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In the present study, sensitivity of Indian Summer Monsoon (ISM) to the cumulus convection
scheme (CCS) is assessed using Regional Climate Model (RegCM4.4.5). Seasonal scale (May–June–
July–August–September) simulation of the model forced with European Centre for Medium Range
Weather Forecasts reanalysis data (ERA interim) is carried out for the consecutive three monsoon years
2007, 2008 and 2009. Four major CCS (MIT, Grell, Tiedtke and Kain–Fritsch) are employed. Model
simulated results are validated with various observed and reanalysis datasets. In addition, the model
results are also compared with that of its earlier version (RegCM4.1). Detailed analysis reveals that the
model’s ability to delineate large scale ISM features such as Heat Low, Tibetan high, Somali Jet, Tropical
Easterly Jet (TEJ), Sub-tropical Westerly Jet (STWJ) are fairly well using multiple CCS options. Fairly,
better model performance is identiBed while Grell over ocean and MIT over land (GO˙ML) is used. This
scheme exhibits relatively lower warm (cold) bias over entire northwest and partially central India
(peninsular and other parts of India). Both lower and upper level circulation pattern including TEJ and
STWJ are better simulated by GO˙ML scheme. Simulated distribution of precipitation is also more
realistic and closed to TRMM data using that scheme. Further comparison of results from two model
versions indicates that the simulation with recent version (4.4) is more realistic than that with the earlier
version (RegCM4.1). The study concludes that RegCM4.4 with GO˙ML would be the optimal combination
when overall performance of the model is taken into consideration.
Keywords. Indian Summer Monsoon; cumulus convection scheme; vertically integrated moisture Cux;
skill score.

1. Introduction
Rainfall variability during Indian Summer
Monsoon (ISM) is a serious concern to the country
as India receives large part (nearly 80%) of its total
annual rainfall mainly during summer monsoon
(Mooley and Parthasarathy 1984; Parthasarathy
et al. 1994; Raju et al. 2010; Srinivas et al. 2013;
Raju et al. 2015). Rainfall is extremely crucial
to different socio-economic sectors such as

agriculture, hydrological planning, power generation,
disaster management and all ecosystem of the
country (Webster and Yang 1992; Guhathakurta
and Rajeevan 2008).
The quantity of rainfall during ISM (ISMR) in
a particular year is not uniformly distributed in
terms of space and time. Some regions of the
country receive large amount of rainfall while the
other parts show scanty rainfall. In a similar way,
ISMR exhibits large temporal variation. Even after
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its onset over country, there are some spells of days
having continuous indulge of rainfall (‘Active’
period) while some spells having cessation of rainfall (‘Break’ of monsoon) (Krishnamurthy and
Shukla 2008; Umakanth and Kesarkar 2018). Frequent occurrence of active/break spell may cause
various climate extremes (Coods/droughts) which
have devastating consequences in the aforementioned sectors and impedes the social and economic
growth of the country. Therefore, due to its huge
societal impact, accurate prediction of ISMR
remains always of utmost urgency to the country
(Kumar et al. 1995).
In the Bfth assessment report of Intergovernmental Panel on Climate Change (IPCC), modelling studies at regional level is highlighted and
concluded that the Regional Climate Models
(RCMs) provide better competency than Global
Climate Models (GCMs) in quantitatively estimating regional climate changes with considerable
conBdence (Wang et al. 2017 and references
therein). Climate change has considerable impact
at regional level. Based on reported literature (e.g.,
Bhaskaran et al. 1996; Lal et al. 2000; Kang and
Hong 2008), it is observed that RCMs became
increasingly popular in regional scale studies compared to GCMs because of their better skill in
representing the delicate details of terrain and land
surface heterogeneity as well as sub-grid scale
physical process in more realistic way (Dash et al.
2006; Singh et al. 2007; Raju et al. 2010; Akinsanola and Ogunjobi 2017). Furthermore, the
RCM can be applied with less computational cost
in comparison to a GCM. As a result, it is pertinent
to test the skill of RCM in simulating ISM.
As ISM is a global scale atmospheric process
over the tropics which is mostly driven by large
scale convection, it is expected that representation
of cumulus convection plays vital role in its simulation. Importantly, convection takes place at
sub-grid level and hence is parameterized in RCMs.
Different types of cumulus convection scheme
(CCS hereafter) are developed over the years and
are included in different RCMs. Since every CCS is
developed for speciBc region of interest, it cannot
be accepted universally. One needs to perform
sensitivity studies using those CCSs to conclude a
best CCS over a particular region.
Out of the various available RCMs, regional
climate modelling system which is commonly
referred as RegCM developed by International
Centre for Theoretical Physics (ICTP, Italy)
becomes remarkably popular to the modelling
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community due to its successful application to
different atmospheric processes over various parts
of the globe. In the last few decades, sensitivity
studies regarding CCS using RegCM are conducted
quite extensively all over the world (RegCM3:
Dash et al. 2006; Martinez-Castro et al. 2006; Liu
and Ding 2007; Im et al. 2008; Zanis et al. 2009;
Tchotchou and Kamga 2010; Octaviani and
Manomaiphiboon 2011; Gianotti et al. 2012; Bao
2013; Huang et al. 2013 and RegCM4: Sinha et al.
2013; Adeniyi 2014; Ali et al. 2015; Raju et al. 2015;
Zhang et al. 2015; Almazroui et al. 2016; Pieczka
et al. 2017; Komkoua Mbienda et al. 2017; Nayak
et al. 2018, 2019). Dash et al. (2006) conducted
sensitivity study regarding CCS to ISM during
1993–1996 using RegCM3 and concluded that the
Grell scheme (Grell 1993) performed relatively
better. In another study, Martinez-Castro et al.
(2006) concluded same about CCS when simulating
seasonal temperature and precipitation over Caribbean region using the same edition of the model.
Liu and Ding (2007) explained that the RegCM3
is able to successfully simulate South China Sea
Summer Monsoon during 1998 with Kuo
scheme (Kuo 1965, 1974). Over Korean peninsula,
Im et al. (2008) reported that RegCM3 with MIT
scheme (Emanuel 1991; Emanuel and ZivkovicRothman 1999) show reasonable accuracy in
capturing the seasonal variation and the spatial
characteristics of the East Asian monsoon.
Tchotchou and Kamga (2010) observed that Grell
and MIT Emanuel scheme performed better compared to other available schemes in RegCM3 in
simulating West African Monsoon. Zanis et al.
(2009) demonstrates that overall skill of RegCM3
is enhanced with the use of MIT scheme over
European region. Octaviani and Manomaiphiboon
(2011) performed sensitivity experiment with
RegCM3 over Thailand and concluded in favour of
MIT scheme. Assessment of the RegCM3 over the
East Asia is made by Gianotti et al. (2012) and
inferred about the Grell scheme. Huang et al.
(2013) evaluated performance of RegCM3 in predicting summer rainfall over South China region
and concluded about MIT followed by Grell
scheme.
Sinha et al. (2013) showed that MIT scheme is a
better choice in simulating ISM using RegCM4.
Sensitivity studies by Adeniyi (2013) suggested
that the Grell scheme performed better than the
others while simulating the climate of West Africa
during Septembers of 1989 and 1998 using
RegCM4. Zhang et al. (2015) evaluated
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performance of different CCSs in RegCM4.3 over
China through numerical experiment of 31 year
period (1982–2012). They illustrated that the
Tiedtke scheme (Tiedtke 1989) shows better skill.
Ali et al. (2015) discussed about the sensitivity of
CCSs using RegCM4 over East/South Asia and
accepts superiority of Tiedtke scheme. A suitable convective parameterization scheme within
RegCM4 was explored by Almazroui et al. (2016)
for Arabian domain. The study inferred that there
is no best CCS for the simulation of both rainfall
and temperature, however, model shows relatively
better skill using mixed scheme (Grell over land
and MIT over ocean). Raju et al. (2015) suggested
that mixed scheme (Grell over land and MIT over
ocean) shows better skill in simulating seasonal
monsoon features over South Asia using RegCM4.
Komkoua Mbienda et al. (2017) observed MIT
scheme performs better while performing sensitivity study over Central Africa using RegCM4.
Pieczka et al. (2017) inferred that the combination
of MIT and Grell scheme is the better option over
for the Carpathian region and its surroundings.
From the above discussions, it may be concluded
that the choice of CCS has potential impact in the
simulation of atmospheric process using RCMs.
Present study is partitioned into two parts. Firstly,
it investigates the sensitivity of ISM to CCS using
current edition of RegCM4, i.e., RegCM4.4.5
(RegCM4.4 hereafter). Community Land Model,
i.e., (CLM4.5 hereafter; Brunke et al. 2016) is
considered here as Land Surface Model (LSM). It is
reported from the earlier literature (Kang et al.
2014; Tiwari et al. 2015; Almazroui 2016; Wang
et al. 2016; Maity et al. 2017a; Nayak et al. 2017)
that the selection of LSM also produces important
consequences in simulating atmospheric processes.
RegCM4.4 is coupled with CLM4.5 alongwith
CLM3.5 (Mei et al. 2013) and Biosphere Atmosphere Transfer Scheme (BATS; Yang and Dickinson 1996). In an earlier study by the author
(Maity et al. 2017a), proBciency of RegCM version
4.1 (RegCM4.1 hereafter) was investigated in the
simulation of ISM. The study conBrmed that the
model exhibits better performance with the combination of CLM3.5 and MIT scheme. As a result,
BATS and CLM3.5 are not considered in the present study and experiments are conducted using
CLM4.5 only. As CLM4.5 includes several discernible improvements in a number of aspects
(Wang et al. 2016; Zhang et al. 2016), it is pertinent to test its performance in the simulation of
ISM.

