 
decreasing SST partly attributed to the northward 
deepening of MLD. Similarly, the northward increasing 
SST over the BoB is partly associated with a shallowing 
MLD as a result of increased freshwater f lux and 
precipitation. This SST pattern might also be associated 
with atmospheric processes (heat fluxes) and small-scale 
ocean processes which are beyond the scope of this study. 
The non-uniform spatial distribution of SST in the Arabian 
Sea may be caused by a spatially-varying sensible heat 
flux between the sea and heated air transported from the 
south-west from Africa and Arabian Peninsula. Figure 2 
shows that the 2 m air temperature (T2M) in these regions 
will rise considerably in the future climate according to 
ROM projection. In the northern part of the Indian Ocean, 
the annual-mean SST increase (ΔSST) will be 2.7–3.2 °C 
almost everywhere by the end of this century compared to 
the end of the last century. The main feature of the ΔSST 
spatial distribution is its larger values of 2.8–3.2 °C in 
the AS, in the northern part of which and in the Persian 
Gulf reaching 3.4 °C, compared to the BoB where ΔSST 
values reach 2.7–2.8 °C. The reason for this difference is 
a strong increase in 2 m air temperature (ΔT2M) over the 
Arabian Peninsula and Somalia: up to 5.5 °C for annual 
averages (Fig.  2) and up to 6.5 °C during the south-
west monsoon period (JJAS), which leads to increased 
ΔT2M values over the AS compared to the BoB during 
the monsoon (JJAS) and autumn post-monsoon (ON) 
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Fig. 2   (Left column): Annual-
mean modeled SST (a), SSS 
(b), MLD (c), PP (d), T2M 
(e) and PR (f) for the future 
(2070–2099) climate. (Right 
column): The differences (Δ) 
between the future and past 
climatic periods for each vari-
able (future–past, g–l). Areas 
of statistically nonsignificant 
values are cross-hatched with 
red lines. The statistical sig-
nificance for the differences Δ 
was calculated using Student’s 
t test at confidence interval of 
95%. In figures where there is 
no cross-hatching, this means 
that all values are statistically 
significant
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periods (Fig. 6). Based on our results, the highest spatial 
variation in changes of SST was found over the northern 
AS, with the small patches of local maximum changes. 
The overall range of SST change assessed with ROM 
is consistent with the previously reported studies using 
CMIP5 models, which was expected. Any regional model 
is, in general, focused towards the regional variability or 
changes due its capability of resolving the regional scale 
processes at higher resolution. Compared to previous 
studies, the horizontal resolution of ROM is higher than 
that of other coupled AOGCMs previously implemented 
for similar studies in that region (e.g., Krishnan et al. 
2020). The benefits of using a regional model ROM with 
higher spatial resolution and specifically tuned for the 
CORDEX-SA region are discussed in Sect. 4 where we 
show and discuss in detail the intercomparison between 
ROM results and simulations carried out with models with 
coarser spatial resolution.

Based on ROM’s results, the most striking decrease 
of ocean primary production (PP) in the future climate 
will occur in the AS, which is consistent with regions of 
prominent temperature increase. This result is in accordance 
with other previous studies, in which the decline of ocean 
primary production was discussed using observational 
data by Roxy et al. (2016) and model projections of future 
climate by Bopp et al. (2013), Laufkötter et al. (2015), 
Steinacher et al. (2010), the northern Indian Ocean being 
one of the regions with the most significant drop in ocean 
primary production. As expected, the 2 m air temperature 
will rise significantly in the future, especially above land. 
Considering the annual-mean spatial pattern, the difference 
between the two climatic periods reaches up to 5.5 °C in 
northern India and Arabian Peninsula, while it is 2.5–3.5 
°C over the northern Indian Ocean. A comparatively 
higher increase in air temperature over land than in the 
surrounding ocean will strengthen the moisture-laden wind 
from the AS and BoB to Indian land region as a result of 
the increased land-sea pressure gradient. According to our 
simulations, the amount of annual-mean precipitation will 
substantially increase over the eastern coast of the BoB 
(up to 1.5–2.0 mm/day) and along the equator in the band 
10° S – 10° N (0.5–1.5 mm/day), while it will decrease 
over the western part of the BoB and in the northern states 
of India (− 0.5 to 1.0 mm/day). The main changes in SSS 
in the future climate will occur in the northern part of the 
BoB (up to − 0.9 ppt), along the southern tropical band 
0–15° S (circa − 0.2 to 0.4 ppt), and in the Persian Gulf. 
The SSS decrease in the tropical band can be explained 
by the increased precipitation in this region in the future 
climate, while the increased salinity in the Persian Gulf is a 
consequence of enhanced evaporation. As for the northern 
BoB and the corresponding drop in SSS, the model results 
did not show any significant increase in precipitation, or a 

