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ABSTRACT: A 23-year integration of a Regional-Coupled Ocean—Atmosphere Model (RCOAM) centred over the Indian
monsoon region is validated with observations and analysis for its seasonal climatology, evolution, and variability at
intraseasonal and interannual scales. The RCOAM has the Regional Spectral Model (RSM) as its atmospheric component
and Regional Ocean Model System (ROMS) as its oceanic component. They are both coupled at 15 km grid spacing with
identical grids, without applying any form of flux correction and are forced with global fields of atmospheric and oceanic
reanalysis. The verification indicates that the RCOAM simulation simulates the mean Indian Summer Monsoon (ISM) rainfall
climatology and SST in the neighbouring oceans reasonably well with finer details apparent along the orography (e.g. Western
Ghats, Himalaya) and along the upwelling regions of the coastal oceans. In addition the evolution of the ISM at its onset
and its devolution around the time of demise in the RCOAM simulation both in the atmosphere and the ocean conform to its
well known features and reinforce the coupled ocean—atmosphere phenomenon of the ISM. The intraseasonal variations in
the RCOAM simulation also adhere to the observed composite of dry and wet spells of the ISM, with the low-level flow in
the latter (former) counteracting (enhancing) the low-level atmospheric ISM climatological flow. The interannual variations in
relation to the remote ENSO variations are also validated with respect to the observations. It is also shown that the variations of
the length of the ISM to the seasonal anomalies of the ISM both in the RCOAM simulation and observations is largely a result
of the ENSO teleconnection. However, significant systematic bias in surface fluxes, cloud fraction, SST, and precipitation of
the RCOAM simulation of the ISM is also noted.
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1. Introduction and Schneider, 2008) to complex 3D models that include
the general circulation and regional models (Gadgil and
Sajani, 1998; VenkataRatnam er al., 2009; Lucas-Picher
etal.,2011; Kim et al., 2012; Misra and Li, 2013).
Several of the studies have evaluated the simulation of
the ISM from Atmospheric Global Circulation Models
(AGCMs) with prescribed SST (e.g. Sperber and Palmer,
1996; Gadgil and Sajani, 1998; Sperber et al., 2001). In
many of these studies there is an overwhelming conclusion
that the AGCMs have a tendency to have a wet bias
in the equatorial Indian Ocean and a dry bias over the
Indian subcontinent. However, in the recent past there are
several studies which highlight the importance of local
air—sea feedback processes for successful simulation of
the ISM (Wang et al., 2005; Wu and Kirtman, 2005; Misra,
2008). This has led to a concerted effort to use Coupled
ocean—atmosphere Global Circulation Models (CGCMs)
for the simulation and prediction of the ISM (Kim et al.,
2012; Ramu et al., 2016). However, even the CGCMs
display a dry bias over the subcontinent, albeit slightly less
than their uncoupled counterparts (Chaudhari et al., 2013).

The Indian Summer Monsoon (ISM) is one of the most
hydro-climatically robust seasonal phenomenon on this
planet with over 900 mm of rainfall falling over the sub-
continent in a period of 4 months between June to Septem-
ber. This is nearly 75% of the total annual rainfall that
India receives typically. This strong seasonal rainfall vari-
ation is also accompanied by significant seasonal varia-
tions in large-scale temperature gradient (Rai Sircar and
Patil, 1961; Yanai et al., 1992), tropospheric winds and
wind shear (Ananthakrishnan ez al., 1968; Webster et al.,
1998), upper ocean Ekman transport (Wyrtki, 1971; Schott
and McCreary, 2001), distinct land-atmosphere (Delworth
and Manabe, 1988; Webster er al., 1998; Koster et al.,
2004; Bollasina and Ming, 2013) and air—sea interac-
tions (Webster et al., 1998; Wang et al., 2005; Misra,
2008). There have been varied attempts to simulate this
phenomenon that span from simple 2D models (Webster
and Chou, 1980; Drbohlav and Wang, 2005; Bordoni
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For many decades, however, a number of regional atmo-
sphere modelling studies of the ISM forced with global
atmospheric reanalysis has also been conducted with


http://orcid.org/0000-0002-1345-6280

V. MISRA et al.

Table 1. Outline of the physics in RSM.

Atmospheric model (RSM) physics Reference

Deep convection Moorthi and Suarez (1992)
Shallow convection Tiedtke (1983)

Boundary layer Hong and Pan (1996)

Ek et al. (2003)

Alpert et al. (1988)
Chou et al. (1996)
Chou and Suarez (1994)

Land model

Gravity wave drag
Long-wave radiation
Short-wave radiation

varied success (Bhaskaran ef al., 1996; Ji and Vernekar,
1997; VenkataRatnam and Krishna Kumar, 2005; Dash
et al., 2006; Saeed et al., 2009, 2012; Umakant et al.,
2015). A reverberating message from many of these stud-
ies is that higher resolution of the regional atmospheric
model provides a more realistic simulation of the ISM
through better representation of the orography, land-ocean
coastlines, vegetation cover, and land use. Obviously
this regional atmospheric downscaling framework ignores
air-sea coupling, which is often cited as an inherent feature
of the ISM (Webster et al., 1998; Wang et al., 2005; Misra,
2008).

