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Abstract. To reduce the uncertainty in climatic impacts
induced by black carbon (BC) from global and regional
aerosol–climate model simulations, it is a foremost re-
quirement to improve the prediction of modelled BC dis-
tribution, specifically over the regions where the atmo-
sphere is loaded with a large amount of BC, e.g. the Indo-
Gangetic Plain (IGP) in the Indian subcontinent. Here we
examine the wintertime direct radiative perturbation due
to BC with an efficiently modelled BC distribution over
the IGP in a high-resolution (0.1◦× 0.1◦) chemical trans-
port model, CHIMERE, implementing new BC emission in-
ventories. The model efficiency in simulating the observed
BC distribution was assessed by executing five simula-
tions: Constrained and bottomup (bottomup includes Smog,
Cmip, Edgar, and Pku). These simulations respectively im-
plement the recently estimated India-based observationally
constrained BC emissions (Constrainedemiss) and the latest
bottom-up BC emissions (India-based: Smog-India; global:
Coupled Model Intercomparison Project phase 6 – CMIP6,
Emission Database for Global Atmospheric Research-V4 –
EDGAR-V4, and Peking University BC Inventory – PKU).
The mean BC emission flux from the five BC emission in-
ventory databases was found to be considerably high (450–
1000 kg km−2 yr−1) over most of the IGP, with this being the
highest (> 2500 kg km−2 yr−1) over megacities (Kolkata and
Delhi). A low estimated value of the normalised mean bias
(NMB) and root mean square error (RMSE) from the Con-

strained estimated BC concentration (NMB: < 17 %) and
aerosol optical depth due to BC (BC-AOD) (NMB: 11 %)
indicated that simulations with Constrainedemiss BC emis-
sions in CHIMERE could simulate the distribution of BC
pollution over the IGP more efficiently than with bottom-up
emissions. The high BC pollution covering the IGP region
comprised a wintertime all-day (daytime) mean BC concen-
tration and BC-AOD respectively in the range 14–25 µg m−3

(6–8 µg m−3) and 0.04–0.08 from the Constrained simula-
tion. The simulated BC concentration and BC-AOD were in-
ferred to be primarily sensitive to the change in BC emis-
sion strength over most of the IGP (including the megacity
of Kolkata), but also to the transport of BC aerosols over
megacity Delhi. Five main hotspot locations were identified
in and around Delhi (northern IGP), Prayagraj–Allahabad–
Varanasi (central IGP), Patna–Palamu (mideastern IGP), and
Kolkata (eastern IGP). The wintertime direct radiative per-
turbation due to BC aerosols from the Constrained simula-
tion estimated the atmospheric radiative warming (+30 to
+50 W m−2) to be about 50 %–70 % larger than the surface
cooling. A widespread enhancement in atmospheric radiative
warming due to BC by 2–3 times and a reduction in surface
cooling by 10 %–20 %, with net warming at the top of the
atmosphere (TOA) of 10–15 W m−2, were noticed compared
to the atmosphere without BC, for which a net cooling at the
TOA was exhibited. These perturbations were the strongest
around megacities (Kolkata and Delhi), extended to the east-
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ern coast, and were inferred to be 30 %–50% lower from the
bottomup than the Constrained simulation.

1 Introduction

Black carbon (BC) is released into the atmosphere from the
incomplete combustion of carbon-based fuels (Bond et al.,
2013; Verma et al., 2013; Sadavarte and Venkataraman,
2014). It is one of the constituents of concern among the
atmospheric aerosol pollutants because of its profound im-
pact on climate through an imbalance of the Earth’s radia-
tion budget, in addition to degradation of air quality and ad-
verse effects on human health (Qian et al., 2011; Wang et al.,
2014a; Fan et al., 2015; Zhang et al., 2015; Janssen et al.,
2011, 2012). Among aerosol constituents, BC aerosols are
considered the strongest absorber of visible solar radiation
and thereby a prominent contributor to tropospheric warming
as for the greenhouse gases – carbon dioxide and methane
(Ramanathan and Carmichael, 2008; Gustafsson and Ra-
manathan, 2016; Masson-Delmotte et al., 2018). However,
the magnitude of tropospheric radiative warming due to BC
aerosols is highly uncertain and is classified with medium-
to low-level understanding in the Intergovernmental Panel
on Climate Change Fifth Assessment Report (IPCC AR5)
(Myhre et al., 2013a, b; Wang et al., 2016; Boucher et al.,
2016; Permadi et al., 2018a; Paulot et al., 2018; Dong et al.,
2019). The direct radiative forcing (DRF) of BC averaged
over the globe is estimated in the range 0.2–1 W m−2 (Myhre
et al., 2013b; Bond et al., 2013; Gustafsson and Ramanathan,
2016). These estimates from global climate models used in
the latest assessment by the IPCC is noted to be about 2 times
lower than observation-based estimates from satellite and
ground-based Aerosol Robotic Network (AERONET) obser-
vations (0.7–0.9 W m−2) (Chung et al., 2012; Myhre et al.,
2013b; Gustafsson and Ramanathan, 2016; Stocker et al.,
2014). The DRF of BC is also inferred to be uncertain (e.g.
−0.06 to+0.22 W m−2) when estimated for BC-rich sources
comprising BC emitted with different compositions of short-
lived co-emissions of species, e.g. sulfate and organic carbon
(Bond et al., 2013).

Though consensus is still to be achieved on BC DRF,
nevertheless, the global atmospheric absorption attributable
to BC was found to be too low in models and had to be
enhanced by a factor of 3 to converge with observation-
based estimates (Bond et al., 2013). The systematic under-
estimation of BC aerosol absorption by global climate model
predictions relative to atmospheric observations as noticed
specifically over southern Asia and eastern Asia (Chung
et al., 2012; Gustafsson and Ramanathan, 2016) is also in
compliance with studies evaluating atmospheric BC concen-
trations between models and observations. For example, re-
cent evaluations of BC concentration from global and re-
gional aerosol models over southern Asia showed that the

simulated BC concentration exhibited a consistent correla-
tion with, but was significantly lower (by a factor of about
2 to 11) than, the measured concentration (Kumar et al.,
2018; Verma et al., 2017; Kumar et al., 2015; Pan et al.,
2015; Sanap et al., 2014; Moorthy et al., 2013; Nair et al.,
2012). The factor of model underestimation was further no-
ticed to be large, specifically during wintertime over the
Indo-Gangetic Plain (IGP) when the atmosphere is observed
to be laden with a large BC burden.

To assess BC aerosol absorption accurately and reduce the
uncertainty in the BC DRF as estimated from global and re-
gional aerosol–climate models, it is therefore a foremost re-
quirement to improve the prediction of atmospheric BC es-
timates in models, specifically over regions where the atmo-
sphere is loaded with a large amount of BC, e.g. the Indo-
Gangetic Plain (IGP) in the Indian subcontinent (Nair et al.,
2007; Verma et al., 2013; Ram and Sarin, 2015; Thamban
et al., 2017; Rana et al., 2019). Possible reasons suggested
for the discrepancy between models and observations have
included lack of BC emissions used as input, inadequate me-
teorology and representation of aerosol treatment, and coarse
resolution in the model (e.g. Santra et al., 2019; Kumar et al.,
2018; Wang et al., 2016; Pan et al., 2015; Verma et al., 2011;
Reddy et al., 2004).

However, it is also noted from the evaluation of BC con-
centration estimated from the free-running aerosol simula-
tions using the Laboratoire de Météorologie Dynamique at-
mospheric general circulation model (LMDZT-GCM) that
simulated BC, which is underestimated by a significant fac-
tor at stations close to emission sources (such as that over
mainland India), exhibits a relatively lower discrepancy with
observed BC concentrations over the Indian oceanic regions
(Reddy et al., 2004; Verma et al., 2007, 2011). The simulated
BC distribution from LMDZT-GCM was also found to con-
sistently match the available observations at high-altitude Hi-
malayan Hindukush stations (e.g. Hanle, Satopanth), which
are relatively remotely located and mostly influenced by the
transport of aerosols (Santra et al., 2019). The above evalua-
tions therefore suggest that the large underestimation of BC
concentration over the Indian mainland would primarily be
due to BC emission datasets instead of the model configura-
tions.

The simulated atmospheric BC burden with atmospheric
chemical transport models is related to the BC emission
strength as input and simulated atmospheric residence time
of BC (Textor et al., 2006). While the atmospheric resi-
dence time of BC aerosols is independent of the emission
strength, it is an indication of model-specific treatments of
transport and aerosol processes affecting the simulated BC
burden. The uncertainty in the mean model residence time
for BC based on evaluation in 16 global aerosol models
has been estimated as 33 % (Textor et al., 2006), which is
noted to be much lower than the discrepancy found between
the simulated BC and observations. Due to the inclusion of
various complex physical–chemical atmospheric and aerosol
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processes in these models, in conjunction with the inherent
uncertainty in inputs to the model (e.g. aerosol emissions
and their properties), a systematic approach is required to im-
prove the prediction of BC aerosols in the models. The un-
certainty in the bottom-up BC emission inventory has been
inferred to be greater than 200 % over India and Asia (Bond
et al., 2004; Streets et al., 2003; Venkataraman et al., 2005;
Lu et al., 2011) compared to about 40 % in recently es-
timated Constrainedemiss BC emissions over India (Verma
et al., 2017). Therefore, in the above context, it is required
to assess the efficacy of simulating the BC burden in a state-
of-the-art chemical transport model under different emis-
sion scenarios (e.g. bottom-up and Constrainedemiss) evaluat-
ing the divergence in BC emission flux from state-of-the-art
bottom-up BC emission inventories and Constrainedemiss BC
emissions.

In this study, we examine the wintertime direct radia-
tive effects of BC over the IGP by evaluating the efficacy
of simulated atmospheric BC burden in a high-resolution
(0.1◦× 0.1◦) chemical transport model, CHIMERE, during
winter when a large BC burden is observed. This is done by
executing multiple BC transport simulations with CHIMERE
and implementing new BC emission inventories, which in-
clude the recently estimated India-based Constrainedemiss
BC emissions and the latest bottom-up BC emissions (India-
based: Speciated Multi-pOllutant Generator – Smog-India;
global: Coupled Model Intercomparison Project Phase 6 –
CMIP6, Emission Database for Global Atmospheric Re-
search V4 – EDGAR V4, and the Peking University – PKU–
BC inventory). A short description of the five BC emission
datasets is provided in Sect. 2.1. The bottom-up BC emis-
sions applied in the present study are being widely used
in regional and global climate models in the assessment of
the spatial and temporal distribution of aerosol burden and
aerosol–climate interactions (Eyring et al., 2016; Zhou et al.,
2020; David et al., 2018; Lamarque et al., 2010; Meng et al.,
2018; Wang et al., 2016), including e.g. CMIP6, to support
the IPCC climate assessment report (Myhre et al., 2013a).
Henceforth, it is necessary to evaluate the performance of the
new BC emissions (bottom-up and Constrainedemiss) with a
state-of-the-art chemical transport model for their adequacy
to represent the BC distribution and thereby the climatic im-
pacts over the IGP in the Indian subcontinent. The model ef-
ficiency in simulating the observed BC distribution, includ-
ing the spatial and temporal trend, is thus examined with
the estimated BC concentration from five simulations sub-
jected to the same aerosol physical and chemical processes
with CHIMERE. In addition to the surface BC concentra-
tion, which is observed to be large during winter compared
to summer (Pani and Verma, 2014) potentially owing to a
wintertime shallow planetary boundary layer height (PBLH)
(also discussed in Sect. 3.1), it is also necessary to evalu-
ate the wintertime columnar BC loading (Chen et al., 2020),
which has implications for BC radiative perturbations. To as-
sess the columnar distribution of BC aerosols, aerosol optical

depth due to BC (BC-AOD) and its fractional contribution to
total AOD are also examined, in conjunction with present-
ing an analysis of the wintertime radiative perturbation due
to BC aerosols. Note that applications presented in this pa-
per focus on aerosol–radiation interactions only and show the
wintertime direct radiative perturbations or the direct radia-
tive effects (DREs) due to BC. The study of indirect aerosol
effects referring to cloud–aerosol interactions and evaluating
changes in the number of cloud condensation nuclei, includ-
ing perturbations of the cloud albedo and rainfall (Boucher
et al., 2013; Lohmann and Feichter, 2005), is currently on-
going and shall be presented in a forthcoming study.

The specific objectives of this study are therefore the fol-
lowing:

i. characterise the model efficiency from five simulations
through a detailed validation and statistical analysis of
simulated BC concentration with respect to ground-
based measurements at stations over the IGP and iden-
tify the regional hotspots;

ii. utilise the multi-simulations to quantify the degree of
variance in estimated BC concentration attributed to
emissions corresponding to areas types (e.g. megacity,
urban, semi-urban, low-polluted) and temporal distribu-
tion (e.g. daytime and evening hours);

iii. evaluate the spatial features of BC-AOD from five sim-
ulations and analyse the association between simu-
lated BC concentration and BC-AOD with BC emission
strength; and

iv. examine the spatial distribution of wintertime radiative
perturbation due to BC aerosols over the IGP compared
to the atmosphere considered without BC aerosols.

2 Method of study

2.1 Experimental set-up for simulating BC surface
concentrations

High-resolution BC transport simulations are carried out
with a state-of-the-art Eulerian chemical transport model
(CTM), CHIMERE. The CHIMERE (model version 2014b)
configuration in the present study is forced externally by the
Weather Research and Forecasting (WRF V3.7) model as a
meteorological driver in offline mode, meaning that the mete-
orology is pre-calculated with WRF then read in CHIMERE.
Further, to compute the radiative perturbations due to BC, an
offline coupling is executed again, forcing the WRF model
with aerosol optical properties computed from CHIMERE
output (refer to Sect. 2.3), thereby implying the need to incor-
porate interactions between the two models using a WRF–
CHIMERE online coupled modelling system for comput-
ing aerosol–radiation–cloud interactions (Briant et al., 2017;
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Péré et al., 2011). Simulations are carried out at a horizon-
tal grid resolution of 0.1◦× 0.1◦ and over the domain span-
ning from 20 to 30.8◦ N and 75 to 89.9◦ E, including the
IGP region. BC transport simulations are performed for the
winter of December 2015, keeping a spin-up time of 15 d in
November 2015 from 15 to 30 November. Evaluation of the
atmospheric BC concentration and BC-AOD in the present
study is done during the winter month of December when
the winter season is well developed in India and when the
monthly mean BC concentration is typically observed as be-
ing the highest (e.g. Pani and Verma, 2014). The simulation
is done for the year 2015 as the recent bottom-up BC emis-
sion database over India (Smog-India) implemented in the
present study is for the year 2015.

2.1.1 The CHIMERE chemical transport model

CHIMERE is a regional chemical transport model designed
to model 10 gaseous species and aerosols. For chemistry, the
gaseous mechanism MELCHIOR2 is used (Derognat et al.,
2003). The calculation of aerosols is as described in Bessag-
net et al. (2004), with 10 bins and a mean mass-median dis-
tribution ranging from 0.039 to 40 µm for primary particu-
late matter (black carbon – BC, organic carbon – OC, and
PPMr – the remaining part of primary emissions), sulfate, ni-
trate, ammonium, sea salt, and water. Biogenic, dust, and sea
salt emissions are calculated online within CHIMERE. Bio-
genic emissions are estimated with the Model of Emissions
of Gases and Aerosols from Nature (Guenther et al., 2006).
Mineral dust and sea salt emissions are parameterised follow-
ing Menut et al. (2015) and Monahan (1986), respectively.
Secondary organic aerosols are formed following Bessag-
net et al. (2009). Chemical concentration fields are calcu-
lated with a time step of a few minutes (using an adaptive
time step sensitive to the mean wind speed). For radiation
and photolysis, the online FastJX model is used (Wild et al.,
2000). The horizontal transport is calculated with the Van-
Leer scheme (van Leer, 1979), and vertical transport is calcu-
lated using an upwind scheme with mass conservation from
Menut et al. (2013). Note that additional information is pro-
vided in Table 1b. Boundary layer height is diagnosed us-
ing the Troen and Mahrt (1986) scheme, and deep convec-
tion fluxes are calculated using the Tiedtke (1989) scheme.
Gaseous and aerosol species can be dry- or wet-deposited,
and fluxes are computed using the Wesely (1989) and Zhang
et al. (2001) parameterisations. Initial and boundary condi-
tions are estimated using global model monthly climatol-
ogy calculated with the Laboratoire de Météorologie Dy-
namique General Circulation Model coupled with Interaction
with Chemistry and Aerosols (LMDz–INCA) (Szopa et al.,
2009). The domain grid has 20 vertical levels in σ -pressure
coordinates ranging from the surface (997 hPa) to 200 hPa.
CHIMERE reads the WRF hourly meteorological fields and
interpolates these meteorological fields if the CHIMERE grid
is different. The interpolation is a bilinear interpolation, en-

suring mass conservation for variables needing it. CHIMERE
also reads anthropogenic emissions fields. Users can choose
the CHIMERE dedicated programme (called EMISURF; see
Menut et al., 2012) or make their own programme and create
a file on the CHIMERE grid directly.

