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Abstract We evaluate the impact of air-sea coupling in simulating the characteristics of the Indian summer
monsoon (ISM) and its intraseasonal oscillations (ISOs) by using a coupled ocean-atmosphere regional climate
model (CRSM) and an atmosphere-only regional climate model (URSM). These 20-km resolution regional
climate models (RCMs) were driven by the boundary conditions from Community Climate System Model
version 4 (CCSM4) global model. The mean ISM rainfall simulated by URSM and CRSM is comparable with
observations and shows an improvement over the CCSM4. The systematic error in the spatial distribution of the
mean June—September low-level and upper-level winds, sea surface temperature, and latent heat flux shows that
CRSM performs better than URSM, suggesting the benefits of air-sea coupling in the RCM simulations of the
mean ISM. Both the CRSM and the URSM perform reasonably and comparably in capturing the spatiotemporal
evolution of 10-20-day high-frequency and 20-70-day low-frequency ISOs of the ISM rainfall. These RCMs
simulated the observed features of the ISO-filtered rainfall anomalies that propagate at a faster rate across the
Arabian Sea compared to that over the Bay of Bengal. Furthermore, the difference in the track density of the
monsoon low-pressure systems between the wet and the dry phases of ISOs shows insignificant differences
between CRSM and URSM but is found to be superior to the CCSM4 simulation. This study suggests a relative
insensitivity of air-sea coupling in the RCM for simulating ISO and LPS features of ISM, which is likely
abetted by the realistic ISO signals in the parent CCSM4.

Plain Language Summary We generated two different high-resolution regional climate
simulations: an atmosphere-only regional climate model (RCM) and a coupled ocean-atmosphere RCM

forced with coarse-resolution global fields. By using these high-resolution regional climate simulations, we
investigate how air-sea coupling affects the observed characteristics of the Indian summer monsoon (ISM)

and its intraseasonal oscillations (ISOs). The results of the 20-year regional climate simulation from each

of the RCMs reveal that they reasonably capture the observed mean climatology and ISOs of the ISM. The
benefit of air-sea coupling in simulating the mean ISM is clear from the comparisons between the coupled and
uncoupled RCM simulations. Nonetheless, the differences in the simulated characteristics of the ISO and the
monsoon low-pressure systems between the RCMs were trivial. On the other hand, both the RCMs considerably
outperform the global model in simulating the monsoon low-pressure systems and their association with the
ISOs of the ISM. This study concludes that ISO simulation in the RCM could be insensitive to air-sea coupling
because of realistic ISO signals in the driving global climate model.

1. Introduction

The Indian summer monsoon (ISM) is an important tropical coupled ocean-atmosphere system. The intrasea-
sonal oscillations (ISOs), are one of the dominant features of the ISM (Krishnamurthy & Shukla, 2007; Sikka &
Gadgil, 1980). Many studies suggest that coupled ocean-atmosphere climate models are the best tools to simulate
the ISM and its variability, realistically (Goswami et al., 2016; Rajendran & Kitoh, 2006; Sharmila et al., 2013;
Wang et al., 2005). Previous studies have shown that the tropical ISOs simulated by the coupled general circu-
lation models (CGCMs) outperform the sea surface temperature (SST) forced atmospheric general circulation
models (AGCMs) (Fu et al., 2002; Jiang et al., 2004; Rajendran & Kitoh, 2006; Zheng et al., 2004). For example,
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Fu et al. (2002) show that air-sea coupling improved the simulation of mean ISM rainfall and the meridional prop-
agation of ISOs. Zheng et al. (2004) found considerable disparities between the CGCM and AGCM simulations
in their phase relationships between ISO anomalies of rainfall and SST. They showed that in the AGCM, rainfall
lags SST by around 8 days, compared to 15 days in observations and in the CGCM. Furthermore, AGCMs are
also found to exacerbate the bias in ISO amplitude, phase, and life cycle relative to the CGCM (Rajendran &
Kitoh, 2006).

The majority of the CGCMs demonstrate reasonable skill in simulating the seasonal mean rainfall over the ISM
region, but they exhibit weak intraseasonal variance (Lin et al., 2008). For example, Peatman and Klingaman (2018)
found that the MetUM-GOML2.0 showed very low intraseasonal (24—70 days) variance across the Indian region.
They found that this coupled model could simulate a realistic northward propagation of the ISO across the
ocean, but it ceased over land, barely producing any rainfall over India. In contrast, Valdivieso et al. (2021)
showed little impact of air-sea coupling on the numerical weather prediction of ISM rainfall. Most current global
CGCMs are relatively coarse in horizontal resolution, typically a few hundred kilometers or more in grid spac-
ing. Due to their coarse resolution, these models face difficulties in simulating the subgrid-scale processes and
frequently fail to capture the small-scale regional features. Dynamical downscaling of coarse-resolution global
general circulation models (GCM) through high-resolution regional climate models (RCMs) is a widely used
approach to overcome horizontal resolution-dependent difficulties. RCMs are widely used to study the variabil-
ities of the ISM (Bhaskaran et al., 1996, 2012; Dash et al., 2006; Jayasankar et al., 2018; Ji & Vernekar, 1997,
Misra et al., 2018, 2022). The majority of the earlier dynamical downscaling studies relied on atmosphere-only
RCMs forced with prescribed SST (Ajay et al., 2019; Befort et al., 2016; Chen et al., 2018; Dash et al., 2006;
Lucas-Picher et al., 2011; Maurya et al., 2020; Mishra & Dubey, 2021; Mishra, Dubey & Dinesh, 2022; Misra
et al., 2017; Pattnayak et al., 2018; Rai et al., 2020; Umakanth et al., 2016). These studies highlight the signif-
icance of the spatial resolution and especially due to improved representation of orography in high-resolution
RCMs, they outperformed their forcing global GCMs in simulating the spatio-temporal distribution of the mean
ISM rainfall. In addition, RCMs driven by realistic lateral boundary forcings were found to be crucial for the
improved simulation of ISM (Bhaskaran et al., 2012). However, many of the RCMs overestimate the oceanic
rainfall, which is likely an amplification of the global model bias (e.g., Kumar et al., 2020). For example, Kitoh
and Arakawa (1999) suggest that AGCMs with prescribed SST can have stronger rainfall episodes over oceans
than coupled models because they don't consider negative feedback to the ocean from the atmosphere.

The Coordinated Regional Climate Downscaling Experiments (CORDEX) Program provides ~50-km resolu-
tion dynamically downscaled simulation for various parts of the world. CORDEX outputs were generated using
different atmosphere-only RCMs, driven by Coupled Model Intercomparison Project Phase 5 (CMIP5) lateral
boundary conditions with prescribed SST. Several studies utilize these downscaled simulations to study the
ISM and its variabilities at different timescales (Maharana et al., 2021; Singh et al., 2017). CORDEX—South
Asia models exhibit modest improvement in simulating the duration of active and break spells than their parent
models; however, most of the models failed to reproduce the northward and eastward propagations of the ISOs
(Singh et al., 2017).