Comparatively, there have been fewer studies
describing the ISM simulation from regional-coupled

ocean—atmosphere models (Seo eral, 2008, 2009;
VenkataRatnam et al., 2009; Samala et al., 2013), which
offer both relatively high-grid resolution as well as include
the important air-sea feedback process. An encouraging
sign from these studies is that air-sea coupling in the
regional model seems to improve the simulation of
the ISM, especially in the intraseasonal time scales.
In this study, we describe the analysis of 18 years of
continuous coupled simulation of a regional-coupled
ocean—atmosphere model forced with global reanalysis
of the atmosphere and the ocean at the lateral boundaries
at a horizontal grid resolution of 15km. In the following
section we describe the regional model followed by the
details of the model integration. In Section 4 we present
the results followed by conclusions in Section 5.

2. Model description

The Regional-Coupled Ocean—Atmosphere Model
(RCOAM) adopted for this study is the Regional Spectral
Model-Regional Ocean Modeling System (RSM-ROMS;
Li and Misra, 2014). The RSM and the ROMS are the
atmospheric and the oceanic components of RCOAM.
This model has been used for several other climate
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Figure 1. Domain of RCOAM overlaid with topography (m) over land and bathymetry (m) in ocean. [Colour figure can be viewed at
wileyonlinelibrary.com].
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SST contours (C) & Rainrate (shaded) (mm day~")

(a) TRMM/OISSTv2 (b) RCOAM
35°N - 35°N
30°N - 30°N
25°N - 25°N
20°N - 20°N
15°N 4 15°N
100N . 10°N
5°N ’ T " " :
60°E 70°E 80°E 90°E 100°E
- 1 | | | | | | | | | | | | |
. 10 14 18 25 2
(c) (d)
35°N - 35°N
30°N - 30°N
25°N 25°N
20°N 20°N
15°N 15°N 4
10°N - 10°N
5°N J J ] 1} Lo T 5°N
60°E 70°E 80°E 90°E 100°E
(e) (b)—(c)
35°N -
30°N 4
25°N 4
TRMM: JJAS Mean (1998-2015)
20°N - OISSTv2: JJAS Mean (1982-2011)
IMD: JJAS Mean (1990-2007)
15°N 4 OSTIA: JJAS Mean (2006-2014)
RCOAM: JJAS Mean (1990-2007)
10°N 4
—1.5C
5°N : . — .
60°E 70°E 80°E 90°E
S [ [N I N N [ N N N N S S S S —
-5 -4 -3 -2 —1 1 3 4 5

Figure 2. The seasonal mean JJAS climatology of SST (contoured; °C), rainfall (shaded; mm day~') from (a) the RCOAM simulation, (b) TRMM
rainfall observations and OISSTv2, (¢) IMD rainfall over land and OSTIA SST over ocean, (d) corresponding systematic errors of RCOAM simulation
(a—b), and (e) corresponding systematic errors of RCOAM simulation b—c. [Colour figure can be viewed at wileyonlinelibrary.com].
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Figure 3. (a) The climatological daily meridional progression of zonally averaged meridional ocean heat transport computed to a depth of 20°C
isotherm from CFSR. Here, negative (positive) values refer to the southward (northward) heat transport. Units are in GigaWatts (=10° W). (b) Same
as (a) but from the RCOAM simulation. [Colour figure can be viewed at wileyonlinelibrary.com].

simulation studies (e.g. Li et al., 2012, 2013, 2014; Li and
Misra, 2014; Misra et al., 2016; Misra and Mishra, 2016).
The RSM was first introduced in Juang and Kanamitsu
(1994). It has since undergone several changes and revi-
sions and its most current version is described in great
detail in Kanamitsu et al. (2010). The RSM has 28 terrain
following sigma vertical coordinates. An outline of the
physics used in RSM for this study is provided in Table 1.

Similarly, ROMS version 3.0 uses 30 vertical sigma lev-
els. This is a stretched terrain following (S) co-ordinate on
a horizontal staggered Arakawa-C grid (Haidvogel et al.,
2000; Shchepetkin and McWilliams, 2005). The mixing

© 2017 Royal Meteorological Society

scheme is a local closure scheme following the level 2.5
turbulent kinetic energy equations (Mellor and Yamada,
1982) and generic length scale parameterization of Umlauf
and Burchard (2003). The boundary layer formulation
follows Large et al. (1994), which is a nonlocal closure
scheme based on the K-profile.

