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Abstract

A new high-resolution Regional Earth System Model, namely ROM, has been implemented over CORDEX-SA towards
examining the impact of air—sea coupling on the Indian summer monsoon characteristics. ROM's simulated mean ISM rainfall
and associated dynamical and thermodynamical processes, including the representation of northward and eastward propagat-
ing convention bands, are closer to observation than its standalone atmospheric model component (REMO), highlighting
the advantage of air—sea coupling. However, the value addition of air—sea coupling varies spatially with more significant
improvements over regions with large biases. Bay of Bengal and the eastern equatorial Indian Ocean are the most prominent
region where the highest added value is observed with a significant reduction up to 50-500% precipitation bias. Most of the
changes in precipitation over the ocean are associated with convective precipitation (CP) due to the suppression of convective
activity caused by the negative feedback due to the inclusion of air—sea coupling. However, CP and large-scale precipitation
(LP) improvements show east—west asymmetry over the Indian land region. The substantial LP bias reduction is noticed over
the wet bias region of western central India due to its suppression, while enhanced CP over eastern central India contributed
to the reduction of dry bias. An insignificant change is noticed over Tibetan Plateau, northern India, and Indo Gangetic plains.
The weakening of moisture-laden low-level Somalia Jets causes the diminishing of moisture supply from the Arabian Sea
(AS) towards Indian land regions resulting in suppressed precipitation, reducing wet bias, especially over western central
India. The anomalous high kinetic energy over AS, wind shear, and tropospheric temperature gradient in REMO compared
to observation is substantially reduced in the ROM, facilitating the favourable condition for suppressing moisture feeding
and hence the wet bias over west-central India in ROM. The warmer midlatitude in ROM than REMO over eastern central
India strengthens the convection, enhancing precipitation results in reducing the dry bias. Despite substantially improved
ROM’performance, it still exhibits some systematic biases (wet/dry) partially associated with the persistent warm/cold SST
bias and land—atmosphere interaction.
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1 Introduction

The Indian summer monsoon rainfall (ISMR) is changing
in the warming climate; however, the nature of the change
is heterogeneous over the region like Indian subcontinents
04 Pankaj Kumar (Rajeevan et al. 2008; Pattanaik and Rajeevan 2010; Roxy

kumarp @iiserb.ac.in et al. 2017). It is needless to mention the necessity of the
accurate prediction of ISMR on a regional scale, which
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coupling is crucial towards improving monsoonal charac-
teristics. Numerous studies have reported the lack of air—sea
coupling in the standalone atmosphere model is one of the
fundamental sources of uncertainty highlighting the neces-
sity of coupled models. In recent decades, significant efforts
have been made to develop coupled models to improve the
prediction or projection of ISMR and enhance the under-
standing of associated physical and dynamical processes.
A good number of earth system models (ESMs) that par-
ticipated in the coupled intercomparison project (CMIP5) is
able to reproduce the large-scale features, however, inadmis-
sible for projecting the ISMR and its extreme characteristics
on the regional scale due to huge uncertainty (Sperber et al.
2013; Kumar et al. 2013). The spread in CMIP’s models
and huge uncertainty remains to persist from its phase 3
(CMIP3) (Meehl et al. 2007), intermediate phase 5 (CMIP5)
(Taylor et al. 2012), and even in recent most advanced phase
6 (CMIP6) (Stockhause and Lautenschlager 2017) towards
simulating the ISMR especially regional scale (e.g. homo-
geneous regions) (Meehl et al. 2007; Stroeve et al. 2012;
Kitoh et al. 2013; Sperber et al. 2013; Saha et al. 2014; Sein
et al. 2015; Parth Sarthi et al. 2015; Sabeerali et al. 2015;
Kitoh 2017; Ashfaq et al. 2017; Aadhar and Mishra 2020).
Despite the significant improvement (including physics and
refinement of resolution), these models are still not suitable
for projecting the regional monsoonal characteristics over
India mainly due to its coarse resolution, which limits the
resolving of the complex topography and its interaction with
different components of the systems (Kripalani et al. 2003;
Ashfaq et al. 2009; Saha et al. 2014; Sabeerali et al. 2015;
Aadhar and Mishra 2020).

Regional models have an added value for realistically rep-
resenting finer scale information and resolving the topog-
raphy, physics, and dynamics (Giorgi 2019). Numerous
studies have investigated the performance of regional cli-
mate models (RCMs) in simulating the ISM characteristics
and reported substantial improvements in comparison to its
parents GCMs or reanalysis (Dash et al. 2006; Saeed et al.
2009; Lucas-Picher et al. 2011; Jacob et al. 2012; Kumar
et al. 2013, 2014; Mishra and Dwivedi 2019; Mishra et al.
2020a, b; Rai et al. 2020; Kumar 2021; Mishra et al. 2021a,
b). Despite the substantial improvements, RCMs still have
not gained the confidence of optimum level, probably due to
the lack of regional air—sea interaction (Lucas-Picher et al.
2011). The regional coupled atmosphere—ocean model or
regional earth system model (RESM) models are crucial to
understanding strongly associated coupled features and their
nonlinear complex interaction over the complex region like
Indian subcontinents and, hence improving the prediction
of ISMR. Nowadays, several RESMs have been developed
for simulation over different CORDEX domains, including
CORDEX-SA; however, it is still in its early stages (Xue
et al. 2020). These RESMs have been employed in a wide
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range of applications over different regions of the globe (Ren
and Qian 2005; Hagos and Cook 2009; Li and Zhou 2010;
Zou and Zhou 2013, 2016; Klingaman and Woolnough 2014;
Ratnam et al. 2015; Sein et al. 2015; Cha et al. 2016; Sitz
et al. 2017; Zou 2020; Xue et al. 2020). However, very few
attempts have been made to investigate the ISM characteris-
tics on the regional scale using RESMs (Ratnam et al. 2009;
Samala et al. 2013; Misra et al. 2017; D1 Sante et al. 2019;
Mishra et al. 2021a, b). For the first time, a high-resolution
regional earth system model (RESM), namely ROM (Sein
et al. 2015) (having a resolution higher than state-of-the-
art global earth system models) employed over CORDEX-
SA to investigate the impact of air—sea coupling on ISMR
and associated dynamical and thermodynamical processes.
This resolution is higher than earlier studies using any global
ESM for climate change projections and advanced assess-
ment studies. This model has been used over different parts
of the globe and has proven good potential in simulating the
fields over its standalone atmospheric model REMO (Sein
et al. 2020; Zhu et al. 2020; Cabos et al. 2020). A rigorous
evaluation of model skill is required to gain confidence in
reliability. Moreover, numerous studies have investigated
the climate model’s skill in simulating the ISM character-
istics (Dash et al. 2006; Kumar et al. 2006, 2013; Mishra
et al. 2020b). However, most of the studies are restricted
only to surface parameters which can help identify the bias
in the fundamental characteristics but neglect the origin of
uncertainty in these parameters. This study performed an
in-depth evaluation of the ROM in reproducing the ISMR
and associated surface characteristics and thermodynamical
and dynamical process’s vertical structure.