Several studies have attempted to demonstrate the value addition of coupled ocean-atmosphere RCM over a
stand-alone atmosphere RCM in simulating the ISM (Di Sante et al., 2019; Kumar, Mishra, et al., 2022; Mishra
et al., 2021; Ratnam et al., 2009; Samala et al., 2013; Umakanth & Kesarkar, 2018). Samala et al. (2013) and
Umakanth and Kesarkar (2018) indicate improvements in the representation of the ISO variability by a coupled
RCM compared to the stand-alone atmospheric RCM. Samanta et al. (2018) and Hari Prasad et al. (2021), found
that dry bias in Central India was reduced when an atmospheric RCM was coupled to an ocean mixed layer model
relative to an atmosphere-only RCM. Samanta et al. (2018) suggest that the warm SST front in the Bay of Bengal
(BoB) is crucial for the Central India rainfall because the realistic SST enhances the portrayal of monsoon LPSs.
Using a coupled RCM, Levine et al. (2021) found that LPS simulation over the northern Indian Ocean is sensitive
to localized coupling. They show that the number of LPS and the accompanying rainfall are positively impacted
by air-sea coupling in the RCM. Mishra et al. (2021) found that coupled RCM represents the ISM rainfall inten-
sity and the ISO better compared to the stand-alone atmosphere-only RCM forced with observed SST.

In the assessment of the skill of their regional earth system model (ESM) across the tropical Indian Ocean,
Kumar, Mishra, et al. (2022), Kumar, Mallick, et al. (2022) found that the RCM has greater skill than its parent
global GCM in representing the mean and the variability of the ISM. Also, these studies point to the major role
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of air-sea coupling in lessening the wet bias compared to atmospheric RCM over south-central India and the
neighboring oceans. However, they also report that the regional ESM overestimates the extreme rainfall which
is attributed to the enhanced contribution from the LPS. Similarly, Mishra, Kumar, et al. (2022) showed that this
regional ESM has greater skill in simulating the northward and eastward propagation of 20-100 days filtered
ISO rainfall anomalies over the ocean than its stand-alone atmospheric model. But Mishra, Kumar, et al. (2022)
noticed that the model had minimal improvement in the propagation characteristics of ISO anomalies over land,
which they attributed to the influence of atmospheric internal dynamics in the coupled system and bias in the
SST. Similarly, Di Sante et al. (2019) highlighted the importance of the air-sea coupling in the reasonable simula-
tion of the northward propagation of convection across the Indian Ocean in another coupled RCM study.

Table 1 summarizes how different the present study is from earlier intercomparison studies between stand-alone
atmospheric RCM integrations and coupled with a regional ocean model. This study stands apart in its horizontal
resolution and air-sea coupling interval compared to the other studies (Table 1). However, more saliently this
study differs methodologically from these earlier comparative studies. For example, in the studies by Ratnam
et al. (2009) and Samala et al. (2013), the comparison is between a stand-alone atmospheric RCM forced with
observed SST and a coupled version in which the regional ocean model is forced with climatological ocean
fields at the lateral boundaries. Such model inter-comparison studies have very different SST forcing between
the two models, which then obfuscates the response to air-sea coupling. In these studies, even if the coupled
RCM is “perfect,” the kind of lateral boundary forcing applied to the regional ocean model will never produce
the observed SST used in the stand-alone integration. Therefore, in such studies, the impact of air-sea coupling is
perceived to be significantly different from the prescribed SST RCM experiment.

Similarly, Umakant and Keskar (2018) coupled their atmospheric RCM to a slab ocean model with appropriate
Q-flux correction to restore the SST to the observed SST over a 5-day period. This type of inter-comparison
overlooks the impact of Q-flux correction as it tries to restore the simulated SST to be more realistic. Likewise,
Di Sante et al. (2019) compare observed atmospheric RCM driven by observed SST and the coupled version of
the RCM, which undermines the role of the SST bias in the latter. However, both these studies conduct addi-
tional stand-alone atmospheric RCM experiments with SST prescribed at a daily interval from the corresponding
coupled ocean-atmosphere RCM integration coupled at a different interval. This comparison essentially examines
the sensitivity of the air-sea coupling interval while ignoring the role of RCM bias. Under most circumstances,
unless we are dealing with a “perfect” RCM, it is difficult to accurately determine the role of air-sea coupling in
an RCM when it is forced with reanalysis at the lateral boundaries for the oceanic or the atmospheric components
of the coupled RCM, or when observed SST is used for the stand-alone atmospheric RCM integrations. This
study suggests an alternative strategy to study the “added value” of air-sea coupling in RCMs.

Our study is designed to examine if air-sea coupling included in an RCM to downscale a CGCM from the CMIP5
improves the ISM simulation. In the process, we intend to evaluate the role of air-sea coupling in the simulation
of the ISOs of ISM and the monsoon low-pressure systems (LPS). The rest of the paper is arranged as follows:
the details of the RCMs and the experiments are presented in Section 2, followed by the results in Section 3 with
a discussion of the implication of the results in Section 4 preceding the summary and conclusions in Section 5.

2. Models, Experimental Details, and Methods

We used coupled ocean-atmosphere RCM and atmosphere-only RCM as dynamical downscaling tools
centered over the Indian subcontinent. The Regional Spectral Model (RSM; Juang & Kanamitsu, 1994; Misra
et al., 2017) coupled with the Regional Ocean Modeling System (ROMS, Haidvogel et al., 2000; Shchepetkin &
McWilliams, 2005), hereafter referred to as CRSM is used for coupled ocean-atmosphere simulations and RSM
forced by prescribed SST from CCSM4 (hereafter referred as URSM) is used for the atmosphere-only simula-
tions. Both URSM and CRSM have been widely used for regional climate studies in India and other parts of the
world (Ham et al., 2016; Karmakar & Misra, 2020; Li et al., 2012; Li & Misra, 2014; Misra & Jayasankar, 2022;
Misra et al., 2017, 2018).

