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Abstract
The ability of Regional Climate Model (RCM: RegCM4) forced with two different Global Climate Model (GCM: CCSM4 
and MIROC5) and three land-surface parameterization (LSP) (i.e., BATS, CLM4.5 and Subgrid-BATS) in simulating the 
Indian summer monsoon (ISM) is tested for the present climate (1975–2005). Thus six simulation combinations are assessed 
for seasonal mean temperature, precipitation, and low-level wind for ISM season (June, July, August, September: JJAS) 
over the COordinated Regional climate Downscaling EXperiment-South Asia (CORDEX-SA) domain. The simulations are 
evaluated in terms of Taylor’s metric (for precipitation, temperature, zonal wind, meridional wind and total cloud fraction), 
mean annual cycle, index of agreement, normalized root mean squared deviation and probability distribution function. 
The experiments simulated moderate events more accurately than high-intensity precipitation events compared to the cor-
responding observations. The inherent biases in the model simulations are attributed to the weaker meridional wind along 
with restrained vertical motion during ISM, especially with CCSM4 forcing. A careful analysis of tropospheric temperature 
gradient (TTG) suggests a weaker north–south (N–S) gradient due to the warmer atmospheric column in these experiments. 
On the contrary, the MIROC5_CLM4.5 experiment captures the magnitude and the temporal evolution of TTG better during 
ISM. It also represents the mean features of ISM better than other experiments. Also, the CLM4.5 LSP shows promising 
performance in ISM simulation when forced with MIROC5. It also provides further avenues for testing of the same combina-
tion under different frameworks, including the intended future climate study. This study emphasizes the importance of using 
appropriate GCM and LSP forcings to the RCM for simulating a coupled complex systems such as ISM.
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1  Introduction

Indian Summer Monsoon (ISM) is an embedded feature of 
the large-scale global circulation, which not only contrib-
utes to the regional scale precipitation but also affects the 
global climate variability. It brings approximately 75–80% 
of the total annual rainfall over the Indian landmass during 
June to September each year (Rajeevan et al. 2013; Dhar 
and Nandargi 2003). As the most of the Indian economy 

depends on crop/agriculture, ISM serves as a lifeline for a 
large population across India and adjacent regions. ISM, a 
coupled system described as the seasonal reversal of winds, 
is characterized by the variability at different spatial and 
temporal scales. The temporal variability includes at daily, 
monthly, intra-seasonal, inter-annual, decadal and centen-
nial time-scales. Also, there are active and break periods 
during ISM at the sub-seasonal scale (Goswami and Mohan 
2001; Goswami 2005; Maharana and Dimri 2016; Rai et al. 
2018). In addition, variability in the onset, duration and pro-
gression of ISM exerts strong control over different sectors 
such as water resources, agriculture, economy, ecosystem 
and extremes. Apart from distinct characteristic of ISM and 
its variability, there are various external (large scale) and 
internal drivers which as well influence its overall dynam-
ics. These factors include the remote climate phenomena 
such as El Niño Southern Oscillations (ENSO) (Pant and 
Parthasarathy 1981; Mooley and Parthasarathy 1983; Gadgil 
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et al. 2004; Kumar et al. 2006), Eurasian snow cover (Hahn 
and Shukla 1976; Dash et al. 2005), Atlantic Multi-Dec-
adal Oscillations (Goswami et al. 2006a) and Indian Ocean 
Warming (Roxy et al. 2015). Many modeling experiments 
are employed to study the past, present and future of ISM. 
These included the output of regional and global climate 
models as well as their ensemble at different time-scales. 
The internal factors affecting the ISM are land-surface pro-
cesses (Meehl 1994; Saha et al. 2011), orography/topogra-
phy, vegetation and landuse/cover (Chakraborty et al. 2002; 
Fennessy et al. 1994). At times, the understanding of ISM 
is constrained by limited observations in terms time, their 
spatial coverage and the availability of different meteorologi-
cal variables. This may be one of the reasons that no clear 
long-term trend could be detected in the seasonal rainfall 
and its inter-annual variability over the Indian landmass 
(Kripalani et al. 2003; Guhathakurta and Rajeevan 2008). 
Ambiguous behavior of the ISM is reported which ranges 
between significantly negative to positive trends, some insig-
nificant trends, over different sub-regions of India (Kumar 
et al. 1992; Guhathakurta and Rajeevan 2008). Although 
no significant long-term trends prevail for the ISM rainfall, 
there has been an increase in the frequency and magnitude 
of extreme events during the ISM rainfall (Goswami et al. 
2006b; Rajeevan et al. 2006). Thus, to investigate the poten-
tial impact and the associated changes in the ISM rainfall, it 
is necessary to explore other possible tools and techniques. 
This emphasizes the need for dynamical models for study-
ing different underlying processes of ISM for the present, 
past and future. The simulation and prediction of ISM using 
dynamical models is a challenging task due to the inherent 
instability and the multi-scale complex interactions between 
large-scale circulations and local scale physical processes 
(Mohan and Goswami 2003). Previously, efforts were made 
to investigate the representation of mean features of ISM in 
Global Climate Models as well as Regional Climate Mod-
els (hereafter GCMs and RCMs respectively). Bhaskaran 
et al. (1996) used a nested RCM and shown that it captured 
the mean and intra-seasonal variability of ISM similar to 
the GCM forcing. Jacob and Podzun (1997) used a sea-
sonal scale RCM simulation to represent ISM and found 
that boundary conditions are dominant factors in regional-
scale simulation. Ji and Vernekar (1997) also used a nested 
RCM to simulate contrasting years of ISM and suggested 
that the phase and amplitude of the mean and variabil-
ity are realistically simulated. Dash et al. (2006) used the 
RegCM3 model to show that the mean monsoon simula-
tion is sensitive to the snow depth over Tibet during April. 
Singh and Oh (2007) explained the sensitivity of ISM to 
the warmer sea surface temperature (SST) anomaly over the 
Indian Ocean. Saeed et al. (2009) used the RCM framework 
to study the importance of representation of irrigation in 
models to improve the simulation of ISM. The WRF model 

was found to reasonably simulate the inter-annual varia-
tions of ISM in a high-resolution simulation (Srinivas et al. 
2013). Ratnam et al. (2009) used a coupled regional atmos-
phere–ocean modeling framework to simulate improved 
ISM mean features and intra-seasonal variability. The intra-
seasonal variability of ISM using RCMs has also been inves-
tigated in many studies (Bhaskaran et al. 1998; Bhate et al. 
2012; Maharana and Dimri 2016; Umakanth et al. 2016). It 
is evident from previous efforts that RCM simulations are 
sensitive to different factors namely: the choice of physical 
parameterizations of convection, clouds, planetary boundary 
level, land surface etc. Besides, it is affected by choice of 
domain size, initial and lateral boundary forcing, representa-
tion of orography etc. These factors impart a considerable 
amount of uncertainties to the regional climate simulations 
and thus it is important to handle the same with the correct 
approach. Previous RCM studies based on ISM over India 
have mostly focused on the selection of appropriate param-
eterization schemes (Alapaty et al. 1994; Dash et al. 2006; 
Ratnam and Cox 2006; Mukhopadhyay et al. 2010; Singh 
et al. 2011; Giorgi et al. 2012; Srinivas et al. 2013; Raju 
et al. 2015; Ali et al. 2015; Bhatla et al. 2016; Nayak et al. 
2017; Maity et al. 2017a, b; Sinha et al. 2019). Most of the 
studies mentioned above have used the reanalysis datasets 
to force their downscaling experiments, while few of them 
have downscaled the GCMs. The selection of GCM forc-
ing in most of these experiments did not follow a particular 
reason for their selection for downscaling. Therefore, in the 
current study, the GCM selection for downscaling experi-
ments has been made based on available literature as part of 
an independent exercise (refer Sect. 2.1). The idea behind 
such selection is to explore the efficacy and efficiency of 
dynamically downscaled GCM products in simulating the 
ISM rainfall and associated features. Moreover, most of 
the previous studies using RegCM chose the default Bio-
sphere–Atmosphere Transfer Scheme (BATS) model for 
the representation of land-surface hydrology and other pro-
cesses for ISM simulation. Very less information is available 
regarding the performance of the CLM4.5 model in coupled 
RegCM4 framework for monsoon simulation. Therefore, the 
current study is based on two major objectives

1.	 Investigation of efficacy and efficiency of the GCM 
selection on the simulation of ISM.

2.	 Investigation of the performance of the CLM4.5 land 
surface model coupled in a RegCM4 framework for 
simulation of ISM.