The RSM and ROMS in the RCOAM interact through
the efficient Message Passing Interface (MPI) dual cou-
pling scheme with a coupling interval of 24-h. It may be
noted that the coupling interval could be raised to higher
interval but is futile given the current vertical discretization
in ROMS (with the first layer being 5 m thick) and mixing

Int. J. Climatol. (2017)
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Figure 4. The climatological JJAS mean net (a) net heat, (b) long wave, (c) short wave, and (d) enthalpy (sensible and latent heat) fluxes from
OAFLUX (see Table 3). (e—h) Same as (a—d) but from the RCOAM simulation. (i—1) Corresponding systematic errors of the RCOAM simulation.
The units are in W m™2. [Colour figure can be viewed at wileyonlinelibrary.com].

parameterization in ROMS to realize the benefits of say
diurnal variations in air-sea coupling. The grid interval in
RSM and ROMS is made identical so that they share the
same land-ocean mask. Therefore the use of a flux cou-
pler in the RCOAM is avoided. Therefore in the RCOAM
there is a direct exchange of the daily mean atmospheric
fluxes and SST between RSM and ROMS at the time of
the coupling.

3. Details of model integration and verification
datasets

The domain of the RCOAM with the topography over land
and bathymetry over the ocean at 15 km grid resolution is

© 2017 Royal Meteorological Society

shown in Figure 1. RCOAM is integrated from 1985 to
2007. The regional domain (Figure 1) is relatively large
with 400 X 353 being the grid dimension in the x and y
directions, respectively. Several of the ocean floor features
including prominent ridges (e.g. Carlsberg, Central Indian,
Ninetyeast Ridges) and basins (e.g. Somali, Arabian, Cen-
tral Indian, Western Australian, and Andaman Basins) are
resolved at this grid spacing and domain. The compara-
tively broad continental shelf on the western side of penin-
sular India relative to the narrower continental shelf along
its eastern coast is also apparent. Similarly, several of
the topographic features over land are also prominent in
Figure 1 including the Tibetan Plateau, the Himalayas,
the Hindukush mountains over Afghanistan, the Western

Int. J. Climatol. (2017)
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Figure 5. The climatological mean JJAS (a) high, (b) medium, (c) low cloud fraction from ISCCP (see Table 3). The corresponding (d) high, (e)
medium, and (f) low cloud fraction from RCOAM simulation. The corresponding systematic errors of the RCOAM simulation for (g) high, (h)
medium, and (i) low cloud fraction. [Colour figure can be viewed at wileyonlinelibrary.com].

Ghats, and the appearance of fishbone-like structure of sev-
eral mountain ranges across the central part of India.
RCOAM is laterally forced by National Centers
for Environmental Prediction-Department of Energy
(NCEP-DOE) global atmospheric reanalysis (Kanamitsu
et al., 2002) and Simple Ocean Data Assimilation v2.2.4
(SODA) global oceanic analysis (Carton and Giese,
2008) for the atmospheric (RSM) and oceanic (ROMS)

© 2017 Royal Meteorological Society

components, respectively. NCEP-DOE reanalysis is avail-
able at 2.5° grid spacing and SODA reanalysis is available
at 0.5° grid spacing. The lateral boundary forcing to
RSM is applied at interval of 6 h and ROMS is laterally
forced by the monthly SODA oceanic boundary condi-
tions (temperature, salinity, ocean currents). Although
the RCOAM integration is 23 years long (1985-2007),
we have neglected the first Syears (1985-1989) of

Int. J. Climatol. (2017)
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Figure 6. The climatological progression of RCOAM rainfall prior, at, and post-onset of the ISM. The spatial correlations (CC) and the root mean
square error (RMS; mmday~") of this progression with corresponding climatological progression from IMD rainfall dataset is indicated in each
panel. [Colour figure can be viewed at wileyonlinelibrary.com].
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the RCOAM simulation to account for ocean spin-up,
which was initiated with initial conditions from SODA
reanalysis that was interpolated to the RCOAM grid. In
many aspects, the RCOAM simulation is rather unique
in comparison to the minority of studies conducted on
the ISM using a regional-coupled ocean—atmosphere
model (Table 2). For example, the length of the RCOAM
integration, its high horizontal resolution, use of realistic
boundary conditions and avoidance of any flux correc-
tion is unique to this study relative to other comparable
regional-coupled ocean—atmosphere modelling studies
of the ISM (Table 2). Many of these other studies either
employ monthly climatological fields of temperature and
salinity as boundary forcing for ROMS and or use some
form of nudging at surface to avoid drift of surface salinity,
temperature. In other instances the horizontal resolution
is more than twice as large as RCOAMS or the vertical
resolution of the atmosphere and or ocean is coarser than
RCOAMS.