2 Components of the RESM
and experimental design

In this study, a new high-resolution RESM, namely ROM,
is implemented over CORDEX-SA towards improv-
ing the ISMR. ROM comprises a set of three models (i)
limited-area REgional MOdel (REMO) (Jacob 2001) is
atmospheric components (ii) Max-Planck Institute Model
MPIOM (Marsland et al. 2003; Jungclaus et al. 2013)
coupled with sea-ice and marine biogeochemistry model
HAMOCC (Marsland et al. 2002) and (iii) Hydrological
Discharge model HD (Hagemann and Dumenildumenil
1998) is hydrological components. All model compo-
nents are coupled via the OASIS coupler (Valcke 2013)
with a coupling frequency of 24 h for the HD model and a
high coupling frequency of 3 h (coupled time step) for the
atmosphere and ocean that ensures a realistic representa-
tion of the diurnal cycle. The high coupling frequency
and the inclusion of tidal dynamics led to improve the
representation of the regional high-frequency interaction
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that was neglected in most of the global models. The
atmosphere—ocean coupling is performed over the coor-
dinated regional downscaling experiments (CORDEX) for
South Asia (CORDEX-SA) (Fig. 1). The REMO exchanges
heat flux, water flux, winds, and surface air pressure to
MPIOM, whereas the MPIOM exchanges sea surface tem-
perature (SST) to REMO. We briefly describe the indi-
vidual components setup of the coupled model used in
this study below.

2.1 Ocean components

The Max Planck Institute Ocean Model (MPIOM) (Jun-
gclaus et al. 2013) is taken as the oceanic component of
the coupled setup, which is coupled with the sea ice model
(Hibler 1979) and biogeochemistry using a Hamburg ocean
carbon cycle model (Marsland et al. 2002). The MPIOM is
coupled with an integrated dynamic or thermodynamic with
viscous-plastic rheology sea ice model. The biogeochemical

Fig. 1 Model topography (a).
The six Indian homogeneous
rainfall zones, namely HI, NWI,
WCI, CNI, NEI, and SPI, are
also shown. The pink box shows
the region of air—sea coupling
in ROM. The Systematic
representation of the Regional
Earth System Model (RESM)
over the CORDEX-South-Asia
region (b). Arrows represent
the interaction among different
components. The dotted block
components are not active in
this study
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model uses a radiation scheme same as in the Ocean model,
to compute photosynthesis and advection and mixing for
tracers. The MPIOM is formulated with the hydrostatic
approximation covering the global domain, which makes it
different from the conventional regional earth system models
that rely on information provided by the global ocean model
at the lateral boundaries (LB), creating several issues (Sein
et al. 2020). For example, (i) inconsistencies between the
regional model solution and the LB data due to differences
in resolution or physics of LB source (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 significant advantages for
climate change scenario simulations. For instance, it allows
for the investigation of possible long-term changes in some
oceanic extreme events that are generally not possible in
regional ocean models due to monthly mean data as a lateral
boundary condition.

An orthogonal curvilinear grid facility in MPIOM allows
the varying horizontal resolution (higher resolution over the
target region and region having more complexities). This
study employed a maximum resolution of 5 km (eddy-
permitting) over the coastal region, ~ 10 to ~20 km in the
Indian Ocean, and a minimum resolution of about 100 km
in the southern seas. We use 40 unevenly spaced vertical
z-levels and incorporate ocean tides' influence. The model
is also equipped with tidal forcing, derived from the full
ephemerides lunisolar tidal potential (Thomas et al. 2001).
The MPIOM uses bottom boundary layer slope convec-
tion (Marsland et al. 2003), Gent and McWilliams’s eddy-
induced mixing parameterization, and an isopycnal diffusion
scheme (Griffies 1998). As MPIOM is integrated globally,
no lateral boundary is required; however, it is initialized
with Polar Science Center Hydrographic Climatology (PHC)
(Steele et al. 2001). The external atmospheric forcing and
upper oceanic boundary conditions outside the coupled
domain are prescribed with atmospheric fields obtained from
ECMWF ERA-Interim (EIN) reanalysis (Dee et al. 2011).
The same reanalysis is also used as boundary conditions for
standalone REMO. The 100-years of model simulation are
discarded as spinup, and 38 years (1980-2017) of simulated
fields are stored for analysis.

2.2 Atmospheric components

REMO is adopted as atmospheric components, which
employed the physical parameterizations of the global cli-
mate model ECHAM versions 4 and 5 (Roeckner et al. 2003)
and Europa-Model of the German Weather Service based
dynamical core. It employed the Arakawa-C-grid and leap-
frog scheme with time filtering by Asselin (1972) for spatial
and temporal discretization. A semi-implicit correction is
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employed to allow longer time steps. The horizontal resolu-
tion of 0.22° (~25 km) in the rotated grid and 27 vertical lev-
els following the hybrid sigma pressure coordinate is taken.
The rotated grid avoids the disproportion of grids closer to
the poles and takes care of the numerical singularity due to
the convergence of meridians at the geographical North Pole
allows us to avoid the largely different extensions of the grid
cells close to the poles. We employed the implicit scheme for
Vertical advection and turbulent to avoid numerical instabili-
ties (Jacob and Podzun 1997). The fractional land surface
scheme is adopted for the fractional land-surface scheme of
Rechid et al. (2009) is utilized for land surface processes.
The Tiedtke cumulus convection parameterization scheme of
Tiedtke (1989) for the production of convective precipitation
in the model. Additionally, a statistical cloud cover scheme
of Tompkins (2002) is used to deal with cloud processes.