Previous studies over the COordinated Regional climate 
Downscaling EXperiment-South Asia (CORDEX-SA here-
after) region do not provide a clear overview of the overall 
performance of RCM experiments. Few studies indicate 
no value addition in RCM simulations for most of the ISM 
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features, while a few show improvement in representing the 
spatial distribution and the amount of precipitation (Mishra 
et al. 2014; Singh et al. 2017; Choudhary et al. 2019). In 
general, the emphasis has been given over the necessity of 
a coupled regional land–atmosphere–ocean framework for 
accurately representing the land–atmosphere–sea interac-
tions during the ISM (Singh et al. 2017). Given this, the 
current study may provide further avenues for exploring the 
importance of a coupled land–atmosphere downscaled infor-
mation for larger coordinated efforts like CORDEX. This 
study will help in understanding the relative benefit and the 
shortcomings of the RegCM4 modeling system using the 
BATS and CLM4.5 land-surface parameterization schemes 
over the CORDEX-SA. In subsequent sections, details of 
Data and methodology, Results and discussion, Summary 
and conclusions are presented.

2 � Data and methodology

In the current framework, two different types of the data-
set including the observation and the model simulation, are 
used. The observation datasets are used for the validation of 
the simulated model experiments. Daily gridded precipita-
tion dataset over Indian landmass from India Meteorological 
Department at the horizontal resolution of 50 km (Rajeevan 
and Bhate 2009) is used for rainfall validation. For tempera-
ture validation, a monthly temperature climatology dataset 
from the Climatic Research Unit (Harris and Jones 2017) 
is utilized. For other basic fields such as U-wind, V-wind, 
Omega and Specific humidity, the reanalysis dataset from 
ERA-Interim (Dee et al. 2011) is used.

2.1 � Selection of GCM

As it is well known that, the downscaling approach has its 
dependency over the GCMs for the initial and lateral bound-
ary conditions. In the present framework, the selection of 
appropriate GCM forcing has been done based on the cur-
rently available pieces of literature on ISM. The objective 
criterion for the selection of models has been considered in 
terms of the representation of different ISM features for the 
present climate. These features include seasonal mean ISM 
rainfall, inter-annual, intra-seasonal variability and mean 
annual cycle of ISM rainfall. This exercise suggests that no 
single model is perfect in simulating these features of mon-
soon in most of the studies. However, two GCMs namely 
CCSM4 and MIROC5 were found to be the appropriate forc-
ing as suggested in many studies (Menon et al. 2013; Mishra 
et al. 2014; Babar et al. 2015; Sooraj et al. 2015; Sarthi et al. 
2015, 2016; Sharmila et al. 2015; Jena et al. 2016; Prasanna 
2016; Meher et al. 2017; Das et al. 2018). The evaluation of 
the downscaled output becomes even relevant in the sense 

that; these models have not been downscaled using any RCM 
as part of CORDEX programme previously especially over 
South Asia or Indian Region. The prognostic variables (U, 
V, Q, PS, and TA), as well as SST for the RCM simulations, 
were obtained from the Earth System Grid Federation portal 
for CMIP5 (https​://esgf-data.dkrz.de/proje​cts/esgf-dkrz/) for 
MIROC5 and Climate data gateway of NCAR (https​://www.
earth​syste​mgrid​.org/) for CCSM4.

2.2 � The Regional Climate Model

The Regional Climate Model (RegCMv4.7) developed and 
managed at the International Centre for Theoretical Phys-
ics (ICTP) has been used for the downscaling experiments 
in this study. It is an evolved version of RegCM3 with 
improved physical parameterization and other features with 
enhanced performance over the tropical regions (Giorgi et al. 
2012) as compared to previous releases. The model is com-
pressible, hydrostatic and equipped with terrain-following 
σ-coordinate vertically. In the recent versions of RegCM4, 
a new feature of a mixed type convection scheme has been 
added. Giorgi et al. (2012) have shown that such mixed 
type schemes have capabilities to improve the simulation 
of climate over different regions across different CORDEX 
domains in the world. RegCM4 has been used for a range 
of studies around the globe including seasonal to annual, 
decadal and climate change simulations. In RegCM4, U 
and V velocity fields are represented at the dot points while 
the temperature, pressure and relative humidity values are 
prescribed at cross points following the Arakawa-B type 
grid staggering. In addition to the cumulus parameteriza-
tion in the model, radiative transfer scheme of NCAR model 
CCSM3 (Kiehl et al. 1996), planetary boundary layer (PBL) 
parameterization of Holtslag (Holtslag et al. 1990) and Uni-
versity of Washington PBL scheme (Bretherton et al. 2004) 
have been included in the new versions. Moreover, the 
parameterization for cloud microphysics, large scale resolv-
able precipitation using Subgrid explicit Moisture (SUBEX) 
scheme (Pal et al. 2000), ocean flux parameterization, inter-
active aerosols and chemistry, and lake models have also 
been incorporated gradually.

2.3 � Land surface models

Besides the regular parameterization of cumulus convec-
tion, large-scale precipitation, microphysics, PBL, etc., 
LSP is one of the important aspects of RCMs. It is vital 
in the sense that it facilitates the exchange of energy and 
moisture with the atmosphere through the PBL and hence 
affect the partitioning of fluxes among different components. 
In the current versions of RegCM4, three different LSPs 
namely: Biosphere Atmosphere Transfer Scheme (BATS; 
Dickinson et al. 1993), Community Land Model 3.5, and the 

https://esgf-data.dkrz.de/projects/esgf-dkrz/
https://www.earthsystemgrid.org/
https://www.earthsystemgrid.org/
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more recent Community Land Model 4.5 (with an update to 
CLM3.5) are available for representation of different land-
surface processes. Besides, the RegCM framework also 
facilitates a subgrid disaggregation of the topography and 
land use features, which is a modification to the existing 
BATS scheme (Giorgi et al. 2003). While using subgrid 
disaggregation, a mosaic-type approach is considered to 
disaggregate the coarser grid into the prescribed number of 
finer subgrids. Further, the input meteorological variables 
are disaggregated from the parent grid to the finer subgrids 
while accounting for the elevation differences among grids. 
The calculations are performed using BATS at these sub-
grids individually and the fluxes are re-aggregated to the 
parent grid after simple averaging. The subgrid technique 
does not facilitate the disaggregation of precipitation and 
this approach does not affect precipitation formation directly. 
However, it is found that ISM rainfall formation mechanisms 
in the case of the subgrid approach has higher sensitivity due 
to the dominance of convective precipitation and dominant 
feedback of surface fluxes. A detailed account of the differ-
ences in the formulations of these land surface models can 
be found in section 2.1.1 in Kumar and Dimri (2019).