Secondly, comparison of results from the two
versions of the model (RegCM4.1 and RegCM4.4)
coupled with two different LSMs (CLM3.5 and
CLM4.5) are also carried out in this study. The
remainder of the paper is organised as follows.
Methodology of this work containing brief
description of the model and details of the numerical experiments is provided in section 2. Section 3
discusses about the model forcing and validation
datasets. In multiple subsections, results and discussion is presented in section 4. Comparison of the
result from the two edition of the model is discussed in section 5 followed by concluding remarks
in section 6.

2. Methodology
2.1 Model description
The model RegCM4.4 is an improved version of
RegCM4 (Giorgi et al. 2012) which is based on the
previous version of this modelling system, i.e.,
RegCM3 (Pal et al. 2007). It is a hydrostatic,
compressible, limited area model which uses sigma
as terrain following coordinate in the vertical.
Dynamical core is same as hydrostatic version of
the PSU-NCAR model MM5. Major development
employed in this version (RegCM4.4) is the inclusion of model physics particularly cumulus convection and land surface process. Model equations
are discretized with Bnite difference over horizontally staggered Arakawa B-grid (Arakawa and
Schubert 1974). Radiative transfer calculations
follow the global model CCM3, planetary boundary layer (PBL) scheme follow Holtslag (Holtslag
et al. 1990) and University of Washington PBL
(Bretherton et al. 2004) scheme. Detailed description of the other available physics schemes viz.,
ocean Cuxes parameterization schemes, interactive
aerosol schemes and interactive lake models are
available in Giorgi et al. (2012).
In RegCM4.4, land surface processes are
presented using BATS (Yang and Dickinson 1996),
CLM3.5 (TawBk and Steiner 2011; Mei et al. 2013)
and CLM4.5 (Brunke et al. 2016) from National
Center for Atmospheric Research (NCAR). The
CLM3.5 is an improved LSM with more sophisticated and comprehensive representation of surface
heterogeneity. Detailed formulation, discussion
and implementation of CLM3.5 in RegCM4 can be
found in many earlier literatures (see Collins et al.
2006; Steiner et al. 2009; Maity et al. 2017a, b). The
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motivation behind CLM4.5 is to incorporate
several recent scientiBc advancements in the representation of land surface processes. The model
includes improved surface and atmospheric forcing
datasets. CLM4.5 is also advanced in several discernible improvements such as bias reduction in
the terrestrial carbon cycle and excessive tropical
Gross Primary Production. Representation of
canopy and hydrology processes are revised and
modiBed in CLM4.5. Total number of soil layers
are increased to Bfteen to better capture the land
surface heterogeneity. It is successfully used in
several recent studies (Yu et al. 2014, 2016; Wang
et al. 2015, 2016) over the globe.
Convective (sub-grid scale) precipitation is
described using different CCS in RegCM4.4. Five
major CCS such as Kuo (Anthes 1977), Grell
(Grell 1993), MIT (Emanuel 1991), Tiedtke
(1989) and Kain–Fritsch (KF hereafter, Kain
2004) are available in RegCM4.4 of which Grell,
MIT, Tiedtke and Kain–Fritsch scheme are used
in the present study. The Kuo scheme which
produces poor precipitation (Giorgi et al. 2012) is
not considered here. Moreover, RegCM4.4 facilitates to use different CCS option independently
over land and ocean in place of using a single CCS
over entire model domain. All the major schemes
can be alternatively used over land and ocean in
RegCM4.4 and are known as mixed scheme. Previously in RegCM4.1, users are only allowed to
use MIT and Grell scheme for those types of
mixed schemes. The underlying mechanism of
these mixed schemes is to improve overall performance of the model instead of the inadequate
performance of the individual CCS over land/
ocean (Giorgi et al. 2012). Therefore considering
combination with the four CCS, a total of sixteen
CCS combinations (table 1) are employed in this
study.
The Grell (1993) scheme is a mass Cux convection scheme that considers the cloud as two steady
state circulation having an updraft and a penetrative downdraft. The scheme can be employed with
either of the closure approximation viz., Arakawa
and Schubert closure (Arakawa and Schubert
1974) and Fritsch and Chappell closure (Fritsch
and Chappell 1980). In the MIT scheme (Emanuel
1991; Emanuel and Zivkovic-Rothman 1999), it is
assumed that the cloud mixing is highly episodic
and inhomogeneous. When the level of neutral
buoyancy is greater than the cloud base level,
convection is triggered. Compared to other available schemes, this is the most complex CCS having
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a plenty of parameters that can be used to optimize
its performance.
Tiedtke scheme (Tiedtke 1989) is another bulk
mass Cux parameterization scheme and was originally developed for global models. It classiBes
convection into three categories viz., deep, mid
level and shallow convection albeit the scheme allows only one type of convection to occur in a single
grid at each time step (Bao 2013). The ensemble of
cloud that exists during any type of convections is
assumed to be made of updrafts/downdrafts.
Updrafts are supposed to interact with the surrounding environment through entrainment/detrainment while the downdraft takes place at the
level of free sinking, where instability occurs due to
mixing of air in the cloud and environmental air
(Ali et al. 2015; Raju et al. 2015).
The Kain–Fritsch scheme is a one-dimensional
entraining/detraining plume model based on concept of mass Cux conservation (Ratnam and
Kumar 2005). The scheme uses Lagrangian parcel
method (Kain 2004 and the references therein). It
was originally developed with the idea of
Fritsch–Chappell CCS (Fritsch and Chappell
1980) and was modiBed numerously over the years.
The scheme assumes the occurrence of both
updrafts and downdrafts within a parcel. The closure approximation employed in this scheme is
based on the removal of convective available
potential energy (CAPE) from a grid column
within a time period. The precipitation is computed as a product of precipitation eDciency and
the sum of vertical Cuxes of vapour and liquid
at about 150 hPa above the condensation level
(Ratnam and Kumar 2005).