drop in SST leading to a reduced evaporation rate. On the 
contrary, the model results showed that the precipitation rate 
in the northern part of the BoB will decrease in the future 
climate (Fig. 2). All these circumstances suggest that the 
above-mentioned pronounced SSS decrease in this area may 
be linked with the altered river runoff in the future climate. 
Figure 3d shows the simulated climatic intra-annual time-
series of the total freshwater river runoff into the BoB for 
the two climatic periods considered. A slight increase in the 
river runoff compared to the past climate occurs at the end 
of the summer monsoon period. Nevertheless, it can hardly 
be fully responsible for the significant SSS decrease in the 
northern BoB. But, combined with a specific circulation 
pattern, which can hinder the free transport of riverine 
waters to the south in the future climate, the freshening of 
this area may still be plausible. To check this hypothesis, 
we calculated the changes of modeled current velocities in 
the upper ocean layer. Figure 3 shows that circular surface 
currents in the northern BoB will intensify in the future 
climate, with two gyres of the opposite rotation direction 
being the main part of this new circulation pattern (Fig. 3a). 
The first gyre, located in the northernmost part of the BoB, 
has the anticyclonic rotation, and the second gyre, located 
to the south from the former, is of the cyclonic rotation. 
Their combined effect leads to the local circulation that, 
to some degree, traps the waters freshened by the riverine 
runoff in the top of the BoB by means of the recirculation 
of that water. This new circulation pattern with two gyres 
in the northern part of the BoB is even more distinct when 
analyzed not at an annual but at a seasonal time scale, the 
monsoon and post-monsoon seasons (JJAS and ON) being 
the periods when, according to ROM’s projection, the 
circulation driven by these gyres is the most intense (Fig. 3b 
and c), which also coincides with the maximal river runoff 
throughout the year in this region (Fig. 3d). Comparison of 
this result with those obtained with other models is given 
in Sect. 4.

The simulations also showed that there will be no distinct 
and uniform trend in the change of the MLD in the northern 
part of the Indian Ocean in the future climate. Among the 
main features of the modeled MLD for the future period, we 
can highlight the decrease of the annual-mean climatic MLD 
in the equatorial band by 10–15 m, in the BoB by 8–15 m, 
and in the AS by 6–10 m (Fig. 2). Still, in the areas located 
to the east of the Arabian Peninsula and the Somalia coast, 
the annual-mean MLD will increase in the future climate by 
about 8–10 m compared to the period 1975–2004.

Besides the mentioned changes in horizontal distribution, 
the vertical structure of water masses in the considered 
region, according to ROM simulations, will also be altered 
in the projected future climate. The vertical profiles of 
annual-mean spatially-averaged water temperature and 
salinity in different areas of the northern Indian Ocean are 
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shown in Fig. 4. The locations of the regions is shown in 
Fig. 1b and consist of: the northern part of the Indian Ocean, 
40°–100° E, 15° S–25° N (IO); Arabian Sea, 53°–77.5° E, 
8°–25° N; and the Bay of Bengal, 80°–95° E, 6°–22.5° N. 
The AS and the BoB regions were selected because the 
hydrological regimes of the AS and the BoB are very 
different. This is due to the river runoff into the BoB that 
is significantly larger than that in the AS. Also, the BoB 
is shallower than the AS, and the latter is affected by the 
summer monsoon to a greater extent than the BoB. Based on 
such spatial averaging, it is easier to track the future changes 
in key oceanic and atmospheric parameters in the regions 
of interest.

As follows from Fig.  4, the annual-mean water 
temperature difference between the two climatic periods is 
maximal at the surface and gradually decreases with depth, 
and almost vanishes at a depth of 300 m. The same cannot 
be said about salinity, though a somewhat SSS decrease in 
the BoB, and in the entire northern part of the Indian Ocean, 
is evident. Below the depth of 50–75 m, some increase of 

salinity occurs in the projected future climate in all spatially-
averaged regions considered. Still, this increase is much 
less compared to the surface salinity change, at least for the 
entire domain (IO). Overall, it can be concluded that in the 
projected future climate the water temperature’s changes will 
be more pronounced than the salinity changes in terms of 
the depth of affected ocean layers. Both temperature and 
salinity changes in the future climate will lead to enhanced 
water stratification and vertical stability of the upper ocean 
layers, thus hindering the vertical turbulent mixing and 
nutrient supply to the surface, which results in decreasing of 
the ocean phytoplankton primary production in the northern 
part of the Indian Ocean (Fig. 2). The enhanced vertical 
stratification in the upper ocean layers in future climate 
is presented in Fig. 5 by means of plotting both climatic 
annual-mean Brunt-Väisälä frequency and vertical shear 
stress calculated from the model results for the 1975–2004 
and 2070–2099 periods. The vertical distribution of 
shear stress for the period 2070–2099 does not show any 
significant changes in the water column compared with the 

Fig. 3   Annual-mean (a) and seasonal-mean (b, c) modeled current 
velocity difference in the upper ocean layer between the climatic peri-
ods 1975–2004 and 2070–2099. d Simulated climatological annual 

cycle of total freshwater river runoff into the BoB for the periods 
1975–2004 (solid line) and 2070–2099 (dashed line)
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1975–2004 climatic period, while Brunt-Väisälä frequency 
demonstrates considerable increases in the upper 300 m. 
This result is in accordance with those reported earlier (e.g., 
Bopp et al. 2013; Laufkötter et al. 2015; Roxy et al. 2016; 
Steinacher et al. 2010).