2.1.2 The WRF meteorological model

The WRF model is a state-of-the-art numerical weather fore-
cast and atmospheric simulation system designed for both re-
search and operational applications. The initial and boundary
meteorological conditions for WRF simulations are obtained
from Global Forecast System (GFS) National Center for En-
vironmental Prediction FINAL operational global analysis
data (NCEP-FNL, http://rda.ucar.edu/datasets/ds083.2/, last
access: 15 June 2019) at a spatial resolution of 1◦× 1◦.
Meteorological fields are simulated in WRF at the tempo-
ral resolution of 1 h with the horizontal resolution the same
as that for the CHIMERE simulation. The meteorological
boundary conditions are updated every 6 h. The optimised
schemes applied in the WRF simulation are as follows: Lin
scheme for cloud microphysics (Lin et al., 1983), Grell 3D
ensemble scheme for subgrid convection (Grell and De-
venyi, 2002), Yonsei University (YSU) scheme for boundary
layer (Hong et al., 2006), Rapid Radiative Transfer Model
(RRTM) for radiation transfer (Mlawer et al., 1997), MM5
Monin–Obukhov scheme for the surface layer, and Noah
LSM for the land-surface model (Chen and Dudhia, 2001).

2.1.3 Implementation of BC emissions and multiple
CHIMERE simulations

In the present study, five simulations are carried out subjected
to the same model processes with CHIMERE but implement-
ing different BC emission inventories. The BC inventories
include recently estimated India-based (i) Constrainedemiss
and (ii) bottom-up BC emissions (Smog-India), as well as
bottom-up BC emissions from global datasets extracted over
India: (iii) EDGAR V4 (EDGAR), (iv) CMIP6, and (v) PKU.
Spatially and temporally resolved gridded Constrainedemiss
BC emissions over India are taken as per Verma et al. (2017).
The observationally Constrainedemiss BC emissions or so-
called Constrainedemiss BC emissions were estimated us-
ing integrated forward and receptor modelling approaches
(Kumar et al., 2018; Verma et al., 2017). The estimation
was done by extracting information on initial bottom-up
BC emissions and atmospheric BC concentration from the
general circulation model (Laboratoire de Météorologie Dy-
namique atmospheric General Circulation Model – LMDZT-
GCM) simulation. The receptor modelling approach in-
volved estimating the spatial distribution of potential emis-
sion source fields of BC based on mapping the concentration-
weighted trajectory (CWT) fields of measured BC (daytime
averaged) corresponding to the identified stations over the
Indian region. The Constrainedemiss BC emissions were ob-
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tained by modifying the initial or baseline bottom-up BC
emissions of the GCM corresponding to the emission source
fields of BC, thereby constraining the simulated BC concen-
tration in the GCM with the observed BC (refer to Verma
et al., 2017, for formulation and details).

A BC emission inventory based on the bottom-up ap-
proach is generally compiled using information on activity
data and generalised emission factors (see the references for
bottom-up emissions, Table 1a). The recent bottom-up BC
emission database over India implemented is from Smog-
India (Pandey et al., 2014; Sadavarte and Venkataraman,
2014). The CMIP6 BC emissions used in the model simu-
lations of CMIP6 are a combination of regional and global
emission inventories re-gridded of EDGAR V4 (Eyring
et al., 2016). In the present study, the global BC emis-
sion inventories utilised include the emission databases for
EDGAR, CMIP6, and PKU re-gridded to the resolution
as per the Smog-India database. The BC transport simula-
tions in CHIMERE corresponding to the emission databases
(Constrainedemiss, Smog-India, EDGAR, CMIP6, and PKU)
are respectively referred to as the Constrained, Smog,
Edgar, Cmip, and Pku simulations. The annual BC emission
strength over the study domain as estimated from the imple-
mented inventories lies in the range 415–1517 Gg yr−1. De-
tails on the simulation experiment and a short description of
BC emission inventories implemented are summarised in Ta-
ble 1a. The classified source sectors of BC emission from the
emission inventory database include residential, open burn-
ing, energy and industry, and transportation. The annual BC
emission strength corresponding to each of the source sec-
tors as available from the emission inventory database is also
mentioned in Table 1a. The fuel combustion activity among
the source sectors includes the following: the combustion
of fuelwood, crop waste, dung cakes, kerosene, and cook-
ing liquified petroleum gas (LPG) for residential cooking
and heating corresponding to the “residential” sector; open
burning of agricultural residue, grassland, trash, and forest
biomass corresponding to the “open burning” source sector;
coal and diesel for energy corresponding to the “energy and
industry” sector; and diesel, petrol, and gasoline correspond-
ing to the “transportation” sector. Based on the available in-
formation on sector-wise BC emission source strength (Ta-
ble 1a), the residential sector is seen to be the largest con-
tributor to BC emissions over the Indian region, consistent
with Venkataraman et al. (2005). The magnitude of annual
BC emission source strength corresponding to all the sec-
tors except the energy and industry sector is estimated to be
2 to 3 times larger for the Constrainedemiss emissions than
the bottom-up emissions. This is specifically larger for the
open burning sector, noted as 3 times the bottom-up Smog-
India emissions, thereby suggesting that specific improve-
ment is required to quantify the BC emission strength of
the open burning sector in the bottom-up BC emission in-
ventory. Interestingly, compared to the other source sectors,
the BC emission source strength of the energy and indus-

try sector from the Constrainedemiss emission matches that
from bottom-up Smog-India relatively well. The seasonal-
ity in the spatial and temporal distribution of BC emission
strength is inferred mainly from the open burning sector due
to the region- and season-specific prevalence of open burning
of crop residues after harvesting of winter (rabi) and autumn
(kharif) crops, including forest biomass burning over the In-
dian subcontinent (Venkataraman et al., 2006; Verma et al.,
2017). The BC emission flux is also noted as being the largest
during winter months over the entire Indian subcontinent and
is specifically large over the IGP (Verma et al., 2017).

Besides BC emissions, emissions of OC, SO2, and PPMr
are also implemented in CHIMERE. This implementation is
done to perform atmospheric aerosol transport simulations
for the atmosphere with abundant aerosol species (including
BC) and for the atmosphere without BC. These simulations
are required to calculate the radiative perturbations due to
BC aerosol (refer to Sect. 2.3). The spatial distribution of the
mean and percentage standard deviation (δ as represented in
Eq. 4) of the BC emission flux from five BC emission inven-
tories over the study domain is presented in Fig. 1a and b, re-
spectively. The mean BC emission flux is considerably high
(450–1000 kg km−2 yr−1) over most of the IGP, with this be-
ing the highest (> 2500 kg km−2 yr−1) over the megacities
(Kolkata and Delhi). The divergence in the BC emission flux
is about 50 %–75 % over most of the IGP, with this being rel-
atively lower over the eastern and upper mideastern IGP. The
divergence is large in and around megacities (100 %–125 %)
and is noted to be specifically large (150 %–200 %) over rural
locations in the lower mideastern IGP (in and around Palamu;
refer to Fig. 3e for details on the location). Uncertainties in
activity data and emission factors have been inferred, lead-
ing to uncertainty in bottom-up BC inventories greater than
200 % over India and Asia, as also mentioned earlier (Streets
et al., 2003; Bond et al., 2004; Venkataraman et al., 2005;
Lu et al., 2011). One of the drawbacks of the bottom-up ap-
proach is its inability to take into account possible unknown
or missing emission sources. Bottom-up BC emissions are
thus found to often be lower than the actual emissions (Ryp-
dal et al., 2005; Johnson et al., 2011; Zhang et al., 2005; Reid
et al., 2009). Bottom-up BC emissions over India include a
large missing source of BC emitted over India (Venkatara-
man et al., 2006). Hence, the divergence in emission data
(refer Fig. 1b) using five emission datasets (observationally
constrained and bottom-up BC emissions) is indicative of the
inadequacy of BC emission source strength, suggesting that
specific improvement is required in bottom-up BC emission
tabulation over the IGP and specific locations where the di-
vergence is typically noted to be large.

2.2 Observational data for model evaluation and model
sensitivity analysis

The spatial distribution of WRF-simulated surface temper-
ature over the IGP is compared with the available grid-
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Table 1. Experimental set-up for the simulation of BC with CHIMERE.

(a) Description of BC emission inventories implemented

Name of Emission Domain Annual BC emis- Source sectors References
the (resolution) (approach) sion strength over (emission
simulation study domain, strength,

Gg yr−1 Gg yr−1)
(base year)

Smog Smog-India Indian 817 Residential (393) Sadavarte and Venkataraman (2014);
(0.25◦× 0.25◦) (bottom-up) (2015) Open burning (98) Pandey et al. (2014);

Energy and industry (163) https://sites.google.com/view/smogindia
Transportation (163) (last access: 10 January 2020)

Edgar EDGAR Global 579 Residential (400) Janssens-Maenhout et al. (2012);
(0.1◦× 0.1◦) (bottom-up) (2010) Energy and industry (127) http://edgar.jrc.ec.europa.eu/ (last access: 9 July 2019)

Transportation (52)

Cmip CMIP6 Global 558 Anthropogenic (547) Eyring et al. (2016);
(0.5◦× 0.5◦) (bottom-up) (2014) (residential, energy, Feng et al. (2020);

industry, commercial, https://esgf-node.llnl.gov/projects/cmip6/
transportation) (last access: 11 November 2019)
Open burning (11)

Pku PKU Global 415 Residential Wang et al. (2014b);
(0.1◦ × 0.1◦) (bottom-up) (2007) Open burning http://inventory.pku.edu.cn (last access: 9 July 2019)

Energy and industry
Transportation

Constrained Constrainedemiss Indian 1517 Residential (744) Verma et al. (2017)
(0.25◦ × 0.25◦) (constrained:

integrated
(latest) Open burning (273)

Energy and industry (212)
http://www.facweb.iitkgp.ac.in/~shubhaverma/
constrained-bc-emissions-over-India.html

receptor Transportation (288) (last access: 2 August 2019)
modelling
with GCM)

(b) Details of the aerosol module in CHIMERE for BC (Menut et al., 2013)

Number of bins for BC 10 (mass-median diameter interval: 0.039, 0.078, 0.156, 0.312, 0.625, 1.25, 2.5, 5, 10, 20, 40 µm)
Aerosol mixing Internal homogeneous
Aerosol dynamics Absorption, nucleation, coagulation, ageing of BC
Deposition Dry deposition and in-cloud or below-cloud wet deposition

Figure 1. Spatial distribution of (a) the mean and (b) percentage deviation (δ) of the BC emission flux from five BC emission inventories
implemented in CHIMERE over the study domain; the brown line in (a) indicates the IGP region.

ded distribution of observed temperature from the Climatic
Research Unit (CRU) (Morice et al., 2012). The observed
temperature from the CRU at a horizontal resolution of
0.5◦× 0.5◦ is re-gridded to the same resolution (0.1◦× 0.1◦)
as that from WRF, and the bias in simulated temperature for
each grid cell is calculated using Eq. (1). The temporal trend
of WRF-simulated hourly mean of meteorological parame-
ters (temperature, relative humidity) is also evaluated with

that observed from available measurements at stations over
the IGP (Table 2). The monthly mean simulated PBLH av-
erage is compared with that measured for available stations
in Delhi (mean of hourly PBLH during 10:00–16:00 LT),
Kharagpur (10:00–11:00 and 14:00–15:00 LT), Ranchi (at
14:30 LT), and Nainital (05:00–10:00 LT), corresponding to
the overlapping time hours from measurements (Fig. 2l in
Sect. 3.1). The vertical distribution of the wintertime monthly
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mean potential temperature (Stull, 1988) as obtained from
WRF-simulated temperature is also compared with the mea-
sured vertical distribution of potential temperature for De-
cember (obtained for 2 d) at a station in Kanpur from an
available study (Table 2), corresponding to the overlapping
time hours (10:00–12:00 LT) from measurements.

To compare the simulated BC surface concentration with
observations, the measured BC surface concentration is ob-
tained at stations over the IGP from available studies (re-
fer to Table 2 and references therein). The selected sta-
tions correspond to area types identified as megacity (Delhi
and Kolkata), urban (Agra, Kanpur, Prayagraj – or Al-
lahabad, and Varanasi), semi-urban (Kharagpur, Ranchi,
and Bhubaneshwar), and low-polluted (Nainital). Comparing
model results with measurements thus aids in fulfilling the
requirement to evaluate the model performance towards re-
producing the observed spatial patterns in BC distribution for
the various area types. Measurement data used in the present
study are reported with an uncertainty (due to instrument
artefacts, etc.) of about 10 %–30 % for PBLH (Seidel et al.,
2010; Srivastava et al., 2010), 2 %–3 % for meteorological
parameters, and 5 %–20 % for the measured BC concentra-
tion (refer to Table 2 for details and references therein). It is
to be noted that observational data used for comparing model
estimates (meteorological parameters and BC aerosols) are
from measurements during different years at stations over
the IGP. The inter-annual variability of the PBLH (based
on observations over Delhi) is reported as within 10 % (Iyer
and Raj, 2013), and for surface temperature (based on avail-
able measurement data from the India Meteorological De-
partment over Kolkata and Kharagpur) it is less than 6 %. The
inter-annual variability of the atmospheric BC concentration
over the Indian subcontinent is obtained as 5 %–10 % (Safai
et al., 2014; Surendran et al., 2013; Bisht et al., 2015; Ram
et al., 2010b; Kanawade et al., 2014; Pani and Verma, 2014).
This is taking into account that the reported inter-annual vari-
ability of meteorological parameters and the atmospheric BC
concentration is nearly equivalent to or within the uncertainty
range for measurements and is also much lower than the dis-
crepancy between simulated and observed BC as reported in
previous studies (refer to Sect. 1). The uncertainty range is
taken into consideration while evaluating the model perfor-
mance compared to measurements. The comparison between
model estimates and measurements at widespread geograph-
ical locations and area types as presented in this study is
therefore justified and is primarily required for evaluating the
model performance and enhancing the statistical analysis.

The model-estimated and measured BC concentrations are
compared corresponding to daytime (10:00–16:00 LT) and
all-day (24-hourly) winter monthly mean values. This com-
parison is made because measured BC concentrations are
found to exhibit a strong diurnal variability, with a rela-
tively lower value during daytime hours than during the late
evening to early morning hours; this is attributed to pre-
vailing wintertime meteorological conditions (Verma et al.,

2013; Pani and Verma, 2014). Also, the daytime mean BC
concentration exhibits low hourly variability and corresponds
to the well-mixed layer of the atmosphere (Verma et al.,
2013; Pani and Verma, 2014). Hence, the lower value of the
daytime mean from the model than from observations is pri-
marily attributable to a low emission strength. Evaluation of
model estimates for both the daytime and all-day mean thus
provides a systematic hypothetical approach to identify the
model discrepancy if primarily due to emissions or due to
model processes attributed to meteorology (which is an input
to the various aerosol processes that govern the atmospheric
residence time of aerosols). This approach is further strength-
ened by implementing BC emissions from five new BC emis-
sion inventory databases and simulating BC transport sub-
jected to the same aerosol physical and chemical processes
with CHIMERE.

Bias in simulated estimates (Xmodelled) from simulations
at stations mentioned above for hourly, all-day, and daytime
hours is estimated with respect to observed data (Xobs) with
the equation as follows:

Bias=
(Xmodelled

−Xobs)

Xobs × 100%, (1)

where X = BC concentration, temperature, relative humid-
ity, wind speed, and PBLH.

Statistical analyses are carried out corresponding to day-
time and all-day winter monthly mean to evaluate the nor-
malised mean bias (NMB, Eq. 2) and root mean square error
(RMSE, Eq. 3) from the simulated results for N (N = 10 in
this study) stations. We also evaluate the percentage devia-
tion (δ) in the simulated BC concentration attributed to BC
emissions, estimated as the variability about the mean of the
BC concentration from five simulations (refer to Eq. 4).