We adopted the common configuration and model domain
(CORDEX-SA) for standalone and coupled simulation. We
employed the six hourly varying ECMWF ERA-Interim
(Dee et al. 2011) fields for lateral boundary conditions that
are relaxed in the outer eight rows of the model area (relaxa-
tion zone or buffer zone) following (Davies 1976). The prog-
nostic variables adjusted towards large-scale forcing in this
buffer zone by exponential damping in this zone towards
the inner model domain. This buffer is excluded from the
analysis. The fractional land surface scheme is adopted
for the land-surface process (Rechid et al. 2009). The SST
obtained from ECMWF ERA-Interim is for carrying out the
standalone REMO simulation (i.e. without oceanic model
coupling). The model results are stored for 38 years from 1
January 1980 to 31 December 2017 after removing the initial
transients (50 years of spinup).

2.3 Hydrological components

We employed a Hydrological Discharge model (HD) (Hage-
mann and Diimenil 1998) that is integrated globally with
0.50° horizontal resolution. It provides the continental runoff
to the ocean model and delivers freshwater discharge at the
exact river mouth. The REMO model computes the fields at
0.22° horizontal resolution. Over coupled domain, the ocean
and atmosphere exchange the fields every three hours.

2.4 Observational data

For evaluating the simulated precipitation, we have used
daily high-resolution (0.25°% 0.25°) India Meteorologi-
cal Department (IMD) gridded daily mean rainfall for the
Indian land region. It is obtained from daily rainfall records
from 6955 rain-gauge stations, which is till now the high-
est number of stations used for any kind of gridded data
available over India (Shashikanth et al. 2014). Additionally,
the high spatial (10 km) and temporal (3 hourly) resolution
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Multi-Source Weighted Ensemble Precipitation (MSWEP)
data covering land and ocean is also used to demonstrate the
performance in simulating the precipitation northward and
eastward propagation. This data is the merged product of
satellite (infrared and microwave), rain gauge, and reanalysis
(Beck et al. 2019). The monthly convective and large-scale
precipitation is obtained from Tropical Rainfall Measuring
Mission (TRMM) Microwave Imager Precipitation Profile
L3 1 version 7 (V7) (TRMM_3A12). This data is available
for 1997-12-01 to 2015-04-01 at 0.5°% 0.5° horizontal
resolution that can be obtained from https://disc.gsfc.nasa.
gov/datacollection/TRMM_3A12_7.html. For the winds,
air temperature, and specific humidity, the latest released
ERAS reanalysis data set (Hersbach et al. 2020) at a~30 km
resolution grid is utilized. The sea surface temperature data
is obtained from the Hadley Centre Global Sea Ice and Sea
Surface Temperature (HadISST). HadISST uses reduced
space optimal interpolation applied to SSTs from the Marine
Data Bank (mainly ship tracks) and ICOADS through 1981
and a blend of in-situ and adjusted satellite-derived SSTs
for 1982-onwards.

2.5 Method of estimating the northward
and eastward propagation

In this study, the northward and eastward propagating con-
vecting bands have been computed following the methodol-
ogy of Sabeerali et al. (2013). Firstly 20-100 days band-
pass filtered has been applied for precipitation to extract
the intraseasonal mode. Then, the filtered precipitation is
regressed for both propagation modes at each grid against
a reference time series. The averaged filtered precipitation
over the region 12° N-22° N and 70° E-90° E is taken as
reference time series for the northward propagation while
averaged precipitation over 10° S-5° N and 75° E-100° E
is used as reference time series for eastward propagation.
The lag-longitude map averaged over 5° S-5° N and a lag-
latitude map averaged over 70° E-95° E is used to represent
the eastward propagation and northward propagation. This
comparison is made for the 1998-2014 availability of data
period of TRMM.

3 Results

The comparative skill assessment of the ROM and its stan-
dalone model REMO is necessary for gaining confidence
in the individual model set up, and further quantifying the
impact of air—sea interaction over the region. Therefore, this
study rigorously compared ROM and REMO model’s skills
in simulating the Indian summer monsoon rainfall and asso-
ciated dynamical and thermodynamic processes.

3.1 Performance and air-sea coupling impact
assessment for precipitation

Figure 2 shows the JJAS mean precipitation during the study
period for the IMD observation (a) ROM (b) and REMO (c).
The figure depicts that both models reasonably reproduce the
spatial distribution of mean seasonal JJAS precipitation. It
distinguishes the regions of low precipitation (North-west
India, Northern India, and southern India) and high pre-
cipitation (the Western Ghats, Northeast India (NEI), and
Central India). However, REMO shows the shift in the high
precipitation region over north-central India towards the
southwest and produces relatively large amounts of precipi-
tation compared to observation and ROM. The precipitation
bias map (Fig. 2d, e) for ROM and REMO suggests that
REMO exhibits a dipole like the structure of bias having dry
bias over the northeast central Indian region and wet bias
over southwest central India. A substantial reduction of these
biases is noticed in ROM, suggesting a considerable role of
air—sea coupling toward improving the seasonal mean pre-
cipitation. The biases remain within one standard deviation
of JJAS rainfall in ROM except for a few places. Moreover,
the value addition of air—sea coupling varies spatially, with
more significant improvements over regions having a large
wet (dry) bias.

The sources of moisture for different subregions of India
and different months are found to vary (Pathak et al. 2017).
Therefore it is worthwhile to demonstrate the temporal
evaluation of bias to isolate the hidden error caused by a
different source. Figure 3 depicts the evidence of regional
variability in bias, which varies within the monsoon season.
It can be seen from the figure that REMO sustained huge
wet bias throughout the entire monsoon season; however,
magnitude is found to be varying spatiotemporally. The least
wet bias is observed during the initial phase of the mon-
soon (June) over south-central Indian, which was found to
intensify June onwards with a southeastward propagation
and widening the area of wet bias and attains the maximum
value during the withdrawal period (September). The mag-
nitude and area of wet biases are reduced and northward
shifted during all months in the ROM simulation. The maxi-
mum dry bias (4-5 mm/day even more) is noticed during
the peak phase of monsoon over east-central India. This dry
bias central is substantially lower (0—1 mm/day), indicat-
ing ~60-80% improvement during July. The other months
also show improvement but less than during the peak phase.
Interestingly during the first half of the monsoon phase
(June—July), ROM shows dry bias over east-central India
and wet bias in the latter half phase, compensating in com-
puting the mean JJAS bias. This highlights the necessity
of temporal evaluation of model bias. Although there is a
coherent signal of improved precipitation in ROM through-
out the monsoon season, the figure does also suggest some
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areas over northern India, particularly during June and July,
where ROM’s performance is found to degrade.