2.1. Uncoupled Regional Climate Model

The URSM is a primitive equation atmospheric model in which the spectral method is used to estimate the advec-
tive derivatives (Juang & Kanamitsu, 1994). A semi-implicit scheme for time integration is used in the URSM.
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Table 1
A Comparison of the ISM Studies Which Evaluated the Impact of the Air-Sea Coupling in Regional Climate Models
SST boundary
Lateral condition for
Atmospheric boundary Lateral stand-alone
model Oceanic model Air-sea forcings boundary atmospheric Length
(horizontal (horizontal coupling for the forcings for model of model Use of flux
References resolution) resolution) interval atmosphere ocean integration integration correction
Ratnam RegCM3 ROMSv2.2 1 day NCEP-NCAR Monthly Interpolated Seasonal runs Levitus
et al. (2009) (60 km) (60 km) reanalysis Levitus from weekly for 4 years Climatology
climatology OISST (1997, is used for
(Reynolds & 1998, surface
Smith, 1994) 2002, salinity
2003)
from 1
May to 30
September
Samala et al. (2013) WRFv2.2  ROMSv2.2 6 hr NCEP-NCAR  Monthly Interpolated Seasonal runs Levitus
(30 km) (10 km) reanalysis Levitus from weekly for 8 years Climatology
climatology OISST (2000~ is used for
(Reynolds & 2007) surface
Smith, 1994) salinity
Umakant and RegCM4.4  Slab ocean At every ERA-15 n/a 1. Interpolated 13-year Q-flux
Kesarkar (2018) (50 km) model with a atmospheric reanalysis from weekly continuous correction is
thickness of model time OISST run from applied
50 m step 2. SST 1 January
prescribed 2000
at a daily
interval from
coupled
model
experiment
Di Sante RegCM4 MITgem in its 3 hr ERA-Interim  ORAP5 ocean 1. ERA-Interim 30-year None
et al. (2019) (50 km) regional reanalysis reanalysis SSTs continuous
configuration 2. SST run from
(18 km) prescribed 1979 to
from coupled 2008
integration
at a daily
interval
Mishra et al., 2021 RegCM4 MITgem in its n/a ERA-Interim  ORAPS ocean Interpolated 21 years from n/a
(50 km) regional reanalysis reanalysis from weekly 1995 to
configuration OISST 2015
(20 km)
Kumar, Mishra, REMO MPIOM 3 hr ERA-Interim  n/a ERA-Interim 38-year run None
etal., 2022 (25 km) coupled with reanalysis SST from 1980
(Regional earth HAMOCC to 2017
system model) (variable
resolution
from 10 km
along the
coast to
100 km in
the southern
seas)
This study RSM ROMSv2.2 1 hr CCSM4 CCSM4 Daily SST from 20-year run None
(20 km) (20 km) historical historical CCSM4 from 1
integration integration historical January
for CMIP5 for CMIP5 integration 1986
for CMIP5
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The URSM contains 28 irregular terrain-following sigma levels, and the top-level is approximately at 2 hPa.
From the suite of physics schemes, URSM is configured with the Relaxed Arakawa Schubert scheme (Moorthi
& Suarez, 1992) for deep convective parameterization and Tiedtke (1983) scheme for shallow convection. In
addition, URSM uses Zhao and Carr (1997) prognostic cloud scheme, which represents cloud liquid water and
cloud ice specifically in the prognostic equations of the model. The Hong and Pan (1996) scheme is used for the
planetary boundary layer turbulence, the Noah land surface model (Ek et al., 2003) for the land surface processes,
Chou and Lee (1996) scheme for the longwave radiation, and Chou and Suarez (1994) scheme for the shortwave
radiation. Furthermore, URSM uses the scale selective bias correction (Kanamaru & Kanamitsu, 2007) to prevent
synoptic-scale drift during the RCM integration. The sponge zone's width is set to 16 grid points at the edges
of the model boundaries. Earlier studies have indicated that these model physics schemes are the most suitable
combination for simulating the ISM (e.g., Misra et al., 2017, 2022).

2.2. Coupled Regional Climate Model

The CRSM is a coupled regional ocean-atmosphere model. The RSM is the atmospheric component of the
CRSM and is configured identically to URSM (i.e., physics and dynamics are the same). The oceanic compo-
nent of CRSM is ROMS and which is a free-surface ocean model. The split explicit time-stepping method is
employed to solve the equations. The stretched terrain-following coordinates with 30 levels are used in the verti-
cal discretization of the model. In this study, ROMS utilized the second-order biharmonic horizontal diffusion
(Ezer et al., 2002). The vertical mixing parameterization is a nonlocal K-profile closure scheme introduced by
Large et al. (1994). The K-profile approach includes both the top and bottom oceanic boundary layers. An effi-
cient dual Message Passing Interface parallelization approach is used to couple RSM and ROMS and the coupling
interval is 1-hr (Li et al., 2012). Both the RSM and ROMS are configured on the same grid of 20-km resolution,
which helps to avoid the flux coupler with the direct exchange of atmospheric fluxes and SST between two model
components as the model integration progresses every hour, without interpolation. Besides, no flux adjustment
is applied in the CRSM integration.

2.3. Experimental Details

Any RCM relies on the large-scale initial conditions and time-varying lateral boundary forcing, commonly
derived from a coarse-resolution global GCM. Previous studies show that NCAR's Community Climate System
Model version 4 (hereafter CCSM4; Gent et al., 2011) is one of the better performing models in the CMIPS. It has
the demonstrable skill to simulate the present-day ISM and its variability (Jayasankar et al., 2015, 2018; Mishra
et al., 2018). In this study, for both the URSM and CRSM, the initial and the lateral boundary forcing for both
the atmosphere and the ocean are taken from the CMIPS historical coupled simulation of the CCSM4 model. The
RSM (in both URSM and CRSM) is forced at its lateral boundaries with time-varying lateral boundary forcing
of the three-dimensional atmospheric variables at 6-hourly intervals. In the URSM, the SST is prescribed at a
daily interval from the historical simulation of CCSM4. The initial and the lateral boundary forcing for ROMS are
taken from the oceanic component of CCSM4 (i.e., Parallel Ocean Program version 2) and is prescribed to ROMS
at monthly interval. The atmospheric component of CCSM4 has 1.25° X 0.9375° resolution grids, whereas the
ocean component has nominal 1° X 1° grids with increased resolution in the tropics.

Both URSM and CRSM are configured at 20-km resolution and have a domain span from 10.46°S to 37.94°N
(278 grid points) and 50.04° to 110.4°E (325 grid points), which includes the sponge zone of 16 grid points.
This study carried out two sets of 20-year (1986-2005) regional climate simulations: (a) URSM and (b) CRSM
present-day simulations. Both the RCMs were driven by the historical simulations of CCSM4. Both RCMs gener-
ate output data at 1-hourly temporal resolution. The validation data sets used to validate simulated fields of both
the CRSM and URSM are discussed in Text S1 in Supporting Information S1. Furthermore, Supporting Informa-
tion S1 includes the methodology to extract the ISO signals (Text S2) and the method to track the LPS (Text S3).

3. Results
3.1. Mean Features of ISM

Taylor diagram is used to compare the spatial patterns of 20-year June-July-August-September (hereafter JJAS)
climatology in URSM, CRSM, and the parent model (i.e., CCSM4) with observation/reanalysis (Figure 1). Taylor
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Figure 1. Taylor diagram of 20-year June—September mean climatology of rainfall (1, pr), mean sea level pressure (2, mslp), 2-m air temperature (3, t2m), precipitable
water (4, pwat), 850-hPa zonal wind (5, u850), 200-hPa zonal wind (7, u200), 850-hPa meridional wind (6, v850), and 200-hPa meridional wind (8, v200) for (a)
CCSM4, (b) URSM and (c) CRSM with respect to India Meteorological Department (for rainfall) and ERAS for the rest of the variables. The percentage bias for each
variable is represented using different symbols along with the variable numbers.

statistics are estimated over India (only land region) for mean rainfall (pr), precipitable water vapor (pwat), 2-m
air temperature (t2m), mean sea level pressure (mslp), zonal wind at 850 hPa (u850), 200 hPa (u200) and meridi-
onal winds at 850 hPa (v850), 200 hPa (v200) with respect to IMERG (for rainfall) and fifth-generation ECMWF
reanalysis (ERAS; Hersbach et al., 2020) for the other variables. Taylor diagram consists of (a) spatial pattern
correlation coefficient (PCC), (b) ratio between the standardized variances of the model and the observation, and
the (c) percentage bias for any field X between model (Xmode1) and the observation (Xobservation), defined as;
Percentage bias of Variable X = (Xinodet = Xobservaion) X 100 D

Xobservmion

The CCSM4 model exhibits reasonable skill in simulating the JJAS climatology of pwat, mslp, t2m, u850, and
u200 except for v850 in comparison to ERAS (Figure 1a). CCSM4 shows that the PCC is greater than 0.9 and the
ratio of the standardized variance is between 0.84 and 1.08 for pwat, mslp, t2m, u850, u200, and v200. The PCC
of v850 (0.84) is slightly less than other variables and has a higher percentage bias of —140.0%. However, both
the URSM (Figure 1b) and CRSM (Figure 1c) show slightly improved PCC (>0.96) than CCSM4 (Figure 1a) for
v850. The standardized variances of most variables in URSM and CRSM are closer to observations, that is, the
ratio of standardized variance is closer to “REF” in the Taylor diagram. The percentage bias of v850 is 77.7% in
URSM, which is further improved to 6.16% in CRSM.