Further, the BC-AOD estimated in the present study (re-
fer to Sect. 2.3) is compared with aerosol absorption optical
depth (AAOD) from Aerosol Robotic Network (AERONET;
level: 2) measurements over the IGP (Giles et al., 2012; Hol-
ben et al., 1998) at stations in Kanpur, at New Delhi IMD, at
Gandhi College (25.87◦ N, 84.12◦ E), and at the IIT Kharag-
pur extension in Kolkata. The wintertime AAODs avail-
able from AERONET observations for Kanpur, New Delhi
IMD, Gandhi College (December 2010–2015 averaged), and
Kolkata (February 2009 averaged) are used in the compari-
son. For Kolkata, the comparison is also made with the es-
timated BC-AOD for the December 2010 period as obtained
from the configured aerosol model using in situ ground-based
observations for the same period (Verma et al., 2013). The
AERONET AAOD data are available at four wavelengths:
440, 675, 870, and 1020 nm. The AAOD at the wavelength
of 550 nm (used for comparison with simulated BC-AOD in
the present study) is obtained based on the wavelength de-
pendence of AAOD as per Giles et al. (2012).

A correlation study is also carried out between the variance
of emissions and simulated BC concentrations or simulated
BC-AOD from the simulations to examine the sensitivity of
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the simulated BC concentration or BC-AOD to the variation
in emission magnitude.

NMB=

N∑
1

∣∣BCmodelled
−BCobs

∣∣
N∑
1

BCobs
× 100% (2)

RMSE=

[
1
N

N∑
1
(BCmodelled

−BCobs)2

] 1
2

(3)

δ =
σ

mean
× 100% (4)

Here, σ is the standard deviation for the mean from five sim-
ulations (e.g. BC emissions, all-day, daytime mean of BC
concentration).

2.3 Simulation of wintertime BC-AOD and radiative
perturbations due to BC over the IGP

The BC-AOD is estimated with OPTical properties SIM-
ulation (OPTSIM) (Stromatas et al., 2012) using the
three-dimensional BC mass concentration obtained from
CHIMERE corresponding to each of the five simulations
(refer to Table 1). Aerosol optical properties are estimated
based on Mie theory calculations considering internal mix-
ing (Lesins et al., 2002; Permadi et al., 2018b). These esti-
mations are done at six wavelengths of 440, 500, 532, 550,
870, and 1064 nm and the same horizontal and temporal res-
olution as of CHIMERE.

For radiative transfer calculations, estimates from the Con-
strained simulation (which is determined to be the most ef-
ficient to simulate the BC distribution, as discussed later)
and the Smog simulation (from India-based BC emissions as
a representative bottomup simulation) are only considered.
For estimating the radiative effect due to BC aerosols, simu-
lation of aerosol optical properties (AOD, single-scattering
albedo – SSA, and the Ångström exponent – AE) is con-
ducted with OPTSIM for three different cases considering
(i) the atmosphere including BC (with BC, BCaero), (ii) the
atmosphere without BC (without BC, wBC), and (iii) the
atmosphere with no aerosol (without aerosol, wAero). The
three-dimensional aerosol species concentration as an in-
put to OPTSIM is derived for each of the three cases from
CHIMERE corresponding to the simulations (Constrained
and Smog simulations).

Aerosol radiative transfer calculations are done in WRF-
Solar at a temporal resolution of 1 h and horizontal grid
resolution of 0.1◦× 0.1◦ by selecting a regular longitude–
latitude projection. The WRF Preprocessing System (WPS)
internally converts the grid resolution corresponding to
longitude–latitude projection from degrees to metres as re-
quired for model processing. WRF-Solar is a new version of
the WRF model enhanced for the prediction of solar irradi-
ance (Haupt et al., 2016; Jimenez et al., 2016). The meteoro-

logical initial and boundary conditions provided to the model
are as per the WRF model, as mentioned previously (refer to
Sect. 2.1.2). The Rapid Radiative Transfer Model for GCMs
scheme (RRTM-G) (Iacono et al., 2008) is selected for short-
wave and longwave radiation. The direct and diffused com-
ponents of solar irradiance are separately addressed with the
RRTM-G scheme to improve the model calculations by con-
sidering surface irradiance components in the estimation.

Simulations for radiative flux with WRF-Solar are per-
formed for each of the three cases, as mentioned above, using
respective simulated optical properties as input for each case.
The shortwave (SW) radiative flux (at 550 nm) for clear-sky
conditions is estimated at the top (TOA) and bottom (SUR)
layer of the atmosphere for the atmosphere with BC and
without BC. This is done by subtracting the respective flux
at TOA and SUR due to wAero from the flux due to wBC
and BCaero, respectively. The direct radiative perturbations
or the direct radiative effects (DREs) due to BC aerosols at
TOA (DRETOA(BC)) and at SUR (DRESUR(BC)) are calcu-
lated by taking the difference between the radiative flux from
BCaero and that from wBC at the respective layers of the at-
mosphere (Eqs. 5 and 6). The DRE in the atmosphere (ATM)
due to BC is estimated by subtracting the flux at the SUR
from that estimated at TOA (Eq. 7).

DRETOA(BC)= [DRETOA(BCaero)−DRETOA(wAero)]

− [DRETOA(wBC)−DRETOA(wAero)] (5)

DRESUR(BC)= [DRESUR(BCaero)−DRESUR(wAero)]

− [DRESUR(wBC)−DRESUR(wAero)] (6)
DREATM(BC)= DRETOA(BC)−DRESUR(BC) (7)

3 Results and discussion

3.1 Analysis of WRF-simulated meteorological
parameters

The WRF-simulated winter monthly mean distribution of the
horizontal wind speed, vertical wind velocity, and PBLH
over the IGP are presented in Fig. 2a–c. As observed from
the wind field distribution map, there is a predominance of
weak north-easterlies (1–2 m s−1) over the IGP. The vertical
wind velocity distribution indicates a neutral air mass or a
downdraft of the air mass over the IGP (a positive value of
the vertical wind velocity is an indication of a downdraft of
the air mass and vice versa). The presence of a narrow PBLH
(200 to 600 m) over most of the IGP indicates low vertical
mixing during winter (Fig. 2c). The topographical elevation
decreases from the northern IGP towards the eastern IGP,
with the maximum elevation observed on the northward side
due to the Himalayan mountains (Fig. 2d).

A high load of BC aerosols over the IGP as obtained (dis-
cussed later) in the present study is inferred due to confine-
ment of pollution near the surface within the shallow bound-
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Table 2. Observational data used for model validation from available studies at identified locations over the study domain.

Type Stations Location Data (year of References
measurement)

Megacity Delhi (DEL) 28.58◦ N, 77.20◦ E BC conc. (2004) Ganguly et al. (2006)
PBLH (2006) Bano et al. (2011)
AAOD (2011–2015) https://aeronet.gsfc.nasa.gov

(last access: 7 May 2020)

Kolkata (KOL) 22.54◦ N, 88.42◦ E BC conc., temp., RH, Pani and Verma (2014);
wind speed (2011–2014) Research group, IIT-KGP
AAOD (2009) https://aeronet.gsfc.nasa.gov
BC-AOD (2009–2011) (last access: 7 May 2020)

Verma et al. (2013)

Urban Agra (AGR) 27.20◦ N, 78.10◦ E BC conc. (2004) Safai et al. (2008)

Kanpur (KNP) 26.51◦ N, 80.23◦ E BC conc. (2007) Ram et al. (2010a)
Vertical profile of Tripathi et al. (2005b)
potential temp. (2004) https://aeronet.gsfc.nasa.gov
AAOD (2011–2015) (last access: 7 May 2020)

Gandhi College 25.87◦ N, 84.12◦ E AAOD (2013) https://aeronet.gsfc.nasa.gov
(last access: 7 May 2020)

Prayagraj–Allahabad (ALH) 25.41◦ N, 81.91◦ E BC conc. (2004) Badarinath et al. (2007)

Varanasi (VRS) 25.30◦ N, 83.00◦ E BC conc. (2009) Singh et al. (2015)

Semi- Kharagpur (KGP) 22.19◦ N, 87.19◦ E BC conc., temp., RH, Priyadharshini (2019);
urban wind speed (2011–14) Research group, IIT-KGP

PBLH (2004) Nair et al. (2007)

Bhubaneshwar (BBN) 20.50◦ N, 85.5◦ E BC conc. (2010–2011) Mahapatra et al. (2014)

Ranchi (RAN) 23.50◦ N, 85.30◦ E BC conc. (2010) Lipi and Kumar (2014)
PBLH (2011) Chandra et al. (2014)

Low- Nainital (NTL) 29.37◦ N, 79.45◦ E BC conc. (2004–2007) Dumka et al. (2010)
polluted PBLH (2011) Singh et al. (2016)

ary layer height in winter due to low vertical mixing and
weak dispersion of atmospheric pollutants. This creates stag-
nant weather under the prevailing meteorological conditions,
with low temperature, weak wind speed, the downdraft of
the air mass, and a narrow PBLH (as presented above). In
addition, the Himalayan mountains northward further inhibit
the dispersion of aerosol pollutants and favour their confine-
ment over the IGP. This inference is also in corroboration
with observational studies at stations over the IGP (e.g. Nair
et al., 2007, 2012; Pani and Verma, 2014; Verma et al., 2014;
Vaishya et al., 2017; Rana et al., 2019). Further, the IGP also
comprises the highest population density and therefore en-
hanced BC emission strength during winter, specifically from
biofuel combustion, e.g. fuelwood and crop waste for resi-
dential cooking and heating (Venkataraman et al., 2005; Sahu
et al., 2015; Verma et al., 2017; Rana et al., 2019).

We compare the spatial distribution of monthly mean tem-
perature from WRF simulations (Fig. 2e) with that from grid-
ded ground-based observations from CRU (Fig. 2f). The bias
in model-estimated temperature is found to be within ± 5 %
over most of the IGP (Fig. 2g) but is noticed to be slightly

large (about± 10 % to± 25 %) over a few grids in the north-
eastern, western, and southern IGP. A comparative study of
the hourly distribution of the winter monthly mean simu-
lated surface temperature and relative humidity (RH), with
the corresponding observed value from available measure-
ments at Kharagpur (semi-urban) and Kolkata (megacity),
is presented in Fig. 2h–k. Please refer to Table 2 for de-
tails on observational data. The temporal trend of the simu-
lated hourly winter monthly mean of meteorological param-
eters conforms to the measurements. The magnitude of the
hourly distribution of the winter monthly mean surface tem-
perature from simulations (Fig. 2h and j) is found to com-
pare well with that from observations during daytime hours
(10:00–16:00 LT) for both stations; it is, however, seen to be
underestimated (bias: −45 % to −58 %) during midnight to
early morning hours (00:00–05:00 LT). The WRF-simulated
meteorology is input to various aerosol processes that gov-
ern the atmospheric residence time of aerosols in CHIMERE
and thereby influences the atmospheric concentration of BC
aerosols. A lower value of simulated surface temperature
than observed during midnight to early morning hours would
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Figure 2. Spatial distribution of the WRF-simulated (a–c) winter monthly mean (a) horizontal wind field (note that the colour scale is for
wind speed in m s−1 and the arrows indicate the direction of the mean field), (b) vertical wind speed at 1000 hPa, (c) planetary boundary layer
height (PBLH in metres), and (d) topography (metres above sea level, m a.s.l.) (e–g) Spatial distribution of winter monthly mean surface
temperature from (e) WRF simulations, (f) observations from CRU, and (g) percentage bias in WRF estimates. (h–k) Comparison of the
hourly distribution of winter monthly mean (h, j) surface temperature and (i, k) relative humidity from WRF simulations with observations at
stations (Kharagpur, KGP; Kolkata, KOL). (l) Comparison of winter monthly mean PBLH during day hours between measured and simulated
values at the stations under study. The error bars represent the standard deviation (σ ) in the measured PBLH. (m) Comparison of the vertical
profile of potential temperature obtained from WRF (winter monthly mean) and measurements (2 d).

lead to decreased mixing of pollutants, enhancing their ac-
cumulation in the atmosphere during these hours (as also
evinced in the diurnal distribution of the simulated BC con-
centration; refer to Sect. 3.2, Fig. 4).

The WRF-simulated RH at both stations (Fig. 2i and k)
is in good agreement with measurements (bias: −5 % to
+35 %), with the mean RH during late evening to early
morning hours (20:00–05:00 LT) being 2 times higher than
that during daytime. A comparison of winter monthly mean
PBLH during daytime hours (as described in Sect. 2.2)
from the WRF simulation with that available from observa-
tions at Delhi, Kharagpur, Ranchi, and Nainital is also pre-
sented (Fig. 2l). The standard deviations (1σ ) in measured
PBLH values are within 10 %–16 % for Delhi, Kharagpur,
and Ranchi and about 49 % at Nainital. The simulated PBLH
is close enough to measurements (bias estimated within

±10 %) at all stations. Although at Nainital the simulated
bias is large (−28 %), it is within the range of uncertainty
in observations as mentioned in Sect. 2.2. The vertical pro-
file of potential temperature (Fig. 2m) from WRF (winter-
time monthly mean) resembles that measured at a station in
Kanpur, with the bias being less than 4 % up to the height of
500 m and less than 1 % at a higher altitude (> 500 m).

Thus, the WRF-simulated winter monthly mean of the me-
teorological parameters, including their temporal trend, con-
forms well with the observations. However, it is required to
reduce the discrepancy, specifically in the simulated magni-
tude of temperature during midnight to early morning hours.
A better temporally resolved meteorological boundary con-
dition in WRF (compared to 6-hourly from NCEP in the
present study), aided by data assimilation at a fine temporal
resolution (e.g. 1-hourly) using diurnal meteorological ob-
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servations for India-based stations, would potentially lead to
more accurate simulation of the observed magnitude of the
diurnal distribution of meteorological parameters; an assess-
ment in this regard is required in a future study.

3.2 Simulated wintertime BC concentration with new
BC emissions as modelled with CHIMERE: impact
of changing emissions and comparison with
measurements

The spatial distribution of the winter monthly mean BC
surface concentration from five simulations over the IGP
is shown in Fig. 3a–e. The simulated mean BC concentra-
tion from the Constrained simulation is, in general, 2 to
4 times higher than that derived from the bottomup simu-
lation over most of the IGP. Five hotspots or patches (re-
fer to Fig. 3e) with a large BC concentration (magnitude
> 16 µg m−3) from the Constrained simulation are identified
in and around megacities (Delhi and Kolkata), in surrounding
semi-urban areas, in urban spots over the central (Prayagraj–
Allahabad–Varanasi) and mideastern IGP (Patna), and in one
rural spot over the lower mideastern IGP (Palamu). It is in-
teresting to see that the hotspots observed in the Constrained
simulation are also identified in the Pku simulation, mostly
in the Smog simulation as well, though with a smaller value
than the Constrained simulation. Estimates from the Edgar
and Cmip simulations simulate the megacity hotspots but fail
to show the other identified hotspots in the Constrained sim-
ulation. Interestingly, the hotspot at Palamu (a coal-mining
belt in Jharkhand) is simulated in the Constrained and Pku
simulations, unlike the rest of other simulations, thereby sug-
gesting a lack of BC emission source strength corresponding
to Palamu and other identified hotspot locations in bottom-up
BC emissions (as also mentioned in Sect. 2.1.3). The simu-
lated spatial pattern (refer to Fig. 3f–g) of the BC surface
concentration in the Constrained simulation, while exhibiting
the lowest value at high-altitude and low-polluted locations
(e.g. Nainital), moderately high values at semi-urban stations
(e.g. Kharagpur and Ranchi), and high values at urban sta-
tions (e.g. Agra, Kanpur, Allahabad–Prayagraj, Varanasi), is
seen to reach a maximum in megacities (Kolkata and Delhi).
In comparison to the Constrained simulation, the simulated
spatial gradient within and across the area types is seen to
be inconsistent in bottomup simulation estimates. For exam-
ple, the bottomup estimated values of the BC concentration
from the Smog and Cmip simulations have a low spatial gra-
dient from the megacity (Kolkata) to urban area type, includ-
ing a lack of spatial contrast compared to the observations
among the urban stations; the Pku simulation overestimates
the all-day mean BC concentration for megacities but simu-
lates the spatial gradient relatively well across the area types.
The Edgar simulation matches the observed values well in
megacities for the all-day mean but then underestimates the
observations by a large value and with a low spatial contrast
among the urban and semi-urban stations.

The simulated spatial pattern in the Constrained simula-
tion is consistent with observations (Fig. 3f–g), as the BC
distribution features for the specific area types are repre-
sented well by the simulated BC distribution. The spatial fea-
ture also indicates that the wintertime all-day mean value
of the BC concentration (Fig. 3g) in Delhi is lower than
Kolkata and vice versa for the daytime mean value (Fig. 3f),
although the BC emission strength (refer to Fig. 1a) of the
two megacities, Delhi and Kolkata, is nearly equivalent. We
discuss these features in context with the transport of BC
aerosols over the IGP based on the visualisation of an an-
imation (https://doi.org/10.5446/48819; Ghosh and Verma,
2020) later in the section. The simulated magnitude of the
BC surface concentration from the Constrained simulation,
compared to that from the bottomup simulations, resembles
the measured counterpart relatively well (Fig. 3f–g), with the
ratio of the measured to simulated all-day (daytime) mean
BC concentration being equivalent to nearly 1. A detailed
statistical analysis of the comparison between simulated and
observed BC is presented later in this section.

