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Abstract

The regional climate model RegCM 4.4 at 50 km resolution is used to conduct a sensitivity study over South Asia Coordinated
Regional climate Downscaling Experiment domain during the period 1998-2002, in order to investigate the best cumulus
convective precipitation scheme, planetary boundary layer (PBL) and land-surface scheme. The inferences obtained from
11 sensitivity experiments include the better performance of community land model version 4.5 (CLM 4.5) over biosphere—
atmosphere transfer scheme, Tiedtke as cumulus convective precipitation scheme and University of Washington (UW) as
PBL scheme. The simulation with these parameterization schemes well captures the monsoon precipitation pattern over
India ~7 mm/day and North Eastern Region of India (NER) ~ 12 mm/day, which are comparable to observations with a
significant correlation of R*>0.93. The observed temperatures are also well simulated by the model. Therefore, RegCM
4.4 with these parameterization schemes is further used to simulate the aerosol fields (aerosol optical depth, AOD and
black carbon, BC) and aerosol direct radiative forcing (DRF) for the period 2011-2014 over the same domain with special
emphasis on NER. The model captures the seasonality in AOD and BC over the Indian Subcontinent and NER. BC hotspots
in the Indo-Gangetic Plain and China are well captured by the model. The observed to simulated BC ratio over Dibrugarh
(located in NER) is found to be improved. The model underestimation is significant in the dry season when burning over
the region is predominant, which has not been considered by the emission inventories properly. Simulated DRF is found to
exhibit seasonality qualitatively as well as a North—South latitudinal gradient.
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1 Introduction

Due to the enhanced anthropogenic activities, the climate
change study at varying spatial and temporal scales has
become more complex during the last few decades. It is
crucial to assess the magnitude of climate change in a finer
scale i.e., regionally for impact studies and policy- making.
Regional climate models (RCMs) that gained wide interest
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over the last few decades along with rapid growth in com-
putational power is a potential way to downscale global
climate model (GCM) information. Numerous studies have
been conducted so far to analyze the improvement of global
model results using RCMs (e.g., Dickinson et al. 1989;
Giorgi and Marinucci 1991). In present days, RCMs are used
globally for downscaling reanalysis and GCM data with var-
ious interests. These are one among the strong tools assisting
climate change impacts assessment studies in regional to
local scales. The World Climate Research Program (WCRP)
took an initiative called Coordinated Regional climate
Downscaling Experiment (CORDEX) (Giorgi et al. 2012
and references therein) with the intention to generate the
regional climate change projections. International Centre for
Theoretical Physics (ICTP), Trieste, Italy’s regional climate
model was found to perform well in CORDEX protocols
when studied over different domains across the world: Africa
(Anyah and Semazzi 2007), Asia (Dash et al. 2006; Rahman
et al. 2007a, b), Europe (Cossarini et al. 2008; Salon et al.
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2008), Middle East (Almazroui 2012; Islam and Almazroui
2012; Artale et al. 2010) and USA (Giorgi et al. 2012; Chen
et al. 2003). Earlier studies revealed that evaluation of RCM
performance over atmospheric-ocean global climate model
(AOGCM) (Giorgi and Mearns 1999) is unavoidable. To
capture the climate sensitivity of a region using a climate
model, it is essential to correctly incorporate the two-way
feedback between meteorology and atmospheric chemistry.
The meteorological simulation is vital as that can modify
the aerosol properties (chemical, optical and radiative) in all
spatial scales. Accurate precipitation, circulation patterns,
humidity and temperature only can reproduce a reliable
atmospheric chemistry over the simulation region. Hence
it is inevitable to investigate whether the model simulated
meteorology is adequate or not. As the model contains dif-
ferent cumulus convective precipitation, land surface and
boundary layer schemes, the biases produced with reference
data sets have to be evaluated.

Along with the development of RegCM from version
1.0 to the current version, several cumulative schemes were
imported into the model (Giorgi et al. 2012). However, no
cumulative schemes outperform others in terms of simu-
lated climatology. The discrepancies arise with a change in
cumulative schemes as they heavily depend on topography
and climatic backgrounds. Hence, application of cumulus
convective schemes requires several sensitivity tests. The
regional simulation outputs are not only influenced by
convective schemes but also by several other factors like
topography (Gao et al. 2006; Lee et al. 2011), lateral bound-
ary conditions (Oh et al. 2013; Park et al. 2013), planetary
boundary layer (PBL) scheme (Guttler et al. 2014), land
surface parameterizations (Zou and Xie 2012; Kang et al.
2014). The land surface scheme chosen has a substantial
impact on climate model simulations (Wang et al. 2015; Ma
et al. 2017). There are several advantages of CLM 4.5 over
BATS as the former has more number of soil layers, veg-
etation fractions and uses subgrid “tiles” approach where
separate water and energy balance conducted for each tile.
This approach helps in simulating the surface parameters
better than BATS scheme (Steiner et al. 2005). Even though
PBL can directly influence near-surface temperature and
precipitation, which are two mainly studied climate vari-
ables, climatological aspects of both observed and modeled
PBL studies are not investigated as per need in the scientific
community (Giorgi et al. 1993; Dethloff et al. 2001; Shin
and Ha 2007; Esau and Zilitinkevich 2010; Guttler et al.
2014). PBL schemes in climate models are broadly divided
into two types: as local (uses local characteristics of the
PBL) and non-local type (uses global characteristics of the
PBL to express turbulent fluxes) (Stensrud 2007). Hence,
for a better simulation of climate variables, an optimized
experimental design and better performing physical param-
eterization schemes are necessary. A number of studies were
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conducted over different regions of the globe in order to find
the most suitable cumulus convective precipitation schemes.
For example, according to the report by Liu and Ding (2007)
Anthes—Kuo scheme performed better over China with a
horizontal resolution of 50 km, whereas sensitivity studies
over South Asia by Basit et al. (2012), Sinha et al. (2013),
Rahman et al. (2007a, b) revealed better performance by dif-
ferent cumulus convective precipitation schemes. Moisture,
heat and momentum exchange occur within the PBL due
to the influence of turbulent eddies. Hence, the evolution
of turbulent motion in climate models that is controlled by
PBL parameterization schemes is vital. Earlier studies (e.g.
Giorgi et al. 1993; Dethloff et al. 2001; Shin and Ha 2007,
Esau and Zilitinkevich 2010) have shown the significance
of investigating the PBL as precipitation and near-surface
temperature, two widely climate studied parameters are gov-
erned by it. Guttler et al. (2014) have investigated the perfor-
mance of two available PBL schemes in RegCM 4.2. Hence,
the selection of the PBL scheme is a key factor in tuning the
regional climate simulation into a realistic one. The land
cover pattern represents the earth’s surface feature of the
region. The rapid changes in the land use, especially because
of the perturbations due to human deeds results in ecologi-
cal imbalances. A better land surface parameterization can
improve the model performance drastically. Inbuilt land sur-
face scheme present in the RegCM is biosphere—atmosphere
transfer scheme (Dickinson et al. 1993) which is present
since the primary RegCM version. Availability of CLM
4.5 (Oleson and Lawrence 2013) as land surface scheme
option is the recent advancement in RegCM model phys-
ics. CLM provides improvements compared with BATS in
land—atmosphere exchanges in terms of moisture, energy
and related surface climate feedbacks (Steiner et al. 2009).

Indian sub-continent has different microclimates within
the landmass, due to the wide variations in geology and
geography. The northern tip of India is the great Himalayas
with an alpine climate, whereas the northwestern region has
a hot subtropical climate, due to the presence of the Thar
Desert. The southern part of India experiences the equato-
rial climate and semi-arid climate prevails almost through-
out the peninsular region. The major portion of the annual
precipitation over India is obtained from June to September
due to the summer monsoon, popularly known as south-
west monsoon. Northeasterly during October to December
brings rainfall over the southeastern part of India which is
known as winter monsoon or northeast monsoon, also has
a small contribution to the annual rainfall. The interesting
fact about the southwest monsoon is their regular occur-
rence during the prescribed time period every year. Year
to year variation of southwest monsoon rainfall results in
extreme weather events like drought and flood, thus affecting
agriculture and water resources all over the country. Hence,
due to this complex terrain conditions use of high-resolution
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RCMs for reproducing the climatic features and to simulate
future projections is vital for climate change studies over
the Indian region.