We analyzed the simulated June—September mean climatological winds at 850 and 200 hPa with respect to the
ERAS (Figure S1 in Supporting Information S1). At 850 hPa, the weaker bias of the Somali Jet present over the
Arabian Sea in both the URSM and the CRSM is a manifestation of a similar bias in CCSM4 (Figures Sla-Slc
in Supporting Information S1). However, the weaker bias of the southwesterlies over the Indian Ocean and the
cyclonic flow over the monsoon trough region in CCSM4 are significantly ameliorated in the RCMs.

At 200 hPa, we found that the CCSM4 largely underestimates the tropical easterly jet (TEJ), while both RCMs
outperform their parent model in reducing the magnitude of this bias (Figures S1d-S1f in Supporting Infor-
mation S1) with CRSM reducing the weak tropical easterly jet bias slightly more than URSM (Figures S1d—
S1f in Supporting Information S1). Furthermore, the 500-hPa geopotential heights also indicate a reduction of
the positive bias across the regional domain in the RCMs relative to CCSM4 (Figures S1g—S1i in Supporting
Information S1).

The distribution of rainfall across the equatorial Indian Ocean, northeastern regions, orographic rainfall over
the Western Ghats and adjacent oceans, core monsoon zone, and the foothills of the Himalayas is one of
the most distinctive features of ISM. From the Taylor diagram, the PCC for rainfall (over Indian landmass
based on India Meteorological Department observed rainfall) for CCSM4, URSM, and CRSM are 0.65, 0.60,
and 0.62, respectively. Similarly, the ratio of the standardized variances for rainfall in CCSM4, URSM, and
CRSM are 0.71, 1.08, and 1.08, and the percentage biases are 11.92%, 6.85%, and 13.15%, respectively. This
suggests that the URSM has less rainfall bias than the CCSM4 over the Indian subcontinent, whereas the
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Figure 2. Spatial distribution of 20-year June—September mean rainfall (mm/day) climatology from (a) India Meteorological
Department (IMD), (b) IMERG, (c) CCSM4, (d) URSM, and (e) CRSM. The climatological mean bias of (f) CCSM4, (g)
URSM, and (h) CRSM with respect to IMERG observation. The corresponding seasonal climatological difference between (i)
CRSM and URSM and (j) CRSM and CCSM4. Pattern correlation coefficient (PCC) between the IMERG and the models for
pan ISM region (5°S—38°N and 55°-100°E) is given in the panel (c, d, and e) Climatological differences significant at a 5%
level (p = 0.05) are stippled in panel (f—j). The Central India region referenced in the text is outlined in panel (a).
CRSM has slightly more bias than the CCSM4. Also, both the RCMs have strong wet bias over the Western
Ghats (Figures 2g and 2h) which also contributes to this percentage bias. However, the sample sizes for the
statistics generated in the Taylor diagram are vastly different given the contrast in the grid resolutions of
CCSM4 and the RCMs. Therefore, even comparable statistics in the Taylor diagram between CCSM4 and the
JAYASANKAR ET AL. 7 of 22
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RCMs should be noted as an improvement. In summary, the statistics from the Taylor diagram show a clear
improvement in URSM and CRSM relative to CCSM4. However, the differences between URSM and CRSM
are at best subtle.

Figures 2a and 2b show the observed 20-year (1986-2005) JJAS climatology from India Meteorological Depart-
ment (1986-2005) and 20-year (2001-2020) JJAS climatology from IMERG, respectively. The corresponding
climatology from CCSM4, URSM, and CRSM in Figures 2c—2e show the relative maximum ISM rainfall over
Western Ghats, Central and Northeastern India, Arakan Mountain of Myanmar as in the observations (Figures 2a
and 2b). The systematic bias of the JJAS rainfall from the models (Figures 2f—2h) shows dry bias over the equa-
torial Indian Ocean and the BoB most prominently, which is further exacerbated in the RCMs relative to CCSM4.
The dry bias found over Central India is also slightly larger in the RCMs compared to CCSM4. However, in
URSM, this dry bias is more severe compared to CRSM, suggesting a possible ocean rectification effect in
the latter. Both URSM and CRSM overestimate the orographic rainfall and adjacent oceans primarily because
of the terrain following the sigma vertical coordinate of RSM (i.e., the atmospheric component of the RCMs)
which exacerbates the discontinuity of the orography in the upper troposphere that initiates unwarranted gravity
waves (Gallus Jr., 2000; Zangl, 2002). By considering the mean climatology spatial pattern over Central India
(16.5°-26.5°N, 74.5°-86.5°E, marked in Figure 2a), the RMSE is nearly comparable in CRSM (1.89 mm/day)
with URSM (2.07 mm/day). However, URSM (bias: —11.14 mm/day, Figure 2g) exhibits a large dry bias over the
Central Indian region, that is considerably reduced in CRSM (bias: —2.45 mm/day, Figure 2h). This dry rainfall
bias over Central India is a common problem for many stand-alone atmosphere RCMs. Earlier studies have shown
that this dry bias over Central India can be minimized by introducing the air-sea coupling in the regional model
(e.g., Hari Prasad et al., 2021; Samanta et al., 2018), which is consistent with our results.

When we examine the differences between CRSM and CCSM4 (Figure 2j), we find that the CRSM overestimates
the orographic rainfall over the Western Ghats and underestimates the rainfall over the Arabian Sea (AS) and
the western BoB. But overall, across the pan ISM region (5°S-38°N and 55°-100°E) CRSM at PCC = 0.69 and
RMSE = 3.5 mm/day capture the spatial heterogeneity of the ISM rainfall only marginally better than URSM
with PCC = 0.62 and RMSE = 4 mm/day.

3.2. Mean Seasonal Cycle of Rainfall

Mean seasonal cycles were extracted using harmonic analysis (Murakami et al., 1986) to understand the seasonal
variation of rainfall simulated by the dynamically downscaled models. The seasonal cycle of ISM rainfall is defined
as the sum of the first four harmonics from the area-averaged rainfall climatology over all India (e.g., Jayasankar
et al., 2015). The mean seasonal cycle of rainfall for the Indian land region from India Meteorological Department
observation, CCSM4, URSM, and CRSM is shown in Figure S2 in Supporting Information S1. CCSM4 overes-
timates the seasonal cycle of rainfall throughout the year (0.45-1.2 mm/day), and the maximum overestimation
(0.94-1.2 mm/day) is during the October to December period. A large wet bias found over the Western Ghat regions
(Figures 2g and 2h) is partially responsible for this overestimation of area-averaged rainfall over Indian landmass
in both the RCMs. However, this wet bias of the area-averaged rainfall time series is somewhat reduced because of
the URSM's significant dry bias across Central India. Both the URSM (systematic error range is —0.3 to 0.21 mm/
day) and CRSM (—0.15 to 0.34 mm/day) exhibit improvement over their parent model (0.47-0.56 mm/day) during
the April-June period while the differences amongst the RCMs are comparably modest. Also, during the months
of April-June, monthly mean rainfall from the RCMs falls within the observed standard deviation in contrast to
CCSM4. But like CCSM4, the mean rainfall peak of ISM is overestimated in RCMs with nearly a delay of 1 week.
The rainfall peak is, however, delayed by 3 days in CCSM4 (Figure S2 in Supporting Information S1).