The mean and standard deviation of the simulated BC con-
centration from five simulations at stations under study are
provided in Table 3a (also refer to Fig. 4). Analysis of multi-
simulations indicates that the percentage deviation (δ, refer
to Eq. 4) in the simulated BC concentration (Table 3a) at-
tributed to emissions is specifically the lowest for the low-
polluted location (e.g. Nainital) and is generally within 40 %
for all other locations under study. The δ for the megacity
is noted as being typically more amplified (51 %–56 %) dur-
ing the late evening to early morning hours (Table 3a, Fig. 4)
than during daytime hours (35 %–43 %) compared to other
locations under study. This suggests that under similar me-
teorological conditions and with the same aerosol processes
in the model, the deviation in the simulated BC concentra-
tion can be attributed to emissions increases from daytime to
late evening hours, thus indicating that increased emissions
potentially amplify the accumulation of BC pollutants and
worsen air quality over megacities, specifically during the
late evening to morning hours compared to daytime hours,
raising concern for megacity commuters.

On comparing the temporal distribution of the simulated
BC concentration from the Constrained simulation with that
of the measured concentration, it is seen that the pattern of
simulated diurnal variability (shown for selected stations; re-
fer to Fig. 4) is consistent with that measured. The diur-
nal variability of the BC concentration is relatively higher,
by a factor of 2 to 5, in the Constrained simulation during
the late evening to early morning hours (20:00–05:00 LT)
than during daytime hours (10:00–16:00 LT) at all stations
(except Nainital). Notably, this factor is equivalent to that
obtained from the bottomup simulations and also to that
from observations (Surendran et al., 2013; Pani and Verma,
2014; Ram and Sarin, 2010; Nair et al., 2012; Dumka et al.,
2010; Lipi and Kumar, 2014). The diurnal variability in the
BC surface concentration is mainly associated with the at-
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Figure 3. (a–e) Spatial distribution of simulated winter monthly mean BC surface concentration from the simulations (a) Smog, (b) Edgar,
(c) Cmip, (d) Pku, and (e) Constrained; the circles in white in (e) represent the hotspots with patches of high BC concentrations. P1: Delhi
patch, P2: Prayagraj–Allahabad–Varanasi patch, P3: Patna patch, P4: Kolkata patch, P5: Palamu patch. (f–g) Comparison of simulated
monthly (f) daytime and (g) all-day mean BC surface concentration from five simulations with measurements at respective stations under
study over the IGP; error bars represent the standard deviation (1σ ) in the measured BC concentration.

mospheric mixing depth depending upon the stability char-
acteristics of the atmospheric layer linked with meteorol-
ogy (Stull, 2012; Verma et al., 2013; Govardhan et al.,
2015, 2019). It is worth noting that a specific feature is ob-
served in the temporal trend of the BC concentration, which
is the peak BC concentration during late afternoon hours
(15:00–18:00 LT) at the high-altitude location of Nainital,
unlike the temporal trend at plains locations (e.g. Kolkata,
Kharagpur). This specific feature conforms with measure-
ments and, as inferred from available studies (Dumka et al.,
2010; Stull, 2012), is attributed to the deepening of the atmo-
spheric mixing depth during the late afternoon hours, which
flushes out pollutants, including BC, to high-altitude loca-
tions from the valley (Dumka et al., 2010; Stull, 2012). The
distinct diurnal trend seen in the BC surface concentration
at Nainital, in conjunction with the visualisation of the an-
imation (https://doi.org/10.5446/48819; Ghosh and Verma,

2020; also discussed later in the section), thereby suggests
the transport of BC pollution from the IGP towards the high-
altitude Himalayan station of Nainital. However, the BC
emission strength at Nainital is relatively lower than the IGP
(refer to Fig. 1a). Therefore, consistent with observational
studies, the simulated atmospheric BC concentration is noted
to be the lowest at Nainital among the stations under study.

The bias in the simulated hourly distribution of the winter
monthly mean BC concentration (refer to Fig. 4) with respect
to observations is, however, noted to be larger by 40 %–60 %
during midnight to early morning hours (00:00–05:00 LT)
than during daytime hours. A larger bias is attributable to the
simulated aerosol processes in CHIMERE being influenced
by the simulated diurnal meteorology from the WRF. It is to
be noted that the WRF-simulated hourly mean temperature is
found to be 45 %–60 % lower than observed, specifically dur-
ing 00:00–05:00 LT (as mentioned in Sect. 3.1), which has
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Figure 4. Hourly distribution of winter monthly mean BC concentration (µg m−3) at stations from the Constrained simulation (black line).
Note that the y axis is on a different scale for Nainital. The mean and the standard deviations (1σ ) from the five simulations corresponding
to the hourly winter monthly mean BC concentration are also shown.

implications for the diurnal distribution of the BC concentra-
tion. In addition, an enhanced accumulation of BC concentra-
tion during late evening hours (18:00–22:00 LT), specifically
for megacity (e.g. Kolkata) and urban locations (e.g. Agra),
is noticed in the measurements compared to simulated val-
ues, thereby indicating the requirement to improve the rep-
resentation of the factors for the hourly disaggregation of
the total emission of pollutants in CHIMERE (Menut et al.,
2012) during late evening hours (18:00–22:00 LT), specif-
ically for megacity (e.g. Kolkata) and urban location (e.g.
Agra). This improvement is suggested to take into account
enhanced traffic emissions from heavy-duty commercial ve-
hicles (Ganguly et al., 2006; Bano et al., 2011; Kumar et al.,
2020) at these locations during late evening hours, hence re-
quiring a better representation of the factors accounting for
this enhancement. The results of the diurnal BC distribution,
including improved representation of local emissions (specif-
ically for megacity and urban locations) in CHIMERE forced
by assimilated diurnal meteorological data, will be presented
in a future study.

We also provide an animation showing a representation of
the transboundary movement of BC pollutants over the IGP
in the “Video supplement” (https://doi.org/10.5446/48819;
Ghosh and Verma, 2020). This animation shows the hourly
monthly mean surface BC concentration to highlight the di-
urnal cycle, and its visualisation shows the diurnal evolution
of the plume of the BC surface concentration over the IGP.
The BC surface plume is observed to be shrinking in mag-
nitude during daytime hours (10:00–16:00 LT) and swelling
up during evening until morning hours (18:00–06:00 LT). It
is visualised spreading towards the north (Himalayan side,
Nainital) during afternoon hours (12:00–18:00 LT), towards
the south (central India), and from the upper northern IGP

(e.g. Delhi) towards the lower eastern IGP (e.g. Kolkata). The
diurnal feature of the surface BC plume distribution thereby
appears to exhibit the pollution pattern of the IGP region.

The megacity of Delhi is surrounded by landmass on all
sides and, as visualised from the animation, is influenced by
the transport of pollutants from nearby regions (e.g. Punjab–
Haryana) towards Delhi. In contrast, the megacity of Kolkata
is a coastal location, and the atmospheric BC concentrations
are also affected by the prevailing land–sea breeze activity
there (Verma et al., 2016). A relatively lower daytime mean
BC concentration measured at Kolkata than Delhi (Fig. 3f)
is due to dilution of the aerosol pollutant concentration with
the relatively pristine maritime air mass (attributed to the pre-
vailing low-intensity sea breeze during winter). In contrast to
the daytime mean, the higher all-day mean BC surface con-
centration at Kolkata compared to Delhi (Fig. 3g) is due to
the outflow of BC pollutants from the upper northern IGP to-
wards eastern IGP at Kolkata (https://doi.org/10.5446/48819;
Ghosh and Verma, 2020). The outflow is visualised to be
comparatively stronger during the evening until early morn-
ing hours (18:00–06:00 LT). In addition, the enhanced ampli-
tude of the BC concentration at Kolkata compared to Delhi
during the late evening is also due to the increased accumula-
tion of BC pollutants owing to the land-breeze activity during
winter (Verma et al., 2016).

The correlation coefficient (r) between the estimated and
measured BC concentration for stations under study corre-
sponding to each of the five simulations is also presented in
Table 3b. A strong correlation is seen between model es-
timates and observations for both the all-day and daytime
mean BC concentration from each of the five experiments.
The above analyses indicate that the temporal pattern, includ-
ing the spatial trend (as discussed before) of the BC distribu-
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tion attributed to model processes (which govern the atmo-
spheric residence time of BC; refer to Sect. 1), is simulated
consistently well over the IGP, irrespective of the magnitude
of the BC emission strength used in simulations.

Further, to statistically evaluate the simulated BC concen-
tration from each of the five simulations with respect to ob-
servations, we define the performance of the simulation con-
sidering the best, moderate, and poor efficiency based on
their relative frequency to maintain the percentage bias in
the all-day (daytime) mean simulated BC concentration as
about≤± 25 %,>± 25 % to± 50 %, and>± 50 %, respec-
tively (refer to Table 3b), corresponding to the observation
data points under study. This consideration leads us to iden-
tify the Constrained simulation estimates as delivering the
best performance (percentage bias≤± 25 %) among all sim-
ulations most of the time, i.e. for 100 % (100 %) of the to-
tal data points corresponding to the measured value at sta-
tions under study. Estimates from Pku exhibit the best per-
formance for about 50 % (50 %) of the total stations. Those
from the Smog and Edgar simulations are about 40 % (10 %)
of the total stations under study. Estimates from the Smog
and Edgar simulations are the most frequent, corresponding
to moderate and poor efficiency, respectively. Notably, unlike
the Constrained simulation, the best efficiency is infrequent
(< 10 %), specifically for the daytime mean BC concentra-
tions from the Smog, Edgar, and Cmip simulations, thereby
indicating that the BC emission strengths of the respective
emission database as input in the model are insufficiently
low to simulate the BC distribution adequately over the IGP.
A summary of statistical analysis with respect to the Pearson
correlation (r), NMB, and RMSE accounting for estimates of
the BC concentration from all simulations is also presented
in Table 3b. The NMB (%) and RMSE (µg m−3) values for
the all-day (daytime) mean BC concentration from the Con-
strained simulation are about 14 % (17 %) and 3 (2) µg m−3,
which are the lowest among all of the simulations. The NMB
from the Constrained simulation is noted as being within the
uncertainty limits reported in BC measurements (5 %–20 %).

3.3 Simulated wintertime BC-AOD with new BC
emissions: correlation analysis of variance

To evaluate the columnar distribution of wintertime BC
aerosols over the IGP, the spatial distribution of the monthly
mean BC-AOD at 550 nm from simulations is presented
in Fig. 5a–e. The spatial pattern of the BC-AOD distribu-
tion, showing a large value over the IGP, is consistent with
the features of observed AOD from satellite retrievals (e.g.
Verma et al., 2014). The value of the BC-AOD distribu-
tion across the IGP from the Constrained simulation (0.04–
0.1) is found to agree well with that from a recent study
(0.05–0.1) based on a designed constrained aerosol simula-
tion approach inferred as delivering good agreement between
model estimates and observations of atmospheric aerosol
species (Kumar et al., 2018; Santra et al., 2019). The BC-

AOD from the Constrained simulation is also found to con-
sistently match (NMB: 11 %) the absorption AOD (AAOD)
from AERONET-based observations at stations over the IGP
(Kanpur, New Delhi IMD, Gandhi College at 25.87◦ N,
84.12◦ E, IIT Kharagpur extension at Kolkata) and BC-AOD
estimated at Kolkata from the configured aerosol model us-
ing in situ ground-based observations for Kolkata (Verma
et al., 2013) (refer to Fig. 5f). Estimated BC-AOD from the
simulations Pku, Smog, Cmip, and Edgar is lower in mag-
nitude by 15 %–30 %, 30 %–50 %, 40 %–60 %, and 50 %–
70 %, respectively, than the Constrained simulation over
most of the IGP. An overall comparison of the Constrained
and bottomup estimates with measurements thus indicates
the low magnitude and inconsistent spatial gradient across
area types of the bottom-up BC emission flux as the primary
reason for a large discrepancy in the simulated BC concen-
tration and BC-AOD from the bottomup simulation.

The percentages of BC-AOD fraction and BC mass frac-
tion from the Constrained simulation (Fig. 5g–h) are esti-
mated by taking the ratio of BC-AOD to total AOD and
that of the BC concentration to the total submicron aerosol
concentration, respectively. The total AOD and submicron
aerosol concentration required for estimating the fractional
distribution are obtained from a previous study (as mentioned
above) based on the designed constrained aerosol simulation
approach (Kumar et al., 2018). The BC-AOD fraction and
BC mass fraction are about 10 %–16 % and 6 %–10 %, re-
spectively, over most of the IGP. The estimated BC mass
fraction in the present study is also seen to be in corrobo-
ration with values reported from wintertime measurements
over the Indian region, e.g. noted as being 12 % (wintertime
average) of the total submicron aerosol concentration over
Kolkata, 4 %–15 % of the total aerosol concentration over
Delhi and Kanpur, and 3 %–7 % of PM2.5 over Varanasi and
Anantapur, including that over the Kaashidhoo climate ob-
servatory in the Maldives (Verma et al., 2013; Kumar et al.,
2017; Tripathi et al., 2005a; Ganguly et al., 2006; Reddy
et al., 2012; Satheesh et al., 1999). The location of hotspots
for BC mass fraction (value > 16 %) and BC-AOD fraction
(12 %–16 %), including that for BC-AOD (value > 0.08), is
seen to overlap that identified for BC surface concentration
(Fig. 3e). It is also seen that the percentage fraction of BC-
AOD, in general, is about twice as large as the BC mass frac-
tion, indicating that even a low BC concentration in aerosol
mass has the potential to significantly contribute to attenua-
tion of solar radiation and thereby influence the regional ra-
diation balance (which is examined in the next section).

To gain insight into the degree of association of the sim-
ulated BC burden with the BC emission strength, we utilise
the five simulations to evaluate the correlation coefficient be-
tween the variation in emission strength and that in simu-
lated BC-AOD (Fig. 5i) or the simulated BC concentration
(Fig. 5j). A strong correlation (correlation coefficient: > 0.7)
is seen between the variance in BC emissions and simulated
BC mass concentration or BC-AOD, e.g. as observed over
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Table 3. (a) Estimated mean and percentage deviation (δ, refer to Eq. 4) of the BC concentration from five simulations for the locations under
study. (b) Summary of statistical analysis comparing the simulated BC concentration with measurements.

(a) Estimated mean and percentage deviation for all-day (daytime, late evening to early morning) mean BC concentration from five simulations

Station Megacity Urban Semi-urban Low-polluted

DEL KOL AGR KNP ALH VRS KGP BBN RAN NTL

Mean (µg m−3) 38 (11, 55) 33 (10, 48) 12 (6, 15) 10 (5, 12) 12 (5, 16) 13 (6, 18) 10 (5, 13) 8 (3.5, 11) 6 (3, 9) 1.2 (1, 1.5)
δ (%) 41 (35, 51) 54 (43, 56) 33 (37, 37) 40 (39, 45) 40 (38, 41) 37 (35, 37) 30 (31, 36) 35 (28, 38) 31 (33, 31) 25 (20, 18)

(b) Summary of statistical analysis comparing the simulated BC concentration with
measurements for all-day (daytime) mean and performance evaluation

Experiment r NMB (%) RMSE Performance evaluation∗

(µg m−3) Best Moderate Low
efficiency efficiency efficiency

Smog 0.7 (0.9) 38 (37) 9 (3.5) 4 (1) 6 (7) 0 (2)
Edgar 0.8 (0.7) 37 (57) 9 (6) 4 (1) 2 (2) 4 (7)
Cmip 0.8 (0.9) 52 (52) 11 (5) 0 (1) 5 (4) 5 (5)
Pku 0.8 (0.9) 45 (23) 12 (2.5) 5 (5) 4 (5) 1 (0)
Constrained 0.9 (0.9) 14 (17) 3 (2) 10 (10) 0 (0) 0 (0)

∗ Number of stations from the stations under study with the percentage bias in simulated estimates calculated as
≤± 25 % (best efficiency), >± 25 % to ± 50 % (moderate efficiency), and >± 50 % (low efficiency).

most of the IGP region (including the megacity of Kolkata).
The strong correlation is indicative of the change in the BC
emission flux primarily governing the change in the simu-
lated BC mass concentration and BC-AOD. On the other
hand, a moderate correlation for the BC surface concentra-
tion (correlation coefficient: 0.5–0.6) is observed over parts
of the lower mideastern IGP (patch P5; refer to Fig. 3e), over
parts of the northern IGP (patch P1) including in and around
the megacity of Delhi (for both BC surface concentration and
BC-AOD), and over some parts of the eastern IGP (patch P4),
including the area around the megacity of Kolkata. The mod-
erate correlation suggests that over these parts, besides the
change in BC emission strength, transport of BC aerosols as
governed by model processes also has a profound impact on
the simulated BC burden. In other words, a large BC bur-
den over the megacity of Delhi and the surrounding region
is profoundly impacted due to the transport of BC aerosols,
in addition to the BC emission strength. A weak correlation
(correlation coefficient: < 0.5), e.g. as observed over Naini-
tal and Ranchi stations and the surrounding area, suggests
that the transport of BC aerosols compared to the BC emis-
sion strength primarily influences the BC burden. It is also
noted that over the central region (bounded between 76–
80◦ E and 20–26◦ N), the correlation for BC-AOD is mod-
erate but still stronger than the BC concentration, thereby
indicating the potential influence on BC-AOD over the re-
gion from high-rising open burning BC emissions (corrobo-
rated by the prevalence of open biomass burning emissions;
Venkataraman et al., 2006) and the elevated transport of BC
aerosols as also inferred in a previous study (Verma et al.,
2008).