The northern Indian Ocean region is characterized by 
a robust seasonal variability associated with monsoon 
dynamics. Therefore, it seems reasonable to examine in 
more detail the corresponding seasonal changes of the 
previously analyzed annual-mean characteristics between 
the two climatic periods. However, we confined the analysis 
of the climatic seasonal variations by considering only SST, 
T2M, PR and PP, presenting the corresponding difference 
between the two climatic periods as ΔSST, ΔT2M, ΔPR 
and ΔPP (Figs. 6 and 7). Regarding the differences between 
future and past seasonal climatic SSS (ΔSSS), though there 

exists some variability of ΔSSS throughout the climatic 
seasons, the qualitative pattern of ΔSSS distribution (not 
shown) still resembles the one typical for the annual-mean 
climatic ΔSSS distribution shown in Fig. 2.

In all climatic seasons, there will be warming all over 
the study region in the projected future climate according to 
ROM simulations. However, these changes showed strong 
spatio-temporal variability. The most robust warming (~ 7 
°С) in the future will take place over the high mountain 
regions (the northern side of the Himalayas and the Tibetan 
Plateau) during winter, while during the monsoon season 
the highest warming (~ 5–6 °С) will occur over the Arabian 
Peninsula and eastern Africa. The spatial distribution of 
the changes between the future and past climate is strongly 
influenced by the orographic features. The highest (lowest) 
warming over Himalayas and the Tibetan Plateau during 

Fig. 4   Vertical profiles of modeled climatic annual-mean water 
temperature (a–c) and salinity (d–f) for the periods 1975–2004 and 
2070–2099. IO denotes the northern part of the Indian Ocean, AS 

Arabian Sea, BoB Bay of Bengal (see Fig. 1 for the exact locations of 
these regions). Solid line is for 1975–2004, dashed line is for 2070–
2099
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winter (monsoon) season showed corresponding altering of 
thermal effect of Tibetan Plateau and the role of the changes 
in the monsoon circulation. It is also noteworthy that the 
climate signal in the driving MPI-ESM-LR global model 
does not reflect the importance of orographic features on the 
climate change signal. Moreover, MPI-ESM-LR simulates 
strong warming over the Indian subcontinent, which can be 
related to the low resolution of its atmospheric component 
ECHAM6 (Giorgetta et al. 2013).

The SST differences between the corresponding seasons 
of the two climatic periods reached more than 3.4 °С in 
the AS. The minimum differences between the two climatic 
periods in the AS occurred in the pre-monsoon period 
(MAM) and were equal to 2.7–2.9 °C on average. Therefore, 
the future SST increase in the BoB will be less pronounced 
than in the AS, being about 2.8 °С annually, but reaching 
3.0–3.4 °С during the winter and pre-monsoon period, and 
decreasing to 2.2–2.4 °С during the post-monsoon period 
(ON).

During the summer monsoon period, the southwestern 
winds carry relatively cool sea air from the ocean towards 
India. As a result, significant SST deviations will occur 
along the coasts of Somalia and the Arabian Peninsula in 
the future compared to the present climate as seen from 
the spatial distribution of the 2 m air temperature (T2M) 
in Figs. 2 and 6. From these figures it is also evident that 
during the summer monsoon season (JJAS) the air above 
the Arabian Peninsula and Somalia is strongly warmed. The 
impact of monsoon transport of the relatively cool air upon 
the air temperature above India is also seen during the JJAS 
and ON seasons when the difference between the changes of 

air temperature above the ocean and land is minimal in the 
southern and south-western Indian states.

Considering the biological productivity on a seasonal 
scale, the widespread decrease of the PP in the future 
climate is noteworthy, especially pronounced in the 
northern and western parts of the AS during the monsoon 
and post-monsoon periods. The model results also showed a 
significant drop in PP along the western coast of the BoB in 
the future during the monsoon period. The reason for such a 
decrease in PP is a MLD decrease, which leads to a decrease 
in nutrient supply from the deep oceanic layers.