During the last decade, several regional climate modeling
studies took place over the Indian subcontinent. Devanand
et al. (2018) tested Indian summer monsoon rainfall sensitiv-
ity to combinations of four cumulus and two microphysics
schemes using WRF. They have concluded that the simulated
seasonal precipitation is more sensitive to cumulus param-
eterization schemes than microphysics parameterization.
Regional climate model’s ability to represent Indian mon-
soon was investigated by Lucas-Picher et al. (2011) using
four different RCMs and found that precipitation amount
and spatial distribution differs substantially in each other.
Significant sensitivity of irrigation process to monsoon cir-
culation over Indian subcontinent was reported by Saeed
et al. (2009) using Max Planck Institute Regional Model
(REMO). Srinivas et al. (2013) evaluated the performance
of WRF in simulating regional scale precipitation over seven
different homogeneous rainfall zones over India and reported
the improved model performance using Betts—Miller—Jan-
jic as convective scheme. Rajendran et al. (2002) using the
National Center for Atmospheric Research (NCAR) Com-
munity Climate Model, found that model intraseasonal
and interannual monsoon variabilities heavily depends on
cumulus scheme in the model. Studies using several regional
climate models over South Asia have reported that summer
monsoon rainfall response to the choice of cumulus convec-
tion scheme is highly sensitive (Ratnam and Kumar 2005;
Rakesh et al. 2009; Kumar et al. 2012a, b). Ratnam and
Kumar (2005) investigated the performance of Mesoscale
Model (MMS5) model in simulating summer monsoon using
three cumulus convective schemes: Betts—Miller—Janjic,
Kain—Fritsch and Grell. The model could simulate the large-
scale features and the intraseasonal and interannual variabili-
ties using all the three schemes, but the spatial and temporal
distribution of the precipitation was found to differ substan-
tially. The same study found that the Kain—Fritsch scheme
overestimated the rainfall whereas Grell scheme underes-
timated the same during two contrasting monsoon years.
Kumar et al. (2012a, b) showed that WRF model coupled
with Chemistry (WRF-Chem) successfully simulated the
general features of the meteorology over India like the sea-
sonal cycle of temperature, water vapour, precipitation and
seasonal changes in wind patterns. The study also reported
that model overestimates the monsoon rainfall over India and
underestimates during other seasons on the usage of Kain
Fritsch as cumulus convection scheme. Mukhopadhyay et al.
(2010) studied impacts of three different convective closures
(Grell-Devenyi, the Betts—Miller—Janjic and Kain Fritsch)
on systematic biases of an Indian monsoon precipitation cli-
matology using WRF and found Betts—Miller—Janjic to sim-
ulate better the heating profile, seasonal cycle of evaporation

and condensation. Ojha et al. (2016) examined the general
features of the monsoon meteorology and dynamics using
WRF-Chem using Grell as cumulus convective precipita-
tion scheme and reported good agreement of the model
with observation. RegCM4 model sensitivity to cumulus
convection and land surface parameterization schemes over
Indian region is discussed by Nayak et al. (2017). The study
concludes that the combination of Grell cumulus convec-
tive precipitation scheme with BATS land surface scheme
stood out as the best parameterization. Dash et al. (2011)
examined the monthly and seasonal Indian summer monsoon
using RegCM3 with 55 and 30 km resolutions. Comparisons
showed that simulation with higher spatial resolution is in
line with observations. In another study on the spatial and
temporal variations in Indian summer monsoon rainfall and
temperature for the period 1982-2009, Dash et al. (2013)
have found that the annual characteristics of both rainfall
and temperature in Central India were well in phase with
observations. Dash et al. (2014a) projected the summer
monsoon changes over the Indian sub-continent and adjoin-
ing regions for the twenty-first century under the RCP 4.5
and RCP 8.5 scenarios. The study showed the ability of
RegCM4 to generate the less precipitated areas during the
historical period simulation. Dash et al. (2014b) examined
the effect of domain size on the Indian summer monsoon
simulations and suggested to use the CORDEX South Asia
domain than smaller Indian domain for model simulations.
Das et al. (2015a) reported a positive feedback of the direct
radiative effects of anthropogenic aerosols on Indian sum-
mer monsoon circulation using the RegCM 4.1. Again, Das
et al. (2015b) investigated the sensitivity of dust radiative
feedback to the dust absorption property and reported the
strengthening of monsoon precipitation due to dust-induced
large-scale convergence. Lodh (2015) using RegCM4 stud-
ied the impact of Caspian Sea drying on Indian monsoon
precipitation and temperature. Halder et al. (2015) exam-
ined the land-use and land-cover change on rainfall events
and temperature over the Indian region. Raju et al. (2015)
conducted a sensitivity test of RegCM 4.3 for four differ-
ent cumulus convective schemes and found mixed scheme
(Emanuel over land and Grell over the ocean) to simulate
the summer monsoon precipitation better. Umakanth et al.
(2015) conducted a sensitivity of RegCM 4.4 to cumu-
lus convective physics to simulate the seasonal mean and
MISOs during the ISM over CORDEX South Asia domain
for a 13-year continuous simulation. Tiwari et al. (2015)
studied the influence of land surface schemes in climate pre-
diction over the Western Himalaya, where they found CLM
to simulate climatology better than BATS.

Earlier studies have reported that Eastern Himalayan
foothills covering NER has dominance of various aero-
sol types with both local and heavy external influences
(Pathak et al. 2016; Gogoi et al. 2017; Biswas et al. 2017).
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NER experiences unique topography with left corridor
opened to the outflow of highly populated Indo-Gangetic
Plain (IGP) and other three sides being surrounded by
hills and mountain ranges. This makes favourable condi-
tions for a complex aerosol environment over the region
as the strong anthropogenic activities in IGP, forest fire
events in the hills of the north-east adds on to the local
anthropogenic emissions from brick kilns, gas fields, oil
wells etc (Gogoi et al. 2017). The high contribution of
carbonaceous aerosols emitted from these local sources
are investigated and reported earlier in detail (Gogoi
et al. 2007; Pathak et al. 2016). Gogoi et al. (2017) also
reported that the accidental discharges due to blowout/fire,
excess gas burn from abandoned oil wells are few other
factors, which make high aerosol accumulation over NER.
Moreover, the region experiences dense vegetation releas-
ing a large amount of biological aerosols and is prone to
very high rainfall, which makes NER a significant zone in
aspects of aerosol studies. Thus, this region of South Asia
is wide-open to the impacts of atmospheric aerosols and
trace gases through climate change, regional air quality
degradation and impact on human health. A large number
of studies on aerosols in different aspects over the region
have been carried out based on both ground-based and
satellite observations (Pathak et al. 2010, 2016; Pathak and
Bhuyan 2014; Subba et al. 2018 and references therein;
Dabhutia et al. 2018 etc.). However, modeling studies are
still limited except for a location Dibrugarh (Nair et al.
2012; Kumar et al. 2015).
The main objectives of the present study are

1. To study the RegCM model sensitivity to changes in
cumulus convective precipitation, boundary layer and
land surface schemes. Model’s skill to generate reli-
able spatial climatology, annual and seasonal cycles of
meteorological variables are focused. This will facilitate
to attain the second objective of chemistry simulations,
with the best parameterization obtained over CORDEX
South Asia domain.

2. A comprehensive multiyear (2011-2014) simulation and
validation exercise including the spatial and seasonal
aerosol black carbon (BC) and aerosol optical depth
(AOD) over the region using data collected from both
ground-based networks under Aerosol Radiative Forc-
ing Over India NETwork (ARFINET) of Indian Space
Research Organisation’s Geosphere Biosphere Program
(ISRO-GBP) and MODIS satellite measurements.

3. Evaluation of direct radiative forcing of simulated aero-
sols over Indian region with emphasis on NER.

4. To analyze the effect of enhancing aerosol emissions in
the model simulated AOD and to evaluate its effect on
precipitation.