The verification datasets used to validate the RCOAM
simulation in this study is listed in Table 3. It may be
noted that where possible (or available), the period of the
observations or analysis (Table 3) was chosen to over-
lap with the validation period of the RCOAM simulation
(1990-2007). Although RCOAM simulation is forced by
NCEP-DOE reanalysis, the upper air variables are val-
idated with MERRA-2, a more modern reanalysis that
incorporates improvements in the model, newer satellite
retrieved datasets are assimilated, and is available at higher
resolution (Kim et al., 2014). Similarly, for the same rea-
sons we use CFSR to validate oceanic variables as opposed
to SODA reanalysis that is used to force the RCOAM sim-
ulation. In addition, Goswami and Sengupta (2003) indi-
cate that NCEP renanalysis severely underestimates the
intraseasonal wind variations of the ISM and they attribute
this to the bias in precipitation of the reanalysis.

4. Results

4.1.

Figure 2(a) shows the June—July—August—September
(JJAS) mean rainfall and SST climatology from TRMM
and OISSTv2. The corresponding climatology from the
RCOAM simulation is shown in Figure 2(b) and the sys-
tematic errors in Figure 2(d). It is clear from these three
panels that the RCOAM simulation is underestimating
rainfall over a large transect over central India and over
estimating rainfall over high terrain (e.g. northeastern
India, western Ghats, and over southeast Asia). This is
also accompanied by underestimation of SST over the
Bay of Bengal, the Arabian Sea, and the equatorial Indian
Ocean. Ironically, however, if the systematic errors of
the RCOAM simulation is examined with respect to the
gridded, rain gauge-based analysis of the Indian Meteo-
rological Department (Pai et al., 2014; Figure 2(c) and
(e)) then the observational uncertainty of the ISM rainfall
climatology is apparent. For example, the dry bias over
northwestern parts (e.g. Rajasthan, Punjab, Delhi) and

Seasonal climatology

© 2017 Royal Meteorological Society

across to the eastern parts (e.g. West Bengal, Orissa,
Jharkhand) of India in Figure 2(d) are far less severe in
Figure 2(e). Similarly the wet bias over high terrain (e.g.
western Ghats, Jammu and Kashmir, northeastern India)
in Figure 2(d) are less extensive and even changes sign in
some regions in Figure 2(e). It is well known that rainfall
retrieved from TRMM is relatively more uncertain over
high terrain regions (Dinku et al., 2010; Ward et al., 2011;
Zulkafli et al., 2014). More fundamentally, these obser-
vational uncertainties in gauge-based and radar-based
estimates can be traced to the different character of the
measurements: gauges give a point estimate of rain rate
while radar estimate provide a volume averaged rain rate
(Zawadzki, 1975; Habib and Krajewski, 2002). It should,
however, be noted that while the IMD rainfall climatology
period overlaps with the RCOAM simulation period, the
TRMM observational period covers between 1998 and
2015, which partially covers the RCOAM simulation
period. This also contributes to some of the differences
in the observed climatology between TRMM and IMD
rainfall datasets, given the potential contribution of the
variations over the time period to the climatology.

Similarly, the systematic errors of SST from the
RCOAM simulation in Figure 2(c) is greatly modulated,
when we replace the OISSTv2 with the Met Office Opera-
tional SST and Sea Ice Analysis System (OSTIA; Donlon
et al.,2011; Figure 2(c) and (e)), which is available at 5 km
grid spacing at daily interval. Once again, the cold SST
bias in Figure 2(d) of the RCOAM simulation is enhanced
over the Bay of Bengal, the Arabian Sea, and over the
equatorial Indian Ocean using OSTIA (Figure 2(e)). The
differences in the SST analysis products in Figure 2(a)
and (c) arise from a multitude of reasons including the
disparate spatial resolutions (see Table 3), the use of
additional satellite retrieved products used in OSTIA,
and differences in the analysis procedure where different
weights are given to SST retrievals (Reynolds et al.,
2010). Furthermore, the differences can also arise from
the fact that climatology of the two SST analysis products
are derived from two different periods: OISSTV2 is over
1990-2007 while it is 2006—2015 for the OSTIA. It may
be noted that northern Indian Ocean is shown to display
decadal variations of the upper ocean (Han et al., 2014)
that may account for some of the differences between
OISSTv2 and OSTIA.

Figure 3 shows the climatological upper ocean heat
transport (given below by Equation (1)) as a function of
latitude and day of the season.