2.4 � Experimental design

For the simulation of ISM during the present climate, six 
different long term simulations for the present climate 
(1970–2005) were carried out using the combination of 
two different GCMs (Sect. 2.1) and three different land-
surface experiments. The model integrations were carried 

out from 1st January 1970 up to 31st December 2005 for 
each set of experiments with 5 years of spin-up period. 
The domain used for the simulation extends 10–130° E and 
20°S–50° N and known as CORDEX-SA domain (Fig. 1). 
The domain is adequately large to develop its large-scale 
monsoonal circulation and the cross-equatorial flow. The 
horizontal and vertical resolution of the 6-hourly initial 
input data is available at 0.9424° × 1.25° × 26 (lat, lon, z) 
and 1.4008° × 1.40625° × 40 (lat, lon, z) for CCSM4 and 
MIROC5 respectively. While the SST at the lateral bound-
ary is monthly time series at a spatial resolution of 1° 
similar to initial data (lat, lon) for CCSM4 and MIROC5 
GCMs were used. The CCSM4 input data belongs to 
r6i1p1 ensemble experiments while for the MIROC5 input 
data, it is obtained from r1i1p1 ensemble experiments. In 
addition to the initial and boundary data, the static data-
sets were obtained from different sources. The input of 
topography has been obtained from the GMTED dataset 
of the United States Geological Survey (USGS) while the 
land cover data has been obtained from Global Land Cover 
Characterization for BATS (hereafter Control) and subgrid 
disaggregation of BATS (hereafter SUB-BATS) experi-
ments. In the case of CLM4.5, the plant functional types 
were prescribed from National Centre from Atmospheric 
Research (NCAR) datasets. For the CLM4.5 set of experi-
ments, MIT-Emanuel convection scheme over land and 
ocean has been used. On the other hand, Grell over land 
and ocean were used for BATS and SUB-BATS experi-
ments. The detailed model configuration is presented in 
Table 1. The acronyms for different experiments, their 

Fig. 1   Surface elevation 
(m) over the study area 
(20° S–50° N and 10–130° E, 
CORDEX-South Asia domain)



2963Investigating Indian summer monsoon in coupled regional land–atmosphere downscaling…

1 3

corresponding LSPs, and cumulus parameterizations have 
been described in Table 2.

2.5 � Methodology

In the current study, the initial 5 years of simulation have 
been discarded to allow the land-surface model to attain 
the dynamic equilibrium in the land surface hydrology. In 
general, the spin-up period for regional climate simula-
tion varies from 10 days to 1 month depending upon the 
application (Wang et al. 2003; Rao et al. 2004; Ratnam and 
Kumar 2005; Martínez-Castro et al. 2006; Kang et al. 2014). 
In many experiments, while using CLM as a land surface 
model for regional simulations, 1 month of spin-up time was 
found to be sufficient (Maity et al. 2017b; Tiwari et al. 2015, 
2017; Gao et al. 2016; Maurya et al. 2018). It was shown that 
over dry land areas, the spin-up of land surface state takes 
approximately 2–3 years while over monsoon regions such 
stabilization is achieved in about 3 months if the integration 
is started just before the onset of monsoon (Lim et al. 2012). 
Based on the above literature, it is believed that 5 years of 
spin-up period is sufficient for climatological scale simula-
tions to achieve the dynamical equilibrium of the internal 
physics of the model. From the simulated output for the 
period (1975–2005), the June–September (JJAS) daily mean 
climatology of near-surface air temperature, mean low-level 
jet at 850 hPa and daily mean ISM rainfall have been calcu-
lated and compared with the corresponding observations.

Moreover, for the assessment of model performance in 
simulating ISM, the mean bias in temperature and pre-
cipitation fields have been computed. For the evaluation 

of inter-annual variability in the model experiments, the 
mean annual cycle, the standard deviation of precipitation 
has also been computed. Moreover, for highlighting the 
weakness of the model experiments in simulating different 
precipitation intensities with the season, probability distri-
bution function (PDF) has been calculated. Further, differ-
ent statistical metrics to facilitate the comparison of model 
performance have been calculated as discussed below:

1. Normalized root mean squared error (NRMSE)

The root mean squared error (RMSE) is quite useful in sum-
marizing the mean difference between the simulated and 
observed values and described as

In Eq.  (1), Omi and Smi correspond to observed and 
simulated values for the particular year i. For precipita-
tion, normalized RMSE to describe the mean deviation 
of each experiment with respect to observations has been 
calculated as

2. Willmott’s index of agreement (IOA)

To facilitate a comparison between model simulation and the 
observation, an index was developed by Willmott (1982). It 
is defined as

(1)RMSE =

�∑n

i=1
(Omi − Smi)

2

n

(2)NRMSE =
RMSE

Ō

Table 1   Model configuration 
used in the study

Dynamics Hydrostatics

Regional Climate Model RegCM4.7
Model domain CORDEX-South Asia (10–130° E and − 22° S–50° N)
Resolution 50 km (~ 0.44°) horizontal and 18 σ-levels
GCM forcing MIROC5 and CCSM4 (u, v, t, q, ps and SST)
Radiation parameterization Modified CCSM3
Planetary boundary layer Modified Holtslag
Period 1970–2005, 5 years as spin up

Table 2   Combination of 
land surface and cumulus 
parameterization used in 
different experiments

Land surface model (cumu-
lus parameterization) →

Control (BATS) (Grell 
over land and ocean)

SUB-BATS (Grell over 
land and ocean)

CLM4.5 (MIT-Ema-
nuel over land and 
ocean)

GCM ↓
 CCSM4 CCSM4_Control CCSM4_SUB-BATS CCSM4_CLM4.5
 MIROC5 MIROC5_Control MIROC5_SUB-BATS MIROC5_CLM4.5
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Here, Fi and Oi are the forecast and observation for ith 
year, while. ‘ ̄O ’ represents their climatology for the period 
under study. IOA has the acceptable range as 0–1, where 
1 corresponds to the perfect score for this index meaning 
the best performance.

3. Taylor’s diagram

Taylor’s diagram (Taylor 2001) facilitates quantification of 
how closely two patterns match with each other. It is quanti-
fied in terms of their pattern correlation; centered root mean 
squared difference and the standard deviation. These dia-
grams are quite useful in comparison of the performance of 
multiple models. The models having the highest correlation 
coefficient, standard deviation similar to observation, and 
minimum root mean squared deviation is usually considered 
as the best performing model. Taylor’s metrics have been 
computed from the area average over the Indian landmass 
region.

Also, to further investigate the dynamics associated 
with each model experiment leading to their peculiar 
behavior in ISM simulation, different quantities such as 
Vertically Integrated Moisture Flux Convergence and its 
transport (VIMT) and Latitude–Pressure cross-section of 
Omega has also been used. The moisture flux convergence 
integrated over 1000–300 hPa has been computed follow-
ing Fasullo and Webster (2003), Van Zomeren and Van 
Delden (2007) as

where q is specific humidity, u and v are zonal and meridi-
onal components of wind, p represents the pressure and g is 
the acceleration due to gravity. The assessment of the simu-
lation of land surface processes in each experiment has been 
carried out with an inter-comparison of surface fluxes. To 
investigate the intensity of the simulated monsoon circula-
tion as well as the land–sea gradient, the Tropospheric Tem-
perature Gradient (TTG) has been analyzed. The evolution 
of the TTG between the northern (15–35° N, 40–100° E) and 
southern box (15° S–5° N, 40–100° E) during JJAS has been 
calculated following Xavier et al. (2007).