3.3. Mean Summer Monsoon SST and Latent Heat Flux

Figure 3 exhibits the spatial patterns of mean JJAS SST from observation (OISST), URSM (SST prescribed from
CCSM4), and CRSM, along with the corresponding mean bias of URSM and CRSM with respect to OISST. Both
the URSM and CRSM have slightly warmer SST than observation, with the climatological mean SST bias over the
domain being 0.62 and 0.33°C, respectively. The PCC for the entire domain for URSM and CRSM is 0.85 and 0.83,
respectively. Similarly, the RMSE for CRSM at 0.53°C is slightly better than the URSM at 0.70°C. In comparison
with OISST, CRSM shows slightly colder SST over the northern AS and over western BoB (Figure 3e). Indian
Ocean warm pool IOWP; 2°S-5°N and 65°—80°E; SST >28°C; Vinayachandran & Shetye, 1991) significantly
influence the seasonal variability of the ISM (e.g., Kim et al., 2012). The RCM simulated location of IOWP is in

JAYASANKAR ET AL.

8 of 22

25U SUOWILLIOD BATIER.D) 3|eoldde U} Aq pauBAB a1 SN YO 88N J0 3N 10y ARG BUIIUO A3|IM UO (SO 1HIPUOD-DUE-SLLLBIIC" A1 ARe.q1 U IUO//SUNY) SUONIPUOD PUE SIS | 3U) 89S *[E202/70/70] U ARiqiTaulIUO AB1IM ‘2L Ad EE/200V32202/620T OT/10p/wiod" 3| 1w A puijuo'sgndnBe//sdny wou) papeojumoq ‘v ‘€202 ‘YB0SEEEZ



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Earth and Space Science 10.1029/2022EA002733

1 @ OISST | | (b) URSM | | ¢) CRSM
PCC: 0.85 o PCC: 0.83

30N

20N

10N

60E 70E 80E 90E 100E 60E 70E S80E 90E 100E 60E 70E 80E 90E 100E

L[ [ T T o
26 27 28 285 29 295 30 305 31 ¢

on 4@ URSM - OISST | | (e) CRSM - OISST | | (f) CRSM - URSM

20N

10N

60E 70E S80E 90E 100E 60E 70E S80E 90E 100E 60E 70E 80E 90E 100E

[ [ [ [ F o
-5 -1.2 09 -06 -03 0 03 06 09 12 15 ¢

Figure 3. Spatial distribution of 20-year JJAS climatological mean SST (°C) from (a) OISST, (b) URSM, and (c) CRSM.

The June—-September climatological mean bias of (d) URSM, and (¢) CRSM with respect to OISST observation. (f) The
corresponding difference between the CRSM and URSM seasonal climatology. Pattern correlation coefficient (PCC) between
the OISST and the models for the entire ocean is given in panel (b and c). Climatological differences significant at a 5% level

(p = 0.05) are stippled in panel (d-f). The Indian Ocean Warm Pool (IOWP) region referenced in the text is outlined in panel (a).

good agreement with the OISST; however, the IOWP SST simulated by CRSM (RMSE = 0.64°C) is slightly better
than the URSM (RMSE = 0.89°C). The URSM displays a warm bias of 0.5—1°C over a wider region in the equatorial
Indian Ocean, which is significantly narrowed and reduced in the CRSM (Figure 3f). This improvement of CRSM
over URSM in the tropical Indian Ocean is another indication of the potential ocean rectification in the former.

Tomita and Kubota (2004) from their observational study indicate that latent heat flux is a major part of the net heat
flux in the northern Indian Ocean during ISM. Therefore, we examined in Figure 4 the mean JJAS latent heat flux
simulated by the CCSM4, URSM, and CRSM, and compared them with OAFlux. In OAFlux (Figure 4a), the magni-
tude of the latent heat flux is larger (>130 W/m?) over some parts of the AS and the BoB compared to the IOWP
region (<120 W/m?). CCSM4 largely underestimated the latent heat flux over both the AS and equatorial Indian
Ocean (Figures 4b and 4e). URSM overestimated the latent heat flux south of the equator, over the AS, and north-
ern regions of BoB (Figures 4c and 4f). The systematic bias between URSM and OAFlux shows an overestimation
over head BoB and southern AS region (Figure 4f). However, the systematic bias between the CRSM and OAFlux
(Figure 4g) shows an underestimation of about 10-20 W/m? over northern parts of AS and BoB. The major difference
between the URSM and CRSM mean latent heat flux pattern is the significant overestimation of flux by the URSM
over the AS, head BoB, and south of the equator (Figure 4h). The corresponding PCC (percentage bias) in URSM and
CRSM is 0.72 (19.7%) and 0.71 (2.5%) over the AS region (5°-20°N and 65°-75°E), 0.58 (16.3%) and 0.77 (15.9%)
over the BoB region (5°-20°N and 85°—95°E) with respect to OAFlux, respectively. Also, the spatial distributions
of latent heat flux simulated by the models are, however, closely related to their simulated rainfall pattern (Figure 2).

The CRSM exhibits reasonable skill in simulating the spatial distribution of observed mean summer monsoon
mixed layer depth (MLD) features, such as deeper MLD over the western AS and comparatively shallower MLD
over the BoB (e.g., Misra et al., 2022). However, CRSM underestimates the magnitude of the MLD in most of
the areas and overestimates over certain areas of the northern BoB and certain areas of southern AS (Figure S3
in Supporting Information S1). The air-sea coupling in CRSM likely improved the representation of ocean strati-
fication which manifested with reduced biases in the SST and latent heat flux, especially over the northern BoB,
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Figure 4. Spatial distribution of 20-year JJAS climatological mean latent heat flux (W/m?) from (a) OAFlux, (b) CCSM4, (c)
URSM, and (d) CRSM. The corresponding seasonal climatological mean bias of (¢) CCSM4, (f) URSM, and (g) CRSM with
respect to OAFlux. The June-September climatological difference of latent heat flux between (h) CRSM and URSM and (i)
CRSM and CCSM4. Climatological differences significant at a 5% level (p = 0.05) are stippled in panel (e—i). The regions of
the Arabian Sea (AS) and Bay of Bengal (BoB) referenced in the text are outlined in (a).

and the equatorial Indian Ocean relative to URSM. But cold SST bias (from —0.3 to —0.9°C) and underestimation
of the latent heat flux over northwestern BOB in CRSM is also coincident with positive bias (1-10 m) in the
MLD, suggesting the potential role of atmospheric processes in the SST bias.