@ Springer

2 Approach

2.1 Model description and experimental design
for sensitivity tests

The fourth generation of the Abdus Salam International
Centre for Theoretical Physics (ICTP) regional climate
model (RegCM4) (Giorgi et al. 2012) has been used in this
study. The RegCM’s dynamical core is based on the hydro-
static version of the mesoscale model MMS5 of National
Center for Atmospheric Research (NCAR) and Pennsylva-
nia State University (Grell et al. 1994). Radiative transfer
in RegCM is based on the parameterization of NCAR’s
community climate model CCM3 (Kiehl et al. 1996).
RegCM consists of the biosphere—atmosphere transfer
scheme (BATS; Dickinson et al. 1993) with supplemen-
tary amendments to take account subgrid variability of
topography and land cover using mosaic-type approach
(Giorgi et al. 2003) and community land model (CLM)
(Steiner et al. 2009) as land surface packages. We use
BATS (Dickinson et al. 1993) and CLM version 4.5 (Ole-
son and Lawrence 2013) as land-surface scheme (LLSS) and
both the available PBL schemes of Holtslag et al. (1990)
and that of the University of Washington (UW) (Grenier
and Bretherton 2001; Bretherton et al. 2004; O’Brien et al.
2012) for the sensitivity analysis. RegCM 4.4 includes
several options for cumulus convection: Grell (1993),
the Massachusetts Institute of Technology (MIT) scheme
(Emanuel 1991; Emanuel and Rothman 1999), Tiedtke
scheme (Tiedtke 1989), Kain and Fritsch scheme (Kain
and Fritsch 1993) and there is also possibility of using
different convective schemes over ocean and continent in
the same simulation which is referred to as “mixed convec-
tion”. The convection is triggered for Grell scheme when
the lifted air parcel attains moist convection. The current
study follows Fritsch—Chappell (FC) closure (Fritsch and
Chappell 1980) for the Grell scheme where available buoy-
ant energy is released within a specified period. In the
Emanuel scheme where the mixing in clouds is highly
inhomogeneous and episodic, convection triggers when
the level of neutral buoyancy is higher than cloud-based
level. Air lifts between these two levels and a fraction of
the condensed moisture forms precipitation. Whereas the
rest forms cloud that mix with the environment, of which
the mixing entrainment and detrainment rate are propor-
tional to vertical gradients of buoyancy in clouds. Tiedtke
is a mass flux convection scheme in which the closure
assumptions for shallow convection are maintained by the
supply of moisture from surface evaporation. Whereas,
penetrative and mid-level convection is determined by
large-scale moist convergence. Kain and Fritsch scheme
is a revised version of Fritsch—Chappell scheme (Fritsch
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and Chappell 1980) with modifications in detrainment
effect and cloud model. The main components of Kain and
Fritsch are a trigger function, moist convective updraft,
moist convective downdraft, compensating circulation and
a closure assumption. Convection triggers when Lifting
Condensation Level (LCL) temperature of the ascending
parcel exceeds the environmental LCL temperature. The
closure assumption of Kain and Frisch scheme is the same
as that of Fritsch—Chappell scheme (1980): to reduce con-
vective available potential energy (CAPE) over a specific
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Fig.1 CORDEX South Asia domain with topography (m) used
for model simulation. Black box shows the Indian region used for
Annual cycle validation. Other boxes represent the sub regions—
Tibetan Himalayas (TH), Indo-Gangetic Plains (IGP), North Eastern
Region of India (NER), Main Land India (MI), North Bay of Bengal
(NBOB), South Bay of Bengal (SBOB) and South India (SI) used for
RegCM model validation

timescale. The initial conditions and lateral boundary
conditions are provided by six hourly fields from ERA-
Interim reanalyzes (EIN 75) through a 1000 km buffer
zone (Solmon et al. 2015 and references therein). The
model domain (Fig. 1) follows CORDEX specifications
and covers a large region encompassing Indian sub-conti-
nent and adjacent oceanic regions with a 50 km horizon-
tal resolution and 18 vertical sigma-pressure levels. All
the integrations start at 00:00 hours UTC on 1 December
1997 and runs unceasingly for 5 years and 1 month until
1 January 2003. The December 1997 is excluded from
analysis to allow for the model spin-up time. For obtaining
the best parameterization schemes: cumulus convective
precipitation, PBL and land surface, we have conducted
11 sensitivity simulations as explained in Table 1. Firstly,
four simulations (TDK, GR, EM, KF) are conducted using
all the four available cumulus convective precipitation
schemes using UW PBL scheme and coupling RegCM
with CLM4.5. Another simulation with Tiedtke over land
and Emanuel over Ocean is also performed keeping same
PBL and land surface scheme. In order to investigate the
sensitivity in LSS, RegCM is coupled with BATS keeping
rest of the parameters same. PBL scheme Holstag sensi-
tivity under BATS as well as CLM4.5 is also investigated
using Tiedtke cumulus convective precipitation scheme.
Further, three additional sensitivity simulations (TDKH,
TDKM, TDKL) are carried out to investigate the impact
of different values like entrainment rate for penetrative
convection, critical RH below cloud for evaporation and
conversion coefficient from cloud water within the Tiedtke
cumulus convective precipitation scheme (Table 2). Here,
UW PBL scheme in RegCM coupled with CLM4.5. In the
experiment TDKM, we have modified the values of all the
three components from default values (experiment TDK
in Table 1). In the rest of the experiments: TDKH and

Table 1 Different RegCM sensitivity experiment details and the purpose of the study

Experiment  Precipitation scheme used  Land surface Boundary layer  Purpose
scheme used scheme used

TDK Tiedtke CLM 4.5 UW-PBL Climate evolution using Tiedtke precipitation scheme
GR Grell CLM 4.5 UW-PBL Climate evolution using Grell precipitation scheme
EM Emanuel CLM 4.5 UW-PBL Climate evolution using Emanuel precipitation scheme
KF Kain and Fritsch CLM 4.5 UW-PBL Climate evolution using Klein and Fritch precipitation scheme
TDEM Tiedtke over land and Ema- CLM 4.5 UW-PBL Climate evolution using TDEM scheme

nuel over Ocean
TDKBU Tiedtke BATS UW-PBL Influence of BATS scheme
TDKM Tiedtke CLM 4.5 UW-PBL Influence of change in convective parameters
TDKH Tiedtke CLM 4.5 UW-PBL Influence of change in increasing entrainment rate
TDKL Tiedtke CLM 4.5 UW-PBL Influence of change in decreasing entrainment rate
TDKBH Tiedtke BATS HOLSTAG Changes due to the Boundary layer scheme
TDKCH Tiedtke CLM 4.5 HOLSTAG Changes due to the Boundary layer scheme
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Table 2 Modified values for

‘ . Parameter  Description Modified Value Default value
different parameters with
baseline values (experiment TDKH TDKL TDKM
TDK in Table 1) for the TDKH,
TDKL, TDKM Entrpen Entrainment rate for penetrative convection  0.00225 0.00125 0.00075  0.00175
rhebc_Ind  Critical rh below cloud for evaporation 0.7 0.7 0.5 0.7
rprc_Ind Conversion coefficient from cloud water 0.0014  0.0014  0.014 0.0014

TDKL, only entrainment rates for penetrative convection
are increased and decreased respectively from the default
value. Four observational datasets are used to evaluate the
model precipitation and temperature: the Climate Research
Unit (CRU; Mitchell and Jones 2005), Tropical Rainfall
Measuring Mission (TRMM; Huffman et al. 2007), Global
Precipitation Climatology Project (GPCP; Adler et al.
2003) and Indian Meteorological Department (IMD) data
set prepared by Rajeevan and Bhate (2009).

2.2 Experimental design for simulation of aerosol
fields and validation against observations

2.2.1 RegCM4.4 simulations of AOD and BC

For better representation of regional anthropogenic emis-
sions, we use the Regional Emission inventory in ASia
(REAS) (Ohara et al. 2007; Nair et al. 2012; Solmon et al.
2015) completed by the Atmospheric Chemistry and Cli-
mate Model Inter-comparison Project (ACCMIP) emissions
(Lamarque et al. 2010; Solmon et al. 2015). Monthly input
boundary conditions for the aerosol run are provided from
global simulations using Community Atmosphere Model
(CAM) and EC-EARTH (ECWMF-based Earth-system
model) following Representative Concentration Pathway
(RCP) scenario 2.6. Parameterization schemes for cumulus
convection, LSS and PBL are selected performing sensitiv-
ity test, which is discussed in the later part of the paper.
Simulated aerosols impact on RegCM shortwave radiation
scheme through pre-calculated optical properties (Solmon
et al. 2006).