We also computed the bias with another observation
(TRMM) covering land and ocean (Fig. 4) to demonstrate
the ROM’s performance over ocean. From the figure, it can
be noticed that the bias with respect to TRMM is more or
less similar to bias with respect to IMD for the Indian land
region. REMO shows huge overestimation over the Bay of
Bengal (BoB), eastern equatorial Indian ocean, and some
part of southeast Arabian Sea throughout the season, which
is substantially reduced in the coupled experiments (ROM),
and even wet bias is replaced by dry bias (lesser magnitude
than that in REMO). The replacement of wet bias with dry
bias may be associated with cold SST bias over BoB. The
systematic overestimation of precipitation in standalone
simulations is due to the absence of coupled feedbacks
(atmospheric response to the underlying SST). The favora-
ble local prescribed SST conditions continuously favor the
deep convection to remain active over the BoB and, hence,
precipitation resulting in huge wet bias over the region. In
contrast to this, the active fine-scale two-way air—sea feed-
back over this region in ROM tends to cool the SST, which
results in suppressing the convection and hence precipita-
tion. This result aligns with the studies (Ratnam et al. 2009;
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Hirons et al. 2018; Di Sante et al. 2019). Despite substantial
improvement over most of the region, the equatorial region
of the southern hemisphere shows the intensification of dry
bias due to air—sea coupling.

Further, the impact of air—sea coupling is investigated
for the temporal evolution of precipitation over the Indian
homogeneous region of rainfall (IHRR) (Parthasarathy
1995; Mishra et al. 2020b) for daily climatology of 38 years
(1980-2017) by computing various statistical metrics (for
example, root mean square error (RMSE) and standard
deviation (Std. Dev.) and percentage improvements (added
value). The added value is computed following Eq. (1), and
the results are summarized in Table 1.

RMSEggy0 — RMSE gy,

Added value =
RMSEgevi0

x 100.

6]

The table depicts the reduction of RMSE compared to
REMO, confirming the advantage of air—sea coupling. Over-
all ROM shows substantial improvement relative to REMO
over the entire Indian land region; however, the magnitude
of RMSE reduction and percentage improvement varies
with region. The highest improvement is noticed over WCI
(56.75%), whereas the lowest is over CNI (8.99%).
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The correct partitioning of total precipitation between the
convective precipitation (CP) and large-scale precipitation
(LP) relies on the reliability of model physics responsible
for producing the individual type of precipitation. For exam-
ple, the convective parameterization (subgrid-scale mois-
ture) scheme derived the CP(LP), which is also known as
the unresolved (resolve) scale of precipitation.. It is vital to
examine the impact of air—sea coupling on the individual
precipitation type and identify the weakness concerning
physics. Figure 5 represents the bias map of precipitation,
CP, and LP. The biases are computed by subtracting the indi-
vidual types of JJAS mean observed precipitation during
1998-2014 of TRMM from corresponding simulated values
of ROM and REMO. Here, we have taken only 1998-2014
due to the availability of TRMM data. The figure represents
the contrasting nature of bias in precipitation over the Bay
of Bengal (BoB) and Arabian Sea (AS). For example, the
wet (dry) bias is noticed over the southern (northern) BoB
and north (south) AS in REMO. Moreover, the magnitude
of the bias is comparatively lesser (~— 1 to 1 mm/day) over
AS than the BoB (> — 8 to 8 mm/day). The wet/dry bias

is also noticed over southwest/northeast central India. The
equatorial Indian Ocean (EIO) shows wet bias, which var-
ies from ~ 6 mm/day and is even greater than 8§ mm/day in
some places. These wet and dry biases over AS and BoB are
consistent with previous studies (Kumar et al. 2013, 2020;
Ashfaq et al. 2017; Di Sante et al. 2019; Mishra and Dwivedi
2019) attributed to the lack of ocean—atmosphere coupling
(Ratnam et al. 2009; Hirons et al. 2018). These uncertainties
are found to be reduced in our ROM simulation. The convec-
tion in the coupled models leads to the formation of clouds
and precipitation, consequently cooling the SSTs and sup-
pressing the convection and hence precipitation. As coupled
models use the feedback from the atmosphere and ocean,
warm SST on the first day leads to strong convection that
feeds back to cool the SST for the next day. This next day's
cool SST then forced the atmospheric model. In contrast to
this, warmer SST in RCMs continuously supports convec-
tion (due to the absence of precipitation feedback on SST),
and hence precipitation results in the release of latent heat
in the atmosphere and produces the wet bias. As a stan-
dalone atmospheric model is being forced using observed
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Table 1 Performance evaluation of ROM and REMO with statistical
analysis over the six Indian homogeneous rainfall zones

Zone ROM/REMO Improvements or
RMSE added value (%)

CNI 1.72/1.89 8.99

NWI 1.31/2.78 52.88

NEI 2.49/2.89 13.84

WCI 1.57/3.63 56.75

SPI 1.92/3.25 40.92

HI 1.53/2.10 27.14

These values are computed at 99% significance level

SST, warm SST one day might lead to strong convection that
does not feedback to cool the SST for the next day.

The improvement of precipitation in ROM is a combined
impact of improvement in CP and LP. However, regions of
improvement in the individual types of precipitation are het-
erogeneous. For example, precipitation improvement is pri-
marily associated with CP over the ocean, while both LP and
CP contribute to TP’s improvements over lands. Moreover,
the improvement due to CP is dominant over eastern central
India, while over western central India, the gain is mainly
associated with LP. On the contrary, some regions where
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insignificant improvements are seen for TP, CP, and LP are
also noticed. For example, similar dry (wet) bias is found
to be persisted in REMO and ROM over the Tibetan Pla-
teau, northern India, and Indo Gangetic plains suggesting an
insignificant impact of air—sea coupling over these regions.

