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In order to understand the regional climate implications of aerosols over Indo-Gangetic Plains (IGP), a
major Indo-US field experiment, Ganges Valley Aerosol Experiment (GVAX) was conducted during 2011–
12. Atmospheric Radiation Measurement (ARM)
mobile facility (AMF) was deployed at the northern
Indo-Gangetic Plain over the high-altitude site, Manora
Peak, Nainital (292133.84N, 792729.27E, 1980 m
amsl) in Central Himalayas, for an year-round measurement of aerosols, clouds and other climate-relevant
atmospheric parameters. One of the objectives of
GVAX was examining the ability of models to simulate aerosols over Indian region and validate the simulations. In part-1 of this two-part paper, we examine
use of the chemical transport model ‘CHIMERE’ to
simulate aerosol fields over Indian region (4–37.5N;
67–88.5E) for multiple years (2006, 2007 and 2008)
by simulating the spatial and temporal distribution of
PM10, BC mass concentrations and OC/BC ratios. It
is seen that the model successfully captures the broad
features of the regional distribution of aerosols,
including the most conspicuous IGP hotspot and its
seasonality.
Keywords: Aerosols, black carbon, chemistry transport
model, CHIMERE, GVAX.

Introduction
FOR realistic climate impact assessment of aerosols,
information on their spatial and temporal variations is
essential1,2. Several sources of data exist for this purpose
such as ground-based observations, satellite data and
chemistry-transport model simulations3–5. For global and
even regional scale analyses, ground-based observations
are inadequate (as they are not dense enough and evenly
distributed) and satellite data provides only a snapshot
and that too with during cloud-free period and still have
limitations especially over the landmass. As such,
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chemistry transport models are handy for constructing
regional, seasonal and global aerosol distributions. Earlier
models incorporated only the transport and dispersion of
aerosols, but of late, consistent revisions and addition of
new processes have led to development of more complex
models, which include photochemical reactions and the
formation of secondary aerosols6,7. The availability of high
speed computing systems has enhanced the speed of modelling studies and improved the performance of the models8.
Currently, chemistry transport models can perform simulations with a spatial resolution ranging from 1 to 200 km.
Despite their limited spatial coverage, ground-based measurements provide accurate data against which the model
simulations could be compared and validated at different
time scales. Once validated, the models are specially suited
for application over large spatial domains, where it is not
feasible to maintain dense observational sites.
In the backdrop of the above, we have examined the
ability of CHIMERE chemical transport model in simulating aerosol characteristics over India. In this exercise,
we have simulated the spatio-temporal distribution of the
mass concentration of total particulate matter (PM10 ),
black carbon (BC), aerosol optical depth (AOD) and the
ratio (OC/BC) of organic carbon to black carbon over Indian sub-continent. The purpose of choosing this model
for the above exercise has been its better ability to simulate shorter scale variations9, the wide use of this model
as an air pollution forecast model and being used in
Europe as a part of the national air pollution forecasting
system 10–15. Besides, the model runs over a range of spatial scales from the regional scale to (several thousand
km) to the urban scale (100–200 km) with a resolution of
100 km to 1–2 km. Its ability to reproduce the concentration of ozone at various European regions has been
repeatedly demonstrated10–12.

Model specifications and simulation domain
The 3D-chemistry transport model CHIMERE version
Chimere 2008c (refs 5, 10) is used in this study. This
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model is designed to produce daily forecast of aerosols
and trace pollutants. A detailed description of the
model and boundary condition is available in the literature5,16–18 and as such, only a brief description is given
below.
CHIMERE is a portable model with interfaces (such
as MM5, WRF and ECMWF) to use different types of
meteorological data, boundary conditions and emission
inventories as inputs. Boundary conditions are available
from MOZARD and/or LMDz-INCA models and aerosol
boundary conditions are specified based on GOCART
global simulations19,20. The Global Land Cover Facility
(GLCF) database has been utilized for land use21 and the
biogenic emissions are based on the land cover. In the
present study, the MM5 model has been used to generate
meteorological input files and AVN/NCEP FNL data
have been used to force the MM5 model. The spatial grid
resolution of the MM5 was ½  ½ degree.
We used a single domain simulation over India and the
region of interest ranged from (3.25–38.75N; 64.75–
97.25E) with a central grid at (21N, 81E) and with 8
vertical levels extending from surface to 500 hPa (Figure
1). The horizontal transport of chemical species is treated
using three different schemes, namely Parabolic Piecewise Method (PPM, a three order horizontal scheme)22,
the Godunov scheme23 and the simple upwind first-order
scheme. Van Leer scheme is preferred due to its good
accuracy and low computational cost. Vertical transport

Figure 1.
domain.