The most pronounced increase of precipitation rate (PR) 
in the projected future climate occurred over India (3–5 mm/
day) and the eastern coasts of the BoB (> 5 mm/day) during 
the monsoon period, and also over the equatorial band 
(2–3 mm/day) during the post-monsoon period (Fig. 7). 
Although the annual-mean precipitation changes partly 
reflect the SST warming and the increase in evaporation, 
different mechanisms are involved in these changes, which 
depend not only on SST but also include the land-sea 
gradients and the large-scale circulation. Besides, the spatial 
patterns of precipitation change are seasonally dependent. 
For instance, the JJAS precipitation showed two distinct 
patterns of precipitation change related to the monsoon 
rain band over land and the Intertropical Convergence Zone 
(ITCZ) over the ocean, which are dynamically connected 
through a local Hadley circulation. From Fig. 7, during the 
monsoon period (JJAS) the rain band over India becomes 
wetter while the equatorial band becomes weaker, as it is 
affected by anomalous descending motion and moisture 
divergence (Hsu et al. 2012). The importance of the changes 

Fig. 5   Vertical profiles of modeled climatic annual-mean Brunt-
Väisälä frequency squared (black lines, s−2) and shear stress (blue 
lines, N m−2) for the periods 1975–2004 and 2070–2099 in IO (a), 
AS (b) and BoB (c). IO denotes the northern part of the Indian 

Ocean, AS Arabian Sea, BoB Bay of Bengal (see Fig. 1 for the exact 
locations of these regions). Solid line is for 1975–2004, dashed line is 
for 2070–2099
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Fig. 6   Difference Δ between 
simulated future (2070–2099) 
and past (1975–2004) seasonal 
climatic SST (left column, a–d) 
and T2M (right column, e–h). 
The difference Δ for SST and 
T2M is statistically significant 
throughout the study area in all 
seasons. The statistical signifi-
cance for the differences was 
calculated using Student’s t test 
at confidence interval of 95%
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Fig. 7   Difference Δ between 
simulated future (2070–2099) 
and past (1975–2004) seasonal 
climatic PR (left column, a–d) 
and PP (right column, e–h). 
Areas of statistically nonsignifi-
cant values are cross-hatched 
with red lines. The statistical 
significance for the differences 
Δ was calculated using Stu-
dent’s t test at confidence inter-
val of 95%. In figures where 
there is no cross-hatching, this 
means that all values are statisti-
cally significant
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Fig. 8   Difference between 
simulated future (2070–2099) 
and past (1975–2004) climatic 
periods for large-scale (ΔLS, 
left column, a–d) and convec-
tive (ΔCONV, right column, 
e–h) components of total 
precipitation (PR)
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in the circulation can be seen in Fig. 8 where we presented 
the differences between the future and past climatic periods 
for large-scale (ΔLS) and convective (ΔCONV) components 
of total precipitation (PR). During both DJF and JJAS 
climatic seasons, the largest part of the precipitation change 
was of large-scale nature. It supports the idea that for these 
seasons, the effect of SST on the precipitation changes 
mostly took place through changes in the large-scale Hadley 
circulation.

To assess the changes in the annual climatic monthly-
mean behavior of the selected variables, we also analyzed 
their cycle for the regions considered. From Fig. 9 it is 
more clearly seen that the spatially-averaged monthly-mean 
climatic SST in the northern Indian Ocean region will be 
2–3 °C higher in the future climate while keeping its climatic 
intra-annual variability pattern. The same holds for the AS 
and the BoB regions. The climatic intra-annual variability of 
2 m air temperature (T2M) will also replicate this tendency, 
the difference between the future and past climates being 
3–4 °C throughout the year. The surface salinity (SSS) for 

the IO and BoB regions will be lower in the future climate 
than in the past climate, while for the AS region the SSS 
will increase in the first part of a year and decrease in the 
second part. This tendency may be explained by the changes 
of precipitation rates over the considered areas. From Fig. 9, 
the large drop in SSS in the IO region in October–November 
may be related to the increase of total precipitation in 
this region during the same period. This relationship is 
especially clear for the AS region: the enhancement of PR 
in July–October leads to the corresponding drop in SSS 
during the second part of the year. The period of enhanced 
precipitation over the BoB region in the future climate will 
also occur in July–October, but the drop in SSS will not 
be so clear, which can be explained by the strong impact 
of large river runoff into the BoB shading the influence of 
atmospheric precipitation.

The decrease of the ocean biological productivity 
mentioned earlier is also clearly traceable in the intra-
annual climatic monthly-mean series of the depth-averaged 
phytoplankton primary production (PP) averaged over 

Fig. 9   Modeled annual climatic monthly-mean SST (a–c), SSS (d–f), 
MLD (g–i), PP (j–l), T2M (m–o) and PR (p–r) for the climatic peri-
ods 1975–2004 and 2070–2099. IO denotes the northern part of the 