2.2.2 Observations: satellite and ground-based

For validations of simulated aerosol fields, the remote sensor
Moderate resolution Imaging Spectroradiometer (MODIS)
(Remer et al. 2005, 2008) retrieved monthly average Level-
3, quality assured (QA) collection 6, 1° X 1° AOD data are
utilized. MODIS Level-3 data are cloud screened and have
been recommended for scientific investigation (Levy et al.
2013; Dahutia et al. 2018). The retrieved AOD uncertainty
derived from MODIS is estimated to be +(0.05+0.15A0D)
over land (Remer et al. 2008; Li et al. 2009).

The Aerosol Radiative Forcing over India NETwork
(ARFINET) is a large network of aerosol laboratories over
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South Asian Region covering entire Indian Subcontinent,
maintained under the ISRO-GBP Programme. There are
35 ARFINET laboratories across the length and breadth of
the country serving the purpose of generating a widespread
aerosol database (Babu et al. 2013; Nair et al. 2016). Every
ARFINET station either has an in-house built Multi-Wave-
length Radiometer (MWR) (Moorthy et al. 1989), which is
the major workhorse of ARFINET or handheld sun photom-
eter (MICROTOPS II) for measurement of AOD, both work-
ing on filter wheel principle. The reliability between MWR
and MICROTOPS II measurements has been established
by Kompalli et al. (2010). The backbone of the BC surface
measurements over the country are the multi-wavelength
Aethalometers (Magee Scientific, USA) under ARFINET.
The Aethalometer works on the principle of optical attenu-
ation technique (Hansen et al. 1984). Several studies have
already used this method and reported BC measurements
over several locations within the ARFINET (Nair et al. 2007,
2008; Beegum et al. 2008; Pathak and Bhuyan 2014; Gogoi
et al. 2017 etc. and references therein).

3 Results and discussion

3.1 Model precipitation, circulation climatology
and validation

Precipitation is one of the most studied climate variables
to evaluate model performance. The spatial distribution of
RegCM simulated precipitation for different experiments for
the four seasons during 1998-2002 is presented in Fig. 2
along with the TRMM precipitation combined with NCEP
wind speed and direction. The results show that the RegCM
is able to reproduce the seasonal circulation pattern over
South Asia including the evolution of monsoonal pattern.
Due to the intense surface heating and hence decrease in the
atmospheric pressure of the landmass, a northward moist
wind moves from equator to the South Asian region during
JJA. During the SON-DJF seasons, the Indian subcontinent
receives a winter precipitation. Scarce precipitation dur-
ing DJF as observed from TRMM is also captured by the
RegCM simulations for different experiments. A precipita-
tion band with ~6-10 mm/day over the ocean region near
to the Southern tip of India during DJF and MAM is well
generated in most of the experiments. TDKM experiment
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generates a wet bias over NER during MAM. The Indian
sub-continental maximum precipitation is obtained dur-
ing the monsoon season. A strong precipitation band
~18-20 mm/day is observed near the Southwestern India
and NER region. EM and GR experiments fail to capture the
high precipitation over NE region during JJA. EM noticeably
generates a high precipitation over the Bay of Bengal (BoB)
region during that period (JJA). The model precipitation bias
in percentage with TRMM dataset is presented in Fig. 3.
During the DJF all the experiments show a very minimal
bias less than 10% with the TRMM pattern over the Indian
landmass. During MAM, the rainfall pattern of NER simu-
lated by TDK, KF, TDKH and TDKL experiments goes well
with the TRMM pattern while EM, GR, TDEM create a dry
bias. TDKM different from all other schemes creates a wet
bias over NER. KF, EM, TDKM, TDKH and TDKL create a
wet bias over Southern India. GR, KF, TDKM experiments
simulate a wet bias over Eastern India, whereas EM, TDEM,
TDKH and TDKL inhibit this. TDK generates a marginal
dry bias over the region. During monsoon, when dominant
rainfall occurs throughout the Indian Subcontinent, cumulus
convective schemes behave in dissimilar ways over different
regions. All the convective schemes other than the GR over-
estimate precipitation over South India while other experi-
ments create a dry bias. All the experiments create a dry bias
over central India, comparatively, KF and TDKM simulate
well. In EM and GR experiments, an intense dry bias cov-
ers NER. Over Eastern Himalayan regions, all experiments
unanimously show a dry bias. Noticeably all the schemes
except GR and EM generate a dry bias over the western
Indian region. An underestimated peak monsoon precipita-
tion during the mature phase in Indian region has also been
reported by Giorgi et al. (2012). During post-monsoon sea-
son TDKH, TDK generated rainfall go well with the obser-
vations throughout the Indian mainland (MI) with only a
minimal bias. GR produces a drier climatology during the
SON all over India. KF and TDKM behavior is noble other
than a bias over North India for the former and over IGP
and NER for the later. TDK and TDEM even though well
behave with observations over South India, has a wet bias
over Central, North and NER. The performances of different
schemes are further discussed based on Taylor’s diagram.

3.2 Temperature climatology and validation

Simulated seasonal air temperatures were validated against
Climate Research Unit (CRU; Mitchell and Jones 2005)
dataset with 0.5°x 0.5° resolution and is only available over
continents. During DJF, the observed temperature is higher
over South Indian region (> 24 °C), reduces gradually mov-
ing northwards and Tibetan Himalayas experience lowest
temperature (< 12 °C). There is a warm bias of ~2-4 °C
over the central Indian and a cold bias over the NER region
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for all schemes (Fig. 4). During JJA even though underes-
timation of temperature over northwestern India and NER
exist, TDEM and TDK experiments comparatively perform
well over other regions. GR experiment underestimates the
temperature all over India during JJA. Whereas all other
experiments exhibit a cold bias over South India and warm
bias over north India. TDEM and TDK exhibit higher spa-
tial warm bias over Central and North India than the rest
of India. A cold systematic bias of a few degrees has been
reported over the Indian region by Giorgi et al. (2012).

3.3 Taylor analysis

With the Taylor diagram shown in Fig. 5, the impact of
cumulus convective schemes on precipitation and the mod-
ulations brought by changes in convective parameters over
different regions of the Indian subcontinent and adjacent
areas can be examined. Thus the better performing convec-
tive scheme over different regions can be found out. Taylor
analysis has been carried out over Tibetan Himalayas, Indo-
Gangetic Plain (IGP), Main Land India, North East India,
Northern BoB, Southern BoB and South India. This analysis
makes an implication that none of the precipitation schemes
is finest over the across all sub-regions of the domain.
TDKM simulation, even though shows a good correlation
with observation, it overestimates for the precipitation over
the Himalayan region. TDEM, TDKH and TDKL show
better results comparatively. IGP is a hotspot for aerosols
over South Asia, as the pollution rate is extremely high in
that region (Gautam et al. 2009, 2010; Tripathi et al. 2005).
Hence, precipitation simulation over this region has to be
considered important as it plays a major role in the aero-
sol removal from the atmosphere. TDK simulation shows
a very good correlation of > 0.96 also with less deviation
from observation and also has a perfect annual cycle. Over
the Indian mainland, all schemes generate rainfall other than
GR goes well with the observation. NER is a rainfall hotspot
region of the world and also unique with its topography.
TDK and TDKM rainfall simulations show good agreements
with the observations whereas GR and EM performances are
poor. All the model simulations have a substantial discrep-
ancy with the observations over the southern part of India
with R <0.75. The main reason for this is the less precision
in simulating the southwest monsoon precipitation enter-
ing the subcontinent through South India. Over the North
Bay of Bengal (BoB), all the experiments underestimate
the precipitation, whereas over the south BoB Grell and KF
experiments are found to perform well. Considering the tem-
perature, model experiments exhibit less disagreement with
the observations. GR shows a less standard deviation from
observations over IGP, NER and North BoB.