3 � Results and discussion

The results from the stated experiments in the light of differ-
ent analyses are being discussed in the following paragraphs.

(3)d = 1 −

∑
(Fi − Oi)

2

∑�
�
�Fi − Ō�� +

�
�Oi − Ō��

�2 .

(4)VIMFC = −
1

g ∫
300 hpa

1000 hpa

(
�uq

�x
+

�vq

�x

)

dp

3.1 � Near surface air temperature (Tmean)

The JJAS mean near-surface air temperature (°C) climatol-
ogy for each individual experiment as well as the Climatic 
Research Unit (CRU) observation, has been presented in 
Fig. 2. All the experiments are able to capture the spatial 
patterns of Tmean climatology over the study area. Temper-
ature minima over the Himalayan and the Tibetan plateau 
region and the maxima over the central and northwest-
ern Indian region are well reproduced in all the experi-
ments. However, the magnitudes of simulated Tmean vary 
considerably among the experiments indicating the dif-
ferences among experiments. The Tmean simulation seems 
to be affected by the choice of land surface model, as the 
experiments using CLM4.5 are comparatively warmer 
than the Control and SUB-BATS experiments. The experi-
ments forced with CCSM4 simulate warmer Tmean over 
the central and northwest Indian region as compared to 
those forced with MIROC5. Important to mention is that 
similar warmer climatology over the Indian region in a 
land–atmosphere model was reported by Raju et al. (2015). 
Moreover, colder Tmean climatology over the higher reaches 
of western Himalaya has been simulated in CLM4.5 exper-
iments as compared to Control and SUB-BATS experi-
ments. The Control and SUB-BATS experiments forced by 
CCSM4 and MIROC5 also have considerable differences 
in the magnitude of simulated Tmean. This manifests as the 
warmer (colder) Tmean over the Indian landmass in the case 
of CCSM4 (MIROC5) GCM experiments. The Control and 
SUB-BATS experiments portray similar Tmean climatology 
for the same forcing case. For example, the CCSM4_Con-
trol and CCSM4_SUB experiments show similar JJAS 
mean climatology for Tmean over most part of the Indian 
landmass irrespective of their different LSP. This also 
applies to the Control and SUB-BATS experiments forced 
with the MIROC5 GCM. It is again noteworthy that, Con-
trol and SUB-BATS experiments have the same cumulus 
parameterization scheme for the simulation period. The 
inter-model differences in the simulation of Tmean may 
thus also be related to the differences in the cumulus 
parameterization for different experiments. In general, the 
experiments namely CCSM4_Control and CCSM4_SUB, 
seem to simulate greater resemblance in the spatial fea-
tures of Tmean as compared to the observation. Further, 
MIROC5_Control and MIROC5_SUB experiments have 
comparatively colder Tmean climatology than observations 
over the higher reaches of the Himalayas and the Tibetan 
highlands. To further investigate the spatial patterns of 
discrepancies in the model simulated Tmean, their mean 
bias has been presented in Fig. 3. The daily Tmean bias for 
JJAS season suggests that all the experiments have a con-
siderable magnitude of biases along with consistent inter-
model differences in their spatial distribution. Conforming 
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to the warmer climatology in CCSM4 forced experiments, 
slight warm bias has been noted in these sets of experi-
ments. Positive Tmean biases over northwest India have 
also been reported in previous studies (Lucas-Picher et al. 
2011; Saeed et al. 2009). Saeed et al. (2009) attributed 
such overestimation to occur because, in general, the irri-
gation patterns over Pakistan are not well represented in 
model simulations. This also concludes that the LSPs seem 
to affect the Tmean simulation possibly due to their different 
formulation in the calculation of surface fluxes. Interest-
ingly, the bias patterns in the case of Control and SUB-
BATS experiments are opposite to each other for CCSM4 
and MIROC forced experiments. This indicates the impor-
tance of GCM forcing in an accurate simulation of Tmean. 
Although the CLM4.5 experiments with both the forcing 
simulates warm biases over most parts of Indian landmass, 
its magnitude is again less with MIROC5 as forcing GCM. 
Overall, for the simulation of Tmean, the CCSM4_Control 
and CCSM4_SUB experiments seem to outperform other 
experiments due to a comparatively lesser magnitude of 

biases in them. In Fig. 3d, the MIROC5_Control experi-
ment shows a slight to moderate cold bias over the cen-
tral, peninsular and northern part of India. Such biases 
are reduced while using SUB-BATS (Fig. 3e) land sur-
face model. Similarly, the slight warm bias in CCSM4 
Control experiments is also improved by their SUB-BATS 
counterpart (Fig. 3a, c). The improvement in Tmean simu-
lation is contrary to that reported by Dimri and Niyogi 
(2013) for the western Himalayas during winter season, 
where SUB-BATS experiments exhibited colder climatol-
ogy by a magnitude of 2–4 °C. Furthermore, as reported 
by Giorgi et al. (2003), SUB-BATS experiments show 
promising performance in improving the Tmean simulation 
over a complex terrain like western, central and eastern 
Himalayan regions. The warmer Tmean climatology over 
northwest India has also been revealed in previous stud-
ies (Saeed et al. 2009; Lucas-Picher et al. 2011). Saeed 
et al. (2009) have further explained such underestimation 
to occur because of the missing representation of irrigation 
over regions of Pakistan is regional climate simulations.

Fig. 2   JJAS mean near surface air temperature climatology (°C) for the period 1975–2005 for CRU observation (a) and different model experi-
ments (b–g) over the study area
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3.2 � Vertically integrated moisture flux convergence 
and the mean circulation

Further, we investigate the efficiency of model experiments 
in simulating the mean monsoonal circulation and the over-
all moisture transport towards the Indian landmass region. 
For this sake, the VIMFC, along with its transport by mon-
soonal winds at 850 hPa, is presented in Fig. 4. The VIMFC 
is calculated by vertically integrating the horizontal mois-
ture flux convergence/divergence between the surface and 
300 hPa vertical levels (Eq. 4). Following the sign conven-
tion, negative (positive) values of VIMFC represents con-
vergence (divergence) in Fig. 4. During the JJAS season, the 
spatial patterns of VIMFC suggest a convergence along the 
coast of Somalia and the northern Arabian Sea, which is fur-
ther transported towards the Indian landmass by the cross-
equatorial flow at 850 hPa thus leading to the moisture incur-
sion from the ocean towards the land (Fig. 4a). Evidently, 
the southern Indian Ocean and the Arabian Sea serve as a 
significant source of moisture for the Indian region during 
monsoon months. Further, the major convergence zones over 
the Indian landmass lies along the Western Ghats, northern 
India, Indo-Gangetic plains, and parts of northeast India. For 
the northeast Indian region, the moisture transport originates 
in the Bay of Bengal (BoB). The transport of the converging 
moisture from the southern BoB and Western Ghats region 
sets up conducive conditions for the monsoonal precipitation 

over other parts of the Indian landmass. While discussing the 
performance of individual model experiments in simulating 
the mean circulation features, it is found that the Control and 
SUB-BATS simulations have weaker cross-equatorial flow 
and moisture convergence as compared to the ERA-Interim 
reanalysis (Fig. 4b, d and e, g). Such a feature is prominently 
seen across all the Control and SUB-BATS simulations 
despite their different GCM forcing. For these simulations, 
weaker moisture convergence off the coast of Somalia and 
the northern Indian Ocean is noticed. This in association 
with weaker south-westerlies is incapable of transporting the 
moisture towards landmass and therefore have implications 
for the rainfall distribution in case of these experiments. 
Among all the experiments, the MIROC5_SUB experiment 
has the weakest moisture transport with poorly simulated 
spatial patterns of south-westerlies. Besides, the CCSM4_
SUB experiment simulates similar patterns to the former. All 
the model experiments simulate a higher order of divergence 
over the Tibetan highlands with even stronger divergence 
in the case of CCSM4 set of simulations. Unlike Control 
and SUB-BATS experiments, there is an improvement in 
the simulation of large-scale circulation and moisture trans-
port while using CLM4.5 as a land surface model in case of 
both the GCM forcing. In particular, the MIROC5_CLM4.5 
experiment portrays a more considerable resemblance to the 
ERA-Interim reanalysis in the representation of spatial pat-
terns of VIMFC and its transport. The CCSM4_CLM4.5 