Indian Ocean, AS Arabian Sea, BoB Bay of Bengal (see Fig. 1b for 
the exact locations of these regions). Solid line is for 1975–2004, 
dashed line is for 2070–2099
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the IO, AS and BoB regions (Fig. 9). According to ROM 
simulations, none of the considered areas showed an 
increase of phytoplankton primary production in the future 
climate. The most significant drop in PP in the future climate 
compared to the past climate appeared during the monsoon 
season, i.e., during the annual phytoplankton bloom 
maximum. The summer phytoplankton bloom in these areas 
occurs in the monsoon season due to enhanced supply of 
nutrients from the deeper layers. Thus, the model results 
suggest that this supply of nutrients will be significantly 
weakened in the future climate in the northern Indian Ocean. 
Therefore, according to our simulations, the future climatic 
intra-annual variability of primary production will be much 
less pronounced compared to the present. The projected 
change in MLD is much less noticeable in Fig. 9 compared 
to the decrease of PP. It may be related to spatial averaging 
of model results to produce area-mean estimates for IO, AS 
and BoB. This procedure significantly smooths the fields 
and conceals any smaller-scale spatial heterogeneity of 
MLD that may be to some degree responsible for such a 
decrease in PP on a climatic time-scale. For example, in 
Fig. 2 the spatial heterogeneity of modeled MLD is obvious. 
Its largest horizontal gradients are located in the Arabian 
Sea—a region where the largest simulated PP decrease 
is also located. Also, the tropical ocean is known to be a 
region of low nutrient availability for phytoplankton primary 
production, and therefore a small decrease in nutrient supply 
from deeper layers due to shallowing of MLD may cause 
considerable decrease of primary production. We do not 
discuss this phenomenon in detail in the current study 
because it deserves a separate study, perhaps even a separate 
study for each region considered, i.e. for the BoB, AS, or 
Indian Ocean as a whole, since the global biogeochemical 
model HAMOCC used in the current study, though 
capable of catching general patterns of phytoplankton 
primary production in the global ocean and its parts on a 
climatic time-scale, may be too coarse to describe a fine-
scale processes involving interaction between physical and 
biogeochemical processes.

4 � Comparison of the ROM’s projection 
with other studies

State-of-the-art global climate models are run with spatial 
resolutions that do not allow for the explicit representation 
of many features of the regional climate, especially those 
related to the orographic features over land and to strong 
air-sea interactions, such as the eastern boundary upwelling 
systems and western boundary currents. Enclosed seas and 
surrounding coastal areas, which host a very important part 
of the human population, are still not very well represented in 
global models, which are not able to provide detailed climate 

information for adaptation and mitigation in these regions 
(e.g., Kumar et al. 2022a, b; Weber et al. 2023; Soares et al. 
2019). The RESM ROM proposed in this study has the 
advantage of having a rather high spatial resolution (≈ 25 
km) that improves the quality of reproduction of climatic 
characteristics in South Asia, especially the frequency 
distribution of Indian summer monsoon extremes (Mishra 
et  al. 2022). Besides, there should be confidence about 
ROM simulations’ quality with respect to other available 
suits of models. Specifically, the historical simulation 
from ROM should be in good agreement with the available 
observations. Also, the future projected fields simulated 
with ROM should be analogous to the projected climate 
of other models. It should also be emphasized that ROM 
projections were using CMIP5 forcings (RCP8.5 scenarios) 
and hence, in order to see the improvement from the use of 
the regional model ROM and highlight its potential, one 
should compare its results with other simulations exploiting 
the same forcing. However, while evaluating the quality of 
ROM’s projections, we must note that a comprehensive 
quantitative comparison of our projections of all climatic 
characteristics with their earlier model estimates obtained 
under the CMIP5 and CMIP6 scenarios, is a separate time-
consuming task (e.g., Sharmila et al. 2015) and was not 
the main goal of our study. Nevertheless, we compared the 
observed SST, SSS and T2M with the historical simulation 
of ROM and with its forcing model MPI-ESM-LR (CMIP5) 
and Multimodel Ensemble mean (MME) of the three best 
CMIP5 models: MPI-ESM-LR, CMCC-CMS, NorESM1 
(Li and Su 2020). This comparison showed better warming 
trends in the Indian Ocean during the historical period. Also, 
in order to demonstrate that high-order statistics of ROM are 
independent of forcing models, we showed that ROM has 
better performance against the CMIP6 simulation of MPI-
ESM-LR (Table 1). To evaluate the performance of ROM, 
we used the T2M data taken from the ERA5 (Hersbach et al. 
2020), as well as the National Oceanic and Atmospheric 
Administration (NOAA) Optimum Interpolation SST 
version 2 (OISST.v2) data (Banzon et  al. 2016). The 
simulated SSS was evaluated against the ORAS5 (Zuo et al. 
2019) reanalysis. The detailed evaluation of PR was carried 
out in our previous studies and can be found in (Kumar et al. 
2022a, b; Kumari et al. 2022; Mishra et al. 2022a,b).

The projected fields from ROM simulation are in good 
agreement with the projections from the other models, 
and we found a strong pattern correlation with all of them 
(Table 2).