Figure 5 further illustrates that simulation of regional
temperature and precipitation varies highly based on the
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choice of cumulus convective parameterization schemes.
The intense low-level westerlies during monsoon simulated
using TDK scheme is in good agreement with the observed
pattern as discussed in Fig. 2. The TDK scheme exhibits
a realistic precipitation and temperature over a large part
of the domain and is in good agreement with observations
over most of the sub-regions. The observed phase of annual
precipitation cycle is well simulated by TDK scheme over
IGP, Mainland India and NER. Extensive sensitivity study
of RegCM to cumulus convective precipitation schemes with
reference to precipitation and temperature reveals that sea-
sonal and monthly mean spatial distribution, as well as mag-
nitude, are better simulated by TDK experiment compared to
the other experiment. In Tiedtke scheme the shallow, mid-
level and deep convection are represented by several cloud
types and downdrafts. Performance of Tiedtke scheme is
better due to its different closure assumptions for shallow
and deep, mid-level convection (Bhatla et al. 2016). Even

though there is a difference in spatial distribution between
observation across the other subregions, the Tiedtke scheme
does well capture the seasonality. It is worthwhile to men-
tion that KF is also performing well spatially in all the
regions except the NER. However, as NER is the focused
region for the present chemistry simulation, we are not con-
sidering KF as the best parameterization scheme. Instead,
Tiedtke which is performing much better over NER, IGP
and MI is considered further for aerosol field simulations. It
is worthwhile to mention that NER is affected by pollutants
including aerosols transported from IGP and MI compared
to rest of the regions mentioned above.

3.4 Annual precipitation cycle
The annual precipitation cycle for all RegCM experi-

ments are compared with CRU, IMD, GPCP and TRMM
(1998-2002) over India is shown in Fig. 6. The right onset
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Fig.6 The annual precipitation cycle (1998-2002) for observations
and different RegCM cumulus convective precipitation schemes over
Indian region

time of monsoon is vital as it is the major contributor to
the annual rainfall over Indian sub-continent. From the fig-
ure, it is clear that there is an early monsoon onset in most
of the RegCM experiments (EM, KF, TDKM, TDKH,
TDKL), whereas the GR experiment inhibits the precipi-
tation, with a dry bias in JJA. There is a delayed monsoon
evolution in the TDEM precipitation, thus possessing a
high wet bias during the post-monsoon period. Whereas
TDK experiment in spite of exhibiting a wet bias in the
MAM months (~2 mm/day) over the observations, cap-
tures the right onset of monsoon and peak level precipita-
tion over the entire Indian region. Thus, comparatively,
better annual precipitation cycle is obtained using the
TDK experiment. Bhatla et al. (2016) using RegCM 4.3
examined the sensitivity of cumulus convection scheme in
the simulation of Pre-onset, Onset and Post-onset periods
of Indian Summer Monsoon over CORDEX South Asia
domain. The study reported that composite onset simula-
tion is in good agreement with observation using Tiedtke
scheme. Srivastava and Sherin (2018), investigated the
role of physical and dynamical parameterizations on
meteorology and aerosol characteristics over India using
WRF-CHEM. The study revealed that the Grell 3D and
Kain—Fritsch cumulus parameterization schemes are not
able to capture the meteorological observations (rainfall,
winds, and Relative Humidity) over the region. The exper-
iment considering Grell-Freitas cuamulus parameterization
was found to be simulating meteorological parameters
and BC well in comparison with observations. Rakesh
et al. (2009) reported that the WRF model overestimates
the summer monsoon rainfall over Indian region using
Kain—Fritsch as cumulus scheme. It is evident that the
same parameterization scheme behaves in different ways
when implemented in different models as these strongly
depend on the other physical parameterizations as well.
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3.5 Regional model sensitivity to land surface
schemes and PBL schemes

In this section, we examine the performances of PBL
schemes over the study region (Figs. 7, 8). Since two dif-
ferent PBL schemes are implemented in RegCM 4.4: Diag-
nostic Holtslag scheme (Holtslag et al. 1990) and prognostic
UW scheme (Grenier and Bretherton 2001), four different
experiments using the best convection scheme, Tiedtke
obtained from the above results coupling with BATS and
CLM 4.5 respectively are performed. The two experi-
ments using Holtslag scheme with BATS and CLM 4.5 are
TDKBH and TDKCH and the other two using UW scheme
are TDKBU and TDK respectively. The impact of PBL
is very significant during the JJA as both the experiments
TDKBH and TDKCH underestimate the precipitation all
over India significantly (figure not shown). To finalize the
better simulation from TDK, TDKBU, TDKBH and TDKCH
the annual precipitation cycle over India are analyzed along
with the observations as presented in Fig. 8.

BATS exhibits a significant overestimation of precipita-
tion from January to May, with ~4-5 mm/day in April and
May, whereas the CLM experiment phenomenally reduces
this overestimation in MAM. The contradiction in BATS and
CLM simulated precipitations can be due to the difference
in the number of soil layers present in both the schemes. As
there are soil layers with less depth in the BATS scheme,
surface temperature reacts to the solar heating strongly and
thus surface heat gets driven to the convective precipitation
simulation. As CLM 4.5 includes several soil layers and it
considers the soil depth up to few meters, the upper soil
temperature doesn’t react as if in the BATS scheme, reducing
the surface heat pumping and thus inhibits the precipitation.
Thus the RegCM simulation using Tiedtke as cumulus con-
vective precipitation scheme coupled with CLM 4.5 is the
suitable combination than coupling with BATS. The annual
cycles of precipitation for both the experiments using Hol-
stag as PBL scheme underestimate precipitation significantly
during June (~ 3 mm/day). The TDKBH experiment overes-
timates precipitation during September and October.

Both the Holstag experiments fail to generate the maxi-
mum JJA rainfall over the region, whereas TDK even though
exhibits a minimal monthly bias follows the observational
pattern well. Thus the TDK experiment in which Tiedtke is
used as cumulus convective precipitation scheme coupled
with CLM 4.5 using UW as PBL scheme comes out as the
suitable combination over the domain. From spatial plot
rainfall bias with TRMM (figure not shown), CLM is found
to lessen the rainfall in comparison to BATS using UW
PBL scheme, almost all over the Mainland by ~ 1 mm/day.
During MAM and JJA, CLM inhibits around ~4 mm/day
rainfall in NER. CLM creates wet bias over IGP and NER
during SON with respect to BATS. The Correlation plot of
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Fig.8 The annual precipitation cycle (1998-2002) for observations
and different RegCM land surface and PBL combination experiments
over Indian region

monthly average CRU temperature with TDK and TDKBU
experiment, (Fig. 7) is to investigate the model capability of
generating near-surface temperature. CLM 4.5 coupled TDK
simulation clearly shows a better correlation (0.98), whereas,
TDKBU experiment even though has a good correlation
(0.96), is not apposite since there is an overestimation of
temperature throughout the simulation while compared with
observations. Thus the TDK experiment with UW scheme is
considered as the best combination for RegCM 4.4 coupled
with CLM 4.5.

3.6 Simulation of aerosol fields

The aerosol fields: AOD and BC are simulated over the
Indian subcontinent for the period 2011-2014 using
RegCM 4.4 model coupled with CLM 4.5. In this simu-
lation, we have considered Tiedtke cumulus convective

parameterization and UW PBL Schemes, which are found
to be the best schemes over the region as discussed above
keeping all other parameters the same. Wet deposition is
an important sink of BC that determines its lifetime and
atmospheric burden (Bond et al. 2013). Appreciable differ-
ences in the absolute values of simulated precipitation with
observations can significantly affect the wet scavenging of
the aerosols (Srivastava and Sherin 2017). Hence, it is very
important that the cumulus parameterization scheme is able
to capture the variabilities in meteorological parameters over
the study region. Similarly, the choice of PBL scheme gen-
erates high variability in atmospheric chemistry, diffusion,
advection and deposition. Shallow wintertime atmospheric
boundary layer is an important factor contributing to high
surface aerosol concentrations in winter over South Asia by
trapping pollutants near the surface. The nonlocal boundary
layer scheme used in RegCM4 tends to overestimate verti-
cal mixing in very stable conditions (Giorgi et al. 2012).
RegCM4 with non-local boundary scheme failed to represent
the very stable nighttime conditions and therefore overesti-
mates the vertical aerosol transport and underestimates the
nocturnal BC (Nair et al. 2012). Therefore, the sensitivity
with the advanced RegCM 4.4 version helps in the selection
of cumulus and PBL scheme that has to be chosen wisely for
aerosol simulations over South Asia. Our analyses showed
that use of Tiedtke and UW scheme as cumulus convec-
tive and PBL schemes respectively are closer to observed
precipitation over India, especially over NER. Features like
annual rainfall cycle over India, high monsoon rainfall over
NER, perfect rainfall pattern over IGP are simulated by the
combination of Tiedtke and UW scheme. This will aid in
perfect wet scavenging/removal mechanism over BC hotspot
regions like IGP, which even impacts the aerosol environ-
ment over NER.
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We have validated the simulated AOD with MODIS
(Moderated Resolution Imaging Spectroradiometer) satellite
retrievals over the Indian subcontinent, while ground-based
ARFINET AOD and BC concentrations are used to validate
the simulations over the NER only.