—_ Zsurface_)
H= / VTC,p,dz
Z

20c

(1

where V is the ocean current, T is the ocean temperature
(in K), C,, (=3850Jkg=! K=!) and p,, (=1025 kg m~3) are
heat capacity and density of sea water, and Z,, is the
depth of the 20 °C isotherm. As pointed in earlier studies,
the Ekman ocean heat transport plays an important role in
the energy balance of the ISM as it transports as much
heat from the northern to the southern Indian Ocean as
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the atmosphere transports heat from the southern to the
Northern Indian Ocean (Webster, 2000; Chirokova and
Webster, 2006). In Figure 3(a) and (b), we clearly see that
the ocean heat transport rapidly transitions from northward
(positive) to southward (negative) by mid-June (coinciding
with climatological onset date of ISM of around June 1)
from equatorial latitudes to 21°N both in the CFSR and in
the RCOAM simulation. This southward transport remains
rather steady across these latitudes till the demise of the
season, when the ocean heat transport gradually reverts
to northward transport across these northern latitudes of
the Indian Ocean by end of October (Figure 3(a) and (b)).
The RCOAM simulation nicely captures this robust feature
of the ISM (Figure 3(b)), although the magnitude of the
transport north of the equator is underestimated relative to
the CFSR reanalysis (Figure 3(b)).

The JJAS mean climatological net surface heat flux and
its components from the observational analysis (Table 3)
is shown in Figure 4(a)—(d). In the ISM season, there
is a relatively large net (positive) heat flux entering the
ocean along the western boundary (e.g. east African coast,
coast of Oman) and along the coastal region of India. In
other parts of the ocean in the domain (e.g. central Bay
of Bengal, central Arabian Sea) there is net (negative)
surface heat flux leaving the ocean surface. This pattern
fits well with the cold upwelling regions receiving more
net short-wave radiation (Figure 4(c)) that is partially
compensated by the upwelling long wave (Figure 4(b)) and
enthalpy (Figure 4(d)) fluxes leaving the ocean surface.
The corresponding fluxes from the RCOAM simulation
(Figure 4(e)—(h)) also conform to a similar pattern with
the upwelling regions and the coastal regions of the ocean
surface around India receiving more net heat flux at surface
from the atmosphere, while the majority of the other
open ocean area (with exception over equatorial central
Indian Ocean) losing heat to the atmosphere. However,
the magnitudes of the bias (Figure 4(i)—(1)) indicate that
the heat received in the upwelling and coastal regions
by the ocean surface in the RCOAM simulation is less
while the heat retained by the ocean surface in the open
ocean is more than the observed analysis. This stems
from a systematic bias of underestimating short-wave flux
(Figure 4(k)), underestimating the upwelling long-wave
flux (Figure 4(j)) and the enthalpy flux (Figure 4(1)). As a
result of these compensatory effects the bias of the net heat
flux in the RCOAM simulation (Figure 4(i)) is far less than
in its individual components (Figure 4(j)—(1)).

The underpinnings of this bias in surface fluxes are also
reflected in the bias of the cloud fraction in the RCOAM
simulation (Figure 5). We have compared the high, low,
and middle clouds of the simulation with the Interna-
tional Satellite Cloud Climatology Product (ISCCP) D2
(see Table 3) in Figure 5. This comparison shows that
the RCOAM simulation overestimates (underestimates)
the high clouds in the Arabian Sea and in the western
Indian Ocean (over the subcontinent; Figure 5(a), (d), and
(g)). The RCOAM simulation overestimates the middle
(Figure 5(b), (e), and (h)) and the low (Figure 5(c), (f),
and (i)) clouds across the domain except in the northwest
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regions of the domain where the simulation underestimates
the low cloud fraction (Figure 5(i)) relative to the ISCCP.