3.4. Intraseasonal Oscillations of Rainfall

The irregular wet and dry spells of ISM rainfall is caused by the propagating ISOs (10-20 days and 20-70 days).
The intraseasonal migration of the intertropical convergence zone is responsible for these wet and dry spells
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(Sikka & Gadgil, 1980). Figure S4 in Supporting Information S1 shows the spectrum of area-averaged rainfall
over Central India (marked in Figure 2a) from India Meteorological Department observations, CCSM4, URSM,
and CRSM. The India Meteorological Department rainfall observations show a peak periodicity at ~50 days
which is simulated by all the models (Figure S4 in Supporting Information S1). The phase composite diagrams of
HFISO from IMERG rainfall observations (Figure 5a) derived from Multi-channel Singular Spectrum Analysis
(MSSA) exhibit strong positive anomalies in the BoB, Central India, and northern Western Ghats in the first
four phases (i.e., wet spell), which is replaced by negative anomalies in the next four phases (i.e., dry spell). It is
evident from the corresponding composites of the wet and the dry spells of the ISM simulated by both URSM
(Figure 5b) and CRSM (Figure 5c), that they can reproduce the observed spatial distributions of the HFISO.
Nonetheless, the high magnitudes of the observed HFISO rainfall anomalies over the BoB are not seen in either
URSM or CRSM. For example, in Phases 2-3 and 6-7, strong HFISO anomalies found over the northwestern
BoB and which extend all the way to Central India in URSM (Figure 5b) are comparatively weak in northeast-
ern BoB (Figure 5c). In Phases 2—4 and 6-8 of the observed HFISO (Figure 5a), the positive and the negative
anomalies are observed over eastern AS adjacent to the northern Western Ghats, respectively. The location of
these anomalies is shifted to central-Western Ghats and further inland in URSM and CRSM, and the magnitude is
slightly overestimated in URSM (Figure 5b) compared to CRSM (Figure 5c). The wet and the dry phase compos-
ites of HFISO derived from the CCSM4 (i.e., parent GCM) also shows the observed spatial patterns of rainfall
HFISO anomalies (Figure S5a in Supporting Information S1). Figure S5a in Supporting Information S1 shows
positive rainfall anomalies in northern BoB in Phase 1, which starts moving inland in Phase 2, while anomalies
are mostly found over Central India in Phase 3 and Phase 4 is a transition phase to the dry spell.

The magnitudes of the observed LFISO rainfall anomalies (Figure 6a) are stronger than HFISO anomalies
(Figure 5a). Unlike HFISO (Figure 5a), LFISO anomalies in Figure 6a span across the continental region. Both
URSM (Figure 6b) and CRSM (Figure 6¢) perform reasonably in simulating the spatial characteristics of the
eight phases of LFISO features over both land and Ocean. However, the RCMs underestimate the LFISO rainfall
anomalies. Furthermore, both RCMs overestimate the LFISO anomalies over the Western Ghats region and the
anomalies are slightly shifted inland. Additionally, the negative anomalies in Phase 1 and positive anomalies
in Phase 5 over northern BoB are absent in both URSM and CRSM and are located further northward unlike
observations. Additionally, the strong positive and negative anomalies in Phases 3/4 and 7/8 over northern BoB
and along coastal Arakan mountains are missing in both URSM and CRSM simulations, respectively. Similarly,
the wet and the dry phase composites of LFISO derived from the CCSM4 (i.e., parent GCM) show the observed
spatial patterns of rainfall anomalies (Figure S5b in Supporting Information S1). The CRSM exhibits slight
improvement in positive (negative) LFISO anomalies over BoB in Phase 2 (Phase 6) compared to URSM, which
potentially points to the ocean rectification impact of the CRSM.

We investigated the propagation characteristics of HFISO and LFISO anomalies over the BoB (zonally aver-
aged over 85° to 95°E) and AS (zonally averaged over 65°~75°E) using the phase-latitude Hovemoller diagrams
(Figures 7a—71 and Figures S6a—S6d in Supporting Information S1). These diagrams show the northward propa-
gation of the rainfall anomalies both in the observations and in the RCMs, with the northward propagation from
the equatorial latitudes to the foothills of the Himalayas around ~22°N and beyond. We further estimated the

phase speed (+ standard error, i.e., 6 /4/ N, where o is the standard deviation and N is the number of samples)

of the northward propagating HFISO and LFISO in both the ocean basins (AS and BoB) for IMERG, CCSM4,
URSM and CRSM (Table 2). The ISO-filtered rainfall anomalies over AS have a higher propagation speed than
the BoB, which is consistent with the results of Karmakar and Misra (2020). This is verified by all models includ-
ing CCSM4 (Table 2). Furthermore, all models like the observations show that the standard error of the phase
speeds of the ISO is higher in AS than over BoB (Table 2). The relative differences in the phase speeds of the ISO
between the models and in relation to observations are small (Table 2). The results from this study suggest that
the role of air-sea coupling in CRSM did not significantly affect the propagation characteristics of either HFISO
or LFISO. This leads us to conclude that the impact of air-sea coupling in the CRSM to simulate the ISO features
is relatively small at least in the case of downscaling CCSM4, which has a robust ISO signal (Figures S5 and S6
in Supporting Information S1). However, the significance of air-sea coupling in the successful simulation of the
ISO cannot be undermined given that CCSM4 is a coupled ocean-atmosphere GCM. Similarly, Mishra, Kumar,
et al. (2022) found that the improvement in the propagation characteristic of ISO simulated by the regional ESM
was minimal compared to the stand-alone atmospheric RCM. They attributed this feature to the prominent role of
atmospheric internal dynamics of the coupled system and the SST bias in the regional ESM.
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Figure 5. The climatological phase composites of 10-20-day ISO filtered daily rainfall (mm/day) anomalies based on the
April to October, from (a) IMERG, (b) URSM, (c) CRSM. The numbers (top left corner) in each sub-figure denote the phase
numbers. Stippling indicates a 95% confidence level estimated using the bootstrap method with 1,000 samples.
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Figure 6. The climatological phase composites of 20-70-day ISO filtered daily rainfall (mm/day) anomalies based on the
April to October from (a) IMERG, (b) URSM, (c) CRSM. The numbers (top left corner) in each sub-figure denote the phase
numbers. Stippling indicates a 95% confidence level estimated using the bootstrap method with 1,000 samples.
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Figure 7. Phase-latitude diagrams of 10-20-day (HFISO, (a-f) and 20-70-day (LFISO, (g-1) ISO-filtered rainfall (mm/day)
anomalies averaged over AS longitudes (65°—75°E) and BoB longitudes (75°—85°E) during April-October for IMERG (a, d,
g, and j), URSM (b, e, h, and k), and CRSM (c, f, i, and 1).
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Table 2 HFISO often propagates northwestward from the BoB to northwestern India

Mean Phase Speed and Standard Error (in °/day) of Northward
Propagation of HFISO and LFISO Filtered Rainfall Anomalies Over the
Arabian Sea (AS) and the Bay of Bengal (BoB) Longitudes Between the
Latitudes of 5° and 30°N During the Convective Events in IMERG, CCSMA4,

URSM, and CRSM

(Chen & Chen, 1993; Karmakar et al., 2017a). We investigated the westward
propagation of HFISO by using the phase-longitude Hovemoller diagrams
of ISO-filtered rainfall anomalies averaged over the Central Indian latitudes
(15°-2
clearly show the westward propagation of the HFISO rainfall anomalies both