2.2 Experimental set-up
Seasonal simulations of ISM (1 May 00 UTC up to
30 September 18 UTC) are prepared for each of the
three years 2007, 2008 and 2009. First one month
(May) is considered as spin up (e.g., Dash et al.
2006; Sinha et al. 2013; Zou et al. 2014; Tiwari et al.
2015) and the results for the period of
June–September is considered for further analysis.
Model employs the same domain (30°E–120°E,
15°S–45°N) for the simulation as demonstrated in
Maity et al. (2017a). The study region and model
conBguration are provided in Bgure 1 and table 2.
The model is forced with global reanalysis datasets
with a buAer zone which is Bxed to use 12 grid
points with exponential relaxation inside the
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Table 1. Summary of the sixteen numerical experiments repeated for each of the years 2007, 2008 and
2009. The numeric digits in the last two columns represent option to invoke the corresponding cumulus
scheme in the model. In the manuscript, the combination will be abbreviated as the name mentioned in the
2nd column.
Experiment
no.

Name of the
experiment

1
2
3
4
5
6
7
8
9
10
11

E1
E2
E3
E4
E5
E6
E7
E8
E9
E10
E11

12
13
14
15
16

E12
E13
E14
E15
E16

Model options used
Combination of CCS used
Grell over land and Grell over ocean
Grell over land and MIT over ocean
Grell over land and Tiedtke over ocean
Grell over land and KF over ocean
MIT over land and Grell over ocean
MIT over land and MIT over ocean
MIT over land and Tiedtke over ocean
MIT over land and KF over ocean
Tiedtke over land and Grell over ocean
Tiedtke over land and MIT over ocean
Tiedtke over land and Tiedtke over
ocean
Tiedtke over land and KF over ocean
KF over land and Grell over ocean
KF over land and MIT over ocean
KF over land and Tiedtke over ocean
KF over land and KF over ocean

icup˙lnd icup˙ocn
2
2
2
2
4
4
4
4
5
5
5

2
4
5
6
2
4
5
6
2
4
5

5
6
6
6
6

6
2
4
5
6

Figure 1. Map of the simulation domain used in the study. The domain encompasses 30°E–120°E, 15°S–45°N over Lambert
Conformal map projection. Different colour shades specify the topographical height above sea level (m).

lateral boundary (Seth and Giorgi 1998; Wang
et al. 2003). The details of the experimental design
with their corresponding abbreviation are provided
in table 2.

India Meteorological Department (IMD) provides
detailed report of each monsoon years regarding
various synoptic features as well as rainfall which is
available at https://www.tropmet.res.in/*kolli/
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Table 2. Overview of the model considered for this study.
Contents
Model dynamics
Model domain
Horizontal resolution
Vertical level
Map projection
Central latitude and longitude
Lateral boundary condition
Model integration time step
Cumulus convection scheme
Land surface scheme
Cumulus closure scheme
PBL scheme
Ocean Cux scheme
Radiative transfer scheme
Explicit moisture scheme

Description
Hydrostatic
30°E–120°E; 15°S–45°N
30 km
23 (terrain following sigma level)
Lambert conformal
16°N, 75°E
Relaxation, exponential
30 s
Grell (Grell 1993), MIT (Emanuel 1991), Tiedtke (Tiedtke 1989) and
Kain–Fritsch (Kain 2004)
Community Land Model (CLM4.5; Brunke et al. 2016) and Biospere
Atmosphere Transfer Scheme (BATS; Yang and Dickinson 1996)
Arakawa and Schubert (1974)
Holtslag scheme (1990)
Zeng’s scheme (Zeng et al. 1998)
CCM3 (Hack et al. 1998)
SUBEX (Pal et al. 2000)

mol/Monsoon/mol-archive.html. Based on IMD
criteria, 2007 and 2008 were normal (2007 (2008)
was slightly above (below) normal) and 2009 was
deBcit rainfall year. All India seasonal rainfall
(JJAS: June–July–August–September) was 102%,
98% and 77% of its long period average (LPA),
respectively, during 2007, 2008 and 2009. The value
of LPA is 89 cm which is calculated considering the
rainfall over all India during 1941–1990.
A total of 48 numerical experiments (sixteen CCS
combination and three years (2007–2009)) are conducted. Model skill is evaluated in terms of spatial
distribution of three major parameters viz., surface
temperature, wind (at 850 and 200 hPa) and rainfall.
In addition, spatial correlation (SC) and standard
error (SE) of surface temperature and rainfall are also
computed for all the CCS combinations and over Bve
homogeneous regions of India (Bgure 2: Parthasarathy et al. 1994). Due to large number of combinations, all the calculations is performed considering
three years average (2007–2009) of JJAS temperature, wind and rainfall. All the correlation presented
in this study is 95% significant.
It is mentioned in a number of earlier studies
(Ullah and Gao 2012; Dash et al. 2015; Sahana
et al. 2015; Pattnayak et al. 2018) that the rainfall
during ISM is the manifestation of the moisture
transport mechanism from the adjacent oceanic
regions (Arabian sea, Indian ocean and Bay of
Bengal) to the continental landmass and consequently the quantity of rainfall in a particular ISM
season is directly associated with the amount of
moisture supply from the large adjoining water

Figure 2. Five homogeneous regions of India (Parthasarathy
et al. 1994) considered in this study.

mass. Therefore, in order to examine the ability of
the model in simulating rainfall, vertically integrated moisture Cux (VIMF henceforth) is computed from the model simulation. VIMF is an
essential component of atmospheric water balance
equation and is successfully used as a metric of
measuring moisture Cux in several earlier studies
(Malik and Taylor 2011; Athar and Ammar 2016;
Wei et al. 2016). VIMF (kg/m/s) is deBned and
denoted as:
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~ ¼ 1
Q
g

Z

top

~
q Vdp;

ð1Þ

surface

where g stands for gravitational acceleration (9.8
m/s2), q represents speciBc humidity (kg/kg), and
~ stands for horizontal wind (m/s) having longiV
tudinal and latitudinal components. The limits of
the integration in the equation (1) are selected as
1000 hPa (surface) and 300 hPa (top), respectively,
as speciBc humidity is negligible beyond 300 hPa
level and therefore has insignificant impact to
VIMF (Fasullo and Webster 2003). Detailed
description about the formulation and related
information regarding VIMF is described in Athar
and Ammar (2016). Since VIMF consists of bidirectional (zonal and meridional) component, it is
explained as vertically integrated moisture transport (VIMT) and is presented in terms of both
magnitude (scalar) and direction (vector) in the
Bgures similar to wind plots.
Additionally, a skill score (S: Zou et al. 2014) is
also computed to assess the model performance.
It is formulated based on correlation coefBcient
and standard deviation from both model and
observation as follows:
"
#
4ðr0 =rm þ rm =r0 Þ2
;
ð2Þ
S ¼ log
ð1 þ r Þ4
where r0 and rm are standard deviations of
observation and model and r is the correlation
coefBcient of them. Lower value of the score signiBes better performance of the model. JJAS
averaged skill score for surface temperature and
rainfall is calculated in the present study considering India landmass only.