Fig. 3   Bias of JJAS mean near-surface air temperature climatology (°C) for the period 1975–2005 against CRU observation (a) and different 
model experiments (b–g) over the study area
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also displays comparable patterns of VIMFC and the mean 
monsoonal circulation but it has stronger convergence in 
the southern Indian Ocean and northern BoB. The weaker 
circulation in the model experiments may be related to the 
erroneous simulation of mean sea level pressure (MSLP). 
Experiments with weaker moisture convergence and trans-
port have weaker land–sea gradient as seen from the bias in 
MSLP over the Indian region. Such experiments have higher 
MSLP over the land areas thus leading to a significant offset 
in the intensity and location of southwesterly winds (see sup-
plementary information, Fig. S1). For instance, MIROC5_
Control and MIROC5_SUB have positive MSLP bias over 
Indian landmass unlike CLM4.5 experiments; therefore, pos-
sibly a weaker land–sea gradient is associated with them. 
This feedback can also be noticed in the mean wind cir-
culation at 850 hPa (Fig. S2). The location and magnitude 
of southwesterly circulation are better captured in case of 
experiments having lesser MSLP biases over the land. This 
explains the role of the land–sea pressure gradient in the 
simulation of appropriate low-level circulation. In the case 
of the upper-level circulation features, the spatial patterns 

of anti-cyclonic flow (at 200 hPa) over central and southern 
Indian landmass, Tibetan Plateau, equatorial and southern 
Indian Ocean, mid-latitude regions are well captured in case 
of CLM4.5 experiments. Further, the location, as well as 
the magnitude of the tropical easterly jet and the subtropi-
cal westerly jet are well-reproduced in CLM4.5 experiments 
(Fig. S3). Overall, the MIROC5_CLM4.5 experiment could 
reproduce the mean characteristics of low-level and upper-
level circulation features better than other experiments.

3.3 � Climatology of ISM rainfall

Figure 5 represents the spatial distribution of the climatologi-
cal mean of JJAS precipitation from the observation as well as 
different model experiments. It is evident from both the obser-
vation (Fig. 5a, b) that precipitation maxima over the Western 
Ghats, northeast India, and central Indian region occurs during 
the monsoon season over Indian landmass. The precipitation 
from the Global Precipitation Climatology Project (GPCP) 
dataset has also been presented (Fig. 5b) in order to facilitate 
the comparison of simulated results over the ocean. It has been 

Fig. 4   Vertically integrated moisture flux convergence (shaded) and its transport (vector at 850 hPa) for the JJAS season during 1975–2005 over 
the study area for ERA-Interim reanalysis (a) and different model experiments (b–g)
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found that the model experiments are able to capture the pre-
cipitation patterns over the Indian landmass, but their magni-
tudes vary significantly. All the experiments seem to underes-
timate the daily mean precipitation climatology over the Indian 
region and many of them even do not represent the spatial 
maxima over the Western Ghats and the central Indian region. 
The magnitude of precipitation over the Western Ghats in the 
CCSM4 set of experiments is comparatively less than those 
forced with MIROC5. Besides, all the experiments seem to 
have greater precipitation over the ocean as compared to land. 
Among all the experiments, the MIROC5 set of experiments 
has a higher magnitude of precipitation over the ocean as com-
pared to its CCSM4 counterpart. This may be related to the 
incorrect patterns and location of simulated south-westerlies 
especially for MIROC5_Control and MIROC5_SUB experi-
ments. As south-westerly winds do not traverse towards the 
Indian landmass in these experiments possibly due to weaker 
land–sea pressure gradient, they have a band of precipitation 
maxima over the equatorial Indian ocean. Contrary to this, the 
MIROC5_CLM4.5 experiment somehow captures the spatial 

maxima zones of precipitation better than others do. This 
may be related to the higher moisture convergence over these 
precipitation maxima zones. When compared to the GPCP 
observation, this experiment indicates better resemblance than 
others. Further, to quantify the errors in the precipitation simu-
lation, the mean bias in precipitation climatology computed 
against IMD observation has been presented in Fig. 6. The spa-
tial distribution of bias suggests that all the model experiments 
have considerable biases in the simulation of daily mean pre-
cipitation. Most of the models simulate dry bias over the major 
parts of Indian landmasses such as the Western Ghats, central 
India and northeast India. On average, the magnitude of such 
dry biases ranges between 4–6 mm/day for most of the regions. 
However, the peninsular Indian region and the southern tip 
of India have a very little magnitude of bias in most of the 
experiments. This may be related to the fact that these regions 
are located at the leeward side of Western Ghats and receive 
less precipitation during monsoon season. Overestimation 
(underestimation) of precipitation magnitudes over peninsular 
(central) India was also reported in previous studies (Maurya 

Fig. 5   JJAS daily mean precipitation (mm/day) from a IMD over Indian landmass, b GPCP observation and different model experiments (c–h) 
over the study area for the period 1975–2005
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et al. 2017; Nayak et al. 2017; Choudhary et al. 2018). Further, 
it was reported that the skill of RCM simulation in represent-
ing the mean rainfall over central India is constrained by their 
inability to represent the monsoon depressions. These systems 
originating in northern BoB plays an important role in bring-
ing precipitation over the central Indian regions. Interestingly, 
Nayak et al. (2017) suggested the dominance of land surface 
processes in determining the fate of precipitation over the cen-
tral Indian region. According to their study, higher Bowen’s 
ratio over central India is simulated in CLM3.5 and BATS 
experiments. Such interactions result in less surface evapora-
tion thereby limiting the moisture supply to the atmosphere. 
Dobler and Ahrens (2010) also discussed the underestimation 
of mean precipitation using the COSMO-CLM model and 
attributed the same to the weaker representation of dynamics, 
which results in weaker Monsoon Hadley circulation. They 
also pointed out the implications of the atmosphere–ocean 
interaction for good model performance over the ISM region. 
Another source of error in the RCM simulation is known to 
propagate from the driving dataset, which further amplifies in 
the course of downscaling (Iqbal et al. 2017). In addition, the 
role of cumulus parameterizations has also been underlined in 
many studies. Previously, it was reported that the MIT-Ema-
nuel scheme produces greater precipitation owing to its feature 
of auto-conversion of cloud water as precipitation (Giorgi et al. 
2012). This trait does not hold for experiments using the Grell 
scheme, as it does not support the direct mixing of the clouds 
with the surrounding air. Due to this, the low-level circulation 

in Control and SUB-BATS experiments traverses across the 
southern tip of India instead of rushing towards the central 
and northern Indian regions. Also, the northern and western 
Himalayan regions were also found to have lesser biases, and 
the model experiments overestimate precipitation over these 
areas. Sinha et al. (2014) using a downscaling experiment, 
attributed such anomalous and overestimated precipitation to 
occur due to the topographical uplift in the leeward side of 
Western Ghats. Furthermore, only two experiments out of total 
6 are comparable to each other in terms of mean precipita-
tion bias with somehow similar spatial patterns as well as the 
magnitude. Again, the MIROC5_CLM4.5 experiment tends 
to outperform all the other experiments with comparatively 
less (dry and wet both) biases. This experiment has a lesser 
magnitude of dry (wet) biases over the central Indian region, 
northeast India, northwestern Himalaya and the Western Ghats 
as seen in Fig. 6e. However, wet bias over peninsular India is 
the highest in this model.