3.2 The mechanism associated with precipitation
difference caused by air-sea coupling
and precipitation bias

Although this study aims to investigate the impact of air—sea
coupling on ISMR and major focus has been directed to
the atmospheric component of the complex climate system;
however, a strong relationship with the strength of the Indian
monsoon and SST (Levine and Turner 2012; Srivastava et al.
2018; Mishra et al. 2020a) highlighted the necessity of dem-
onstration of the reliability of SST simulation that could
help determine the source of bias. Figure 6 shows the JJAS
mean SST from ROM and corresponding observation along
with their bias. The figure depicts a good resemblance to
observation in representing the spatial distribution of SST.
ROM clearly distinguishes the regions of low and high SST,
however, it shows a systematic discrepancy in magnitude.
A robust, warm bias (~ 1-2 °C) is noticed along with the
Somalia-Oman upwelling region and cold bias (<1 °C) over
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BoB. The cold SST bias is the long-standing problem from
the several generations coupled model having dry bias over
India (Nagura et al. 2013, 2018; Sayantani et al. 2016; Fath-
rio et al. 2017). In general, the SST biases are lesser than the
earlier reported studies using CMIP5/6 and regional ocean
model over most of the northern Indian ocean, although
there is a higher warm bias over the western Arabian Sea.
This unrealistic warming over the western AS may be asso-
ciated with reduced upwelling and weaker mixed layer depth
caused by weaker wind (figure not shown). This anomalous
warming further weakens the zonal SST gradient over the
AS and hence southwesterly winds, which should substan-
tially diminish the moisture supply towards India (Roxy
et al. 2017).

Additionally, the cold bias over BoB suppresses the
convection, and hence convective precipitation (as seen in
Fig. 5) results in dry bias over the same region. To con-
firm the relationship between SST and precipitation bias,
we computed the correlation of SST bias (interannual time
series averaged over the Arabian Sea and Bay of Bengal)

and precipitation of every grid over the Indian land region
(Fig. S3). The Arabian Sea and BoB SST bias substantially
correlated with precipitation bias over the Indian land region
with spatially varying magnitude and nature. Barring a few
patches, the wet (dry) bias areas in ROM are consistent with
negative (positive) correlations with BoB SST bias. In com-
parison to BoB bias correlation, AS bias correlation shows
more heterogeneity.

Apart from this, we also investigate the monthly variabil-
ity of SST bias to examine its connection with the monthly
virility of precipitation bias. Figure 7 depicts a similar bias
structure throughout the monsoon season with some regional
and magnitude differences. In general, the warm SST bias
along the path of low-level Jet sustained in all months, but
it is minimum in Jun and starts intensifying Jun onward.
The maximum value is noticed in the peak phase then again
decreased in September. Interestingly the cold bias over
northern AS in Jun tends to become positive June onward
and replaced by warm bias in August, leading to northward
shifting of the south-westerly wind and hence moisture
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supply over the low precipitation region of northwest India
(NWI). This partially supports the wet bias over NWI. The
BoB wet also shows intensification Jun onward and maxi-
mum in September, which is consistent with the wet bias
over BoB (Fig. 4).

The eastward and northward propagating convective
bands from the Indian Ocean (IO) significantly regulate
the intraseasonal variability and amount of precipitation
the ISV of ISMR (Sperber and Annamalai 2008; Sabeerali
et al. 2013; Di Sante et al. 2019). However, limited efforts
have been made to understand the role of air—sea coupling
on these propagating bands (Di Sante et al. 2019). Therefore,
it is worthwhile to demonstrate the ROM’s capability and
influence of air—sea coupling in representing the northward
and eastward propagation. It can be seen from Fig. 7 that
REMO shows weaker or insignificant northward propagation
over the ocean and also north of 25 N while ROM exhibits
some propagation. ROM shows substantial improvement in
the representation of northward convective bands, particu-
larly over 10 S—7 N. Additionally, slight improvement is
also noticed overland region north of 10 N, however, both
models show an unrealistic representation of the convection
band south of the 10 S. The minimal and no improvement
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due to air—sea coupling is partially related to persistent SST
bias and partially due to the dominant role of atmospheric
internal dynamics of the coupled system. Some earlier stud-
ies have also highlighted the role of the atmospheric internal
dynamics as underlying mechanisms for this propagation
(Jiang et al. 2004, 2011; Abhik et al. 2013). From Fig. 8, it
can be noticed that REMO exhibit weaker eastward propa-
gation of convection anomalies from EIO, particularly over
70 E-100 E, and even propagation in the opposite direction
over west of 55 E and east of 100 E. ROM shows significant
improvement in the representation of eastward propagating
bands over the same region. This improvement partially sup-
ports the realistic simulation of mean precipitation.

The low and upper-level circulation pattern over the
Indian subcontinent and adjoining oceans are one of the
essential dynamical drivers of ISM. The strength and timing
of low-level jets (LLJ) over the Indian subcontinent strongly
control the IMSR by modulating the moisture coming from
AS and get influenced by the air—sea interaction. Therefore
it is vital to examine the model’s potential and impact of
air—sea coupling in representing the circulation. Compari-
son of simulated wind at 850 hPa from both models for all
months of JJAS during the study period with corresponding
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observation (Fig. S1) indicates substantial month-to-month
variability in observation for circulation, particularly LLJ,
with moderate strength (15-20 m/s) and confined over the
narrow region during June and intensified and widen with
propagating northeastward in subsequent months and attain