3.4 Wintertime direct radiative perturbations due to
BC aerosols: comparison with
atmosphere-eliminating BC

Further, the wintertime SW direct radiative perturbation due
to BC aerosols over the IGP (Fig. 6a–c) is evaluated corre-
sponding to the layers of the atmosphere (SUR, ATM, and
TOA; refer to Sect. 2.3). We also compare the direct radia-
tive perturbation due to BC with that estimated considering
atmosphere-eliminating BC or without BC aerosols (Fig. 6d–
f) to evaluate the magnitude of direct radiative perturbation
in the presence of BC aerosols. The positive value of the ra-
diative effect signifies warming due to BC aerosols and vice
versa for the negative value of the radiative effect. There
is a reduction in the wintertime radiative flux due to BC
at the SUR by −20 to −40 W m−2 (Fig. 6a). The radiative
warming (Fig. 6c) due to BC aerosols at the ATM (+30 to
+50 W m−2) is estimated to be about 50 %–70 % larger than
the cooling due to BC at the SUR. The magnitude of the
SUR cooling effect as noted due to BC aerosols is, however,
found to be 10 %–20 % lower than that estimated considering
atmosphere-eliminating BC aerosols (Fig. 6d and g). More-
over, the magnitude of ATM radiative warming due to BC is
seen to be larger by 2–3 times compared to the atmosphere
without BC aerosols (Fig. 6f and h). The radiative effect at
the TOA due to BC aerosols (Fig. 6b) is positive and thereby
indicates a net radiative warming effect (+10 to+17 W m−2)
over the IGP during winter. In contrast, a cooling effect at
TOA (−10 to −20 W m−2) is exhibited considering the at-
mosphere without BC aerosols (Fig. 6e). It is also seen that
the patch with the most substantial value (>15 W m−2) of
net radiative forcing due to BC is observed in and around
megacities and is extended to the eastern coast. A compari-

https://doi.org/10.5194/acp-21-7671-2021 Atmos. Chem. Phys., 21, 7671–7694, 2021



7686 S. Ghosh et al.: Wintertime direct radiative effects of BC over the Indo-Gangetic Plain

Figure 5. (a–e) Spatial distribution of simulated winter monthly mean BC-AOD at 550 nm over the IGP from the simulations (a) Smog,
(b) Edgar, (c) Cmip, (d) Pku, and (e) Constrained. (f) Comparison of simulated BC-AOD from the Constrained simulation with the AAOD
represented as circles (from AERONET-based observations at stations at Kanpur, New Delhi IMD, Gandhi College, and the IIT Kharagpur
extension at Kolkata) and with BC-AOD represented as a square estimated using in situ ground-based observations at Kolkata; the dashed
lines correspond to the value within ± 25 % of the 1 : 1 comparison shown as a solid line. (g–h) Spatial distribution of the (g) BC-AOD
fraction (%) and (h) BC mass fraction (%) from the Constrained simulation. (i–j) Correlation between the variance in the BC emission flux
from five BC emission databases and in estimated (i) BC-AOD and (j) BC concentration from five simulations.

son of the radiative effect due to BC from Constrained esti-
mates with that from the Smog simulation estimates shows
that bottom-up BC emissions (e.g. Smog-India) lead to rela-
tively lower wintertime radiative warming at ATM and TOA
by 30 %–50 % than the Constrainedemiss emissions over most
of the IGP and by more than 80 % over the northern IGP (in
and around Delhi). The comparison between the bottomup
and Constrained estimates thus indicates the potential under-
estimation of wintertime direct radiative perturbation due to
BC aerosols over the IGP attributable to the low BC emission
strength in the bottom-up BC emission database.

The uncertainty in estimated wintertime direct radiative
perturbations in the present study is inferred to be within
40 %. This estimation is based on taking into account NMB
in the simulated BC concentration (as presented in Sect. 3.2)
and the model variability (33 %) in estimated DRF of BC
based on the evaluation of 20 global aerosol models (Schulz
et al., 2006).

4 Conclusion

In the present study, wintertime direct radiative perturba-
tion due to black carbon (BC) aerosols was examined over
the Indo-Gangetic Plain (IGP) by evaluating the efficacy of
the fine grid-resolved (0.1◦× 0.1◦) BC aerosol transport in a
chemical transport model (CHIMERE) offline coupled with
the WRF regional meteorological model. The efficacy of
CHIMERE to simulate the observed BC surface concentra-
tion was assessed by implementing the new BC emission
inventories and through a detailed validation and statistical
analysis of the simulated BC concentration with respect to
ground-based measurements at stations over the IGP. The
five BC transport simulations (Constrained and bottomup,
with the latter including Smog, Cmip, Edgar, and Pku) were
performed by implementing BC emission data from the
India-based “Constrainedemiss” and bottom-up Smog-India
database as well as those from the three global bottom-up
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Figure 6. (a–c) Spatial distribution of wintertime direct radiative perturbation due to BC aerosols from the Constrained simulation at (a) SUR,
(b) TOA, and (c) ATM. (d–f) Same as (a–c) but with atmosphere-eliminating BC. (g–h) Difference in radiative perturbation due to BC and
atmosphere-eliminating BC at (g) SUR and (h) ATM.

databases CMIP6, EDGAR, and PKU extracted over the In-
dian region.

The WRF-simulated winter monthly mean of the meteoro-
logical parameters resembled (bias <± 25 %) the measured
counterparts. However, the diurnal distribution of meteo-
rological parameters exhibited a considerable discrepancy,
specifically during midnight to early morning hours (00:00 to
05:00 LT), having implications for the diurnal distribution of
the BC concentration. In this regard, a better temporally re-
solved meteorological boundary condition in the WRF, aided
by data assimilation at a fine temporal resolution (e.g. 1-
hourly) using observations for India-based stations, needs to
be assessed in a future study.

A strong association of the winter monthly mean BC con-
centration between modelled and measured values for sta-
tions under study corresponding to each of the five simula-
tions was noticed. The efficacy to simulate the magnitude
of the observed wintertime BC distribution was found to
be moderate to poor for the bottomup simulation. The Con-

strained simulation estimated high BC pollution over the IGP,
with a wintertime all-day monthly mean BC surface concen-
tration (BC-AOD) of 14–25 µg m−3 (0.04–0.08), and resem-
bled the observed counterparts. These estimates were noted
with the lowest percentage bias (≤± 25 %) among five sim-
ulations for each of the stations and area types under study.
The low magnitude and inconsistent spatial gradient across
area types of the bottom-up BC emission flux were found to
be the primary reasons for a large discrepancy in simulated
BC concentration and BC-AOD from the bottomup simula-
tion.

The BC-AOD fraction (10 %–16 %) from the Constrained
simulation was noted to be about twice as large as the
BC mass fraction (6 %–10 %) over most of the IGP region.
Five hotspots with a large BC load (surface concentration
> 16 µg m−3 from the Constrained simulation) were identi-
fied in and around megacities (Delhi and Kolkata) and the
surrounding semi-urban area as well as urban spots over the
central and mideastern IGP (Prayagraj–Allahabad–Varanasi,
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Patna), including the rural spot over the lower mideastern
IGP (Palamu).

Analysis of multi-simulations of BC transport in
CHIMERE indicated that increased emissions in the megac-
ities potentially amplify the accumulation of BC pollutants,
specifically during the late evening to morning hours, raising
concern for megacity commuters. The correlation between
the variance in emissions and the simulated BC mass concen-
tration and BC-AOD from the five simulations manifested in
the sensitivity of the simulated BC concentration and BC-
AOD primarily to the change in BC emission strength over
most of the IGP (including the megacity of Kolkata). There
is also sensitivity to the transport of BC aerosols as governed
by model processes over the megacity of Delhi and the area
around the megacities of Delhi and Kolkata.

The transboundary movement of the wintertime BC plume
in the IGP was visualised to be spreading towards the north
(Himalayan side) during afternoon hours (12:00–18:00 LT)
as well as towards the south (central India) and from the up-
per northern IGP (e.g. Delhi) towards the lower eastern IGP
(e.g. Kolkata) during evening until morning hours (18:00–
06:00 LT).

Analysis of direct radiative perturbations due to BC
aerosols showed that wintertime BC aerosol over the IGP
enhances atmospheric warming by 2–3 times more and re-
duces surface cooling by 10 %–20 % less than considering
atmosphere-eliminating BC aerosols. The BC-induced net
warming effect at the top of the atmosphere (TOA) from
the Constrained simulation was estimated as 10–17 W m−2

over most of the IGP, in contrast to a net cooling at the TOA
considering the atmosphere without BC. The radiative per-
turbation was spatially the largest in and around megacities
(Kolkata and Delhi) and extended to the eastern coast. Val-
ues were assessed to be about 30 %–50 % lower from the bot-
tomup than the Constrained simulation over most of the IGP.

The present study showed that adequate BC emission
strength and meteorological forcing in a state-of-the-art
chemical transport model at a fine grid resolution led to the
successful simulation of the wintertime BC distribution (sur-
face concentration and BC-AOD) over the IGP, unlike pre-
vious studies (refer to Sect. 1). We believe this distribution
provided a reasonably more accurate representation of the
simulated wintertime direct radiative perturbations due to BC
aerosols, including identifying the BC hotspots over the IGP.
The wintertime radiative perturbation due to BC aerosols
simulated in the present study is further utilised to evalu-
ate the potential response to temperature, air quality, and re-
gional climate over the IGP; the outcome from these evalua-
tions will be presented in a future study. The present study
is also further extended to evaluate the inter-seasonal BC
distribution and associated radiative impacts over the Indian
subcontinent, with implications for the south-west monsoon
rainfall.

Data availability. The data in this study are available from the cor-
responding author upon request (shubha@iitkgp.ac.in).

Video supplement. The animation is available at https://doi.org/10.
5446/48819 (Ghosh and Verma, 2020).

Author contributions. SG conducted the BC transport simulations,
radiative transfer simulations, evaluation, and validation of the
model estimates, including the statistical analyses, as well as par-
ticipating with SV in synthesising and analysing the results. SV
planned and coordinated the study. SG and SV wrote the paper. JK
and LM contributed to the writing and analysis of results. LM also
advised on the technicality of the CHIMERE model configuration.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. Simulations were performed in a high-
performance computing cluster developed at the Indian Institute
of Technology Kharagpur (IIT-KGP) supported through the Na-
tional Carbonaceous Aerosol Programme–Carbonaceous Aerosol
Emissions: Source Apportionment and Climate Impacts (NCAP–
COALESCE). Contributions of Rhitamvar Ray, the project engineer
at IIT-KGP supported by the NCAP–COALESCE project, are duly
acknowledged towards maintaining the computing cluster, handling
simulations, data extraction, and preparing the BC animation in the
“Video supplement”.

Financial support. This research has been supported by the Na-
tional Carbonaceous Aerosol Programme–Carbonaceous Aerosol
Emissions: Source Apportionment and Climate Impacts (NCAP–
COALESCE) from the Ministry of Environment, Forest, and Cli-
mate Change, Govt. of India (grant no. 14/10/2014-CC (Vo. II)), at
the Indian Institute of Technology Kharagpur.

Review statement. This paper was edited by Yafang Cheng and re-
viewed by five anonymous referees.

References

Badarinath, K. V. S., Latha, K. M., Chand, T. R. K., Reddy, R. R.,
Gopal, K. R., Reddy, L. S. S., Narasimhulu, K., and Kumar,
K. R.: Black carbon aerosols and gaseous pollutants in an urban
area in North India during fog period, Atmos. Res., 85, 209–216,
https://doi.org/10.1016/j.atmosres.2006.12.007, 2007.

Bano, T., Singh, S., Gupta, N. C., Soni, K., Tanwar, R. S.,
Nath, S., Arya, B. C., and Gera, B. S.: Variation in aerosol
black carbon concentration and its emission estimates at
the mega-city Delhi, Int. J. Remote Sens., 32, 6749–6764,
https://doi.org/10.1080/01431161.2010.512943, 2011.

Atmos. Chem. Phys., 21, 7671–7694, 2021 https://doi.org/10.5194/acp-21-7671-2021

https://doi.org/10.5446/48819
https://doi.org/10.5446/48819
https://doi.org/10.1016/j.atmosres.2006.12.007
https://doi.org/10.1080/01431161.2010.512943


S. Ghosh et al.: Wintertime direct radiative effects of BC over the Indo-Gangetic Plain 7689

Bessagnet, B., Hodzic, A., Vautard, R., Beekmann, M.,
Cheinet, S., Honoré, C., Liousse, C., and Rouil, L.: Aerosol
modeling with CHIMERE – preliminary evaluation at
the continental scale, Atmos. Environ., 38, 2803–2817,
https://doi.org/10.1016/j.atmosenv.2004.02.034, 2004.

Bessagnet, B., Menut, L., Curci, G., Hodzic, A., Guillaume, B., Li-
ousse, C., Moukhtar, S., Pun, B., Seigneur, C., and Schulz, M.:
Regional modeling of carbonaceous aerosols over Europe – Fo-
cus on Secondary Organic Aerosols, J. Atmos. Chem, 61, 175–
202, 2009.

Bisht, D. S., Dumka, U. C., Kaskaoutis, D. G., Pipal, A. S.,
Srivastava, A. K., Soni, V. K., Attri, S. D., Sateesh, M.,
and Tiwari, S.: Carbonaceous aerosols and pollutants over
Delhi urban environment: temporal evolution, source apportion-
ment and radiative forcing, Sci. Total Environ., 521, 431–445,
https://doi.org/10.1016/j.scitotenv.2015.03.083, 2015.

Bond, T. C., Streets, D. G., Nelson, K. F. Y. S. M., Woo, J.-H., and
Klimont, Z.: A technology-based global inventory of black and
organic carbon emissions from combustion, J. Geophys. Res.,
109, D14203, https://doi.org/10.1029/2003JD003697, 2004.

Bond, T. C., Doherty, S. J., Fahey, D. W., Forster, P. M., Berntsen,
T., DeAngelo, B. J., Flanner, M. G., Ghan, S., Karcher, B.,
Koch, D., Kinne, S., Kondo, Y., Quinn, P. K., Sarofim, M. C.,
Schultz, M. G., Schulz, M., Venkataraman, C., Zhang, H., Zhang,
S., Bellouin, N., Guttikunda, S. K., Hopke, P. K., Jacobson,
M. Z., Kaiser, J. W., Klimont, Z., Lohmann, U., Schwarz,
J. P., Shindell, D., Storelvmo, T., Warren, S. G., and Zender,
C. S.: Bounding the role of black carbon in the climate sys-
tem: A scientific assessment, J. Geophys. Res., 118, 1–173,
https://doi.org/10.1002/jgrd.50171, 2013.

Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold, G.,
Forster, P., Kerminen, V. M., Kondo, Y., Liao, H., Lohmann, U.,
Rasch, P., Satheesh, S. K., Sherwood, S., Stevens, B., and Zhang,
X. Y.: Clouds and aerosols, in: Climate change 2013: The Phys-
ical science basis. Contribution of Working Group I to the Fifth
Assessment Report of the Intergovernmental Panel on Climate
Change, edited by Stocker, T. F., Qin, D., Plattner, G. K., Tig-
nor, M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V.,
and Midgley, P. M., 571–657, Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, 2013.