0°N) and which are shown in Figure 8. These Hovemoller diagrams

1SO AS (o/day) BoB (o/day) in the IMERG observations, CCSM4 and in the RCMs. The anomalies are
IMERG HFISO 1.24 +0.09 0.95 + 0.06 stronger in IMERG than in the model simulations, and the CCSM4 anomalies
LEISO 1.37 + 0.07 0.99 + 0.04 are slightly stronger than in the RCMs. It is found that the anomalies in the
CCSM4 HFISO 1314021 1024012 observation and the models propagate from around ~100° to ~70°E.
LFISO 1.29 + 0.08 0.92 + 0.06
URSM HFISO 1.13 £0.12 0.98 +0.11 3.5. Association of Intraseasonal Oscillations of Rainfall With
LFISO 111 £0.11 097+009  Low-Pressure Systems
CRSM HFISO 1.19+0.14 101 +£0.11  LPS are the major rain-bearing systems during the monsoon season, and most
LFISO 0.94 + 0.10 0.83 + 0.05 of these synoptic-scale systems form over north BoB and move northwest-
ward into the Indian landmass. During ISM, the majority of the LPS originate
from a region of BoB where the MLD is very shallow. The salinity is also low
in this area due to the freshwater availability from the river discharges and
a) IMERG HFISO b) CCSM4 HFISO
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Figure 8. Phase-longitude diagrams of 10-20-day ISO-filtered (HFISO) rainfall (mm/day) anomalies averaged over Central
Indian latitudes (15°-20°N) during April to October for (a) IMERG, (b) CCSM, (c) URSM, and (d) CRSM.
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Figure 9. Difference between the wet (i.e., days when monsoon low-pressure systems are in Phase 1 to 4) and dry (i.e., days when low-pressure systems is in Phase 5 to
8) track density (i.e., no. of tracks per 1 x 1 grid cell) of the low-pressure systems formed throughout June—September for ERAS (a, ), CCSM4 (b, f), URSM (c, g) and
CRSM (d, h). The first row (a, b, ¢, and d) is for the 10-20-day HFISO and the second row (e, f, g, and h) is for the 20-70-day LFISO. The tracks were considered only
for the strong HFISO/LFISO days. Track density is generated from data available at 6-hourly intervals. The inset table in (a—h) provides the total number (No.) of LPS
during the wet and dry phases of HFISO/LFISO.

this mostly helps to form warm SST anomalies on ISO timescales (Goswami et al., 2016). Srivastava et al. (2017)
found that the improved air-sea interaction in their CGCM helped to reproduce the observed LPS modulation
by ISO and its associated rainfall over Central India. In CRSM, the simulated mixed layer is deeper over BoB
along with a cold SST bias, which may not be the most conducive condition for LPS genesis. SST biases at
intraseasonal time scales may be caused by the biases in the mixed layer and heat fluxes associated with the ISO,
which may modulate convection (Goswami et al., 2016). Krishnamurthy and Ajayamohan (2010) and Karmakar
et al. (2021) highlighted that the number of LPSs formed during the wet phases is higher than the dry phases.
Karmakar et al. (2021) showed that the genesis of monsoon lows (weaker LPS) is insensitive to the phase of ISO,
whereas, the stronger depressions show a clear preference for genesis in wet relative to dry spells of the LFISO.
In addition, Krishnamurthy and Ajayamohan (2010) suggest that LPS formed during wet phases of the ISO move
more northwestward than those that form during dry phases. We estimated the total number of LPS tracks using
the TempestExtremes tracking algorithm over a 20-year (1986-2005) period, from June to September across all
simulation datasets used in this study. The ERAS data set shows 287 LPS tracks (Figure S7a in Supporting Infor-
mation S1), whereas both URSM (Figure S7c in Supporting Information S1) and CRSM (Figure S7d in Support-
ing Information S1) underestimated the number of tracks, with both showing 204 tracks over the 20-year period.
Out of 287 LPS tracks in ERAS, 181 tracks are of monsoon lows, and 106 tracks are of monsoon depressions
(i.e., strong LPS having MSLP closed contour of magnitude greater than or equal to 400-Pa and have maximum
surface wind speed greater than 8.5 m/s, Figure S8a in Supporting Information S1). Though, both the URSM and
the CRSM have 204 tracks, their number of lows and depressions are slightly different. The URSM and CRSM
simulations show 114 and 117 monsoon lows, and 90 (Figure S8b in Supporting Information S1) and 87 (Figure
S8c in Supporting Information S1) monsoon depressions, respectively. We also estimated the total number of
tracks in CCSM4 (202 tracks: Figure S7b in Supporting Information S1). There are some subtle but important
differences that the models display with respect to ERAS, like the excessive density over western India and AS in
CCSM4 (Figure S7b in Supporting Information S1), underestimation of the density in the northern BoB in RCMs
(Figures S7c and S7d in Supporting Information S1) and higher density of LPS in peninsular India in all models.

It is found that the number of LPS tracks in the wet ISO phase is more than that of dry phases in the ERAS
reanalysis (Figures 9a and 9e and Figure S9 in Supporting Information S1), which is like earlier studies (Goswami
et al., 2003; Karmakar et al., 2021; Krishnamurthy & Ajayamohan, 2010). The reduction of LPS in the dry rela-
tive to wet phases of HFISO in ERAS is ~39% (Figure 9a) while in LFISO it is ~50.5% (Figure 9¢). However, in
CCSM4 the contrast in the track density of LPS formed during the wet and the dry phases of HFISO (Figure 9b)
and LFISO (Figure 9f) is 7.6% and ~5.7%, respectively. In contrast, URSM displays a reduction of track density
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in the dry phases of the HFISO of 22.6% (Figure 9c) and for LFISO at 39.4% (Figure 9g) relative to the corre-
sponding wet phases. Similarly, the intraseasonal contrast in the track density in CRSM in Figures 9d and 9h
amount to 17.8% and 22.6% reduction in the dry phases of HFISO and LFISO relative to the corresponding wet
phases, respectively. These results suggest the value addition of the RCMs with respect to the driving GCM.
However, we observe that the LPS's track density variations between URSM and CRSM at the intraseasonal
scales are comparable with some spatial differences. For example, the reduction in HFISO/LFISO track density
over the northern regions of India is slightly better in CRSM than in the URSM. Similarly, the increase of track
density over northwestern BoB and east Central India is slightly better in CRSM than in URSM. Overall, notwith-
standing these subtle differences, the results from URSM and CRSM suggest that the impact of air-sea coupling
in the CRSM in simulating the monsoon LPS and their association with the ISO of the ISM is relatively small.

4. Discussion

The evidence from the analysis of the model integrations suggests a clear benefit of downscaling CCSM4 at ~1°
grid resolution to 20 km grid using either URSM or CRSM. These results are noticeable in the seasonal mean
fields of upper air (e.g., pwat, winds at 200 and 850 hPa), surface variables (e.g., MSLP, 2-m air temperature,
rainfall), and in the intraseasonal variability of the LPS. Here, we have compared the URSM and CRSM simu-
lated mean monsoon features. The mean Somali jet and TEJ simulated by CRSM have a slight improvement
over URSM. Furthermore, SST and latent heat flux simulated by the CRSM shows an overall improvement over
URSM. The differences that are most prominent are the reduction of the SST bias in the IOWP region in CRSM
relative to URSM (i.e., the prescribed SST for URSM is from CCSM4). The impact of this ocean rectification
effect manifests in the reduction of the mean dry bias of rainfall over Central India in CRSM relative to URSM
and CCSM4. However, the differences between the CRSM and URSM at ISO timescales are weak and, in many
instances, indistinguishable. For example, both URSM and CRSM simulate similar propagation characteristics of
the LFISO that verify reasonably with observations.