3. Data
In this study, initial and boundary forcing datasets
for the model are derived from six hourly ERA
Interim reanalysis data (EIN75 hereafter; Dee et al.
2011) at 0.75° 9 0.75° resolution. It is the latest
global atmospheric reanalysis data produced by the
European Centre for Medium Range Weather
Forecasts (ECMWF) available publicly from 1979.
The data is cautiously prepared using modiBed
physics and four-dimensional Variational Data
Assimilation system (4D-Var) with 12 hourly
analysis cycle and comparatively better than
ERA40 data. Topography and land use are
obtained from United States Geological Survey

(USGS) and Global Land Cover Characterization
(GLCC; Loveland et al. 2000) global data at 10 min
resolution. The optimum interpolation weekly
mean sea surface temperature (OI˙WK SST:
Reynolds et al. 2002) at 1° 9 1° resolution from
National Oceanic and Atmospheric Administration
(NOAA) are used as the SST lower boundary
conditions. Additional datasets including land
cover, soil texture, soil colour, leaf area index,
plant functional types, emission factors, snow data,
etc., required for CLM4.5 is obtained from http://
clima-dods.ictp.it/Data/RegCM˙Data/CLM45/.
Model simulated surface temperature is veriBed
using high resolution (0.5° 9 0.5°) Climate
Research Unit Time Series (CRU TS 3.22) datasets
(Harris et al. 2014; Trenberth et al. 2014) provided
by University of East Anglia. Model simulated
lower (850 hPa) and upper level (200 hPa) wind is
compared using NCAR reanalysis datasets. Tropical
Rainfall Measuring Mission (TRMM 3B43:
HuAman et al. 2007) precipitation datasets (0.25°
9 0.25°) are used as ground truth for the validation
of model simulated rainfall. Different surface
Cuxes, surface pressure and speciBc humidity data
from NCAR are also used for model validation.

4. Result and discussion
4.1 Surface temperature
It is reported from the previous literature (Kakade
and Kulkarni 2014) that ISM is the manifestation
of the continental-maritime thermal gradient due
to the strong solar insolation during summer time
which pulls the south-westerly wind. The wind
when travelled over ocean accumulates large water
mass in the form of moisture and supplies that to
the landmass in the form of rainfall. Major synoptic
feature in the surface temperature distribution
during ISM is the existence of a comparatively high
temperature zone over North West India including
Pakistan and neighbouring region (22.5°N–32.5°N;
65°E–75°E) generally referred as Heat Low (Webster et al. 1998; Bollasina and Nigam 2011; Kakade
and Kulkarni 2014; Maharana and Dimri 2014).
Mean seasonal distribution of surface temperature (°C) using all the combination of CCSs
(E1–E16) are analysed in this sub-section. Combined Bgure (3 years average (2007–2009) of JJAS
mean) containing magnitude of the surface temperature as contours and its biases (model–
observation) as colour shades is provided in
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Figure 3. Spatial distribution of average seasonal surface (at 2 m) temperature (°C) and its bias (model–observation) during
2007–2009. Contours signify the actual temperature while the colour shades represent the bias. CRU is used as ground truth.
Each subBgure explains the simulated results using the CCS over land from the corresponding column in combination with the
CCS over ocean from the corresponding row. Caption of each row is mentioned at extreme right while that for column at the
extreme top.

Bgure 3. In the Bgure, four rows (columns)
represent four CCSs viz., Grell, MIT, Tiedtke and
KF over ocean (land), respectively. It is noticed
from the Bgure that average distribution of surface
temperature is broadly captured by the model
using each of the sixteen combinations (E1–E16)
having varying degree of accuracy. Center of the
heat low and associated temperate zone is well
marked over similar geographical region (North
West India, Pakistan and adjoining region) but
having larger coverage and clear overprediction. As
a result, the model exhibits warm bias over there in
all the combinations. Out of all the CCSs, simulation with E5 and E6 are found to have smaller area
of coverage around heat low and nearby regions. In
general, warm bias is observed over North West
and some part of central India while cold bias over
rest parts of India including peninsula except the
combinations with Grell scheme over land
(E1–E4). They demonstrate strong cold bias over

the entire Indian region. Close comparison reveals
that model shows more impressive representation
of the surface temperature in E5, i.e., MIT over
land and Grell over ocean although peninsular
India in this scheme is slightly colder than E6.
Three year averaged SC (at 95% significance
level) and SE for all the combinations of CCSs are
provided in table 3. The results are presented over
Bve homogeneous regions. Any combination having
most SC and least SE will be selected as best performing scheme. It is noticed that all the combinations shows pretty good SC and SE. In particular,
the model with E5 is found to perform consistently
better over each of the homogeneous regions.
Three years averaged (2007–2009) skill score for
JJAS surface temperature estimated over all India is
presented in table 4. While comparing through
rows, lowest skill score observed in E1, E5, E9
and E13 (see table 1st row) which infers better
performance by the Grell scheme than the others
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Table 3. Scheme-wise spatial correlation and standard error of three years averaged JJAS surface
temperature over Bve homogeneous regions.
NWI

WCI

CNI

SPI

NEI

Name of the
experiment

SC

SE

SC

SE

SC

SE

SC

SE

SC

SE

E1
E2
E3
E4
E5
E6
E7
E8
E9
E10
E11
E12
E13
E14
E15
E16

0.92
0.90
0.89
0.89
0.93
0.83
0.88
0.86
0.91
0.86
0.88
0.85
0.88
0.78
0.86
0.79

1.58
1.30
1.35
1.10
0.81
2.52
3.93
2.09
2.53
3.93
3.93
4.05
2.19
4.56
3.79
4.05

0.90
0.86
0.88
0.82
0.89
0.85
0.83
0.88
0.88
0.88
0.83
0.86
0.86
0.78
0.79
0.82

2.32
1.64
1.51
1.21
1.66
0.95
1.13
0.84
1.66
0.93
1.13
0.99
1.48
1.75
1.19
1.55

0.91
0.90
0.89
0.89
0.93
0.92
0.87
0.90
0.92
0.87
0.87
0.88
0.95
0.93
0.93
0.93

1.81
1.35
1.27
1.25
0.85
0.88
1.01
0.87
0.93
1.00
1.01
0.93
1.13
1.55
1.47
1.42

0.94
0.93
0.92
0.92
0.96
0.95
0.94
0.95
0.96
0.94
0.94
0.93
0.95
0.93
0.92
0.93

2.94
1.84
1.81
1.55
2.78
1.68
1.64
1.72
2.45
1.50
1.64
1.69
2.12
1.57
1.80
1.54

0.95
0.96
0.96
0.96
0.97
0.95
0.94
0.96
0.96
0.95
0.94
0.95
0.97
0.95
0.96
0.96

1.61
1.35
1.25
1.31
1.16
1.11
1.55
1.05
1.59
1.56
1.55
1.53
1.00
1.23
1.13
1.07

Note: SC = spatial correlation, and SE = standard error (°C).
*Calculation performed over masked homogeneous region. All the correlation values are at 95%
significance level.