Boucher, O., Balkanski, Y., Hodnebrog, Ø., Myhre, C. L.,
Myhre, G., Quaas, J., Samset, B. H., Schutgens, N., Stier, P.,
and Wang, R.: Jury is still out on the radiative forcing by
black carbon, P. Natl. Acad. Sci. USA, 113, E5092–E5093,
https://doi.org/10.1073/pnas.1607005113, 2016.

Briant, R., Tuccella, P., Deroubaix, A., Khvorostyanov, D., Menut,
L., Mailler, S., and Turquety, S.: Aerosol–radiation interaction
modelling using online coupling between the WRF 3.7.1 mete-
orological model and the CHIMERE 2016 chemistry-transport
model, through the OASIS3-MCT coupler, Geosci. Model Dev.,
10, 927–944, https://doi.org/10.5194/gmd-10-927-2017, 2017.

Chandra, S., Dwivedi, A. K., and Kumar, M.: Characterization of
the atmospheric boundary layer from radiosonde observations
along eastern end of monsoon trough of India, J. Earth Syst. Sci.,
123, 1233–1240, 2014.

Chen, F. and Dudhia, J.: Coupling an Advanced Land-Surface
Hydrology Model with the Penn State-NCAR MM5 Model-
ing Syste. Part I: Model Implementation and Sensitivity, Mon.
Weather Rev., 129, 569–585, 2001.

Chen, Y., Wild, O., Conibear, L., Ran, L., He, J., Wang, L., and
Wang, Y.: Local characteristics of and exposure to fine particulate
matter (PM2.5) in four Indian megacities, Atmos. Environ. X, 5,
100052, https://doi.org/10.1016/j.aeaoa.2019.100052, 2020.

Chung, C. E., Ramanathan, V., and Decremer, D.: Observa-
tionally constrained estimates of carbonaceous aerosol radia-
tive forcing, P. Natl. Acad. Sci. USA, 109, 11624–11629,
https://doi.org/10.1073/pnas.1203707109, 2012.

David, L. M., Ravishankara, A., Kodros, J. K., Venkataraman, C.,
Sadavarte, P., Pierce, J. R., Chaliyakunnel, S., and Millet, D. B.:
Aerosol optical depth over India, J. Geophys. Res.-Atmos., 123,
3688–3703, https://doi.org/10.1002/2017JD027719, 2018.

Derognat, C., Beekmann, M., Baeumle, M., Martin, D., and
Schmidt, H.: Effect of biogenic volatile organic compound
emissions on tropospheric chemistry during the Atmospheric
Pollution Over the Paris Area (ESQUIF) campaign in the
Ile-de-France region, J. Geophys. Res.-Atmos., 108, 8560,
https://doi.org/10.1029/2001JD001421, 2003.

Dong, X., Zhu, Q., Fu, J. S., Huang, K., Tan, J., and Tipton, M.:
Evaluating Recent Updated Black Carbon Emissions and Revis-
iting the Direct Radiative Forcing in Arctic, Geophys. Res. Lett.,
46, 3560–3570, https://doi.org/10.1029/2018GL081242, 2019.

Dumka, U. C., Moorthy, K. K., Kumar, R., Hegde, P., Sagar, R.,
Pant, P., Singh, N., and Babu, S.: Characteristics of aerosol black
carbon mass concentration over a high altitude location in the
Central Himalayas from multi-year measurements, Atmos. Res.,
96, 510–521, https://doi.org/10.1016/j.atmosres.2009.12.010,
2010.

Eyring, V., Bony, S., Meehl, G. A., Senior, C. A., Stevens, B.,
Stouffer, R. J., and Taylor, K. E.: Overview of the Coupled
Model Intercomparison Project Phase 6 (CMIP6) experimen-
tal design and organization, Geosci. Model Dev., 9, 1937–1958,
https://doi.org/10.5194/gmd-9-1937-2016, 2016.

Fan, J., Rosenfeld, D., Yang, Y., Zhao, C., Leung, L. R., and Li,
Z.: Substantial contribution of anthropogenic air pollution to
catastrophic floods in Southwest China, Geophys. Res. Lett., 42,
6066–6075, https://doi.org/10.1002/2015GL064479, 2015.

Feng, L., Smith, S. J., Braun, C., Crippa, M., Gidden, M. J.,
Hoesly, R., Klimont, Z., van Marle, M., van den Berg, M.,
and van der Werf, G. R.: The generation of gridded emis-
sions data for CMIP6, Geosci. Model Dev., 13, 461–482,
https://doi.org/10.5194/gmd-13-461-2020, 2020.

Ganguly, D., Jayaraman, A., Rajesh, T. A., and Gadhavi, H.:
Wintertime aerosol properties during foggy and nonfoggy
days over urban center Delhi and their implications for
shortwave radiative forcing, J. Geophys. Res., 111, D15217,
https://doi.org/10.1029/2005JD007029, 2006.

Giles, D. M., Holben, B. N., Eck, T. F., Sinyuk, A., Smirnov,
A., Slutsker, I., Dickerson, R., Thompson, A. M., and
Schafer, J.: An analysis of AERONET aerosol absorp-
tion properties and classifications representative of aerosol
source regions, J. Geophys. Res.-Atmos., 117, D17203,
https://doi.org/10.1029/2012JD018127, 2012.

Ghosh, S. and Verma, S.: Transport of the BC aerosol over the IGP,
TIB, https://doi.org/10.5446/48819, 2020.

Govardhan, G., Nanjundiah, S., Satheesh, S. K., Moorthy, K. K.,
and Kotamarthi, V. R.: Performance of WRF-Chem over Indian
region: Comparison with measurements, J. Earth Syst. Sci., 124,
875–896, 2015.

https://doi.org/10.5194/acp-21-7671-2021 Atmos. Chem. Phys., 21, 7671–7694, 2021

https://doi.org/10.1016/j.atmosenv.2004.02.034
https://doi.org/10.1016/j.scitotenv.2015.03.083
https://doi.org/10.1029/2003JD003697
https://doi.org/10.1002/jgrd.50171
https://doi.org/10.1073/pnas.1607005113
https://doi.org/10.5194/gmd-10-927-2017
https://doi.org/10.1016/j.aeaoa.2019.100052
https://doi.org/10.1073/pnas.1203707109
https://doi.org/10.1002/2017JD027719
https://doi.org/10.1029/2001JD001421
https://doi.org/10.1029/2018GL081242
https://doi.org/10.1016/j.atmosres.2009.12.010
https://doi.org/10.5194/gmd-9-1937-2016
https://doi.org/10.1002/2015GL064479
https://doi.org/10.5194/gmd-13-461-2020
https://doi.org/10.1029/2005JD007029
https://doi.org/10.1029/2012JD018127
https://doi.org/10.5446/48819


7690 S. Ghosh et al.: Wintertime direct radiative effects of BC over the Indo-Gangetic Plain

Govardhan, G., Satheesh, S. K., Moorthy, K. K., and Nanjun-
diah, R.: Simulations of black carbon over the Indian region:
improvements and implications of diurnality in emissions, At-
mos. Chem. Phys., 19, 8229–8241, https://doi.org/10.5194/acp-
19-8229-2019, 2019.

Grell, G. and Devenyi, A. D.: A generalized approach to
parameterizing convection combining ensemble and data
assimilation techniques, Geophys. Res. Lett., 29, 1693,
https://doi.org/10.1029/2002GL015311, 2002.

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P.
I., and Geron, C.: Estimates of global terrestrial isoprene
emissions using MEGAN (Model of Emissions of Gases and
Aerosols from Nature), Atmos. Chem. Phys., 6, 3181–3210,
https://doi.org/10.5194/acp-6-3181-2006, 2006.

Gustafsson, Ö. and Ramanathan, V.: Convergence on climate warm-
ing by black carbon aerosols, P. Natl. Acad. Sci. USA, 113,
4243–4245, https://doi.org/10.1073/pnas.1603570113, 2016.

Haupt, S. E., Kosovic, B., Jensen, T., Cowie, J., Jimenez, P.,
and Wiener, G.: Comparing and integrating solar forecast-
ing techniques, in: 2016 IEEE 43rd Photovoltaic Specialists
Conference (PVSC), 0953–0955, IEEE, Portland, OR, USA,
https://doi.org/10.1109/PVSC.2017.8366162, 2016.

Holben, B. N., Eck, T. F., Slutsker, I. A., Tanre, D., Buis, J., Set-
zer, A., Vermote, E., Reagan, J. A., Kaufman, Y., Nakajima, T.,
Lavenu, F., Jankowiak, I., and Smirnov, A.: AERONET – A fed-
erated instrument network and data archive for aerosol character-
ization, Remote Sens. Environ., 66, 1–16, 1998.

Hong, S. Y., Noh, Y., and Dudhia, J.: A new vertical dif-
fusion package with an explicit treatment of entrain-
ment processes, Mon. Weather Rev., 134, 2318–2341,
https://doi.org/10.1175/MWR3199.1, 2006.

Iacono, M. J., Delamere, J. S., Mlawer, E. J., Shephard, M. W.,
Clough, S. A., and Collins, W. D.: Radiative forcing by long-
lived greenhouse gases: Calculations with the AER radia-
tive transfer models, J. Geophys. Res.-Atmos., 113, D13103,
https://doi.org/10.1029/2008JD009944, 2008.

Iyer, U. S. and Raj, P. E.: Ventilation coefficient trends in the recent
decades over four major Indian metropolitan cities, J. Earth Syst.
Sci., 122, 537–549, 2013.

Janssen, N. A., Hoek, G., Simic-Lawson, M., Fischer, P., van Bree,
L., ten Brink, H., Keuken, M., Atkinson, R. W., Anderson, H. R.,
Brunekreef, B., and Cassee, F. R.: Black carbon as an additional
indicator of the adverse health effects of airborne particles com-
pared with PM10 and PM2.5, Environ. Health Persp., 119, 1691–
1699, https://doi.org/10.1289/ehp.1003369, 2011.

Janssen, N. A., Gerlofs-Nijland, M. E., Lanki, T., Salonen,
R. O., Cassee, F., Hoek, G., Fischer, P., Brunekreef, B., and
Krzyzanowski, M.: Health effects of black carbon, WHO Re-
gional Office for Europe, Denmark, 2012.

Janssens-Maenhout, G., Dentener, F., Van Aardenne, J., Monni,
S., Pagliari, V., Orlandini, L., Klimont, Z., Kurokawa, J.-i.,
Akimoto, H., Ohara, T., Wankmüller, R., Battye, B., Grano,
D., Zuber, A., and Keating, T.: EDGAR-HTAP: a harmo-
nized gridded air pollution emission dataset based on na-
tional inventories, European Commission Publications Office,
Ispra (Italy), JRC68434, EUR report No EUR, 25, 299–2012,
https://doi.org/10.2788/14102, 2012.

Jimenez, P. A., Hacker, J. P., Dudhia, J., Haupt, S. E., Ruiz-Arias,
J. A., Gueymard, C. A., Thompson, G., Eidhammer, T., and

Deng, A.: WRF-Solar: description and clear-sky assessment of
an augmented NWP Model for solar power prediction, B. Am.
Meteorol. Soc., 97, 1249–1264, https://doi.org/10.1175/BAMS-
D-14-00279.1, 2016.

Johnson, T. M., Guttikunda, S., Wells, G. J., Artaxo, P., Bond, T. C.,
Russell, A. G., Watson, J. G., and West, J.: Tools for improving
air quality management: A review of top-down source apportion-
ment techniques and their application in developing countries,
World Bank, Washington, DC, 2011.

Kanawade, V., Tripathi, S., Bhattu, D., and Shamjad, P.: Sub-micron
particle number size distributions characteristics at an urban lo-
cation, Kanpur, in the Indo-Gangetic Plain, Atmos. Res., 147–
148, 121–132, https://doi.org/10.1016/j.atmosres.2014.05.010,
2014.

Kumar, D. B., Verma, S., Boucher, O., and Wang, R.: Constrained
simulation of aerosol species and sources during pre-monsoon
season over the Indian subcontinent, Atmos. Res., 214, 91–108,
https://doi.org/10.1016/j.atmosres.2018.07.001, 2018.

Kumar, M., Raju, M., Singh, R., Singh, A., Singh, R.,
and Banerjee, T.: Wintertime characteristics of aerosols
over middle Indo-Gangetic Plain: Vertical profile, trans-
port and radiative forcing, Atmos. Res., 183, 268–282,
https://doi.org/10.1016/j.atmosres.2016.09.012, 2017.

Kumar, R., Barth, M. C., Pfister, G. G., Nair, V. S., Ghude, S. D.,
and Ojha, N.: What controls the seasonal cycle of black carbon
aerosols in India?, J. Geophys. Res.-Atmos., 120, 7788–7812,
https://doi.org/10.1002/2015JD023298, 2015.

Kumar, R. R., Soni, V. K., and Jain, M. K.: Evaluation of spa-
tial and temporal heterogeneity of black carbon aerosol mass
concentration over India using three year measurements from
IMD BC observation network, Sci. Total Environ., 723, 138060,
https://doi.org/10.1016/j.scitotenv.2020.138060, 2020.

Lamarque, J.-F., Bond, T. C., Eyring, V., Granier, C., Heil, A.,
Klimont, Z., Lee, D., Liousse, C., Mieville, A., Owen, B.,
Schultz, M. G., Shindell, D., Smith, S. J., Stehfest, E., Van
Aardenne, J., Cooper, O. R., Kainuma, M., Mahowald, N.,
McConnell, J. R., Naik, V., Riahi, K., and van Vuuren, D.
P.: Historical (1850–2000) gridded anthropogenic and biomass
burning emissions of reactive gases and aerosols: methodol-
ogy and application, Atmos. Chem. Phys., 10, 7017–7039,
https://doi.org/10.5194/acp-10-7017-2010, 2010.

Lesins, G., Chylek, P., and Lohmann, U.: A study of internal and
external mixing scenarios and its effect on aerosol optical prop-
erties and direct radiative forcing, J. Geophys. Res., 107, 4094,
https://doi.org/10.1029/2001JD000973, 2002.

Lin, Y. L., Farley, R. D., and Orville, H. D.: Bulk parameterization
of the snow field in a cloud model, J. Clim. Appl. Meteorol., 22,
1065–1092, 1983.

Lipi, K. and Kumar, M.: Aerosol and black carbon properties during
different seasons in eastern part of India, Middle-East J. Scien-
tific Res., 21, 1677–1688, 2014.

Lohmann, U. and Feichter, J.: Global indirect aerosol ef-
fects: a review, Atmos. Chem. Phys., 5, 715–737,
https://doi.org/10.5194/acp-5-715-2005, 2005.

Lu, Z., Zhang, Q., and Streets, D. G.: Sulfur dioxide and
primary carbonaceous aerosol emissions in China and
India, 1996–2010, Atmos. Chem. Phys., 11, 9839–9864,
https://doi.org/10.5194/acp-11-9839-2011, 2011.

Atmos. Chem. Phys., 21, 7671–7694, 2021 https://doi.org/10.5194/acp-21-7671-2021

https://doi.org/10.5194/acp-19-8229-2019
https://doi.org/10.5194/acp-19-8229-2019
https://doi.org/10.1029/2002GL015311
https://doi.org/10.5194/acp-6-3181-2006
https://doi.org/10.1073/pnas.1603570113
https://doi.org/10.1109/PVSC.2017.8366162
https://doi.org/10.1175/MWR3199.1
https://doi.org/10.1029/2008JD009944
https://doi.org/10.1289/ehp.1003369
https://doi.org/10.2788/14102
https://doi.org/10.1175/BAMS-D-14-00279.1
https://doi.org/10.1175/BAMS-D-14-00279.1
https://doi.org/10.1016/j.atmosres.2014.05.010
https://doi.org/10.1016/j.atmosres.2018.07.001
https://doi.org/10.1016/j.atmosres.2016.09.012
https://doi.org/10.1002/2015JD023298
https://doi.org/10.1016/j.scitotenv.2020.138060
https://doi.org/10.5194/acp-10-7017-2010
https://doi.org/10.1029/2001JD000973
https://doi.org/10.5194/acp-5-715-2005
https://doi.org/10.5194/acp-11-9839-2011


S. Ghosh et al.: Wintertime direct radiative effects of BC over the Indo-Gangetic Plain 7691

Mahapatra, P. S., Panda, S., Das, N., Rath, S., and Das, T.: Variation
in black carbon mass concentration over an urban site in the east-
ern coastal plains of the Indian sub-continent, Theor. Appl. Cli-
matol., 117, 133–147, https://doi.org/10.1007/s00704-013-0984-
z, 2014.