4.2. Onset and demise of the monsoon

The evolution of the onset and demise of the ISM is
rather pronounced in the seasonal evolution of the ISM
(Koteswaram, 1958; Krishnamurti and Ramanathan, 1982;
Ananthakrishnan and Soman, 1988). Noska and Misra
(2016) introduced an objective criterion of defining onset
and demise of the ISM based on the all India average daily
rainfall. They found that onset (demise) day of the ISM
coincides with first (last) day when the daily cumulative
anomalies (computed relative to the annual mean clima-
tology) of the all India averaged rainfall reaches a mini-
mum (maximum) for the year. In Figure 6, we show the
composite evolution of the daily rainfall 60 days before
(day —60) and after (day 60) the onset date (day 0) of
the ISM. The corresponding RMS error and spatial cor-
relation of the climatology from the RCOAM simulation
with the corresponding climatology from the IMD rainfall
dataset is also indicated. As noted in Figure 6 and akin to
the observational analysis in Noska and Misra (2016), the
onset evolution is characterized by sustained heavy rain-
fall (~10-20 mmday~') over parts of northeastern India
prior to the onset date of the ISM. But the southwestern
(Malabar) coast witness a moderate rise in rain rate about
5 days prior to the onset date that continues to rise almost
20 days after the onset date. The RMS error ostensibly
also grows post-onset with the rise in rainfall compared
with pre-onset period. The spatial correlation of the rainfall
from the RCOAM simulation with the IMD rainfall over
this 120-day period (Figure 6) is around 0.5 suggesting
a potential large-scale forcing (investigated further later)
that gives rise to this reasonable simulation of the spa-
tial precipitation pattern centred around the evolution of
the onset of the ISM. The corresponding devolution of the
ISM centred around the demise date is shown in Figure 7.
Unlike the evolution of the ISM around the onset date, the
spatial correlation of the RCOAM simulation with IMD
rainfall is comparatively lower. However, the RMS error
is lower around the demise period (Figure 7) owing to
lower climatological rainfall than at the time of the onset
(Figure 6). The demise of the ISM is characterized by
the receding of the rainfall across India including in the
northeastern and southwestern parts of the subcontinent,
albeit after the demise date of the ISM in the latter areas
(Figure 7; cf. Figure S4 in Noska and Misra, 2016).

A similar evolution of SST in the RCOAM simulation
centred around the time of the onset of the ISM is shown
in Figure 8. The spatial correlations with corresponding
OISSTv2 are generally very high through the evolution
(Figure 8). However, the domain averaged RMS error is
nearly 1.1°C throughout the simulation, which to some
extent is on account of the discrepancy in the coastal
SST (Figure 2). This discrepancy arises partly because of
the comparatively coarse resolution of OISSTv2 relative
to the RCOAM simulation with the former unable to
resolve strong SST gradients (Figure 2). The sustained
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warm SST’s (>30°C) in eastern Bay of Bengal (centred
over the Andaman Basin) in the pre-onset period (day —35
to day —5) and thereafter its cooling and receding of the
warm SST further east is apparent in the evolution. In
addition, the cooling of the Arabian SST just prior to onset
of the ISM (from day —5 to day 0) and then its subsequent
further cooling is also captured in the simulation.
Similarly, the devolution of the SST’s centred around
the demise of the ISM (Figure 9) indicates a rapid cooling
prior to the demise. This originates from the strong cooling
associated with the coastal upwelling along the coast of
Somalia, which gradually spreads eastward. However, just
prior to (~day —5) and after the demise date (day 0), the
rate of cooling along the coast of Somalia subsides, while
the rest of the Indian Ocean in the domain begins to warm

© 2017 Royal Meteorological Society

(Figure 9). It may be noted that unlike the evolution around
the onset, the SST simulation around the demise date of the
ISM has a lower spatial correlation with OISSTv2. But the
RCOAM simulation also displays a lower RMS error of
SST around the demise of the ISM.

The evolution of the kinetic energy of the 850 hPa winds
centred around the onset of the ISM (Figure 10) indicates
the growing strength of the Somali Jet in the western
part of the domain. It matures to higher wind speeds
well past the onset date (day +15 and beyond) unlike
the analysis (around day +10; Noska and Misra, 2016).
It may be noted that the spatial correlation of the kinetic
energy prior to onset are much weaker than after onset,
when the circulation becomes stronger (and organized) by
the establishment of the monsoon trough and associated

Int. J. Climatol. (2017)



V. MISRA et al.

atmospheric convection. Notably the RMS error grows
from its pre-onset values into the post-onset period as well
(Figure 10). Therefore, the organized and stronger 850 hPa
winds in the post-onset period has an impact on the wind
driven surface ocean currents, which have a significant role
to play in the modulation of the SST (Schott and McCreary,
2001). This explains the improved spatial coherence of
the simulated SST from the RCOAM simulation in the
post-onset period (Figure 8) than around the demise date
(Figure 9) when the Somali Jet is weaker. This is further
substantiated in Figure 11, which shows that the Somali Jet
weakens almost a month before the demise date and the
kinetic energy is well below 25 m~2s~2 over most of the
Indian Ocean in the domain. The spatial correlation (RMS
error) is much higher (lower) centred around the demise
date (Figure 11) compared with the period around the onset
date of the ISM (Figure 10).