3.6.1 RegCM simulated AOD and validation against MODIS
retrieved AOD over India

Total extinction due to the existence of aerosols in the ver-
tical column of atmosphere is determined by columnar
spectral aerosol optical depth (AOD), which portrays the
climate impact of aerosols. Hence in-depth understanding
about the spatio-temporal variation of simulated AOD over
Indian region is crucial. Studies for validating large-scale
simulated aerosols are based on satellite observations due
to their ability to provide aerosol information at regional to
global scale with high temporal resolution. Figure 9 shows
the spatio-temporal distribution of seasonal AOD simulated

by RegCM at 350-640 nm (left column), MODIS AOD at
~550 nm (middle column) and the bias between MODIS and
RegCM AOD (right column) over Indian Subcontinent. Spa-
tio-temporal AOD variation is well depicted by the model
thereby simulation of AOD hot spots like IGP during DJF
associated with anthropogenic emission and dust activities,
high AOD over the Arabian Sea during JJA, low AOD over
the Indian Ocean etc. Simulated and Satellite retrieved AOD
possess less discrepancy during the MAM, the bias being
within +0.2. MODIS shows highest AOD values (~1.1) over
northwestern India during monsoon. This is associated with
enhanced dust activity over west Asian regions as reported
earlier (Moorthy et al. 2005; Zhu et al. 2007). This strong
north westerly advection of mineral dust is well represented
by RegCM simulations, even though a small bias exists
(Solmon et al. 2015). The extreme bias between the simu-
lated and MODIS retrieved AOD exists over the IGP region
during DJF, where RegCM underestimates MODIS by ~0.5.
The primary reason for this might be the inadequacy of the
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Fig.9 Spatial distribution of seasonal AOD simulated by RegCM using REAS emission inventories, MODIS observation and bias between

MODIS and RegCM experiment

@ Springer



Obtaining best parameterization scheme of RegCM 4.4 for aerosols and chemistry simulations... 343

emission inventories including the dominant burning events
and other anthropogenic activities occurring over the region
during DJF. This makes the DJF AOD underestimation high
over regions where anthropogenic aerosol loading is higher
than natural aerosols. Similar underestimation of AOD over
Indian region during DJF was reported in the earlier studies
(Nair et al. 2012; Reddy et al. 2004; Dickerson et al. 2002)
revealing the inadequacy of emission inventories. Also as
stated by Nair et al. (2012), imprecision of surface albedo
representation in MODIS retrieval algorithm (Jethva et al.
2009) over Indian region adds up to the AOD disagreement.

3.6.2 RegCM simulated black carbon over the Indian
subcontinent

Black carbon (BC), one of the most tentative components of
aerosols system over South Asian region (Kinne et al. 2006;
Koch et al. 2009) has strong radiative effects due to its high
light absorbing nature. Many reports are available on spatio-
temporal distribution of BC and its contribution to radia-
tive forcing and thus to climate over the South Asia region
(Pathak and Bhuyan 2014 and references therein; Subba
et al. 2018 and references therein). However, due to inac-
cessibility to various places of the complex terrain of Indian
Subcontinent, ground-based measurements are insufficient.
Also, BC measurements by satellites are non-existent. As
such, models are the best tool to obtain regular information
on spatio-temporal variability of BC. A few model-based
studies on BC including validation against observation over
the Indian subcontinent are available (Goto et al. 2011; Nair
et al. 2012; Kumar et al. 2015). Spatial and seasonal distri-
bution of RegCM simulated BC reported in those studies
are in agreement with the current simulations presented in
Fig. 10. The model is capable of capturing the BC hotspots
in the IGP region, particularly during the dry season, thus
revealing its capability of replicating the real BC seasonal
scenario. However, there exists a strong difference in magni-
tude between observation and simulation. According to Nair
et al. (2012), absolute magnitudes of BC mass concentration
were underestimated by RegCM by two to five times, with
high underestimation in DJF. Model inability to replicate the
diurnal variation of BC was found to be the foremost reason
for this and is associated with the usage of non-local bound-
ary layers in the model. Also the year average emission files
lack the incorporation of local emission activities.

3.6.3 RegCM simulated AOD and BC validation using
ARFINET measurements over NER

NER is a unique biodiversity region located at sub-Hima-
layan ranges surrounded by Tibetan plateau at North, Indo
Myanmar hills at East, Garo—Khasi—Jayantia and Naga hills
to the South and a left corridor opened to highly polluted
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Fig. 10 Spatial seasonal distribution of simulated BC (ug/m®)

IGP region and rest of Indian subcontinent. Even though
the NER is a significant part of aerosol loading region of
South Asia, no full-fledged aerosol modeling studies over
this region have been conducted. In terms of aerosol bur-
den, this region stands as second highest in South Asia next
to IGP (Pathak et al. 2016). Hence, in the present study,
Modeled AOD validation is carried out using ARFINET
measured AOD over four distinct locations in NER [Agar-
tala (AGA), Shillong (SHN), Imphal (IPH) and Dibrugarh
(DBR)]. Pathak et al. (2016) have extensively studied the
AOQOD distribution and ARF estimation over these locations
and found a west-east gradient, with higher values in west-
ern locations. Figure 11 represents the spatial variation of
AOQD over different locations for ARFINET measured and
simulated AOD during DJF and MAM. Both modeled and
measured AOD are higher during MAM than in DJF at all
the NER locations.

The observed AOD throughout all the locations ranges
from 0.3 to 0.73 in DJF and 0.6 to 0.8 in MAM, whereas
the simulated AOD lies between 0.21 and 0.31 and 0.34
to 0.47 respectively. Highest values for both observation
(AOD ~0.8) and simulation (AOD ~0.47) are obtained at
AGA, but with a high bias. Even though seasonality of AOD
is well captured by the model, in terms of magnitude the
simulation needs further improvement. Similar to observa-
tion by Pathak et al. (2016), the simulated AOD also exhibits
east—west asymmetry with higher AOD over western NER
locations, AGA and SHN than the eastern locations DBR
and IPH. Overall, RegCM is capable of simulating the real
Aerosol optical features over the Indian subcontinent. Still,
the inconsistencies in magnitude existing between the simu-
lated and observed AOD can mainly be assigned to the fac-
tors like, (1) emission inventories: as NER together with
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Fig. 11 Spatial variation of AOD over different locations for ARFI-
NET measured and simulated AOD during DJF and MAM

most of the Indian locations, is highly influenced by the
local burning and anthropogenic activities whereas emis-
sion scenario is not completely capable of recreating the real
scenario. It should also be kept in mind that emission files
are yearly averaged. (2) As NER is the highest rain receiving
region in India, replicating observed precipitation with high
reliability using model simulation is highly challenging. Wet
deposition is one of the main aerosol removal processes and
surface wetness is a controlling factor of aerosol produc-
tion. Along with rainfall, other meteorological parameters
also can influence the aerosol simulation (e.g., wind, PBL).
Hence, the model deficiency in simulating meteorology pre-
cisely can impose a bias in aerosol concentration and optical
properties ultimately. Therefore, this inability to simulate
same rainfall pattern and magnitude also adds to the model
discrepancy.