Table 4. Scheme-wise skill score of three years averaged JJAS
surface temperature.
CCS over
ocean
Grell (2)
MIT (4)
Tiedtke (5)
KF (6)

CCS over land
KF (6)

Tiedtke (5)

MIT (4)

Grell (2)

0.11
0.17
0.15
0.15

0.11
0.14
0.15
0.15

0.09
0.12
0.15
0.12

0.07
0.08
0.07
0.08

over ocean. In a similar way, the model shows lowest
skill in E1–E4 (see table 4; 1st column). Lowest skill
score in the entire table is 0.07 that occurs in E1 and
E3. Importantly, it is noticed that the skill score in
E5 is 0.09, which is slightly higher than E1, E2, E3
and E4 but significantly lower than the other combinations. As discussed earlier spatial distributions
and seasonal features of surface temperature during
ISM is better predicted by model in E5, therefore,
the combination of MIT over land and Grell over
ocean is accepted as the better performing CCS in
spite of having insignificantly higher skill score.

4.2 Circulation characteristics
Dynamical structure of monsoon circulation
over south Asia is characterized by a couple of

interesting synoptic features both at upper (200
hPa) and lower (850 hPa) level of the atmosphere.
Major low level characteristics are cross equatorial
Cow and strong south westerly wind over Arabian
ocean popularly known as Somali jet, while that of
at upper level are Sub-Tropical Westerly Jet
(STWJ) and Tropical Easterly Jet (TEJ). The
model’s Bdelity in simulating these features at both
the levels is analysed alongwith NCAR reanalysis
data in this section.
Three years (2007–2009) average JJAS wind at
850 hPa as simulated by the model using all the
combinations of CCSs (E1–E16) along with NCAR
reanalysis are depicted in Bgure 4. The general
circulation features of ISM are well simulated by
the model using all the combinations of CCSs (see
Bgure 4) having variation in their strength and
location. The Somali jet is well marked at roughly
5°N along the coast of Somalia in all the combinations and reanalysis. It is observed that the wind
magnitude is overestimated by the model. The
magnitude at the core of the jet is in the range of
15–20 m/s in the model simulation while it varies
between 10–15 m/s in the NCAR data. The distribution of the south-westerly/westerly wind over
Arabian sea (in particular northern, central and
eastern areas) is not well simulated. Moreover,
simulated westerly wind (10–15 m/s) is far away

75

Page 10 of 23

J. Earth Syst. Sci. (2020)129 75

Figure 4. Three years averaged seasonal low level wind (850 hPa). The colour shading represents the magnitude (m/s) while
arrows are the direction of the wind. Descriptions are similar as Bgure 3.

from the west coast of India and slightly anticyclonic which generates significantly weaker wind
over the sea. It is observed that the model simulation is closed to the reanalysis using the combinations of Grell scheme than other CCSs over
ocean (see Bgure 4; 1st row). Simulated Cross
equatorial Cow is fairly well simulated by the
model. However, the north easterly Cow before
crossing equator is slightly stronger (2–4 m/s) and
has larger spatial extent in the model simulation in
most of the CCSs as compared to NCAR.
The stronger wind (10–15 m/s) at the peak of the
southern peninsula extended up to the central Bay
of Bengal is well simulated by the model using
Grell scheme over ocean but having larger spatial
extent. Another important feature observed in the
simulation is that the wind over central and
peninsular India is more anti-cyclonic as compared
to the reanalysis. It may hamper the moisture
pulling mechanism from the adjoining ocean and

impede the rainfall simulation. However, model
simulated low level wind is more realistic in E5,
i.e., MIT over land and Grell over ocean.
Low level wind bias (model–observation) in
E1–E16 is presented in Bgure 5. It is seen from the
Bgure that wind over a wide region covering north
Arabian sea, central, northern Bay of Bengal and
extended up to coastal regions of Myanmar is
weaker (2–8 m/s; easterly bias) in the model simulation than that of the reanalysis. Contrarily, Cow
over Indian ocean (cross equatorial Cow) around
equatorial region extending from Arabian sea up to
Bay of Bengal shows slightly stronger wind (2–4
m/s; easterly bias) in the model than NCAR. Weak
bias is largest in E1–E4, i.e., in the combinations of
Grell scheme over land. However, corresponding
biases are relatively less in E5, E9 and E13
(see Bgure 5) than in the other experiments which
infers that model is able to simulate the circulation
better with any one of MIT, Tiedtke and KF
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Figure 5. Model bias (model–observation) for seasonal low level wind (m/s) at 850 hPa with respect to NCAR reanalysis.
Descriptions are similar as Bgure 3.

scheme used over land along with Grell over ocean.
Careful investigation of these three schemes viz., E5,
E9, E13 reveals that they performed almost similar.
However, E9 shows better skill followed by E5 and
E13 in presenting low level circulation pattern.
Three years averaged seasonal wind at 200 hPa
using all the CCSs (E1–E16) along with NCAR
reanalysis data is presented in Bgure 6. It is
observed that the model broadly captured the large
scale features such as STWJ and TEJ quite well.
Scheme-wise variation is observed in terms of wind
magnitude and the respective position of these jets.
STWJ is well positioned beyond 30°N in each of
the combinations which agrees well with NCAR
data. Simulated STWJ core is of having maximum
wind speed 40 m/s which is slightly stronger
(2–4 m/s) and with larger extension than that of
reanalysis datasets. Slightly southward positioned
Tibetan anti-cyclone is simulated by the model in
all the CCSs.
TEJ is well simulated by the model but the
magnitude of its core spatial extent varies from

scheme to scheme. In the reanalysis data, TEJ is
clearly noticed starting from Indonesian coast
across southern peak of Indian peninsula and is
extended up to African coast having maximum
wind 20 m/s at the jet core. Although the model is
able to simulate the TEJ, the magnitude is
noticeably less. The maximum wind speed at the
core varies in the range of 15–20 m/s except E10
and E12. In these two schemes, jet core is of similar
magnitude as that of NCAR, but the core is displaced to west and exist entirely over north Arabian sea. Model simulated TEJ is not prominent in
E1–E4 of which E3 could not simulate. However,
TEJ is comparatively better simulated by the
model in E5, E9 and E13, i.e., using Grell
scheme over ocean with the other three (MIT,
Tiedtke and KF) schemes over land. Model exhibits quite similar performance using these three
schemes.
JJAS wind bias (model–observation) averaged
for three years (2007–2009) is depicted in Bgure 7.
As mentioned earlier, it is clearly seen that
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Figure 6. Three years averaged seasonal upper level wind (200 hPa). The colour shading represents the magnitude (m/s) while
arrows are the direction of the wind. Descriptions are similar as Bgure 3.

simulated TEJ is noticeably weaker (westerly bias)
using all the CCSs. Magnitude of the bias is in the
range of 2–8 m/s in E5, E9, E13 and even more in
others. The STWJ is slightly stronger in the model
simulation while Tibetan anti-cyclone is weaker a
little. It is important to be mentioned here about
the existence of a strong anticyclone approximately
at 90°E and 30°N in all the simulations. This signiBes the development of spurious cyclonic circulation in the model which may be responsible for
the generation of weaker TEJ in all the simulations. That anticyclone is weaker in E5. Therefore,
considering overall skill in simulating circulation
pattern at both the upper and lower levels, the
model shows more realistic presentation in E5, i.e.,
using the combination of Grell scheme over ocean
and MIT scheme over land.