Figure 10 shows spatial fields of SST, SSS and T2M, 
both observed and simulated with different models includ-
ing ROM. ROM delineates the region of high and low 
SST field but with some underestimation, while SSS and 
T2M fields are well represented in ROM. ROM shows 
notable discrepancy in terms of SST magnitude, in 
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particular—underestimation over southeast Arabian Sea. 
The problem is mostly a consequence of a generally cooler 
simulated SST than that in observations in the Indian 
Ocean, especially in the equatorial band, in which ROM 
shows a band of cooler SST in the present-time simulation 
(Fig. 10). This leads to the presence of the high SST bands 
over the southeast Arabian Sea and the east equatorial Indian 
Ocean. This feature is related to the model formulation and, 

therefore, appears in the historical period results (Fig. 10), 
and is also present in the simulation of the future period 
(Fig. 11). Nevertheless, ROM is able to distinguish most of 
the regions of low and high SST. For example, the southeast 
Arabian Sea is a region of high SST in ROM results, which 
is consistent with observations, attributing to the high corre-
lation (in spite of the cold bias). All other models show good 
agreement with observations for all parameters. However, 
the statistics such as pattern correlation, root mean square 
error (RMSE) and skill score (ratio of RMSE of a model 
to the standard error of observations) suggest that ROM 
performs relatively well in comparison with other models 
(Table 1). ROM has a very high pattern correlation, low 
RMSE and better skill score (a skill score close to zero rep-
resents better model performance). All these facts suggest 
that ROM has superior performance than its forcing model 
MPI-ESM-LR from CMIP5 simulations. In addition, based 

Table 1   Performance of ROM 
and other models against 
observations for the annual-
mean fields during the historical 
period (1975–2004) for the 
study area. The observed SST, 
SSS, and T2M are from OISST, 
ORAS5, and ERA5.

ROM MPI-ESM-LR 
CMIP5

MME of CMIP5 MPI-ESM-LR 
CMIP6

SST Pattern correlation 0.9437 0.9087 0.9228 0.8573
RMSE 4.4696 5.6195 5.1654 7.4447
Skill Score 0.3379 0.4248 0.3905 0.5628

SSS Pattern correlation 0.9402 0.8629 0.9332 0.8729
RMSE 5.7326 9.0647 6.0749 8.6459
Skill Score 0.3459 0.547 0.3666 0.5217

T2M Pattern correlation 0.967 0.9162 0.9121 0.9036
RMSE 0.8827 1.2385 1.2854 1.4011
Skill Score 0.2894 0.4061 0.4214 0.4594

Table 2   Pattern correlation of ROM with different models for the 
annual-mean projected fields during the future period (2070–2099)

SST T2M

MPI-ESM-LR CMIP5 0.854 0.8795
MME of CMIP5 0.932 0.8857
MPI-ESM-LR CMIP6 0.8689 0.8461

Fig. 10   Performance of ROM, MPI-ESM-LR (CMIP5), MME (CMIP5) and MPI-ESM-LR (CMIP6) against observations for the annual-mean 
fields for the historical (1975–2004) period. The observed SST (a–e), SSS (f–j) and T2M (k–o) fields are from OISST, ORAS5, and ERA5
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on these estimates, ROM outperformed MME from CMIP5 
simulations and MPI-ESM-LR from CMIP6 simulations. 
This advocates the suitability of RESM ROM at a regional 
scale.

Figure  11 presents the comparison between ROM-
projected fields and MPI-ESM-LR (CMIP5), MME 
(CMIP5) and MPI-ESM-LR (CMIP6) projected fields. We 
note a good spatial agreement between the results with slight 
systematic high/low values, although there is a very high 
pattern correlation (Table 2). The future projection of SST 
spatial distribution is more or less similar to the historical 
SST distribution. The similarity between the present-time 
and future spatial SST patterns is seen in ROM as well as in 
CMIP5 and CMIP6 models. For example, ROM is relatively 
colder in the historical simulations than other models, which 
is the case in future projection as well, making the change 
(future–past) comparable in all, further confirming feasible 
climate simulation (no climate drift) in ROM results. 
Summarizing, the presented modeling framework of ROM 
over CORDEX South Asia region and corresponding results 
show the potential for climate change studies and numerous 
other studies using this model setup, and support the model’s 
suitability (Dubey and Kumar 2023; Kumar et al. 2022a, b; 
Kumari and Kumar 2023; Mishra et al. 2021; Saharwardi 
et al. 2021; Sein et al. 2022;).

All estimates made for various characteristics of future 
precipitation change for the area under consideration 
referred to the land (e.g., Almazroui et al. 2020; Gupta 
et al. 2020; Katzenberger et al. 2021) and can be compared 
with the present work only qualitatively. For example, 
Katzenberger et al. (2021) performed an analysis of 32 
models of the CMIP6 with regard to their annual-mean 
monsoon rainfall for the land area with latitudes 6–36° 
N and longitudes 67.5–98° E, comprising India and 
neighboring regions. They showed that all of those models 
demonstrated a substantial increase in JJAS-mean rainfall 

under unabated climate change (the Shared Socioeconomic 
Pathway 5–8.5). Most models projected that the increase will 
contribute especially to the precipitation in the Himalaya 
region and to the northeast of the BoB, as well as the west 
coast of India. Although our results are related to a much 
larger region including the AS, the BoB, the equatorial 
Indian Ocean, and the southwestern Asian land area, they 
are in qualitative agreement with these estimates: (1) there 
is a substantial increase in JJAS rainfall (Fig. 7); (2) the 
greatest increase in precipitation occurs in the northeastern 
BoB and on land to the northeast of it, as well as on the 
west coast of India and the adjoining southeastern part of 
the AS (Fig. 7). A significant increase in precipitation is 
also observed in the central part of India. In the Himalayas, 
there is an intermittent pattern of local increase/decrease 
in precipitation, with apparently some total predominance 
being the increase of precipitation.