Even though Nair et al. (2012) have carried out a detailed
investigation of RegCM simulated BC concentration over
Indian region by comparing with ARFINET observations,
only one station, DBR from NER was included in that.

Earlier studies over this region, based on the rich ground-
based measurements under ARFINET (Pathak et al. 2016;
Babu et al. 2013; Gogoi et al. 2017) revealed a distinct aero-
sol spatio-temporal variability. As such current simulations
of BC are compared with the above mentioned four ARFI-
NET stations in NER (Table 3). Measured BC concentration
peaks during DJF with the highest value at AGA (5 pg/m>).
The model simulations are found to be underestimated by
the measurements at all the four stations throughout the year.
Highest underestimation is observed during DJF over IPH
than in other stations where the measured and simulated BC
ratio is ~6.7. On the other hand, over DBR and SHN meas-
ured and simulated BC ratio throughout all the seasons lies
below 3. During JJA and SON, the observed BC is closer
to the observations. This systematic discrepancy is mainly
due to the lack of precise emission inventory as mentioned
above.

3.7 Evaluation of model-simulated direct radiative
forcing

The direct radiative forcing (DRF), which is the means to
study the climate implication of aerosols, represents the per-
turbed radiation flux due to the presence of aerosols, at top
of the atmosphere (TOA), in the atmosphere (ATM) and at
the surface (SUR). These are estimated with the change in
net solar flux considering with and without aerosol condi-
tions. Direct atmospheric forcing (DRF,1y,) is the difference
between the radiative forcing at the top of the atmosphere
and at the surface:

DRFATM = DRFTOA - DRFSUR' (1)

3.7.1 Direct radiative forcing over Indian sub-continent

Earlier studies have revealed the importance of studying
DREF over the region as they contribute to the weakening
of the Asian monsoon system (Lau et al. 2006 and refer-
ences therein). The seasonal mean aerosol-induced DRFq
is shown in Fig. 12. Over most of the Indian region aero-
sols induced DRFq, cooling is exhibited in the range — 12
to 0 W/m? throughout all the seasons. On contrary, over
the Tibetan plateau and western Chinese region, a warm-
ing is induced due to the high surface albedo. During DJF

Table 3 Comparison of simulated and measured seasonal BC over NE India ARFINET stations (ug/m?)

DJF MAM A SON

OBS RegCM OBS RegCM OBS RegCM OBS RegCM
AGA 17.05+1.76 5.00+0.14 7.26+3.02 2.15+0.94 2.47+0.33 0.99+0.04 8.61+5.48 3.81+1.81
DBR 7.02+2.8 2.38+0.12 4.24+1.31 1.72+0.09 2.37+0.17 1.54+0.14 4.44+1.33 2.21+0.09
IPH 8.54+2.52 1.26+0.07 4.61+1.59 1.124+0.13 1.647+0.42 0.73+0.07 3.83+1.72 1.48+0.24
SHN 7.14+191 2.58+0.21 3.87+1.58 1.78 +0.34 1.50+0.24 1.20+0.11 4.56+1.93 2.51+047
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the DRFrq, is less in the region, ranging from O to —4 W/
m? over western India and — 4 to — 8 W/m? over IGP, East
and NER region. During MAM, the TOA cooling increases
in the NER (-8 to — 12 W/m?) compared to other regions.
DRFq(, in JJA cooling increases over the west and North
West India and adjacent Arabian Sea regions (< — 12 W/
m?) compared to the remaining subcontinent. This is mainly
due to the high dust loading over the West and North West
India during the JJA. DRFq, is almost O or less negative
during SON over most part of India, that can be attributed
to the increasing BC mass fraction (Pathak et al. 2010 and
references therein). Slightly positive or negative TOA forc-
ing over NER locations during post-monsoon and winter
is reported before which was correlated to the increase in
BC mass fraction (Pathak et al. 2010, 2016). During DJF,
seasonal atmospheric forcing (DRF,r,,) over IGP, North
India, East and NER ranges between 0 and 20 W/m? whereas
over the rest of the sub-continent it is < 10 W/m? (Fig. 13).
Atmospheric forcing increases throughout the Indian sub-
continent during MAM, with highest over IGP. This may
be assigned to the steady increase in simulated AOD during
this season. DRF yp, reaches as high as > 40 W/m? over the
North Western region during JJA when simulated AOD is
also appreciable. The IGP region too experiences significant
atmospheric forcing ranging from 40 to 50 W/m?. DRF
during SON is comparatively less over all the aerosol hot
spot regions. The North Indian regions experience high
DRFrg, and DRF,ry compared to South India throughout
the year. This latitudinal gradient is mainly due to the high
enhanced anthropogenic activities over North than South
India. A detailed comparison of DRF estimated using Santa
Barbara Discrete Ordinates Radiative Transfer (SBDART)
model (Ricchiazzi et al. 1998) model over the South Asian
region has been discussed by Subba et al. (2018) and hence
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Fig. 13 Simulated seasonal mean aerosol-induced DRF 1y, (W/m?)

not repeated here. They have reported, on an average, similar
surface cooling over NE and South India (~—31 W/m?).
The study also reported IGP and west India experiencing a
surface dimming of ~—40 W/m? annually and has higher
atmospheric warming (~+ 32 W/m?) than NE and South
India. This latitudinal gradient is captured by current simu-
lation as discussed above.

3.7.2 Direct radiative forcing over NER

With the simulated AOD scenario over NER possessing
consistency with the observations, here we try to estimate
the radiative forcing due to simulated aerosols over the
region. Several previous studies (Pathak et al. 2010, 2016;
Gogoi et al. 2017; Biswas et al. 2017) have reported the
DREF for composite aerosols and for BC only over the
ARFINET stations in NER using SBDART model. The
model simulated seasonal variation of DRF at TOA, SURF
and in the ATM over AGA, SHN, IPH and DBR are shown
in Fig. 14. All the stations experience less negative TOA
forcing and surface forcing in DJF than in MAM mainly
due to the high BC fraction in DJF than in MAM (Pathak
et al. 2010, 2016). High atmospheric forcing over SHN and
AGA during MAM (23 W/m? and 21 W/m?) than in DJF
(14 W/m? and 16 W/m?) can be attributed to the higher
AOD in MAM (0.47 and 0.44) than in DJF (0.3 and 0.31).
The radiative forcing dependency on aerosol over DBR and
other three locations has been reported earlier by Pathak
et al. (2010, 2016) and the current study backs the same
conclusion. Highest negative surface forcing in MAM is
experienced over SHN (—32 W/m?) and AGA (-31 W/
m?) than the eastern locations IPH (— 27 W/m?) and DBR
(—23 W/m?). Atmospheric forcing symbolizes the amount
of radiative flux perturbed due to the existence of various
aerosol species, that further results in atmospheric heating.
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Hence, the atmospheric heating rate is a significant sign of
climate implication of aerosols, which can be calculated
as (Liou 1980; Quijano et al. 2000)

8T _ & AF
8t C,AP 2)

where, g is the acceleration due to gravity, C, the specific
heat capacity of air at constant pressure and P the atmos-
pheric pressure. A constant value of 300 hPa is depicted to
AP in the equation as most of the aerosol-induced heating is
confined to lower vertical levels. The atmosphere over AGA,
SHN, IPH and DBR are found to be heated by 0.45-0.7 K/
day, 0.40-0.69 K/day, 0.28-0.57 K/day and 0.25-0.64 K/day
respectively throughout the year. The seasonality of heating

rate follows the forcing in the atmosphere and thus simulated
seasonal AOD. Hence due to the high atmospheric forcing
values in MAM, all the locations experience a significant
increase in MAM heating rate than the DJF. During MAM,
heating rates of 0.65 K/day and 0.62 K/day are experienced
in SHN and AGA, whereas < 0.52 K/day heating rates were
noticeable over the other two locations. Even though the
heating rates obtained over all the four locations are under-
estimated by the values reported by Pathak et al. (2016),
spatio-temporal variation over the region is well captured
by the model.