3.4 � Spatio‑temporal variability of ISM

3.4.1 � Mean annual cycle

The mean annual cycle of precipitation computed over 
the Indian landmass has been presented in Fig. 7. It is 
a useful metric for comparing the seasonal evolution of 
precipitation in different model experiments. The annual 
cycle of precipitation from observation (IMD: black line) 

Fig. 6   JJAS mean bias of daily mean precipitation (mm/day) computed against IMD observation from different model experiments
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suggests that, with the onset of monsoon in June, the daily 
mean precipitation increases continuously till July, which 
represents the peak precipitation intensity (8–9 mm/day). 
Following this, there is a decline in precipitation inten-
sity for the rest of the months gradually. While comparing 
model experiments with the observation, strong signatures 
of dry biases are again visible in the monthly and seasonal 
evolution of precipitation climatology. This manifests as 
an incorrect representation of the peak month of precipita-
tion as May instead of July with incomparable magnitudes 
(ranging between 2–5 mm/day). Interestingly, there is a 
bi-modal distribution of precipitation with the first peak in 
May and second in September following an unrealistic dry 
period during July and August. In terms of the magnitude 
and seasonal evolution, the MIROC5_CLM4.5 experiment 
has been found lying close to the IMD observation. Pre-
vious studies by Bhatla et al. (2016) have found that the 

RegCM model captures the ISM onset very well. However, 
it has a tendency to simulating excess precipitation during 
the pre-onset period. This may be one of the reasons for 
excess precipitation in the months of May–June.

3.4.2 � Probability density function (PDF)

For studying the differences in the range of observed and 
simulated precipitation values, the probability density 
function is presented in 8. The relative frequency of each 
precipitation intensity (mm/day) for the JJAS season, aver-
aged over the study area has been calculated. In the case 
of PDF of precipitation, it reveals the relative frequency of 
occurrence of rain events of different magnitude. The long 
tail of the PDF curve here represents the number of simi-
lar or high-intensity precipitation events over the period 
under study. In Fig. 8, the solid black line represents the 
PDF for observation while others represent different model 
experiments. Following the strong dry biases in the model 
experiments, most of them have a high frequency of low 
to moderate rain events as compared to observation. The 
PDF of the observation suggests that the rainfall events 
of 6–7 mm/day have the highest frequency while for most 
of the experiments, 3–4 mm/day events dominate. Many 
of the model experiments have very few high-intensity 
rainfall events across the period of simulation as seen from 
the width of their distribution curve. Again, the experi-
ments namely: MIROC5_CLM4.5 and CCSM4-SUB stand 
out in representing the precipitation intensity during the 
said period. The Control experiments forced with both 
the GCMs are quite unable to capture the precipitation 
distribution as compared to the observation and thus due 
to relative abundance of small precipitation events, they 
lead to stronger precipitation biases as discussed in previ-
ous sections.

Fig. 7   Mean annual cycle of precipitation averaged over the Indian 
landmass area from IMD observation (in black) and other experi-
ments for the period 1975–2005

Fig. 8   Probability density 
functions of daily precipitation 
from IMD observation (solid 
black line) and different model 
experiments
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3.5 � Statistical validation

In addition to the comparison of the climatology and mean 
bias, different other statistical metrics have been calculated 
to gain better insights regarding the performance of the 
model experiments with special reference to ISM rainfall. 
The corresponding results to these validation strategies are 
being discussed here:

3.5.1 � Normalized root mean squared error

NRMSE is a commonly used metric for the estimation of 
differences between the predicted values of a variable from 
the observed. RMSE has been computed using the mean 
deviation following the formula given in Eq. (1) and nor-
malized using the observation as per Eq. (2). The value 
of NRMSE ranges between 0 to 1, with the lower values 
indicating the perfect forecast. The spatial distribution 
of NRMSE over Indian landmass has been presented in 
Fig. 9. It is found that different model experiments exhibit 
a mixed pattern of model performance in space (in terms of 
NRMSE). Among the experiments forced with the CCSM4 
model, only CCSM4_SUB experiment perform satisfacto-
rily with NRMSE values ranging between 0.5–0.7 over the 
northern plains, Indo-Gangetic region, and north-east Indian 

region. While, peninsular India, north-western Himalaya, 
Western Ghats and western Indian region seem to be devoid 
of precipitation and thus higher NRMSE values are por-
trayed for them. On the other hand, the experiments driven 
by MIROC5 portray similar spatial patterns of NRMSE. 
However, there are considerable differences in their magni-
tude. Among these set of experiments, MIROC5_CLM4.5 
display comparatively better performance (lower NRMSE) 
over northeast India, Indo-Gangetic plains, eastern coast and 
parts of Western Ghats. Due to the overestimation of pre-
cipitation over the southern peninsular region, the calculated 
NRMSE in the case of this experiment is as high as 1.5 and 
thus indicates erroneous simulation of precipitation. This 
feature is consistent in other experiments as well, however, 
with them, the order of NRMSE is comparatively less.

3.5.2 � Index of agreement (IOA)

For studying the similarity between the simulated and 
observed values, a dimensionless index called Willmott’s 
Index of Agreement (Willmott 1982) have been calculated 
and presented in Fig. 10. The value of IOA ranges between 
0 and 1 for the worse and best forecast, respectively. Coher-
ent to the underestimation of precipitation over major parts 
of India, most of the experiments reveal lower values of 

Fig. 9   Normalized root mean squared error (NRMSE) for JJAS precipitation over the Indian region for the period 1975–2005 computed against 
IMD observation
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IOA across the region. Following the spatial patterns of 
IOA, it has been found that the CCSM4 set of experiments 
has a lesser agreement in precipitation representation over 
the central and peninsular India. This is also true for the 
MIROC5_SUB experiment, as this also has a lesser agree-
ment index (0.1–0.2) over the central and northeast India. 
Overall, MIROC5_CLM4.5 (Fig. 10e) experiment shows 
greater spatial coverage in terms of higher IOA values. It is 
interesting to note that most of the experiments are capable 
of representing precipitation with higher degrees of agree-
ment over the northwestern and peninsular Indian region, 
which generally experiences an overall less rainfall during 
the monsoon season. The degree of agreement in simulating 
the precipitation in the case of MIROC5_CLM4.5 is of the 
order of 0.2–0.5, which is the highest from the suite of six 
experiments.