Masson-Delmotte, V., Zhai, P., Pörtner, H.-O., Roberts, D., Skea, J.,
Shukla, P., Pirani, A., Moufouma-Okia, W., Péan, C., Pidcock,
R., Connors, S., Matthews, J. B. R., Chen, Y., Zhou, X., Gomis,
M. I., Lonnoy, E., Maycock, T., Tignor, M., and Waterfield, T.
(Eds.): Global warming of 1.5 ◦C: An IPCC special report on the
Impacts of Global Warming of 1.5 ◦C above pre-industrial lev-
els and related global greenhouse gas emission pathways, in the
context of strengthening the global response to the threat of Cli-
mate Change, sustainable development, and efforts to eradicate
poverty, World Meteorological Organization Geneva, Switzer-
land, 2018.

Meng, J., Liu, J., Yi, K., Yang, H., Guan, D., Liu, Z., Zhang, J.,
Ou, J., Dorling, S., Mi, Z., Shen, H., Zhong, Q., and Tao, S.:
Origin and radiative forcing of black carbon aerosol: production
and consumption perspectives, Environ. Sci. Technol., 52, 6380–
6389, https://doi.org/10.1021/acs.est.8b01873, 2018.

Menut, L., Goussebaile, A., Bessagnet, B., Khvorostiyanov,
D., and Ung, A.: Impact of realistic hourly emis-
sions profiles on air pollutants concentrations mod-
elled with CHIMERE, Atmos. Environ., 49, 233–244,
https://doi.org/10.1016/j.atmosenv.2011.11.057, 2012.

Menut, L., Bessagnet, B., Khvorostyanov, D., Beekmann, M.,
Blond, N., Colette, A., Coll, I., Curci, G., Foret, G., Hodzic,
A., Mailler, S., Meleux, F., Monge, J.-L., Pison, I., Siour,
G., Turquety, S., Valari, M., Vautard, R., and Vivanco,
M. G.: CHIMERE 2013: a model for regional atmospheric
composition modelling, Geosci. Model Dev., 6, 981–1028,
https://doi.org/10.5194/gmd-6-981-2013, 2013.

Menut, L., Mailler, S., Siour, G., Bessagnet, B., Turquety, S., Rea,
G., Briant, R., Mallet, M., Sciare, J., Formenti, P., and Meleux,
F.: Ozone and aerosol tropospheric concentrations variability
analyzed using the ADRIMED measurements and the WRF
and CHIMERE models, Atmos. Chem. Phys., 15, 6159–6182,
https://doi.org/10.5194/acp-15-6159-2015, 2015.

Mlawer, E. J., Taubman, S. J., Brown, P. D., Iacono, M. J., and
Clough, S. A.: Radiative transfer for inhomogeneous atmo-
spheres: RRTM, a validated correlated-k model for the longwave,
J. Geophys. Res., 102, 16663–16682, 1997.

Monahan, E. C.: The ocean as a source for atmospheric
particles, in: The role of air-sea exchange in geochemi-
cal cycling, 129–163, D. Reidel, Dordrecht, the Netherlands,
https://doi.org/10.1007/978-94-009-4738-2, 1986.

Moorthy, K. K., Beegum, S. N., Srivastava, N., Satheesh, S., Chin,
M., Blond, N., Babu, S. S., and Singh, S.: Performance evaluation
of chemistry transport models over India, Atmos. Environ., 71,
210–225, https://doi.org/10.1016/j.atmosenv.2013.01.056, 2013.

Morice, C. P., Kennedy, J. J., Rayner, N. A., and Jones, P. D.:
Quantifying uncertainties in global and regional tempera-
ture change using an ensemble of observational estimates:
The HadCRUT4 data set, J. Geophys. Res., 117, D08101,
https://doi.org/10.1029/2011JD017187, 2012.

Myhre, G., Samset, B. H., Schulz, M., Balkanski, Y., Bauer, S.,
Berntsen, T. K., Bian, H., Bellouin, N., Chin, M., Diehl, T.,
Easter, R. C., Feichter, J., Ghan, S. J., Hauglustaine, D., Iversen,

T., Kinne, S., Kirkevåg, A., Lamarque, J.-F., Lin, G., Liu, X.,
Lund, M. T., Luo, G., Ma, X., van Noije, T., Penner, J. E., Rasch,
P. J., Ruiz, A., Seland, Ø., Skeie, R. B., Stier, P., Takemura, T.,
Tsigaridis, K., Wang, P., Wang, Z., Xu, L., Yu, H., Yu, F., Yoon,
J.-H., Zhang, K., Zhang, H., and Zhou, C.: Radiative forcing of
the direct aerosol effect from AeroCom Phase II simulations, At-
mos. Chem. Phys., 13, 1853–1877, https://doi.org/10.5194/acp-
13-1853-2013, 2013a.

Myhre, G., Shindell, D., Bréon, F. M., Collins, W., Fuglestvedt,
J., Huang, J., Koch, D., Lamarque, J. F., Lee, D., Mendoza,
B., Nakajima, T., Robock, A., Stephens, G., Takemura, T., and
Zhang, H.: Anthropogenic and natural radiative forcing, climate
change 2013: the Physical science basis. Contribution of Work-
ing Group I to the Fifth Assessment Report of the Intergov-
ernmental Panel on Climate Change, 659–740, Cambridge Uni-
versity Press, Cambridge, United Kingdom and New York, NY,
USA, 2013b.

Nair, V. S., Moorthy, K. K., Alappattu, D. P., Kunhikrish-
nan, P. K., George, S., Nair, P. R., Babu, S. S., Abish, B.,
Satheesh, S. K., Tripathi, S. N., Niranjan, K., Madhaban,
B. L., Srikant, V., Dutt, C. B. S., Badarinath, K. V. S., and
Reddy, R. R.: Wintertime aerosol characteristics over the Indo-
Gangetic plain (IGP): Impacts of local boundary layer pro-
cesses and long-range transport, J. Geophys. Res., 112, D13205,
https://doi.org/10.1029/2006JD008099, 2007.

Nair, V. S., Solmon, F., Giorgi, F., Mariotti, L., Babu, S. S.,
and Moorthy, K. K.: Simulation of South Asian aerosols
for regional climate studies, J. Geophys. Res., 117, D04209,
https://doi.org/10.1029/2011JD016711, 2012.

Pan, X., Chin, M., Gautam, R., Bian, H., Kim, D., Colarco, P. R.,
Diehl, T. L., Takemura, T., Pozzoli, L., Tsigaridis, K., Bauer,
S., and Bellouin, N.: A multi-model evaluation of aerosols
over South Asia: common problems and possible causes, At-
mos. Chem. Phys., 15, 5903–5928, https://doi.org/10.5194/acp-
15-5903-2015, 2015.

Pandey, A., Sadavarte, P., Rao, A. B., and Venkataraman,
C.: Trends in multi-pollutant emissions from a technology-
linked inventory for India: II. Residential, agricultural and
informal industry sectors, Atmos. Environ., 99, 341–352,
https://doi.org/10.1016/j.atmosenv.2014.09.080, 2014.

Pani, S. K. and Verma, S.: Variability of winter and summertime
aerosols over eastern India urban environment, Atmos. Res., 137,
112–124, https://doi.org/10.1016/j.atmosres.2013.09.014, 2014.

Paulot, F., Paynter, D., Ginoux, P., Naik, V., and Horowitz,
L. W.: Changes in the aerosol direct radiative forcing
from 2001 to 2015: observational constraints and regional
mechanisms, Atmos. Chem. Phys., 18, 13265–13281,
https://doi.org/10.5194/acp-18-13265-2018, 2018.

Péré, J.-C., Mallet, M., Pont, V., and Bessagnet, B.: Impact
of aerosol direct radiative forcing on the radiative bud-
get, surface heat fluxes, and atmospheric dynamics dur-
ing the heat wave of summer 2003 over western Europe:
A modeling study, J. Geophys. Res.-Atmos., 116, D23119,
https://doi.org/10.1029/2011JD016240, 2011.

Permadi, D. A., Kim Oanh, N. T., and Vautard, R.: Assessment
of emission scenarios for 2030 and impacts of black carbon
emission reduction measures on air quality and radiative forc-
ing in Southeast Asia, Atmos. Chem. Phys., 18, 3321–3334,
https://doi.org/10.5194/acp-18-3321-2018, 2018a.

https://doi.org/10.5194/acp-21-7671-2021 Atmos. Chem. Phys., 21, 7671–7694, 2021

https://doi.org/10.1007/s00704-013-0984-z
https://doi.org/10.1007/s00704-013-0984-z
https://doi.org/10.1021/acs.est.8b01873
https://doi.org/10.1016/j.atmosenv.2011.11.057
https://doi.org/10.5194/gmd-6-981-2013
https://doi.org/10.5194/acp-15-6159-2015
https://doi.org/10.1007/978-94-009-4738-2
https://doi.org/10.1016/j.atmosenv.2013.01.056
https://doi.org/10.1029/2011JD017187
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.5194/acp-13-1853-2013
https://doi.org/10.1029/2006JD008099
https://doi.org/10.1029/2011JD016711
https://doi.org/10.5194/acp-15-5903-2015
https://doi.org/10.5194/acp-15-5903-2015
https://doi.org/10.1016/j.atmosenv.2014.09.080
https://doi.org/10.1016/j.atmosres.2013.09.014
https://doi.org/10.5194/acp-18-13265-2018
https://doi.org/10.1029/2011JD016240
https://doi.org/10.5194/acp-18-3321-2018


7692 S. Ghosh et al.: Wintertime direct radiative effects of BC over the Indo-Gangetic Plain

Permadi, D. A., Kim Oanh, N. T., and Vautard, R.: Integrated emis-
sion inventory and modeling to assess distribution of particulate
matter mass and black carbon composition in Southeast Asia, At-
mos. Chem. Phys., 18, 2725–2747, https://doi.org/10.5194/acp-
18-2725-2018, 2018b.

Priyadharshini, B.: Ambient aerosol characteristics, source types
and radiative impacts over urban and semi-urban regions of Ben-
gal Gangetic plain, PhD thesis, IIT, Kharagpur, 2019.

Qian, Y., Flanner, M. G., Leung, L. R., and Wang, W.: Sensitiv-
ity studies on the impacts of Tibetan Plateau snowpack pollu-
tion on the Asian hydrological cycle and monsoon climate, At-
mos. Chem. Phys., 11, 1929–1948, https://doi.org/10.5194/acp-
11-1929-2011, 2011.

Ram, K. and Sarin, M. M.: Spatio-temporal variabil-
ity in atmospheric abundances of EC, OC and WSOC
over Northern India, J. Aerosol Sci., 41, 88–98,
https://doi.org/10.1016/j.jaerosci.2009.11.004, 2010.

Ram, K. and Sarin, M. M.: Atmospheric carbonaceous aerosols
from Indo-Gangetic Plain and Central Himalaya: Impact of
anthropogenic sources, J. Environ. Manage., 148, 153–163,
https://doi.org/10.1016/j.jenvman.2014.08.015, 2015.

Ram, K., Sarin, M., and Tripathi, S.: Inter-comparison of
thermal and optical methods for determination of atmo-
spheric black carbon and attenuation coefficient from an ur-
ban location in northern India, Atmos. Res., 97, 335–342,
https://doi.org/10.1016/j.atmosres.2010.04.006, 2010b.

Ram, K., Sarin, M. M., and Tripathi, S. N.: A 1 year
record of carbonaceous aerosols from an urban site in
the Indo-Gangetic Plain: Characterization, sources, and
temporal variability, J. Geophys. Res., 115, D24313,
https://doi.org/10.1029/2010JD014188, 2010b.

Ramanathan, V. and Carmichael, G.: Global and regional cli-
mate changes due to black carbon, Nat. Geosci., 1, 221–227,
https://doi.org/10.1038/ngeo156, 2008.

Rana, A., Jia, S., and Sarkar, S.: Black carbon aerosol
in India: A comprehensive review of current sta-
tus and future prospects, Atmos. Res., 218, 207–230,
https://doi.org/10.1016/j.atmosres.2018.12.002, 2019.

Reddy, B. S. K., Kumar, K. R., Balakrishnaiah, G., Gopal, K. R.,
Reddy, R. R., Reddy, L. S. S., Ahammed, Y. N., Narasimhulu,
K., Moorthy, K. K., and Babu, S. S.: Potential source regions
contributing to seasonal variations of black carbon aerosols over
Anantapur in southeast India, Aerosol Air Qual. Res., 12, 145–
161, https://doi.org/10.4209/aaqr.2011.10.0159, 2012.

Reddy, M. S., Boucher, O., Venkataraman, C., Verma, S., Leon,
J. F., and Pham, M.: GCM estimates of aerosol transport and ra-
diative forcing during INDOEX, J. Geophys. Res., 109, D16205,
https://doi.org/10.1029/2004JD004557, 2004.

Reid, J. S., Hyer, E. J., Prins, E. M., Westphal, D. L., Zhang,
J., Wang, J., Christopher, S. A., Curtis, C. A., Schmidt, C. C.,
Eleuterio, D. P., Richardson, K. A., and Hoffman, J. P.: Global
monitoring and forecasting of biomass-burning smoke: De-
scription of and Lessons From the Fire Locating and Mod-
eling of Burning Emissions (FLAMBE) Program, IEEE J.
Sel. Top. Appl. Earth Observ. Remote Sens., 2, 144–162,
https://doi.org/10.1109/JSTARS.2009.2027443, 2009.

Rypdal, K., Stordal, F., Fuglestvedt, J. S., and Berntsen,
T.: Introducing top-down methods in assessing compli-

ance with the Kyoto Protocol, Clim. Pol., 5, 393–405,
https://doi.org/10.1080/14693062.2005.9685565, 2005.

Sadavarte, P. and Venkataraman, C.: Trends in multi-pollutant
emissions from a technology-linked inventory for India: I. In-
dustry and transport sectors, Atmos. Environ., 99, 353–364,
https://doi.org/10.1016/j.atmosenv.2014.09.081, 2014.

Safai, P., Raju, M., Rao, P., and Pandithurai, G.: Characterization of
carbonaceous aerosols over the urban tropical location and a new
approach to evaluate their climatic importance, Atmos. Environ.,
92, 493–500, https://doi.org/10.1016/j.atmosenv.2014.04.055,
2014.

Safai, P. D., Kewat, S., Pandithurai, G., Praveen, P. S., Ali, K.,
Tiwari, S., Rao, P. S. P., Budhawant, K. B., Saha, S. K.,
and Devara, P. C. S.: Aerosol characteristics during winter
fog at Agra, North India, J. Atmos. Chem., 61, 101–118,
https://doi.org/10.1007/s10874-009-9127-4, 2008.

Sahu, L., Sheel, V., Pandey, K., Yadav, R., Saxena, P., and Gunthe,
S.: Regional biomass burning trends in India: Analysis of satellite
fire data, J. Earth Syst. Sci., 124, 1377–1387, 2015.

Sanap, S. D., Ayantika, D. C., Pandithurai, G., and Niranjan,
K.: Assessment of the aerosol distribution over Indian sub-
continent in CMIP5 models, Atmos. Environ., 87, 123–137,
https://doi.org/10.1016/j.atmosenv.2014.01.017, 2014.

Santra, S., Verma, S., Fujita, K., Chakraborty, I., Boucher, O., Take-
mura, T., Burkhart, J. F., Matt, F., and Sharma, M.: Simulations of
black carbon (BC) aerosol impact over Hindu Kush Himalayan
sites: validation, sources, and implications on glacier runoff, At-
mos. Chem. Phys., 19, 2441–2460, https://doi.org/10.5194/acp-
19-2441-2019, 2019.

Satheesh, S., Ramanathan, V., Li-Jones, X., Lobert, J., Podgorny,
I., Prospero, J., Holben, B., and Loeb, N.: A model for the nat-
ural and anthropogenic aerosols over the tropical Indian Ocean
derived from Indian Ocean Experiment data, J. Geophys. Res.-
Atmos., 104, 27421–27440, 1999.

Schulz, M., Textor, C., Kinne, S., Balkanski, Y., Bauer, S., Berntsen,
T., Berglen, T., Boucher, O., Dentener, F., Guibert, S., Isaksen, I.
S. A., Iversen, T., Koch, D., Kirkevåg, A., Liu, X., Montanaro, V.,
Myhre, G., Penner, J. E., Pitari, G., Reddy, S., Seland, Ø., Stier,
P., and Takemura, T.: Radiative forcing by aerosols as derived
from the AeroCom present-day and pre-industrial simulations,
Atmos. Chem. Phys., 6, 5225–5246, https://doi.org/10.5194/acp-
6-5225-2006, 2006.