4.3 Rainfall
Seasonal rainfall (contour) averaged for three years
(2007–2009) as simulated by the model over Indian
landmass along with their bias (colour shaded)
based on TRMM data is presented in Bgure 8. It is
seen that the model is able to simulate the seasonal
rainfall reasonably well using each of the combinations (E1–E16) but the performance differs in
terms of the distribution and magnitude of rainfall.
The major rainfall belts of ISM such as Western
Ghats, North-east India and foot hills of Himalaya
and Gangetic West Bengal are well portrayed.
Seasonal rainfall varies in the range of 2–4
mm/day, 12–16 mm/day and 16–24 mm/day over
north West, Western Ghats, and North east India,
respectively, in the model simulation which agrees
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Figure 7. Model bias (model–observation) for seasonal upper level wind (m/s) at 200 hPa with respect to NCAR reanalysis.
Descriptions are similar as Bgure 3.

well with TRMM data. Rainfall over central India
including Gangetic West Bengal varies in the range
of 4–12 mm/day. Except in E5–E8, i.e., the combination using MIT scheme over land, the model
underpredicts rainfall over wide area of north west
India covering Rajasthan and Pakistan. In some of
the experiments such as in E9, E10, E11, E13, E14,
etc. (see Bgure 8), zone of rainfall minima is
increased and further extended inward to the India
landmass.
It is noticed that the model exhibits dry bias
(1–5 mm/day) over most of the Indian region
except north west India where wet bias (2–7
mm/day) is noticed. Wet bias is also seen over
southern peak of peninsula and leeward side of
Western Ghats. The magnitude of the dry (wet)
bias is comparatively less (slightly more) using
MIT scheme over land (E5–E8). Although the wet
bias is relatively small in some of the CCSs such as
in E2, E9, E10, E14, etc. (see Bgure 8), the dry bias
over rest parts of India is large in those CCSs.
However, considering both the biases (dry and

wet), rainfall simulated in E5 scheme is found to be
more satisfactory.
Statistical analysis of JJAS mean ISMR
(2007–2009) is presented in terms of SC (at 95%
significance level) and SE over India and its Bve
homogeneous regions. Scheme-wise results for all
the combinations (E1–E16) are presented in
table 5. Significant variations in both the statistics
are noticed in combination to combination.
Importantly, it is observed (see table 5) that the
better skill of any particular CCS over all India
level does not always infer its better performance
over homogeneous regions (see Bgure 2). In three
particular cases (E3 over NEI; E14 over NWI; E16
over NWI) SC is negative and SE is large which
indicates that the model with those CCS could not
capture the spatial distribution over those regions.
Region-wise best performance is observed in E2,
E3, E5, E13, E11 over NWI, WCI, CNI, SPI, NEI,
respectively. It clearly indicates that identiBcation
of a unique CCS which shows better skill over
every region is a painstaking job and is not always
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Figure 8. Spatial distribution of average seasonal precipitation (mm/day) and bias (model–observation) during 2007–2009.
Contours signify the actual rainfall while colour shades represent the bias. TRMM data is used as ground truth. Other
descriptions are similar as Bgure 3.

achievable. It is noticed that the SC (SE) over NEI
is significantly less (more) than the other regions
using each of the schemes which implies that model
might not capture the rainfall distribution and
magnitude over that region as compared to TRMM
data. Moreover, it is also observed that although
the model exhibits reasonable skill in E1–E4 over
other regions, it could not capture the rainfall
distribution over NEI (see table 5). Most interestingly, over all India level, model shows best skill in
E5. Specifically in E5, the SE is comparatively less
than the others over most of the regions which
implies the consistency of the CCS. It infers
improvement of the model performance in E5
scheme in simulating seasonal rainfall.
Scheme-wise skill score for seasonal rainfall
(2007–2009) is depicted in table 6. Computation is
performed considering rainfall over Indian landmass only. Lowest skill score (0.98) is noticed in
E9. Slightly higher (1.04) skill score is seen in E5.
For the other CCS, skill score is relatively higher.
Highest skill score is noticed in E2 and E3.

Furthermore, we investigated the skill score in
individual years (tables not given) and over different homogeneous regions. It is observed that the
better performing scheme varies from year to year
and over region to region. However, in each of the
cases, model performs reasonably and consistently
well in E5, i.e., using the combination of Grell
scheme over ocean and MIT scheme over land.

4.4 Vertically integrated moisture Cux
Model performance is further scrutinized by computing seasonal (JJAS) VIMF using all the CCS
(E1–E16) within 1000–300 hPa. Three years average of JJAS VIMF from the model simulation
is described in Bgure 9. Magnitude of the VIMF is
shown as shaded colour while the moisture vector
is presented as vector in the Bgure. Modelled VIMF
is validated using that computed from NCAR
reanalysis. VIMF shows strong variation from one
combination to another. In NCAR reanalysis, the
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Table 5. Scheme-wise spatial correlation and standard error of JJAS rainfall averaged for three years (2007–2009).
NWI

WCI

CNI

SPI

NEI

India

Name of the
experiment

SC

SE

SC

SE

SC

SE

SC

SE

SC

SE

SC

SE

E1
E2
E3
E4
E5
E6
E7
E8
E9
E10
E11
E12
E13
E14
E15
E16

0.71
0.72
0.63
0.65
0.34
0.03
0.30
0.13
0.60
0.52
0.52
0.27
0.23
–0.02
0.07
–0.17

2.26
2.16
2.33
2.41
2.42
3.21
2.64
2.90
2.95
3.59
3.66
3.77
2.99
4.01
3.66
4.00

0.75
0.39
0.30
0.53
0.77
0.30
0.21
0.48
0.78
0.26
0.23
0.44
0.64
0.19
0.11
0.32

3.71
4.28
4.30
4.50
2.11
3.86
3.32
3.07
3.50
4.47
4.43
4.55
3.17
4.90
4.41
4.56

0.72
0.73
0.74
0.73
0.45
0.40
0.32
0.52
0.68
0.63
0.54
0.61
0.42
0.32
0.27
0.40

4.97
4.97
4.68
4.97
3.08
3.39
3.48
2.64
4.23
4.32
4.58
4.32
4.62
4.86
4.86
4.48

0.56
0.12
0.08
0.29
0.69
0.31
0.13
0.45
0.54
0.21
0.06
0.24
0.73
0.39
0.09
0.52

4.41
4.83
4.66
4.51
3.30
5.40
4.75
5.38
5.83
6.42
5.23
8.22
3.58
4.76
4.85
4.36

0.01
0.01
–0.01
0.01
0.28
0.35
0.37
0.28
0.33
0.36
0.40
0.39
0.05
0.20
0.22
0.27

8.76
8.73
8.50
8.69
7.19
6.95
7.17
6.28
6.81
6.18
6.60
6.06
8.60
8.20
8.64
8.04

0.51
0.42
0.47
0.45
0.60
0.45
0.48
0.52
0.58
0.49
0.54
0.44
0.56
0.42
0.42
0.46

4.65
4.82
4.71
4.85
3.59
4.34
4.10
3.95
4.34
4.75
4.62
5.13
4.39
5.06
4.96
4.82

Note: SC = spatial correlation and SE = standard error (mm/day).
*Calculation performed over masked Indian domain (i.e., Indian landmass only). All the correlation values are at 95% significance level.