(a) Obs
30 . L l

20 -

10 4

<--lag/lead (days)-->
o
1

40E 50E 60E 70E 80E 90E 100E 110
(b) ROM
30 - L 1

<--lag/lead (days)-->
o
1

10

20 -

-30 —
40E 50E 60E 70E 80E 90E 100E 110
(c) REMO

30 2 L l

20

10 4

<--lag/lead (days)-->
: o
1

-30 hb—or—orp - T I
40E 50E 60E 70E 80E 90E 100E 110

-1 -0.75-05-025 0 0.25 0.5 0.75 1

Fig.8 Eastward propagation: Lag-longitudes regressed anomalies of
20-100 days bandpass filtered precipitation (mm/day) for 5° S and 5°
N averaged band with reference time series averaged for a box over
the Tropical Indian Ocean (10° S-5° N to 75° E-100° E)

its maximum value (20-25 m/s) in the peak phase of mon-
soon month July. A slight decrease in strength is noticed
after July, with a minimum value during September. Both
models bear a close resemblance to observation in repre-
senting spatio-temporal circulation patterns; however, some
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systematic discrepancy is seen in magnitude. In general,
both models underestimate speed over the location of LLJ
and overestimate over BoB and India; however, ROM shows
weaker LLJ than REMO, which is consistent with lower pre-
cipitation over India in ROM. This weaker LLJ in ROM is
possibly due to the warm SST bias over AS, reducing land-
sea thermal contrast and pressure difference. As a result,
ROM shows better skill in terms of strength of speed over
India throughout the monsoon season. Similarly, we examine
the model’s potential for upper-level wind (Fig. S2). It can
be seen from the figure that the models show good skill in
simulating the large-scale feature of upper-level wind (e.i.
sub-tropical jets; STJ and tropical easterly jets; TEJ and
Tibetan high anticyclonic circulation), with some system-
atic difference in magnitude. The magnitude of STJ (TEJ)
is higher (lower) in both models, with a slight improvement
in ROM. Apart from this, some places are also seen where
REMO is more close to observation.

For a more quantitative investigation of the air—sea cou-
pling impact, we compute the difference of LLJ obtained from
ROM and REMO (Fig. 9a—d). ROM shows a weaker LLJ
than REMO throughout the monsoon season with a varying
magnitude difference in all months over the 10, particularly
over the core location of the LLJ, which diminishes the sup-
ply of moisture from AS towards Indian land (Kumar et al.
2006; Parth Sarthi et al. 2015; Roxy et al. 2017; Di Sante et al.
2019; Mishra et al. 2020a). The maximum difference for LLJ
is noticed during the onset and withdrawal months. As a result,
a wet bias in precipitation over southern and west-central India
is reduced. On the other hand, a stronger wind speed over
eastern central India in ROM than REMO increases the local
moisture by increasing the evapotranspiration and produces

100 40 60 80

more precipitation, reducing the dry bias over the same region.
For upper-level wind, A anticyclonic flow (ACF) with the
center over southern India. The divergent wind from AS con-
verges over north-central India that becomes the upper branch
of ACF. This upper-level convergent flow towards India, lead-
ing to subsiding motion transferring heat and momentum that
eventually helps to suppress the ascending motion, leads to
weakening the low-level cross-equatorial flow. It can be seen
that the STJ is stronger and moves equatorward towards the
Indian subcontinent from west of northwest India, particu-
larly during withdrawal in ROM. In addition, stronger TEJ
(3-5 m/s) also favor the stronger monsoon over central India.

The strength of moisture transport (either atmospheric or
oceanic) regulates the precipitation during the summer mon-
soon. It is reported in the study by Pathak et al. (2017) that
the contribution of oceanic (atmospheric) is larger during the
first 2 months (later 2 months). The investigation of monthly
variability of vertically integrated moisture flux (VIMF) might
be helpful to provide a clue for a reason behind the bias of
precipitation and association of change precipitation change
due to air—sea coupling on moisture source impact of ISMR.
Figure 10 represents the monthly climatology VIMF during
monsoon season for models and observation, which is com-
puted over 1000-300 hPa, following (Konwar et al. 2012)
using Eq. (2)

300hPa
VIMF = — / qV(u, v)dp, 2)

surface

where q is specific humidity, u and v are zonal and meridi-
onal components of wind, p represents the pressure, and g
is the acceleration due to gravity.

wind speed (m 5-1)

Fig.9 Difference of monthly mean wind obtained from ROM and REMO (ROM—REMO) for 850 hPa (a—d) and 200 hPa (e-h). The positive

values indicate a higher value in ROM and vice-versa
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Fig. 10 Monthly averaged vertically integrated moisture (shaded represents the magnitude and vector represents direction) during the study

period for EIN (a-d), ROM (e-h), and for REMO (i-1)

The figure reveals strong spatiotemporal variability of
VIMF in EIN. The higher value is noticed over AS along the
path of LLJ and BoB that also shows the month-to-month
variability with the highest value during the peak month of
monsoon (July). In addition, over northwest India, maximum
values are noticed during June, decreasing in subsequent
months of monsoon. These patterns are well represented by
both models, with slight differences in magnitude compared
to observation. In general, ROM is closer to observation
than REMO.

To make results more prospective, quantitively, we com-
puted the difference of VIMF obtained from model and
observation (Fig. 11). REMO shows a substantial overesti-
mation of VIMF over BoB, southern India, northern AS, and
eastern central India while slight underestimation over cen-
tral India. The inclusion of air-sea coupling in ROM reduces
these overestimations substantially, which is consistent with

the reduction of wet bias over BoB. The reduction of wet
bias over the BoB in the ROM enhances the moisture supply
from the BoB to the Indian land region, particularly over CI,
leading to slight overestimation of VIMF over CI facilitating
favorable conditions for precipitation, leading to reduction
of dry bias. The magnitude of overestimation over CI in
ROM is lesser than underestimation in ROM, indicating the
better performance of ROM over this region. Despite the
higher VIMF in REMO than ROM over east-central India,
the divergent flow of transport and unfavorable conditions
(weaker instability) for precipitation reduce precipitation. In
contrast, enhanced wet bias over the AS is consistent with
suppressed wet bias over western central India. The excess
utilization of available local moisture over the same area
(AS) is caused by the warm SST bias, weakened pressure
gradient, and weaker wind, contributing to increasing the
precipitation over AS and hence wet bias.
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Fig. 11 Difference of monthly climatology of VIMF from model and observation (model-EIN) for ROM (a—d) and REMO (e-h)