Seidel, D. J., Ao, C. O., and Li, K.: Estimating climatological plane-
tary boundary layer heights from radiosonde observations: Com-
parison of methods and uncertainty analysis, J. Geophys. Res.,
115, D16113, https://doi.org/10.1029/2009JD013680, 2010.

Singh, B. P., Tiwari, S., Hopke, K. P., Singh, R. S., Bisht, D. S.,
Srivastava, A. K., Singh, R. K., Dumka, U. C., Singh, A. K., Rai,
B. N., and Srivastava, M. K.: Seasonal inhomogeneity of soot
particles over the Central Indo-Gangetic Plains, India: influence
of meteorology, J. Meteorol. Res., 29, 935–949, 2015.

Singh, N., Solanki, R., Ojha, N., Janssen, R. H. H., Pozzer, A.,
and Dhaka, S. K.: Boundary layer evolution over the central Hi-
malayas from radio wind profiler and model simulations, Atmos.
Chem. Phys., 16, 10559–10572, https://doi.org/10.5194/acp-16-
10559-2016, 2016.

Srivastava, S., Lal, S., Subrahamanyam, D. B., Gupta, S.,
Venkataramani, S., and Rajesh, T.: Seasonal variability in mixed
layer height and its impact on trace gas distribution over

Atmos. Chem. Phys., 21, 7671–7694, 2021 https://doi.org/10.5194/acp-21-7671-2021

https://doi.org/10.5194/acp-18-2725-2018
https://doi.org/10.5194/acp-18-2725-2018
https://doi.org/10.5194/acp-11-1929-2011
https://doi.org/10.5194/acp-11-1929-2011
https://doi.org/10.1016/j.jaerosci.2009.11.004
https://doi.org/10.1016/j.jenvman.2014.08.015
https://doi.org/10.1016/j.atmosres.2010.04.006
https://doi.org/10.1029/2010JD014188
https://doi.org/10.1038/ngeo156
https://doi.org/10.1016/j.atmosres.2018.12.002
https://doi.org/10.4209/aaqr.2011.10.0159
https://doi.org/10.1029/2004JD004557
https://doi.org/10.1109/JSTARS.2009.2027443
https://doi.org/10.1080/14693062.2005.9685565
https://doi.org/10.1016/j.atmosenv.2014.09.081
https://doi.org/10.1016/j.atmosenv.2014.04.055
https://doi.org/10.1007/s10874-009-9127-4
https://doi.org/10.1016/j.atmosenv.2014.01.017
https://doi.org/10.5194/acp-19-2441-2019
https://doi.org/10.5194/acp-19-2441-2019
https://doi.org/10.5194/acp-6-5225-2006
https://doi.org/10.5194/acp-6-5225-2006
https://doi.org/10.1029/2009JD013680
https://doi.org/10.5194/acp-16-10559-2016
https://doi.org/10.5194/acp-16-10559-2016


S. Ghosh et al.: Wintertime direct radiative effects of BC over the Indo-Gangetic Plain 7693

a tropical urban site: Ahmedabad, Atmos. Res., 96, 79–87,
https://doi.org/10.1016/j.atmosres.2009.11.015, 2010.

Stocker, T. F., Qin, D., Plattner, G. K., Tignor, M. M. B., Allen,
S. K., Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midg-
ley, P. M. (Eds.): Climate change 2013: The Physical sci-
ence basis. Contribution of working group I to the fifth as-
sessment report of the intergovernmental panel on climate
change, Cambridge University Press, Cambridge, New York,
https://doi.org/10.1017/CBO9781107415324, 2014.

Streets, D. G., Bond, T. C., Carmichael, G. R., Fernandes, S. D.,
Fu, Q., He, D., Klimont, Z., Nelson, S. M., Tsai, N. Y., Wang,
M. Q., Woo, J.-H., and Yarber, K. F.: An inventory of gaseous and
primary aerosol emissions in Asia in the year 2000, J. Geophys.
Res., 108, 8809, https://doi.org/10.1029/2002JD003093, 2003.

Stromatas, S., Turquety, S., Menut, L., Chepfer, H., Péré, J. C., Ce-
sana, G., and Bessagnet, B.: Lidar signal simulation for the eval-
uation of aerosols in chemistry transport models, Geosci. Model
Dev., 5, 1543–1564, https://doi.org/10.5194/gmd-5-1543-2012,
2012.

Stull, R. B.: An introduction to boundary layer meteorology,
Springer, New York, 1988.

Stull, R. B.: An introduction to boundary layer meteorology,
Vol. 13, Springer Science & Business Media, New York, 2012.

Surendran, D. E., Beig, G., Ghude, S. D., Panicker, A. S.,
Manoj, M. G., Chate, D. M., and Ali, K.: Radiative forcing
of black carbon over Delhi, Int. J. Photoenergy, 2013, 313652,
https://doi.org/10.1155/2013/313652, 2013.

Szopa, S., Foret, G., Menut, L., and Cozic, A.: Impact of large
scale circulation on European summer surface ozone and con-
sequences for modelling forecast, Atmos. Environ., 43, 1189–
1195, https://doi.org/10.1016/j.atmosenv.2008.10.039, 2009.

Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer,
S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener, F.,
Diehl, T., Easter, R., Feichter, H., Fillmore, D., Ghan, S., Ginoux,
P., Gong, S., Grini, A., Hendricks, J., Horowitz, L., Huang, P.,
Isaksen, I., Iversen, I., Kloster, S., Koch, D., Kirkevåg, A., Krist-
jansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu, X., Mon-
tanaro, V., Myhre, G., Penner, J., Pitari, G., Reddy, S., Seland, Ø.,
Stier, P., Takemura, T., and Tie, X.: Analysis and quantification
of the diversities of aerosol life cycles within AeroCom, Atmos.
Chem. Phys., 6, 1777–1813, https://doi.org/10.5194/acp-6-1777-
2006, 2006.

Thamban, N. M., Tripathi, S. N., Moosakutty, S. P., Kun-
tamukkala, P., and Kanawade, V. P.: Internally mixed
black carbon in the Indo-Gangetic Plain and its effect
on absorption enhancement, Atmos. Res., 197, 211–223,
https://doi.org/10.1016/j.atmosres.2017.07.007, 2017.

Tiedtke, M.: A comprehensive mass flux scheme for cumulus pa-
rameterization in large-scale models, Mon. Weather Rev., 117,
1779–1800, 1989.

Tripathi, S. N., Dey, S., Tare, V., and Satheesh, S. K.:
Aerosol black carbon radiative forcing at an industrial
city in northern India, Geophys. Res. Lett., 32, L08802,
https://doi.org/10.1029/2005GL022515, 2005a.

Tripathi, S. N., Dey, S., Tare, V., satheesh, S. K., Lal, S.,
and Venkataramani, S.: Enhanced layer of black carbon in a
north Indian industrial city, Geophys. Res. Lett., 32, L12802,
https://doi.org/10.1029/2005GL022564, 2005b.

Troen, I. and Mahrt, L.: A simple model of the atmospheric bound-
ary layer: Sensitivity to surface evaporation, Bound.-Lay. Mete-
orol., 37, 129–148, 1986.

Vaishya, A., Singh, P., Rastogi, S., and Babu, S. S.: Aerosol black
carbon quantification in the central Indo-Gangetic Plain: Sea-
sonal heterogeneity and source apportionment, Atmos. Res., 185,
13–21, https://doi.org/10.1016/j.atmosres.2016.10.001, 2017.

van Leer, B.: Towards the ultimate conservative difference scheme:
IV. A new approach to numerical convection, J. Comput. Phys.,
23, 276–299, 1979.

Venkataraman, C., Habib, G., Eiguren-Fernandez, A., Miguel,
A. H., and Friedlander, S. K.: Residential biofuels in South Asia:
carbonaceous aerosol emissions and climate impacts, Science,
307, 1454–1456, https://doi.org/10.1126/science.1104359, 2005.

Venkataraman, C., Habib, G., Kadamba, D., Shrivastava, M.,
Leon, J.-F., Crouzille, B., Boucher, O., and Streets, D. G.:
Emissions from open biomass burning in India: Integrat-
ing the inventory approach with high-resolution Moderate
Resolution Imaging Spectroradiometer (MODIS) active-fire
and land cover data, Global Biogeochem. Cy., 20, GB2013,
https://doi.org/10.1029/2005GB002547, 2006.

Verma, S., Venkataraman, C., Boucher, O., and Ramachandran,
S.: Source evaluation of aerosols measured during the In-
dian Ocean Experiment using combined chemical transport
and back trajectory modeling, J. Geophys. Res., 112, D11210,
https://doi.org/10.1029/2006JD007698, 2007.

Verma, S., Venkataraman, C., and Boucher, O.: Origin of surface
and columnar INDOEX aerosols using source- and region-tagged
emissions transport in a general circulation model, J. Geophys.
Res., 113, D24211, https://doi.org/10.1029/2007JD009538,
2008.

Verma, S., Venkataraman, C., and Boucher, O.: Attribution
of aerosol radiative forcing over India during the win-
ter monsoon to emissions from source categories and
geographical regions, Atmos. Environ., 45, 4398–4407,
https://doi.org/10.1016/j.atmosenv.2011.05.048, 2011.

Verma, S., Pani, S. K., and Bhanja, S. N.: Sources and ra-
diative effects of wintertime black carbon aerosols in an ur-
ban atmosphere in east India, Chemosphere, 90, 260–269,
https://doi.org/10.1016/j.chemosphere.2012.06.063, 2013.

Verma, S., Bhanja, S. N., Pani, S. K., and Misra, A.: Aerosol op-
tical and physical properties during winter monsoon pollution
transport in an urban environment, Environ. Sci. Pollut. Res., 21,
4977–4994, https://doi.org/10.1007/s11356-013-2383-5, 2014.

Verma, S., Priyadharshini, B., Pani, S. K., Kumar, D. B., Faruqi,
A. R., Bhanja, S. N., and Mandal, M.: Aerosol extinction proper-
ties over coastal West Bengal Gangetic plain under inter-seasonal
and sea breeze influenced transport processes, Atmos. Res., 167,
224–236, https://doi.org/10.1016/j.atmosres.2015.07.021, 2016.

Verma, S., Reddy, D. M., Ghosh, S., Kumar, D. B., and Chowd-
hury, A. K.: Estimates of spatially and temporally resolved con-
strained black carbon emission over the Indian region using a
strategic integrated modelling approach, Atmos. Res., 195, 9–19,
https://doi.org/10.1016/j.atmosres.2017.05.007, 2017.

Wang, P., Wang, H., Wang, Y. Q., Zhang, X. Y., Gong, S. L., Xue,
M., Zhou, C. H., Liu, H. L., An, X. Q., Niu, T., and Cheng, Y.
L.: Inverse modeling of black carbon emissions over China using
ensemble data assimilation, Atmos. Chem. Phys., 16, 989–1002,
https://doi.org/10.5194/acp-16-989-2016, 2016.

https://doi.org/10.5194/acp-21-7671-2021 Atmos. Chem. Phys., 21, 7671–7694, 2021

https://doi.org/10.1016/j.atmosres.2009.11.015
https://doi.org/10.1017/CBO9781107415324
https://doi.org/10.1029/2002JD003093
https://doi.org/10.5194/gmd-5-1543-2012
https://doi.org/10.1155/2013/313652
https://doi.org/10.1016/j.atmosenv.2008.10.039
https://doi.org/10.5194/acp-6-1777-2006
https://doi.org/10.5194/acp-6-1777-2006
https://doi.org/10.1016/j.atmosres.2017.07.007
https://doi.org/10.1029/2005GL022515
https://doi.org/10.1029/2005GL022564
https://doi.org/10.1016/j.atmosres.2016.10.001
https://doi.org/10.1126/science.1104359
https://doi.org/10.1029/2005GB002547
https://doi.org/10.1029/2006JD007698
https://doi.org/10.1029/2007JD009538
https://doi.org/10.1016/j.atmosenv.2011.05.048
https://doi.org/10.1016/j.chemosphere.2012.06.063
https://doi.org/10.1007/s11356-013-2383-5
https://doi.org/10.1016/j.atmosres.2015.07.021
https://doi.org/10.1016/j.atmosres.2017.05.007
https://doi.org/10.5194/acp-16-989-2016


7694 S. Ghosh et al.: Wintertime direct radiative effects of BC over the Indo-Gangetic Plain

Wang, Q., Jacob, D. J., Spackman, J. R., Perring, A. E., Schwarz,
J. P., Moteki, N., Marais, E. A., Ge, C., Wang, J., and Bar-
rett, S. R.: Global budget and radiative forcing of black car-
bon aerosol: Constraints from pole-to-pole (HIPPO) observa-
tions across the Pacific, J. Geophys. Res.-Atmos., 119, 195–206,
https://doi.org/10.1002/2013JD020824, 2014a.

Wang, R., Tao, S., Balkanski, Y., Ciais, P., Boucher, O., Liu, J., Piao,
S., Shen, H., Vuolo, M. R., Valari, M., Chen, H., Chen, Y., Cozic,
A., Huang, Y., Li, B., Li, W., Shen, G., Wang, B., and Zhang, Y.:
Exposure to ambient black carbon derived from a unique inven-
tory and high-resolution model, P. Natl. Acad. Sci. USA, 111,
2459–2463, https://doi.org/10.1073/pnas.1318763111, 2014b.

Wesely, M.: Parameterization of surface resistances to gaseous dry
deposition in regional-scale numerical models, Atmos. Environ.,
23, 1293–1304, https://doi.org/10.1016/0004-6981(89)90153-4,
1989.

Wild, O., Zhu, X., and Prather, M. J.: Fast-J: Accurate simulation of
in- and below-cloud photolysis in tropospheric chemical models,
J. Atmos. Chem., 37, 245–282, 2000.

Zhang, L., Gong, S., Padro, J., and Barrie, L.: A size-segregated par-
ticle dry deposition scheme for an atmospheric aerosol module,
Atmos. Environ., 35, 549–560, https://doi.org/10.1016/S1352-
2310(00)00326-5, 2001.

Zhang, R., Wang, H., Qian, Y., Rasch, P. J., Easter, R. C., Ma, P.-
L., Singh, B., Huang, J., and Fu, Q.: Quantifying sources, trans-
port, deposition, and radiative forcing of black carbon over the
Himalayas and Tibetan Plateau, Atmos. Chem. Phys., 15, 6205–
6223, https://doi.org/10.5194/acp-15-6205-2015, 2015.

Zhang, S., Penner, J. E., and Torres, O.: Inverse modeling of
biomass burning emissions using Total Ozone Mapping Spec-
trometer aerosol index for 1997, J. Geophys. Res., 110, D21306,
https://doi.org/10.1029/2004JD005738, 2005.

Zhou, T., Chen, Z., Zou, L., Chen, X., Yu, Y., Wang, B., Bao, Q.,
Bao, Y., Cao, J., He, B., Hu, S., Li, L., Li, J., Lin, Y., Ma, L., Qiao,
F., Rong, X., Song, Z., Tang, Y., Wu, B., Wu, T., Xin, X., Zhang,
H., and Zhang, M.: Development of climate and earth system
models in China: Past achievements and new CMIP6 results,
J. Meteorol. Res., 34, 1–19, https://doi.org/10.1007/s13351-020-
9164-0, 2020.

Atmos. Chem. Phys., 21, 7671–7694, 2021 https://doi.org/10.5194/acp-21-7671-2021

https://doi.org/10.1002/2013JD020824
https://doi.org/10.1073/pnas.1318763111
https://doi.org/10.1016/0004-6981(89)90153-4
https://doi.org/10.1016/S1352-2310(00)00326-5
https://doi.org/10.1016/S1352-2310(00)00326-5
https://doi.org/10.5194/acp-15-6205-2015
https://doi.org/10.1029/2004JD005738
https://doi.org/10.1007/s13351-020-9164-0
https://doi.org/10.1007/s13351-020-9164-0

	Abstract
	Introduction
	Method of study
	Experimental set-up for simulating BC surface concentrations
	The CHIMERE chemical transport model
	The WRF meteorological model
	Implementation of BC emissions and multiple CHIMERE simulations

	Observational data for model evaluation and model sensitivity analysis
	Simulation of wintertime BC-AOD and radiative perturbations due to BC over the IGP

	Results and discussion
	Analysis of WRF-simulated meteorological parameters
	Simulated wintertime BC concentration with new BC emissions as modelled with CHIMERE: impact of changing emissions and comparison with measurements
	Simulated wintertime BC-AOD with new BC emissions: correlation analysis of variance
	Wintertime direct radiative perturbations due to BC aerosols: comparison with atmosphere-eliminating BC

	Conclusion
	Data availability
	Video supplement
	Author contributions
	Competing interests
	Acknowledgements
	Financial support
	Review statement
	References