Adequate comparison of the projected changes in the 
precipitation extremes over India during the Indian summer 
monsoon, obtained from the ROM simulations used in this 
study, with the results of similar studies was performed 
recently by Kumari and Kumar (2023). Precipitation 
extremes were computed for India and its six homogeneous 
regions and subregions of the Western Ghats and central 
India for the far-future (2070–2099: FRF) with respect 
to the historical period (1969–2000). In that study, ROM 
showed better resemblance with observations in simulating 
precipitation extremes than three other RESMs that 
participated in the CORDEX-CORE simulation. The intense 
rainfall (95th percentile: R95) is expected to be enhanced 
over most of the region during FRF except central northeast 
and northeast India. Besides, it turned out that long wet (dry) 
events were shortened (lengthened). This is attributed to 
the strong cyclonic circulation, reduced vertical wind shear 
and enhanced moisture transport during the Indian summer 
monsoon.

Fig. 11   The similarity between ROM, MPI-ESM-LR (CMIP5), MME (CMIP5) and MPI-ESM-LR (CMIP6) for the annual-mean fields for the 
future (2070–2099) projected SST (a–d) and T2M (e–h)
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The spatial pattern of the precipitation climate change 
signal in the northern part of the BoB in our model is of 
opposite sign than in the CMIP5 ensemble-mean presented 
in Fig. 1 of Li et al. (2017) and in the CMIP6 ensemble-
mean presented in Chen et al. (2022). However, as stated 
in both papers, model biases can be strongly influenced 
by systematic biases. When corrections are imposed to 
these simulations, the precipitation climate change signal 
is reduced and can even change its sign. For instance, the 
spatial pattern of the precipitation change in our study in 
the northern part of the BoB is similar to the corrected 
mean precipitation presented in Fig. 2 of Li et al. (2017). 
The correction is related to the excess precipitation bias 
in the present-day simulation over the tropical western 
Pacific, which affects the circulation in the Indian summer 
monsoon. This indicates that ROM can adequately capture 
the cloud–radiation feedback on SST, as proposed by Li 
et  al. (2017). However, it is the decrease in convective 
precipitation that leads to the future reduction in 
precipitation. This could be related to an increase in stability.

The comparison of simulated precipitation with other 
models should be carried out with caution. Regional 
climate impacts depend on the atmospheric circulation, and 
individual climate models can show patterns of atmospheric 
circulation change that can be qualitatively different. The 
multi-model mean projection could be a likely candidate 
for such a comparison. However, multi-model ensembles 
cannot be interpreted in a probabilistic sense (Knutti et al. 

2013). Therefore, the uncertainty in the future response must 
be taken into account when comparing our results with the 
projections from other models, especially with global ones. 
To reduce these uncertainties, regional climate change can 
be analyzed using storylines of atmospheric circulation 
(Zappa and Shepherd 2017), which essentially group models 
based on the minimization of the uncertainties related to 
the main large-scale drivers of the regional climate. Also, 
the regional model results are influenced by the large-scale 
circulation of the forcing model, MPI-ESM-LR in our case.

We also compared the future changes in the surface 
currents pattern obtained with ROM with surface currents 
changes produced in CMIP5 and CMIP6 simulations. 
More specifically, we investigated the future changes in 
the magnitude of surface currents for the Annual, JJAS and 
ON seasons using MPI-ESM-LR (CMIP5), MME (CMIP5) 
and MPI-ESM-LR (CMIP6) over the BoB. However, 
these models are configured at relatively coarse horizontal 
resolution and hence may have spatial gaps in coastal 
regions. In contrast, ROM was optimized to work at higher 
horizontal resolution 0.22° × 0.22° and thus largely got 
around this issue. Figure 12 shows the difference between 
simulated future (2070–2099) and historical (1975–2004) 
seasonal-mean climatic surface currents calculated from the 
aforementioned CMIP5 and CMIP6 simulations.