It is worth diagnosing the large-scale dynamics and ther-
modynamics as a response of air—sea coupling contributing
to the source of systematic differences in the precipitation
in the ROM and REMO. Tropospheric temperature gradient
(TTG) is an important thermodynamic index that tightly reg-
ulates the ISM's onset, withdrawal, and strength by regulat-
ing the large-scale circulation by modulating the north—south
thermal contrast. In this study, TTG is computed following
the method described in the study of (Goswami and Xavier
2005a). From the TTG map (Fig. 12), it can be noticed that
for large parts of the year, the models (ROM and REMO)
bear a close resemblance to ERA for temporal evolution
between TTG and representing the reversal of the TTG sign.
Both models seem very close together and equally biased
compared to ERA except for onset and withdrawal phases.
ERA data shows a positive gradient from the 1st June, clima-
tological onset date, and changes to negative on 6th October,
indicating the monsoon's withdrawal. Both model's results
showed a slightly early reversal of negative to positive signs
in the last week of May and a late reversal of positive to
negative in the 2nd week of October, hence showing an early
onset and delayed withdrawal (Table 2). However, ROM’s
simulated withdrawal and length of the rainfall season (LRS)
are relatively closer to reanalysis than REMO’s simulated
values. We observed comparatively more considerable dif-
ference in the TTG curves during the onset and withdrawal
phase than peak monsoon month (July—August), suggesting
the more significant impact of air—sea coupling during the
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onset and withdrawal phase in modulating the thermody-
namical monsoon index. Models showed a warmer TTG,
especially from April to June; however, ROM's simulated
warm bias is slightly less than REMO. This might be con-
tributing to the wet biases respective model simulations as
warmer (colder) TTG in pre-monsoon months have a sub-
stantial contribution in producing enhanced/suppressed pre-
cipitation over India (Singh and Chattopadhyay 1998; Kumar
and Dimri 2020). The area under the TTG curve from the
onset and withdrawal period is closely related to the mon-
soon's strength (Goswami and Xavier 2005b; Mishra et al.
2020b). The figure shows that the ROM showed slightly less
area and became closer to observation, consistent with the
corresponding reduction in precipitation.

Webster and Yang (WY) index (Webster and Yang 1992)
based on the easterly wind shear is one of the important
indexes that control the poleward propagation of the convec-
tion band and strength of the monsoon (Jiang et al. 2004). It
also regulates the generation of the barotropic vorticity to the
north of convection, leading to the northward shift of both
the moisture convergence in the planetary boundary layer
and the negative geopotential height in the lower troposphere
and thus the northward propagation of the convection. WY
is computed as the difference of lower and upper-level
wind Ugs,—U,, Where Ugs, and U, are the zonal wind
at 850 hPa, and 200 hPa averaged over the region 40°-106°
E; 0°-20° N. Figure 12 depicts the good skill of models
in simulating the temporal evolution of the dynamical WY
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Table 2 Climatological onset, withdrawal, and length of the summer
monsoon season during 1980-2017

Onset Withdrawal Length of the

season (LRS)
EIN st June 6th October 129 days
ROM 29 May 7th October 130 days
REMO 29 May 13th October 136 days

index. Both models represent the similar evolution of the
WY but differ slightly in the dates where the sign changes
from positive to negative. The more considerable strength
in the uncoupled model than the coupled model is one of the

Jul Aug Sep Oct Nov Dec

E-95° E, 0-15° N). The daily climatology of kinetic energy (KE in
m? s72) at 850 hPa averaged over the domain (50° E-65° E, 5° N—15°
N) is also shown; (lower panel)

possible reasons for larger precipitation in REMO. Moreo-
ver, the more significant differences in ROM and REMO
during the initial and withdrawal phase than peak monsoon
phase again underline the fact that there is a comparatively
more significant role of air—sea coupling during onset and
withdrawal than peak monsoon phase. The spatial varia-
tion in the impact of air—sea coupling on the strength of the
zonal wind's vertical shear is also investigated. Figure 13
shows the mean shear for models and observation. The
figure depicts that ROM's simulated spatial distribution of
shear is more or less similar to REMO but differs slightly
in the shear strength. The ROM’s simulated shear value is
closer to observation than REMO, suggesting the advan-
tage of air—sea coupling. It is noted that more considerable
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Fig. 13 Spatial distribution of mean vertical shear of zonal winds (U200-U850) from 1980 to 2017 a EIN b ROM and ¢ REMO

value addition over AS. ROM shows lesser (greater) easterly
shear over AS (BoB), resulting in the weakening (strength-
ening) of baroclinic instability. The considerably suppressed
(strengthened) shear over AS (BoB) in ROM is consistent
with the corresponding reduction (magnification) in precipi-
tation over the western (eastern) part of CL.

The kinetic energy (KE) at 850 hPa over AS (50° E-65°
E, 5° N-15° N) is one of the crucial dynamical parameters
which have been used as a proxy for determining the onset
date and strength of ISMR in earlier studies (Krishnamurti
1985; Goswami and Xavier 2005a; Mishra et al. 2020b).
KE over AS also controls ISM's strength by modulating the
moisture supply from AS to the Indian land region. Fig-
ure 12 depicts a rapid increase from June onwards, becomes
maximum between July and August, and then starts to
decrease rapidly, becoming minimum again in October. Both
models well capture the seasonal variation of KE. However,
ROM simulated KE evolution is closer to observation. It is
also observed that the uncoupled model REMO produces
a comparatively higher KE than the coupled version. The
maximum KE obtained from REMO, ROM, and observation
is 200, 226, and 279 m?/s?, respectively. This also shows a
substantial advantage of air—sea coupling. The reduction in
the KE in ROM is consistent with suppressed precipitation
over India and hence wet bias.

To get more insight, the effort is made to examine the
impact of air—sea coupling on the relationship of the differ-
ent dynamical and thermodynamical indexes (e.g. WY, KE,
TTG) with precipitation over India. Figure 14 represents the
correlation between indexes and precipitation over India. It
is observed that the TTG and KE show a positive correlation
over central India and a negative correlation over northern
and southern India. In contrast to this, WY shows a nega-
tive correlation over central India and a positive correlation
over northern and southern India. Both ROM and REMO
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correctly reproduce these observed correlations and follow
a similar correlation pattern of indexes with precipitation.
This suggests that air—sea coupling has limited impact in
modulating these indexes' relationship with precipitation
over India. Despite substantial improvement in the ISMR
and associated dynamical processes, ROM still shows some
systematic dry/wet bias over eastern/western central India.
Other factors may contribute to this systemic bias rather than
the regional air—sea interaction and need to investigate the
source of persistent bias further.