Grid points of MM5 and CHIMERE model grid
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is integrated in the model using first order UPWIND
scheme. In model calculations horizontal mixing is not
taken into account while vertical turbulent mixing is considered in the boundary layer 24. To represent aerosols
depending on their size distribution and compositions the
sectional approach given by Gelbard and Seinfeld25 has
been used. Six aerosol sizes are represented as ‘bins’ in
the model. Dry deposition, wet deposition and secondary
aerosol formation are considered26–28. For anthropogenic
emission, we have developed an interface with EDGAR
3.2 fast Track 2000 dataset. This dataset incorporates anthropogenic emission of Kyoto Protocol greenhouse gases
(CO2, CH4, N2 O and F-gases HFCs, PFCs and SF10) and
air pollutants (CO, NMVOC, NOx, SO2) for the year 2000
on global scale.

Results
CHIMERE simulations
Spatio-temporal variations of simulated PM10. Figure 2
shows the simulated spatial distribution of monthly mean
columnar PM10 (from surface to 500 hPa) for 2006–2008
over Indian landmass and adjoining oceans. During dry,
winter months (October–February) modelled PM10 concentration, integrated over all heights, was highest over the
Indo-Gangetic basin with values as high as ~600 g m–2.
These values were consistent with those reported
earlier29–34 using satellite-derived and ground-measured
data. During pre-monsoon (Mar–May) and summer monsoon months (June–September), aerosol concentration
over the western coast was much higher compared to the
rest of India. Over oceanic region, the concentration of
particulate matter was much higher over the Arabian Sea
(AS), compared to the Bay of Bengal (BoB), depicting
the transport of dust from west Asia adding to the in situ
produced sea-salt, as has also been acknowledged35–37. In
winter months over AS, aerosol mass concentration
ranges from ~200 to 300 g m–2 and over BoB it reached
only up to ~100 g m–2. The concentration was higher
closer to the coast and decreased rapidly as we move to
farther oceanic regions due to reduction in the continental
influence. As winter retreat, the concentration of particulate matter decreased over the Indo-Gangetic basin and
over the oceanic regions as well. With the start of
pre-monsoon season, a thick plume of dust developed
over the western part of India and the average concentration of PM10 increased all over the land portion of the
domain whereas over the oceanic region the concentration decreased compared to the previous months. The
concentrations were now comparable over the eastern and
western coasts and increased further in subsequent months
and reaching, within the plume, as high as ~900 g m–2.
With the onset of summer monsoon in June, the PM10
concentration falls rapidly over the southern tip with
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simulated values less than ~100 g m–2. This effect spreads
across the entire mainland with the advance of monsoon,
except over the western arid and desert regions of Rajasthan,
where the rainfall is meagre (http://www.imd.gov.
in/section/nhac/dynamic/Normalrf_jul.gif) and dust storms
persist. Consequently, the spatial extent of high PM10 has
shrunk and the peak concentration remained high. Over
large portion of the domain, PM10 concentration remained
as low as ~50 g m–2 during July. Moving on to August
and September (Figure 2 h–i), the spatial area of dust
plume continues to shrink and finally disappears due to
the combined effects of wet removal and reduced source
impacts (local and advected from the west).

Figure 2. Spatial distribution of model-simulated monthly mean
(2006–2008) PM10 concentration (units: g m–2 ) over Indian continent
and adjacent oceanic regions; a–l represent months of January to
December respectively.
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Spatio-temporal heterogeneity in simulated black
carbon
Black carbon (BC), generated by the incomplete/low
temperature combustion of fossil fuel and biomass, is the
strong light absorbing component of the carbonaceous
aerosols and thus has strong relevance to climate forcing,
besides its health impacts38–42. The spatio-temporal distribution of monthly mean simulated columnar averaged
BC (averaged for 2006–2008) over the model domain
(Figure 3) reveals:
 Temporally, BC concentration remains in excess of
~20 g m–2 over most of the Indian landmass during the
dry months from October to April, the highest being in