3.5.3 � Taylor metrics

For a comprehensive assessment of the model performance, 
a multi-metric diagram proposed by Taylor (2001) has been 
used and presented in Fig. 11. These metrics include the 
standard deviation, RMSE and correlation co-efficient 
between different variables of the modeled and observed 
atmosphere. Using these metrics, the best performing model 

is selected based on the highest correlation, along with the 
lowest standard deviation and RMSE values. The variables 
used for comparing Taylor’s metrics are namely: Precipita-
tion, Tmean, zonal and meridional winds at 850 hPa and Total 
cloud fraction. Overall, the MIROC5_CLM4.5 experiment 
displayed the highest correlation with the observation for 
all the variables; however, the magnitude of RMSE and the 
standard deviation is comparable to other experiments in 
many cases. In the case of all the experiments, Tmean has 
been simulated with the highest degree of correlation as all 
the experiments have correlation values > 0.95. The lowest 
correlation among all the variables has been observed in the 
case of precipitation, with the maximum correlation val-
ues of 0.5. It is also found that weaker circulation in all the 
experiments may have origin in poorly simulated V-wind at 
850 hPa. Apart from the MIROC5_CLM4.5 experiment, the 
remaining experiments have inferior performance in simulat-
ing the total cloud fraction. Thus they possibly lead to larger 
dry biases in the precipitation simulation. Moreover, there 
are great inter-model differences among models with differ-
ent land-surface parameterization as well as the GCM forc-
ing. As discussed previously in Sect. 3.2, CCSM4_CLM4.5 
is another experiment, which can capture the cross-equato-
rial flow as well as the moisture transport more realistically 
as compared to the ERA-Interim dataset. Such corroboration 

Fig. 10   Willmott’s Index of Agreement (Willmott 1982) for precipitation against IMD observation for the period 1975–2005 over the Indian 
landmass
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becomes more reinforced with the fact that both the experi-
ments with CLM4.5 have similar values of the correlation 
coefficient, standard deviation and RMSE for both U and 
V-wind at 850 hPa. However, they have considerable differ-
ences in the simulation of total cloud cover and precipita-
tion over the study area, which may be related to incorrect 
patterns and magnitudes of moisture convergence in the 
CCSM4_CLM4.5 experiment.

3.6 � Physical mechanisms

In order to understand the reasons behind the inherent biases 
in the model simulation and the role of land-surface cou-
pling thereon, a process-based investigation in terms of vari-
ous dynamical, surface and thermodynamical quantities have 
been carried out. A detailed account on such deliberations 
are being presented in the following paragraphs.

3.6.1 � Surface energy balance

To assess the differences in the surface energy balance 
in different experiments, JJAS mean sensible heat flux 
(SHF) and latent heat flux (LHF) climatology are ana-
lyzed (Figs. 12, 13). The negative values of SHF sig-
nify that the sensible heat is moving towards the surface, 
while for LHF, it indicates that soil water is evaporating 
from the surface. The spatial pattern of SHF for Con-
trol and SUB-BATS experiments driven by the same 

GCM are found to simulate identical patterns of mean 
SHF largely. The only slight difference is there over the 
higher reaches of northwestern Himalaya where nega-
tive values have been simulated. Similar to the previous, 
MIROC5_Control and MIROC5_SUB experiments have 
similar spatial patterns of SHF and LHF. This signifies 
that in the simulation surface fluxes, Control and SUB-
BATS schemes behave similarly and have very nominal 
differences in subgrid dis-aggregation. Contrasting to 
Control and SUB-BATS model integrations, CLM4.5 
experiments tend to simulate higher magnitudes of SHF 
(Fig. 12b, e) and lower magnitudes of LHF (Fig. 13b, 
e). This helps in improving the simulation of Tmean in 
these sets of simulations with comparatively less bias, 
as discussed in Figs. 2 and 3. The greater sensible heat-
ing in the case of CCSM4_CLM4.5 manifests as stronger 
warm bias, while the lesser sensible heating in the case 
of MIROC5_Control and MIROC5_SUB experiments 
end up inducing a moderate cold bias in these experi-
ments. Moreover, greater LHF values over the major 
part of Indian landmass have been simulated in the case 
of Control and SUB-BATS experiments compared to 
CLM4.5 experiments. This feature is more prominent in 
the experiments forced with CCSM4 GCM. This not only 
has implications in terms of the surface energy balance 
in the case of these experiments but may also have influ-
enced the formulation of an appropriate land–sea gradient 
of temperature and pressure. This may have originated 
in the formation of higher-pressure regions over land, 
which offsets the convective activities and thus affects 
the large-scale south-westerlies at lower levels. Higher 
(lower) values of LHF (SHF) induces a weak monsoon 
circulation with less heating over land in case of Control 
and SUB-BATS experiments and the moisture conver-
gence over land is also subsequently weak in such sce-
narios. The flux partitioning over the Indian landmass in 
different experiments may also be explained in terms of 
the availability of surface soil moisture (top layer, 0.1 m). 
The spatial distribution of soil moisture (Fig. 14) is in 
consistent agreement with the spatial patterns of SHF and 
LHF. For instance, the Control and SUB-BATS experi-
ments have been found to have a comparatively saturated 
top layer especially over the central, peninsular and north-
eastern region. The saturated top layer possibly facilitates 
greater absorption of heat in the surface soil moisture and 
thus higher (lower) values of LHF (SHF) are apparently 
seen in the case of these experiments. Lower sensible 
heating near the surface constrains the warming of the 
adjacent air and thus, the vertical movement of an overly-
ing air parcel is affected. Such a mechanism is reversed in 
the case of CLM4.5 experiments where lower values of 
surface soil moisture are simulated, which induces sen-
sible heating and thus the favorable conditions for the 

Fig. 11   Taylor’s diagram and the associated metrics for differ-
ent variables (symbols in different colors) and experiments for the 
period 1970–2005. The numbers represent: 1, MIROC5_CLM4.5; 
2, MIROC5_Control; 3, MIROC5_SUB; 4, CCSM4_CLM4.5; 5, 
CCSM4_Control and 6, CCSM4_SUB experiments respectively
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triggering of convection at the surface. The spatial pat-
terns of the fluxes also explain the patterns of temperature 
bias in the discussed experiments closely. The experi-
ments with greater sensible heating produce lesser biases 
in Tmean simulation.

3.6.2 � Tropospheric temperature gradient

The tropospheric temperature is defined as the average of the 
600–200 hPa temperature. The gradient of the tropospheric 
temperature between north and south has been widely used 
as an objective criterion for studying the onset and with-
drawal of the ISM in many studies. The TTG is respon-
sible for driving the meridional circulation over the ISM 
region (Webster et al. 1998). For assessing the intensity of 
the model-simulated land–sea gradient and the monsoonal 
circulation, TTG has been presented from ERA-Interim 
reanalysis and different model experiments in Fig. 15. It is 
found that most of the experiments seem to have a weaker 
gradient in terms of their magnitude as well as the temporal 
evolution during the ISM season. The estimated values from 
the ERA-Interim dataset suggest a systematic evolution of 
TTG with magnitude ≥ 3 K during the peak ISM months 
i.e. July–August. In comparison to this, all the experiments 
underestimate the value and typically simulate late-onset 

and early withdrawal of monsoon than the reanalysis. The 
overall important characteristics of TTG, such as the onset, 
withdrawal, time evolution during the season as well as 
magnitude, are well represented in the case of the experi-
ments forced with MIROC5. As indicated in Fig. 15, the 
experiments forced with MIROC5 correlates quite well with 
the ERA-Interim reanalysis. Furthermore, the MIROC5_
CLM4.5 experiment resembles the temporal evolution of 
TTG with the highest correlation value (0.98), thus indicat-
ing a better land–sea contrast as compared to other experi-
ments. The climatology of the 600–200 hPa averaged trop-
ospheric temperature suggests that a warmer atmospheric 
column has been simulated in case of the experiments forced 
with CCSM4 (Fig. S4 and S5). Such a warmer atmosphere 
tends to weaken and offset the large-scale TTG and thus 
possibly has weaker dynamics of monsoon associated with 
it during the season.