The vertical temperature structure has a coherent impact
on precipitation strength (Raju et al., 2015). Therefore, it is
crucial to address the impact of air—sea interaction on the
vertical structure of the temperature and its association with
wet and dry bias. We investigated the relative performance
of ROM and REMO in simulating the vertical structure of
temperature anomaly associated with the monsoon precipita-
tion over the WCI/CNI roughly regions having wet/dry bias
in REMO. Figure 15 represents the time height cross-section
of temperature anomaly over the WCI and CNI region dur-
ing the JJAS season. The figure depicts the contrast vertical
structure of temperature anomaly before and after monsoon
establishment. During the initial phase of the monsoon
(June), warm (cold) temperature anomalies are noted in the
lower (middle to upper) troposphere. In contrast, the reverse
is happening after the monsoon establishment over Indian
subcontinents. For example, the cold (warm) temperature
anomalies are noted in the lower (middle to upper) tropo-
sphere from July onwards. Both simulations show a similar
evolution of temperature anomaly over WCI and CNI with
some intermittent variations in the anomalies' magnitude.
Comparatively warmer midlatitude (700-400 hPa) in ROM
than REMO noticed over CNI and vice-versa over WCI. The
middle troposphere warming over CNI leads to the upper air
divergence favouring the updraft and convection, enhancing
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precipitation over the same region (Raju et al. 2015; Mishra
and Dwivedi 2019) and helping in reducing the dry bias.
Moreover, the precipitation over WCI is affected by the
dual nature of the mechanism, mid-tropospheric heating,
and weakening of LLJ due to air—sea coupling. The warmer
mid-tropospheric anomaly enhances the precipitation due
to favorable conditions for the updraft and moist convective
systems (Raju et al. 2015), however, this enhanced precipita-
tion is largely compensated by the reduced precipitation due
to suppressed moisture supply from AS due to the weaken-
ing of the LLJ, resulting in a net reduction in the precipita-
tion due to air-sea coupling. A detailed study of the exact
mechanism responsible for the persistent wet bias over WCI
remains beyond the scope of this paper.

4 Conclusions

This study investigated the advantage of air—sea coupling
using a high-resolution regional earth system model over
the CORDEX-SA. The performance of the coupled ROM
model and its standalone atmospheric model component
(REMO) are accessed in simulating the mean Indian Sum-
mer Monsoon Rainfall (ISMR) and associated dynamical

and thermodynamical processes. ROM’s simulated ISMR
and associated dynamical and thermodynamical processes
bear a close resemblance to observation than REMO. The
substantial reduction of biases in ROM compared to REMO
highlights the benefit of air—sea coupling; however, consid-
erable spatiotemporal variability of added value is noticed.
The least wet bias is observed in ROM during the initial
phase of the monsoon (June) over south-central India, which
propagated southeastward and expanded in terms of its area
in subsequent months of monsoon and attains the maximum
value during the withdrawal period (September). ROM sig-
nificantly reduces the maximum dry bias ~ 3—4 mm/day over
east-central India during July, indicating ~ 60-80% improve-
ment. Despite substantial improvements in ROM, some sys-
tematic bias with temporal variability in its nature is still
noticed. For, example during the first half of the monsoon
phase (June—July), ROM shows dry bias over east-central
India and wet bias in the latter half phase, compensating in
computing the mean JJAS bias. This highlights the necessity
of temporal evaluation of model bias. In general, a coherent
signal of improved precipitation in ROM is noticed through-
out the monsoon season.

In general, the regions with stronger/weaker bias are
consistent with greater/smaller value addition regions. The
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improvement over the ocean is considerably more signifi-
cant than that of over Indian land regions. The BoB and
EIO are the most prominent regions affected by air-sea
coupling. The highest improvement is noticed by reduc-
ing the wet bias of up to 50-500% caused by SST cooling
response due to precipitation that suppresses the convection
and hence convective precipitation. Comparatively, a lesser
bias reduction is noticed over the Indian land region with
a maximum of 50% (30%) over western (eastern) central
India. The anomalous warming over AS weakens the zonal
SST gradient and hence southwesterly winds, which should
substantially diminish the moisture supply towards India
(Roxy et al. 2017).

The improvement of precipitation in ROM is a combined
effect of improvement in convective and large-scale pre-
cipitation (CP and LP). Thus, their contribution to the total
improvement of mean precipitation is analyzed. The analysis
shows that both contributed to the total improvement. How-
ever, these improvements due to CP and LP are region-spe-
cific. In general, the improvement over the ocean is mainly
associated with suppressed CP due to negative feedback by
the inclusion of air—sea coupling. In contrast, both CP and
LP contribute to the overall improvement over Indian land
regions. The suppressed/enhanced LP/CP over western/east-
ern central India in the ROM model reduces the REMOQO’s
wet/dry bias. Besides, we also observed some regions where
air—sea coupling showed minor improvements. For example,
the dry (wet) bias over Tibetan Plateau, northern India, and
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Indo Gangetic plains for CP (precipitation and LP) noticed
in REMO also persists in ROM, suggesting an insignificant
improvement due to air—sea coupling over these regions.
The weakening of moisture-laden low-level Somalia Jet in
ROM causes the diminishing of moisture supply from the
Arabian Sea towards the Indian land region. The suppressed
moisture availability over the region hampers the mean pre-
cipitation and reduces wet bias, especially in west central
India. The minimal improvement due to air—sea coupling is
partially related to persistent SST bias and partially due to
the dominant role of atmospheric internal dynamics of the
coupled system. Some earlier studies have also highlighted
the role of the atmospheric internal dynamics as underlying
mechanisms for this propagation (Jiang et al. 2004, 2011;
Abhik et al. 2013). We also examined the effects of air—sea
coupling on the ISMR relationship with dynamical and ther-
modynamical indexes using statistical analysis. A similar
relationship between indexes and precipitation over India in
both models reveals that air—sea coupling does not modulate
the relationship of ISMR with dynamical and thermodynam-
ical indexes. The feedback processes due to air—sea coupling
alter the strength of indexes and corresponding ISMR in the
same direction, unstirring the relationship. Despite a signifi-
cant improvement in ISM characteristics and associated pro-
cesses, slight wet bias over western central India persists in
ROM. This is partially attributed to the persistence of warm
and cold SST bias. A detailed study of the exact mechanism
responsible for the persistent wet bias over western central
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India in ROM is beyond the scope of this paper, remains a
concern for future study.
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