Another robust feature of the seasonal evolution of the
ISM is the reversal of the temperature gradient at 300 hPa
(Rai Sircar and Patil, 1961; Yanai ef al., 1992). Yanai et al.
(1992) noted a reversal of the meridional temperature gra-
dient at 300 hPa computed roughly across 5° and 25°N
latitudes. Noska and Misra (2016) showed that this reversal
of temperature gradient quite nicely followed their defi-
nition of onset and demise based on the all India mon-
soon rainfall index. We have similarly plotted the east-west
progression of the reversal of the temperature gradient
at different lead/lag with respect to the onset date of the
ISM (Figure 12(a) and (b)) diagnosed from the all India
monsoon rain index following Noska and Misra (2016).
The temperature gradient reversal at around 60°E coin-
cides roughly with the onset date of the ISM both in
the MERRA-2 (Figure 12(a)) and the RCOAM model
simulation (Figure 12(b)). Similarly, we observe that the
reversal of the temperature gradient at around 57°E in
MERRA-2 (Figure 12(c)) coincides with the demise date
of the ISM, which is also similar in the RCOAM simulation
(Figure 12(d)). It should be noted that Goswami and Xavier
(2005) suggest that the reversal of the temperature gradient
at the time of onset of the ISM also coincides with the trig-
gering of the moist symmetric instability. They explain this
coincidence with the fact that the large-scale heating gradi-
ent initiated by the elevated heating of the Tibetan plateau
results in large-scale cyclonic vorticity in the lower tropo-
sphere, which forces the zero line of the absolute vorticity
to shift north of the equator, making conditions conducive
for moist symmetric instability.

4.3.

The climatological mean variance of the 20-90 days
filtered precipitation anomalies from TRMM and the
RCOAM simulation is shown in Figure 13. These anoma-
lies were filtered using the first order Butterworth Fil-
ter (Krishnamurti and Subrahmanyam, 1995). In a broad
sense, the observed high intra-seasonal variance along
the Malabar Coast, Indo-Gangetic Plains, and over north-
eastern part of India including Bangladesh is reasonably
captured by the RCOAM simulation. However, there are
distinct disparities including the low variance exhibited

Intraseasonal variability
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Figure 13. Intraseasonal variance of precipitation (20-90 days band-

pass filtered using first order Butterworth filter) from (a) observations

(TRMM), (b) RCOAM simulation for the ISM season. Units are in
mm day~2. [Colour figure can be viewed at wileyonlinelibrary.com].

by the RCOAM simulation over the Bay of Bengal, the
western Arabian Sea, and over parts of northwestern India.
Furthermore, the variance over the Indo-Gangetic Plains,
equatorial Indian Ocean, and over Southeast Asia is over-
estimated in the RCOAM simulation. Some of this bias
could be explained by the cold SST bias displayed by the
model over the Bay of Bengal (Figure 2(d)) that is likely
to undermine convective rainfall (McBride and Fraedrich,
1995).

In addition, we show the composite picture of the active
and break spells of the intraseasonal oscillation of the ISM
(Figure 14). The active (break) spells for each ISM season
over the simulation period of RCOAM was determined by
isolating periods of 5 successive days of the 20—90 day
filtered positive (negative or zero) precipitation anomalies
over Central India (15°-25°N and 75°-85°E; Goswami
and Xavier, 2003; Umakant et al., 2015) for both the model
simulation and from TRMM observations. The filtered
20-90-day 850 hPa wind anomalies were similarly com-
posited based on the intraseasonal precipitation anomalies
over Central India from the model simulation and CFSR.
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Figure 14. Composite band pass filtered (20—90 days) 850 hPa winds (ms~!) overlaid with precipitation anomalies (mm day~!) for wet spell from
(a) TRMM3B42 (rainfall) and MERRAZ2 (850 hPa winds) and (b) RCOAM simulation. Similarly, composites for dry spell from (¢) TRMM3B42
(rainfall) and MERRAZ2 (850 hPa winds) and (d) RCOAM simulation. [Colour figure can be viewed at wileyonlinelibrary.com].

Figure 14 indicates that the active and break composites
from the RCOAM simulation are reasonably well captured
when compared with the corresponding observations. The
active spell is characterized by 850 hPa wind anomalies
that reinforce the climatological southwesterly flow across
the sub-continent and the establishment of monsoon low
over Central India (Krishnamurti et al., 1992) as seen in
the observations (Figure 14(a)) is represented reasonably
well in the RCOAM simulation (Figure 14(b)). It may be
noted, however, that the intraseasonal precipitation anoma-
lies over the Bay of Bengal in the RCOAM simulation is
comparatively weak (Figure 14(b)). Similarly, the dry spell
of the intraseasonal oscillation of the ISM is characterized
by anomalous flow that weakens the climatological flow
of the ISM with negative (positive) precipitation anoma-
lies over Central India (foothills of the Himalayas; Sikka
and Gadgil, 1980; Figure 14(c)). Again, the RCOAM sim-
ulation depicts these features with the anomalies over the
Bay of Bengal being rather weak (Figure 14(d)).