These results demonstrate that surface currents will be 
stronger in the projected future JJAS season. In Annual and 
ON seasons in the future climate, some areas of the BoB 

Fig. 12   Difference between simulated future (2070–2099) and historical (1975–2004) climatic surface currents magnitude for the Annual, JJAS 
and ON seasons in the MPI-ESM-LR (CMIP5) (a–c), MME (CMIP5) (d–f) and MPI-ESM-LR (CMIP6) (g–i) models
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will see strengthening while others will see weakening in 
the strength of surface currents. We do acknowledge that the 
spatial pattern of changes in the surface current magnitude 
in the ROM results (Fig. 3) may vary from the patterns 
displayed by other models (Fig. 12). These discrepancies 
might be caused by the different model resolution, fully 
spatio-temporal changing of light attenuation coefficient by 
marine biogeochemistry in ROM, different parameterizations 
used in these models, etc. However, exploring all such 
reasons was not a goal of this study. By mentioning the 
changes in future currents’ pattern in the northern BoB, we 
want to draw the attention of interested researchers to a more 
detailed study of possible causes of SSS future changes in 
that region, which are currently not given much attention. 
As a rule, SSS changes are associated with variations in 
precipitation and evaporation in the ice-free open sea, as 
well as changes in river run-off in coastal areas. In the 
current study, we showed that coastal circulation features 
can also have a significant impact on coastal SSS changes 
in the Bay of Bengal even with relatively small changes 
in river run-off, thus raising the importance of adequate 
simulation of coastal ocean circulation, which is known to 
be highly dependent on a model’s horizontal resolution. This 
circumstance should be taken into account when comparing 
our results with those produced with CMIP5 or CMIP6 
models, choosing only those models that have the same or 
better horizontal resolution in the study area. However, such 
a comparison and, more importantly, corresponding analysis 
and clarification of the causes of various discrepancies 
between different simulations, remains a difficult task (e.g., 
Chassignet et al. 2020).

5 � Conclusion

The present study aims to assess the future changes in the 
ocean-atmosphere system in the South Asia region using 
the high-resolution RESM ROM, which consists of a 
global ocean model dynamically coupled with a regional 
atmospheric model. A simulation taking into account the 
impact of marine biogeochemical variability’s feedback 
on South Asia climate has been carried out for the period 
1920–2099. The comparison between the simulated past 
(1975–2004) and future (2070–2099) climate periods for 
South Asia CORDEX domain, with a focus on spatial 
distributions of SST, SSS, depth-integrated phytoplankton 
primary production, 2  m air temperature, and total 
precipitation rate is presented. Both climatic annual-mean 
and seasonal-mean distributions of these parameters are 
discussed.

We found that the SST in the northern part of the Indian 
Ocean in the future climate will be significantly higher. At 
the same time, ocean biological productivity will decrease 

compared to the past climate. In the northern part of the 
Indian Ocean, the average annual SST increase will reach 
2.7–3.2 °C by the end of this century, with the annual-mean 
SST increase reaching 3.4 °C in the northern part of the 
AS and in the Persian Gulf, SST changes being significant 
throughout the study area with 95% confidence level. Both 
water temperature and salinity changes in the future climate 
will lead to enhanced water stratification and vertical 
stability of the upper ocean layers, thus hindering the vertical 
turbulent mixing and nutrient supply to the surface, which 
results in decreasing of the ocean phytoplankton primary 
production in the northern part of the Indian Ocean.

The 2 m air temperature will rise significantly in the 
future, especially above land. Considering the annual-
mean pattern, the increase reaches up to 5.5 °C in northern 
India and Arabian Peninsula, while it is 2.5–3.5 °C over 
the northern Indian Ocean. The warming during the winter 
season will be stronger over southern Asia, reaching 7 °С 
over the northern side of the Himalayas and the Tibetan 
Plateau. The opposite occurs in the monsoon season. The 
amount of annual-mean precipitation will substantially 
increase over the eastern coast of the Bay of Bengal (up 
to 1.5–2.0 mm/day) and along the equator in the band 10° 
S – 10° N (0.5–1.5 mm/day), while it will decrease over 
the western part of the Bay of Bengal and in the northern 
states of India (− 0.5 to 1.0 mm/day). The most pronounced 
increase of precipitation rate in the future climate will occur 
over India (3–5 mm/day) and the eastern coasts of the Bay of 
Bengal (> 5 mm/day) during the monsoon period, and over 
the equatorial band (2–3 mm/day) during the post-monsoon 
period, with all precipitation changes indicated above being 
significant at 95% confidence level.

The model results suggest that the surface currents’ 
pattern in the northern part of the BoB will intensify in 
the future climate, with two gyres of the opposite rotation 
direction being one of features of this new circulation 
pattern. Their combined effect leads to the local circulation 
that to some degree traps the waters freshened by the riverine 
runoff in the top of the BoB by means of the recirculation 
of that water.

The finding of this study can be further extended to 
explore the ocean extremes, hazards, the marine ecosystem, 
and long-lasting biological impacts. They also could be 
useful for addressing changing coastal risks from sea-level 
rise and build a regional framework over the Indian Ocean 
for climate services focused on assisting decision-makers. 
Furthermore, since our model setup consists of the physical 
environment and interactions between the marine ecosystem, 
it can be used for the extended assessment of the future of 
ecosystem components which can be helpful to guide better 
management strategies.

The Indian Ocean has a tremendous potential fishing 
zone. Thus, the reliable high-resolution projected ocean 
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parameter can be used to explore the migration of marine 
species, in particular fish, and it can potentially contribute to 
improving the management of marine living resources and 
climate services to provide the foundation for an informed 
decision-making.
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