Table 6. Scheme-wise skill score of three years averaged JJAS
rainfall.
CCS over
ocean
Grell (2)
MIT (4)
Tiedtke (5)
KF (6)

CCS over land
KF (6)

Tiedtke (5)

MIT (4)

Grell (2)

1.25
1.51
1.76
1.37

0.98
1.22
1.15
1.33

1.04
1.34
1.35
1.14

1.26
1.78
1.78
1.67

magnitude of the moisture Cux is of about 300–400
kg/m/s over Arabian sea and Bay of Bengal,
200–300 kg/m/s over southern peninsula, 100–200
kg/m/s over north India. Two centres of strong
VIMF in the range 400–500 kg/m/s are observed at
coast of Somalia and central Bay of Bengal. VIMF
over Gangetic West Bengal, foothills of Himalaya
and north western India are about 50–100 kg/m/s.
The model simulates weaker VIMF over both
land (100–200 kg/m/s) and ocean (200–300 kg/m/
s) in E2, E3 and E4. In rest of the combinations, a
channel of strong moisture Cux (400–500 kg/m/s)
is observed which originates from coast of Somalia,
covers Arabian sea, north Indian ocean and further
extended up to Bay of Bengal. This VIMF path is
associated with a very strong centre ([500 kg/m/s)
in some of the experiments such as E8, E12, E13,
E14 and E16 (see Bgure 9). The moisture Cux over
Indian landmass is relatively lower than NCAR

reanalysis specifically over southern peninsula.
However, the distribution of the moisture Cux is in
good agreement with NCAR data in E5. Both the
centres are of similar magnitude in this simulation,
although the strong peak over Bay of Bengal is
displaced more south west and covers larger area
than NCAR. As noticed earlier, the better simulation of rainfall by the model using E5 may be
attributed by the proper representation of VIMF.

5. Comparison of RegCM4.1 (CLM3.5)
and RegCM4.4.5 (CLM4.5)
Recently, Maity et al. (2017a) studied the sensitivity of ISM to the CCS and LSM using
RegCM4.1. Experiments in that work were conducted using BATS, CLM3.5 as LSM and Kuo,
Grell, MIT, Grell over Ocean and MIT over Land
(referred as GO˙ML (E5)) and Grell over land and
MIT over ocean (referred as GL˙MO (E2)) as CCS.
They reported that simulation of ISM is highly
sensitive to the choice of CCS and LSM. The model
with each of the combinations is able to capture the
broad scale features of ISM reasonably well in
terms of surface temperature, wind and rainfall but
their spatial distribution and magnitude vary from
combination to combination. Various ISM features
are better represented by the model using CLM
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Figure 9. Seasonal vertically integrated moisture Cux (kg/m/s). Descriptions are similar as Bgure 3.

than BATS. In order to investigate the best
possible CCS, they mentioned that the JJAS surface temperature and rainfall is better simulated by
the model with two mixed schemes (E5, E2) and
MIT scheme (E6) while the circulation at both
level is well captured with MIT scheme only.
Overall, the model performance is satisfactory in
simulating ISM with MIT scheme using CLM.
In the present study, seasonal scale simulations
of ISM are conducted using RegCM4.4 which is an
improved version of RegCM4.1 for the same three
years (2007, 2008 and 2009). RegCM4.4 is coupled
with CLM4.5 and two previous LSMs viz., CLM3.5
(Mei et al. 2013) and BATS. It is already mentioned that CLM4.5 is more advanced LSM with a
number of improvements and therefore, it is likely
to improve the model skill. Moreover, the model is
forced with the high resolution EIN75 (0.75° 9
0.75°) reanalysis data.

We will begin our analysis with the comparison
of JJAS surface temperature and rainfall, simulated with two different versions of the model and
LSM. For the sake of brevity, only 3 years average
(2007–2009) of the results will be analysed here.
Since the number of combinations are increased in
the current experiment (16) than the earlier one
(5), only the results for the CCS those are common
in both the versions such as E6, E1 and two mixed
schemes (E5 and E2) will be presented here.

5.1 Surface temperature
Simulated surface temperature from both the
versions of the model are compared based on their
corresponding bias (model–observation) and is
presented in Bgure 10. Columns in the Bgure represent the two model versions (RegCM4.1 with
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CLM3.5 and RegCM4.4 with CLM4.5) while rows
correspond to experiment codes namely, E6, E1, E5
and E2 (signiBes common CCSs from both viz.
MIT, Grell, GO˙ML and GL˙MO). Row wise
comparison of the Bgure indicates that the model
simulates relatively higher surface temperature
than the CRU data in all the CCSs except Grell
scheme in both the versions of the model. Although
spatial variation over different Indian regions are
mostly similar in both the versions, it is unmistakably evident that the magnitude of overestimation is noticeably less in RegCM4.4 and hence
the results are much closer to CRU data.
Warm bias still persists in E6, but the magnitude
of the bias is significantly reduced particularly over
central India and neighbouring regions. At the
same time, warm bias in E5 and E2 with
RegCM4.1 is now changed to insignificant cold bias
in RegCM4.4 over most part of India. Nevertheless,
the cold bias of E1 is also gets improved in
RegCM4.4 which infers marked enhancement in
temperature simulation using RegCM4.4. However, after careful comparison, it reveals that simulated temperature is more realistic in E5 with
RegCM4.4, i.e., in CLM4.5 using GO˙ML.
Possible reasons for the better simulation of
surface temperature using RegCM4.4 with GO˙ML
(E5) are manifold and may be due to the use of
improved LSM and high resolution model forcing.
To verify these, mean JJAS Bowen ratio (Asharaf
et al. 2012; Nayak et al. 2017) averaged for 3 years
from the two simulations is provided in Bgure 11.
When Bowen ratio is greater than one, higher
amount of energy transfers to the atmosphere in
terms of sensible heat which in turn increases surface temperature. Compared to RegCM4.1 simulation, the values of the Bowen ratio is noticeably
smaller using each of the CCSs in RegCM4.4 simulation. Values of the Bowen ratio is less than one in
observation over almost Indian domain except over
western India and a small area of eastern peninsula
where slightly higher values are noticed. In
RegCM4.1 simulation, Bowen ratio is higher than
0.5 over all India and even more in west India. It
justiBes the better simulation of the surface temperature using RegCM4.4 and also infers fair
improvement of the model in simulating surface
temperature. Although each of the CCSs in
RegCM4.4 shows clear improvement than in
RegCM4.1, the performance in E5 followed by E6 is
closer to the observation. Eventhough slightly
lower Bowen ratio is observed in E5 over western
India compared to NCAR data, the scheme exhibits

(a1)

(b1)

(a2)

(b2)

(a3)

(b3)

(a4)

(b4)

Figure 10. Seasonal surface temperature bias (model–observation) from both the model versions. First column of the
Bgure represents results with RegCM4.1 while last column
depicts that with RegCM4.4. Four rows correspond to four
CCSs (MIT, Grell, GO˙ML, GL˙MO). CRU data is used as a
ground truth.

better simulation over other regions of India.
Therefore, it can be concluded that RegCM4.4
shows overall better performance using GO˙ML
scheme.
5.2 Rainfall
Performance assessment of both the model versions
in simulating seasonal rainfall is provided in this
section. Evaluation is carried out in terms of rainfall bias (model–observation) over continental
landmass only and is presented in Bgure 12. General rainfall features and major rainfall belts during
ISM such as at Western Ghats, North East India,
etc., are fairly simulated by both the versions.
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(a1)

(a2)

(a3)

(a4)

(b1)

(a1)

(b1)

(a2)

(b2)

(a3)

(b3)

(a4)

(b4)

(b2)

(b3)

(b4)

Figure 12. Same as Bgure 11, but for precipitation (mm/day).
TRMM data is considered as ground truth.
Figure 11. Mean (2007–2009) JJAS averaged Bowen’s ratio.
Two columns represent the result with RegCM4.1 and
RegCM4.4.