3.8 Model sensitivity to enhanced regional
emissions and effect on monsoon precipitation

Interactive coupling of chemistry/aerosol in regional climate
models is a relevant topic over Indian subcontinent as aero-
sols have significant effects on the South Asian monsoon
(Lau et al. 2006). Several previous studies revealed signifi-
cant underestimation of aerosols in emission inventories
over Indian subcontinent in comparison with observations
(Nair et al. 2012; Kumar et al. 2012b; Michael et al. 2014).
The accurate parameterization of aerosol emissions would
help to decrease the uncertainty in aerosol concentrations
over the domain and will enhance our understanding of the
effects of anthropogenic aerosols on the climate over COR-
DEX South Asia.

In the current experiment, anthropogenic emissions over
the CORDEX South Asia domain have been increased by
100% (exp_DBL) and are utilized to study the effect of
enhancement in regional emissions. The results are com-
pared with the standard experiment (exp_STD) as discussed
in Sect. 3.6 and MODIS retrieved AOD over different sub-
regions: Tibetan Himalayas (TH), Indo-Gangetic Plains
(IGP), North East (NE), Main Land India (MI), North Bay
of Bengal (NBOB), South Bay of Bengal (SBOB) and South
India (SI) (Table 4). The influence of enhancement in aero-
sol emission leads to an appreciable increase in AOD over
entire Indian sub-continent and adjacent oceanic region with
an increase of 38-97% seasonally over various sub-regions.
Despite the underestimation in comparison with MODIS

Table 4 Comparison of the MODIS retrieved and RegCM 4.4 simulated (exp_STD and exp_DBL) AOD over NER ARFINET stations

Area DIJF MAM

JIA SON

MODIS exp_STD exp_DBL MODIS exp_STD exp_DBL MODIS exp_STD exp_DBL MODIS exp_STD exp_DBL

IGP 0.50 0.12 0.21 0.48 0.25 0.35
ML 0.43 0.14 0.26 0.44 0.30 0.41
NE 0.32 0.11 0.20 0.51 0.24 0.39
NBOB 0.35 0.15 0.27 0.53 0.24 0.40
SBOB 0.26 0.15 0.29 0.38 0.14 0.25
SI 0.31 0.16 0.31 0.44 0.21 0.35

0.56 0.30 0.47 0.39 0.21 0.38
0.70 0.41 0.59 0.45 0.27 0.47
0.34 0.24 0.41 0.22 0.21 0.41
0.46 0.21 0.34 0.34 0.25 0.45
0.40 0.16 0.24 0.28 0.18 0.31
0.43 0.24 0.34 0.35 0.23 0.38
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AQOD, significant improvement in model performance in
simulating AOD is exhibited by exp_DBL than in exp_STD
over all sub-regions during DJF and MAM. During DJF,
AOD over SI and SBOB during MAM is improved by 97%
and 86% respectively. Noteworthy influence of enhanced
emission is experienced over IGP during JJA and SON with
an increase of AOD by 55% and 77% respectively. On the
other hand, doubling emissions overestimate AOD over NER
by 48% and 68% during JJA and SON. Simulated AOD in
exp_DBL is also high over ML, NBOB, SBOB, and SI than
MODIS retrieved AOD during SON. Overall, the results
show that as simulated AOD is very sensitive to aerosol
emissions, updating in emission inventory over the region
will further improve model credibility. Though exp_DBL
experiment reduced the underestimation, still the model
underestimates the AOD over hot spots regions like IGP,
revealing that emission inventories miss few of the signifi-
cant local sources over the domain. Also, the AOD bias with
observation is not the same over all the subregions during all
the seasons. Hence, the exp_DBL simulated AOD overes-
timates the observed AOD from MODIS during SON over
many sub-regions.

Figure 15 shows the change in JJA precipitation due to
the fast climatic response because of doubling the aerosol
emission with respect to the standard experiment. The model
precipitation response to the increase in emission is highly
sensitive. Doubling the emission increases the summer mon-
soon precipitation over northwest India and SBOB whereas
a reduction is observed over west India, SI and portion of

exp_STD - exp_DBL

JIA -

4 -3 -2 A o 1 2 3 4

Fig. 15 Monsoon precipitation difference between exp_STD and
exp_DBL simulations (mm/day)

IGP. Hence, the precipitation variation over Indian sub-con-
tinent is mainly due to the enhancement of aerosol emissions
inside the domain. Weakening of Asian summer monsoon
due to enhancing anthropogenic aerosols is already reported
by several studies (Ramanathan et al. 2005; Bollasina et al.
2011; Ganguly et al. 2012). Thus, it is essential to improve
the emission inventories due to their potential to trigger a
change in monsoon precipitation. Simulating the aerosol
emission scenario and its feedback on dynamics precisely
will improve the RegCM model performance over South
Asia.

The present study can be a reference for fine tuning the
RegCM4.4-CLM 4.5 coupled model for studying regional
aerosol environment. Also, RegCM is one of the finest
tools for assessing aerosol feedback to climate change. Up
to a certain grid-spacing performance of a regional cli-
mate model gets better with the increase in the horizontal
resolution (Wang et al. 2007). Even though Maurya et al.
(2018) shown that RegCM performs better for Indian Sum-
mer Monsoon simulation when intermediate resolutions are
used as compared to high and low-resolution experiments,
the choice of resolution for the simulation of aerosols using
RegCM is not yet studied. Hence, more sensitivity studies
on the impact of horizontal resolution in aerosol studies
over CORDEX framework will be performed in a future
perspective that will provide valuable information for long-
term studies further.

4 Conclusions

Sensitivity tests for 5 years 1998-2002, to fine tune the
RegCM 4.4 model for chemistry simulation over the COR-
DEX South Asia with a specific thrust on the Indian sub-
continent has been performed. Simulated temperature and
precipitation using different precipitation schemes at 50 km
resolution over the Indian sub-continent are compared with
several observational datasets. Tiedtke cumulous parame-
terization scheme with default values was found as the best
one over the region with PBL scheme of UW when coupled
with CLM 4.5 land surface model. Chemistry simulation
with the obtained best parameterization during 2011-2014
has been performed and a spatio-temporal distribution of
aerosol optical and radiative properties is presented over
the Indian subcontinent in general, with emphasis on NER
in particular. Model sensitivity to enhanced aerosol emis-
sions and the summer monsoon precipitation response to it
are also looked into. Conclusions revealed by the study are
summarized below.

e The best agreement with observational data over entire

India is obtained considering the Tiedtke as cumulous
convective precipitation scheme. The right onset of mon-
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soon and the right temporal peak of precipitation con-
sidering annual cycle over India is only observed in that
experiment.

e CLM 4.5 outperforms the BATS simulated precipitation,
hence can be considered as the primary option for the
land surface scheme over the domain with better rep-
resentation of precipitation and temperature. The UW
scheme performs well than the Holstag scheme in the
domain, as it simulates well during the peak monsoon
months whereas Holstag experiments show a high dry
bias.

e The RegCM with Tiedtke as cumulus convective precipi-
tation scheme, UW scheme as PBL scheme coupled with
CLM 4.5 as the land surface scheme is better performing
for the simulations over CORDEX South Asia domain
and is used further multiyear (2011-2014) aerosol field
simulations.

e RegCM captures the AOD and BC seasonality and spatial
variability well over the Indian region, while it is under-
estimated magnitude wise, especially over anthropogeni-
cally active regions. Aerosol-induced atmospheric radia-
tive forcing is highest over the western and northwestern
part of India, associated with high aerosol loading during
JJIA.

e Simulated TOA and ATM forcing over India are higher
over northwestern India and IGP during JJA due to the
high dust loading and dominant anthropogenic activi-
ties respectively. SHN and AGA experience high ATM
forcing during MAM (23 W/m? and 21 W/m?) than in
DIJF (14 W/m? and 16 W/m?) and is associated with high
AOD in MAM.

e Maximum heating rates of 0.65 K/day and 0.62 K/day are
experienced in SHN and AGA during MAM. Model is
successful in simulating the seasonality in AOD, radiative
forcing and heating rates over the four locations in NER.

e Enhanced aerosol emissions helped in reducing model
underestimation of AOD over hot spots regions like IGP.
Hence, improving the aerosol emission over the Indian
region is necessary for robust aerosol field simulation.

e Model simulated precipitation shows high sensitivity to
aerosol emissions. A reduction in summer monsoon pre-
cipitation is observed over west India, SI and portion of
IGP due to increased aerosol emissions.
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