Overall, do these results mean that air-sea coupling is not a significant process in ISM, contrary to many earlier
studies? Our emphatic answer is no. Indeed, air-sea coupling is significant for ISM and its ISOs. After all,
CCSM4 is a coupled ocean-atmosphere model. What this study is suggesting is that ocean-atmosphere coupling
in the RCM may not always drastically improve the simulation of ISOs of the ISM. For example, Karmakar and
Misra (2020) indicated that the differential speed of propagation of the ISO between the AS and BoB is a result of
the anomalous intraseasonal winds advecting across climatological humidity gradients in the lower troposphere.
This feature of the ISO had no connection with air-sea coupling at the high-resolution local scales (Karmakar
& Misra, 2020). Therefore, if these upper air features are prevalent in the large-scale, an uncoupled RCM like
URSM could simulate the ISO under reasonable SST forcing similar to a coupled RCM like CRSM. There are
some notable differences in the mean fields between CRSM and URSM, but they are not reflected in the differ-
ences in the variability at the intraseasonal or even at the synoptic scales (LPS) of ISM in a significant manner.
In this study, by comparing CRSM and URSM forced by an imperfect CCSM4 at the lateral boundaries and at
the surface with SST from CCSM4 for the latter, we are able to isolate the role of air-sea coupling to examine the
‘added value’ of CRSM over URSM.

5. Summary and Conclusions

This study investigated the fidelity of the high-resolution (20-km) 20-year integration of CRSM and URSM
driven by CCSM4 in simulating the observed features of the ISM. The results show that the URSM and CRSM
perform better than CCSM4 in capturing the climatological characteristics of the ISM. When we examine clima-
tological rainfall over India, the differences amongst the models are small with the PCC being 0.64, 0.61, 0.62, the
ratio of the standardized variances being 0.84, 1.21, and 1.21, and the percentage bias being 9.43%, 3.58%, 9.67%
for CCSM4, URSM, and CRSM, respectively. However, owing to the higher resolution of the RCMs compared
to CCSM4, the gradients of the mean rainfall especially along the orographic regions within the domain are
sharper and appear more realistic in the former. Furthermore, the CRSM simulates the spatial heterogeneity of
the ISM rainfall better with the CRSM outperforming the URSM, especially over the ocean. The mean seasonal
cycle of rainfall over India (area averaged over land) simulated by both URSM and CRSM is comparable with
the observation and shows a marginal improvement over the CCSM4. The CRSM (RMSE = 0.64°C) simulated
the IOWP SST more realistically than the CCSM4 (RMSE = 0.89°C). The CCSM4 displays a warm bias of
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0.5-1°C over a broad area in the equatorial Indian Ocean which is significantly reduced to a narrower latitude
band in the CRSM. Additionally, in comparison to its parent model, URSM and CRSM (and especially the latter)
exhibit more comparable spatial patterns of 850 hPa winds, 200 hPa winds, SST, and latent heat flux with respect
to observations. In comparison to URSM, the CRSM not only exhibits a modest improvement in simulating the
spatial patterns of the mean climatology of the aforementioned variables, but it also considerably lessens the dry
bias over Central India, the core region of the ISM.

At intraseasonal scales, our results show that in comparison to observations, both RCMs simulate the spatiotem-
poral evolution of HFISO and LFISO reasonably well. The phase-latitude Hovemoller diagrams showed reason-
able phase speeds of the ISOs in the CCSM4 simulation as well. All models (RCMs and CCSM4) in the study
like the IMERG rainfall observations display a differential meridional phase speed of the ISOs over AS and BoB
with the ISOs being slower over the latter than over the former. However, the differences between CRSM and
URSM at ISO timescales are weak. This result suggests a relative insensitivity of air-sea coupling in the RCM to
simulate ISO features, which is also likely abetted by the realistic ISO signal simulated by the parent model (i.e.,
CCSM4). It should be however clear, that air-sea coupling could still be important to obtain reasonable ISO in
the large-scale model given that CCSM4 is a CGCM.

LPS contributes a substantial percentage to the mean ISM rainfall. We attempted to elucidate the contrast of
intraseasonal variability of LPS activity in URSM, CRSM, and CCSM4. The ERAS has 287 LPS tracks over
the 20-year period; however, CCSM4 has 202 tracks and both the URSM and CRSM display only 204 LPS
tracks each. The observed LPS track density difference between the wet and the dry phases of strong HFISO and
LFISO is captured in both URSM and CRSM. Even though there is no significant improvement in ISOs between
the RCMs and the CCSM4, the value addition of downscaling is demonstrated in the simulated LPS and their
association with the ISOs in the RCMs. The CCSM4 simulation is unable to produce the intraseasonal contrast
in the LPS activity.

The relative insensitivity of air-sea coupling to ISO simulation in the RCM reported in this study holds some
significance considering previous coupled RCM studies that seem to suggest otherwise. Although the benefits
of air-sea coupling and potential ocean rectification effect in CRSM over URSM are clear over the mean ISM
simulation. But as pointed out earlier, this is the first such study that cleanly isolates the role of air-sea coupling in
an RCM that is not forced by “perfect” or observed surface and reanalysis lateral boundary conditions, which can
influence the role of air-sea coupling. However, the results presented here could be model dependent and would
need to be repeated by downscaling other CGCMs and with other physical parameterization schemes in the RCM.
There is also sufficient scope for improving the CRSM simulations of this study. For instance, bias in the key
rainfall regions (e.g., Western Ghats, BoB, Central India), underestimation of monsoon LPS, underestimation of
the magnitude of TEJ, and strong underestimation of MLD in the tropical Indian Ocean are evident in the CRSM
simulation. But the results of this study are an outcome of the 20-year integration of the RCM and although the
modeling system is far from ergodic, it still serves to provide a robust result.

Data Availability Statement

The high-resolution daily IMERG rainfall data set used for the analysis in this study is available at https://gpm.
nasa.gov/data (Huffman et al., 2019). The India Meteorological Department rainfall data set used for the anal-
ysis in this study is available at https://www.imdpune.gov.in/cmpg/Griddata/Rainfall_25_NetCDF.html (Pai
et al., 2014). The hourly ERAS data used for the analysis in this study is available at https://doi.org/10.24381/
cds.adbb2d47 (Hersbach et al., 2020). The OISST version 2 data used for the analysis in this study is available
at https://psl.noaa.gov/data/gridded/data.noaa.oisst.v2.highres.html (Huang et al., 2021). The OAFlux data used
for the analysis in this study is available at https://rda.ucar.edu/datasets/ds260.1/ (Yu et al., 2008). The datasets
from the CMIP5 CCSM4 model simulations can be accessed through the ESGF data portal at https://esgf-node.
lInl.gov/search/cmip5/ (ESGF, 2021) and the Research Data Archive of CISL at https://rda.ucar.edu/datasets/
ds316.0/ (NCAR, 2011). The URSM and CRSM simulation datasets for the analysis and to produce the figures in
the paper are available at https://osf.io/u63wp/ (Jayasankar et al., 2022). To generate Figures 5-9, Table 2, Figures
S5 and S6 in Supporting Information S1 we have used Multichannel Singular Spectrum Analysis (MSSA) using
MATLAB version R2020a available via https://www.mathworks.com/products/matlab.html (MATLAB, 2020)
under FSU license 731138. The tracks of the LPS are identified using the TempestExtremes algorithm and which
is available at https://github.com/ClimateGlobalChange/tempestextremes (Ullrich and Zarzycki, 2017). All the
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