Rainfall over central India is slightly better simulated by the model using RegCM4.4 than that of
using RegCM4.1. It is also noticed that overprediction of rainfall by the RegCM4.1 over North
East India is also significantly reduced in
RegCM4.4. It is important to be mentioned that
the variation from scheme to scheme is considerably less in RegCM4.4 than in RegCM4.1 which
surmises the superiority of RegCM4.4. In general,
model simulates dry bias in the range of 1–5
mm/day over most part of the Indian landmass
and even more in some of the regions. Dry bias is
relatively lower in RegCM4.4 while compared to
RegCM4.1. Importantly in both the model

versions, least bias is noticed in E5. In spite of
insignificant wet bias over north west India,
RegCM4.4 with E5 performed well over rest of the
Indian landmass specifically over central India.
The wet bias that is observed over southern peak of
Indian peninsula is also significantly reduced in E5.
Hence, considering performance over all India
level, RegCM4.4 with GO˙ML shows better skill
compared to other combinations.
In order to elucidate this improvement, latent
heat Cux (LHF) from both the model versions are
compared. Three years average of seasonal LHF as
simulated by the models using four CCSs are given
in Bgure 13. LHF from NCAR datasets are used as
observed facts. Irrespective of the CCSs, it is
clearly noticed that LHF is better simulated in
RegCM4.4 and hence more closed to NCAR data
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(a1)

(b1)

(a1)

(b1)

(a2)

(b2)

(a2)

(b2)
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(b3)

(a3)

(b3)

(a4)

(b4)

(a4)

(b4)

Figure 13. Same as Bgure 11, but for latent heat Cux (W/m2).
Results are compared with Cux data from NCAR.

compared to RegCM4.1. In particular, LHF in E5
and E6 over central and north west India are more
realistic than that in RegCM4.1. Therefore, better
skill of RegCM4.4 in rainfall prediction may be
explained with the ability of depicting better simulation of LHF by the model. Strong dry bias over
central and north west India are significantly
reduced with the improved representation of LHF
in RegCM4.4 simulation using GO˙ML scheme.
Above conclusion is further veriBed using the
VIMF simulated with the model. Three years
average of seasonal VIMF (kg/m/s) obtained from
both the model versions and NCAR data are shown
in Bgure 14. Simulated VIMF is considerably less
in E1 with RegCM4.1 and it is significantly

Figure 14. Same as Bgure 11, but for vertically integrated
moisture Cux (kg/m/s). Results are compared with Cux data
from NCAR.

improved in RegCM4.4. In rest of the CCSs, simulated VIMF over oceanic region is about 200–300
kg/m/s while that is about 300–400 kg/m/s in
NCAR data. Two centre of VIMF as observed in
NCAR (400–500 kg/m/s) at the coast of Somalia
and central Bay of Bengal are fairly simulated in
E1 and E5 which indicates better performance of
Grell scheme over ocean. These centres are not
visible in other two CCSs viz., E6 and E2. Even
though two peaks are reasonably simulated in E1,
VIMF pattern over Indian landmass is not well
represented. On the other hand, it is relatively
closed to NCAR in E5 using RegCM4.4 although
the secondary peak over central Bay of Bengal is
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displaced to further south west, stretched and
positioned along the east coast of India. It is also
observed that RegCM4.1 simulates lower VIMF
than NCAR as well as RegCM4.4 which hampers
the moisture transport mechanism from the ocean
to the Indian landmass and leads to the scanty
rainfall. Therefore, considering overall performances, simulation of ISM using RegCM4.4 with
GO˙ML scheme becomes more realistic.

6. Concluding remarks
In this study, sensitivity of ISM to the choice of
CCSs is investigated through seasonal scale
(May–September) simulation using RegCM4.4.
The model is integrated for three consecutive years
such as 2007–2009 using four major CCSs viz.,
MIT, Grell, Tiedtke and KF scheme used alternatively over land and ocean and thus generates
sixteen combinations for each year. Hence a total of
48 simulations are carried out and validated using
various observations (CRU and TRMM) and
reanalysis data. The model performance is scrutinized with respect to spatial distribution of seasonal surface temperature, lower and upper level
wind and rainfall including their corresponding
bias. Model simulated moisture Cux is also analyzed for the evaluation of the model performance.
Some of the basic statistics such as spatial correlation and standard error are applied for the
assessment. These statistics are computed over all
India level (considering Indian landmass only) as
well as Bve homogeneous regions. In addition to
these, a skill score is also applied for the model
validation. For the sake of brevity, seasonal mean
of the model parameters averaged for 3 years
(2007–2009) are only examined. Finally, results
from the two different versions of the model such as
RegCM4.1 and RegCM4.4 are explored.
It can be concluded from the results presented
here that the simulation of ISM is highly sensitive
to the choice of CCS. The large scale features of
ISM are broadly captured by RegCM4.4 using
each of CCS combinations having varying degree
of accuracy. Simulated surface temperature is
relatively higher (warm bias) over heat low area
with large spatial extent while underpredicted
(cold bias) over rest of the Indian region in most
of the combinations. It is slightly better simulated
in E5, i.e., with the combination of MIT over land
Grell over ocean scheme. Performance enhancement of the model in E5 is justiBable with
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reasonable magnitude of SC and SE over all India
as well as Bve homogeneous regions. Low level
and upper level circulation features such as
Somali Jet, Cross Equatorial Flow, TEJ, STWJ,
Tibetan high, etc., are fairly simulated in multiple
experiments but is more realistic in E5 while
compared to EIN75 reanalysis data. Considerably
weaker circulation is noticed in both the level and
using most of the CCSs. Major rainfall maxima
zones during ISM are reasonably reproduced by
the model in a number of experiments with wet
bias over north west India and dry bias over rest
of India. Analysis of SC and SE shows variation in
identifying unique CCS which performs better
over each of the homogeneous regions. However,
considering skill at all India and homogeneous
regions, E5 with RegCM4.4 is found to show
better agreement with observation. In addition, it
is also observed that VIMF is well presented by
the model in E5.
Evaluation of both the model versions conBrms
that RegCM4.4 exhibits better skill than RegCM4.1
in simulating various ISM characteristics. Warm bias
in the simulation of surface temperature as well as dry
bias in rainfall simulation is significantly improved
with the use of RegCM4.4. Moreover, moisture Cux
transport during ISM is also relatively better simulated in RegCM4.4 than that of with RegCM4.1.
However, although improvement is noticed in each of
the CCSs discussed here, results from the simulation
with RegCM4.4 using GO˙ML provides better
agreement while compared with the observation/
reanalysis.
In the earlier study by Maity et al. (2017a)
reported that MIT scheme provides better skill in
connection with RegCM4.1 and CLM3.5 for the
simulation of ISM. It is noticed from the study that
the circulation was not properly simulated using
GO˙ML scheme and hence in spite of providing
relatively better skill using GO˙ML than MIT
scheme in simulating surface temperature and
rainfall, MIT scheme was accepted as best CCS. In
the present study, recent version of the model
(RegCM4.4) with improved LSM (CLM4.5) is used
and is forced by high resolution reanalysis data but
most interestingly, best CCS over land is same
although that over ocean is changed. Considering
both the versions, it can be decided that RegCM4.4
using GO˙ML shows consistency in simulating
ISM. Moreover, the better performance of GO˙ML
is explainable with the analysis of different surface
Cuxes as well as VIMF. Therefore, RegCM4.4 with
CLM4.5 and GO˙ML scheme may be considered as

J. Earth Syst. Sci. (2020)129 75
best combination and be used in the long term
simulation of ISM.
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