4.4. Interannual variations

As noted in Noska and Misra (2016) the length of the
ISM season has an important bearing on the interannual
variability. It was shown in their observational study that
long (short) seasons are associated with anomalous wet
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(dry) ISM seasonal rainfall anomalies. This is also recon-
firmed in the shorter period of the RCOAM simulation
period (1990-2007) from the correlations shown between
the seasonal rainfall anomalies of ISM and the length of the
season (Figure 15(a) and (b)). Furthermore, it is seen that
early (later) onset of the ISM season usually coincides with
the wetter (drier) seasonal rainfall anomalies (Figure 15(c)
and (d)). Similarly, later (early) demise of the ISM usu-
ally coincides with anomalous wet (dry) seasonal rainfall
anomalies (Figure 15(e) and (f)). A part of this relationship
in Figure 15 is realized by the teleconnection of the onset
date variations of ISM with ENSO variability (Noska and
Misra, 2016; Figure 16(a) and (c)). A warm (cold) ENSO
event in December—January—February (DJF) is followed
by late (early) onset of the ISM. Similarly, the early (later)
demise of the ISM is associated with positive (negative)
ENSO anomalies in the east Pacific that coincides with the
positive (negative) anomalies of western (eastern) Indian
Ocean (Figure 16(b) and (d)) in the near contemporaneous
September—October—November (SON) season. Similarly,
the total seasonal rainfall anomaly of the ISM is related
to the ENSO anomalies of the preceding DJF season
(Figure 16(e) and (g)) and near succeeding SON season
(Figure 16(f) and (h)). It should be noted that in the obser-
vational panels (Figure 16(b) and (f)) the correlations over
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Figure 15. The correlation of seasonal anomalies of all India averaged rainfall with length of the ISM season from (a) IMD and (b) RCOAM. The

correlation of onset date of ISM season with the succeeding seasonal anomalies of ISM rainfall from (c) IMD and (d) RCOAM. Similarly, the

correlation of the demise date of the ISM season with the preceding seasonal anomalies of ISM rainfall form (e) IMD and (f) RCOAM. [Colour
figure can be viewed at wileyonlinelibrary.com].

the eastern equatorial Pacific Ocean is not as significant
as the RCOAM simulation. However, the manifestation of
the Indian Ocean anomalies and their relation to the ISM
seasonal rainfall and length anomalies in Figure 16(b) and
(f) correspond to the ENSO forcing of the tropical Indian
Ocean (Krishnamurthy and Kirtman, 2003).

5. Conclusions

This regional-coupled ocean—atmosphere modelling
study of the Indian Summer Monsoon (ISM) is uniquely
placed in that the coupled system is forced at the lateral
boundaries with realistic boundary conditions of the ocean
and atmosphere. Some of the earlier studies of the ISM
simulations with the regional-coupled ocean—atmosphere
model have been forced with climatological monthly
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mean boundary conditions of temperature and salin-
ity and in addition have nudged the surface salinity
(VenkataRatnam et al., 2009; Samala et al., 2013), which
the current study avoids. Although the experimental
setup and model resolutions of the few regional-coupled
ocean—atmosphere studies of the ISM (Table 2) are differ-
ent from the RCOAM simulation presented in this paper,
there are some encouraging signs of improving ISM
simulation using high-resolution regional models. Major-
ity of these studies suggest that high-resolution air—sea
coupling reduces the SST and precipitation bias, improves
intraseasonal variations relative to their uncoupled version.

We have conducted a comprehensive validation of the
18-year Regional-Coupled Ocean—Atmosphere Model
(RCOAM) that included surface and upper air atmospheric
variables and surface and upper ocean variables. We have
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shown that the robust seasonal variation of the ISM rainfall
both in the observations and model simulation is accom-
panied by associated changes in the meridional upper air
temperature gradient, low level changes in kinetic energy,
SST changes, and meridional ocean heat transport. These
changes signify the true coupled ocean—atmosphere phe-
nomenon of the ISM. The RCOAM simulation of this
study capture the transitions happening in the regional
atmosphere and ocean across the onset and demise time
of the ISM.

The RCOAM simulation also captures the intra-seasonal
variations of the ISM with dry (wet) spells ascertained in
the rainfall anomalies coinciding with anomalous coun-
teracting (enhancing) low level climatological monsoon
circulations. In the wet spell the intra-seasonal monsoon
trough is well established and centred over central India
while during the dry spell, the anomalous flow is easterly in
central India and northwesterly over northeast India. The
interannual variations also show that the seasonal length
of the ISM has an important bearing on the seasonal rain-
fall anomalies. This variation is shown to tie with the
ENSO variations in the east Pacific. However, despite these
encouraging results it was noted that the systematic bias
in surface fluxes, cloud fraction, SST, and precipitation
of the RCOAM simulation provides considerable scope
for improvement notwithstanding the uncertainties in the
observational analysis of these variables. Further work is
ongoing to understand the impact of air-sea coupling on the
RCOAM simulation of the seasonal transition of the ISM.
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