Exploring further, the patterns of simulated vertical 
motions in the case of individual experiments, latitude-
pressure diagram for vertical velocity (ω, Pa/s) has been pre-
sented in Fig. 16. The vertical motion in the atmosphere is 
an essential factor for the transfer of mass and energy in the 
atmosphere as it is related to the process of cloud formation 
and affects the atmospheric stability. It is known that ISM 
is a convectively coupled phenomenon, and the large-scale 

Fig. 12   Sensible heal flux (W m−2) during JJAS season over the Indian landmass for the period 1975–2005 from different experiments
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circulation has considerable impacts on the simulation of 
monsoon convection and thus the precipitation in a modeling 
framework. It was also shown that the precipitation biases 
over central India were likely to be related to the regional 
Hadley circulation during monsoon (Slingo and Annamalai 
2000). The negative values of ω signify the rising upward 
motion while the positive values describe the subsiding air 
masses. All the experiments underestimate the magnitude 
of omega over the region when compared to ERA-Interim 
estimates (figure not shown). A strong rising motion in the 
case of Control and SUB-BATS experiments forced with the 
MIROC5 model has been seen over the equatorial region. 
This rising air mass extends deep in the atmosphere in such 
experiments, which may indicate the strong convection over 
equatorial regions. Such a feature is absent in the case of 
CCSM4 set of simulations except for CCSM4_CLM4.5 
experiment which has comparatively weaker rising motion 
extending below mid-troposphere. This may also be one of 
the reasons for weaker moisture convergence and subsequent 
precipitation biases in these model simulations. It is said that 
the regional circulations e.g. Hadley cell, are the response of 
differential heating. This means a rising branch often gener-
ates near a heat source while descending branch subsides 
near a heat sink. A rising branch near the equatorial region, 
indicating an active convection belt along with another 

rising branch near 26–29° N latitude regions adjacent to 
the Tibetan plateau are prominently simulated in case of 
MIROC5_CLM4.5 experiment (Fig. 16e). Such a simulated 
feature completes the general notion of a possible overturn-
ing Hadley cell over the region during monsoon season.

On the other hand, the rising branch over the Tibetan 
plateau (26–29° N) in the case of MIROC5_Control and 
MIROC5_SUB experiments are comparatively weaker and 
thus, the rising limb over the equatorial northern Indian 
Ocean dominates in this case. This indicates the role of 
possible higher heating over the tropical Indian Ocean as 
compared to the Tibetan plateau. The stronger convection 
cells over the tropical region may also explain the exces-
sive precipitation over the ocean in these two simulations. 
Overall, the MIROC5_CLM4.5 experiment represents the 
general features of monsoonal circulation better than other 
experiments, thereby outperforming other models in simu-
lating the precipitation features over Indian landmass and 
adjacent regions. The possible reason for better regional 
vertical motion as well as the Hadley circulation can be 
described in terms of the interplay of surface flux partition-
ing and its subsequent feedback to the atmospheric column 
at regional scales. For instance, unrealistic sensible heat-
ing in the case of CCSM4 experiments results in a warmer 
atmospheric column. This possibly results in a warmer 

Fig. 13   Same as Fig. 12, but for latent heat flux (W m−2)
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atmosphere and thus a weaker N–S gradient of tropospheric 
temperature. The better simulation of Hadley circulation in 
the case of MIROC5_CLM4.5 experiments may be due to 

the synergistic effect of better-resolved surface processes i.e. 
flux partitioning, soil moisture and surface hydrology along 
with better-simulated TTG.

Fig. 14   Mean surface soil moisture content (kg/m2) for JJAS season from different experiments during 1975–2005. The top layer in Control and 
SUB-BATS are available at 0.10 m while for CLM4.5 experiments at 0.118865065 m depth

Fig. 15   Tropospheric tem-
perature (600–200 hPa) gradient 
between the northern (15–
35° N, 40–100° E) and southern 
box (15° S–5° N, 40–100° E) 
for JJAS season from ERA-
Interim reanalysis (black) and 
different experiments. The 
values in color corresponds 
to the correlation of different 
experiments with the reanalysis
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4 � Summary and conclusions

Simulation of ISM using RCMs has been an important area 
of research in recent times. This has included the assessment 
of ISM in representing the mean ISM features including the 
large scale flow, regional features of monsoonal precipita-
tion, variability at different time scales and also the pos-
sible changes in the future climate. Previous studies have 
shown that the reliability of regionally downscaled infor-
mation depends upon the physical parameterization as well 
as the initial and lateral boundary conditions. Moreover, it 
has been pointed out that the selection of appropriate land 
surface parameterization is also crucial for the ISM simula-
tion. This becomes even important in the case of the studies 
aiming for future projections at regional levels. In lieu of 
this, an objective approach has been adopted in this work 
for studying the efficacy of appropriate GCM forcing and 
land surface parameterization schemes. Based on the avail-
able studies, two different GCMs capable of representing 
the large-scale features and variability of ISM have been 
chosen for downscaling experiments. This results in a set of 
six-different experiments corresponding to two GCMs and 
three-land surface parameterization schemes for the present 
climate (1975–2005). The analysis of simulated experiments 
for JJAS season in terms of various statistical metrics sug-
gests that models have inherent biases in the representation 
of different features of ISM. These biases are dependent on 

the initial forcing, i.e. GCM as well as the choice of land 
surface parameterization. These biases are also different 
for different regions over the study area. For the simulation 
of Tmean, it is found that the CLM4.5 experiments simulate 
warmer climatology and bias irrespective of the GCM forc-
ing. While a dissimilar response of Control and SUB-BATS 
experiments has been noticed as the experiments forced 
with CCSM4 and MIROC5 display warm and cold biases 
over Indian landmass respectively. Such experiments also 
lead to weaker low-level circulation and subsequent weaker 
moisture transport over the land regions. A consistent dry 
bias in all model simulations has been found, following the 
weaker large-scale dynamics. Despite consistent dry biases 
in all the experiments, the MIROC5_CLM4.5 experiment 
outperforms others in simulating the spatial distribution, 
mean annual cycle, and the probability distribution of daily 
mean JJAS precipitation.

Further statistical analysis in terms of NRMSE, Will-
mott’s Index of agreement and Taylor’s diagram suggests 
a better performance in the case of the MIROC5_CLM4.5 
experiment. The reason for such better performance has 
been investigated and it has been found that a more realistic 
representation of the land surface processes especially the 
partitioning of sensible and latent heat fluxes, prevails in 
this case. This leads to better representation of the land–sea 
temperature gradient further manifesting into an appropriate 
low-level circulation and moisture transport.

Fig. 16   Latitude-pressure profile of ω (Pa/s) averaged over 70–90° E longitude for the JJAS season during 1975–2005 from different experi-
ments. By convention, the negative (positive) values represent rising (sinking) motion
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Moreover, most of the experiments seem to have con-
strained vertical motion, which possibly results in inhibi-
tion of convection over land areas. Such features are well-
simulated in the case of the CLM4.5 experiment forced 
with the MIROC5 model. A better-resolved regional Had-
ley cell, in this case, can be attributed to the surface flux 
partitioning and its feedback to the atmospheric column. 
This possibly results in more realistic TTG, thus allowing 
better dynamical response in monsoon simulation in this 
experiment. This indicates a promising performance of the 
CLM4.5 coupled land surface model in the simulation of 
ISM over the Indian region. Evidently, the MIROC5 GCM 
has more utility in driving the RegCM model for study-
ing the present climate. The overall better performance of 
MIROC5_CLM4.5 arises due to the interactions of a bet-
ter representation of surface processes, appropriate GCM 
boundary forcing and the choice of cumulus parameteri-
zation. Additionally, further tuning of parameters in the 
convection scheme or comparison of the same MIROC5_
CLM4.5 experiment with convection scheme other than 
MIT-Emanuel may also provide a better comparative sense 
of performance especially in reference of ISM subject to 
further verification.
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