Figure 3. Same as figure 2; but for black carbon mass concentration
(unit: g m–2).
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January (Figure 3 a) when values were more than
45 g m–2 over the IGP and at several pockets in the Central and Western regions of Indian landmass. The entire
coastal belt also depicts high values of BC, but lower
than those in the IGP. Moderately high concentrations are
seen even over significant parts of AS and BoB.
 From May, the concentration decreases rapidly, and
during the wet months of June to September (Figure 3 f–i)
the concentration is remarkably low over the entire
domain (values  ~5 g m–3 ).
 Spatially, the IGP (lat. 25N and long. 76E) exhibits the highest values in all the months. Hotspots of high
BC values are seen around mega-cities (such as Mumbai,
Delhi, Hyderabad and Kolkatta) also.
Such a spatial distribution, with high BC mass concentrations over the Indo-Gangetic basin, has been reported in
the past33,43–50, even though the magnitudes differed. During a mobile campaign of 2004, using instrumented
vehicles, Moorthy et al.1 have shown high concentrations
of BC over coastal regions of India, with higher concentration over the east coast than on the west coast. Over
the northern Indian region, the remarkably low temperature, coupled with frequent occurrence of fog, the shallow
atmospheric boundary layer resulting from the weak
thermal convection, and the western disturbances are
shown to contribute to the high BC concentrations near
the surface during the winter time33. The advection of
cold meteorological fronts from the west is shown leading to suppression of vertical dispersion and enhancement
of BC during winter. The peculiar orography of these
plains with mountains and plateaus on the north and
south also favours piling up of local and advected pollutants.
The lower concentration seen over the oceans arises
due to absence of local sources. During summer, the concentration of BC, though decreased over the whole region
(Figure 3 e), the Indo-Gangetic basin and eastern coastal
India still depicted high values. This seasonal change
arises from increased solar heating and the consequent
rise in land temperature resulting in deeper atmospheric
boundary layer (ABL) during these months (in comparison to winter), which favours rapid dilution of the surface
concentration due to better vertical dispersion and ventilation. Over the AS region, BC concentration remains
much lower than that over the BoB. During the monsoon
months (June to September, Figure 3 f–i) the effect of the
widespread rainfall leads to rapid decrease in BC over the
whole domain. After the withdrawal of monsoon, the belt
of high BC concentration starts developing again over the
IGP. In summary, CHIMERE was able to simulate qualitatively the broad features of BC distributions expected
and reported for this region.
Simulated OC/BC ratio. Carbonaceous aerosols contain
BC and organic carbon (OC), having contrasting radiative
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effects, and as such, their relative abundance assumes
importance51. Climate models often tend to use unrealistic values of OC/BC over the Indian region 52. An OC/BC
ratio in the range 1–2 indicates dominance of fossil fuelbased emissions, while larger values occur in emissions
from biomass burning52–55. Throughout the year, over the
IGP, simulated OC/BC ratio was around 1.0, suggesting
the primary sources for carbonaceous aerosol to be fossil
fuel combustion; probably vehicular emissions and coal
fired thermal plants and industries51,52; while over the
rest of India the ratio was around 2.0. The near-nonseasonality of this ratio indicated a general prevalence of
fossil fuel generated BC over the domain, similar to that
reported by Novakov et al.56 over other locations such as
Japan, Europe, China and North America. Examining the
finer details for the month of January (when the aerosol
load in general was highest over the domain) in Figure 4,
it emerges that over the western coast the ratio increases
gradually towards ocean from its value of ~2.0 at the
coast. Similarly, over the east coast the low OC/BC at the
coast increases drastically (from 2 to 3.5) as we move to
farther oceanic regions. To get an idea about the frequency of occurrence of OC/BC ratio we have selected a
threshold as 2.0. We have estimated the number of occurrences when OC/BC  2.0 and when OC/BC  2.0 (Figure
5). These plots give the monthly average number counts
for years 2006–08.

Figure 4. Fine features of spatial heterogeneity in OC/BC over Indian
continent and adjacent oceanic region for January (2006–2008).
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Figure 5. Pictorial representation for the count of OC/BC less than and greater than over Indian continent and adjacent oceanic region 2006–2008.

Figure 6. Simulation of dust event over a typical location in Indo-Gangetic basin, Kanpur, during
15 May 2008, i.e. after 65 h (simulation shown here for 120 h, i.e. from 12 May 2008 to 16 May 2008).

Dust storm episodes. With a view to evaluating the
model’s capability to capture specific episodes, we took
up the case of a reported dust storm over Kanpur on 15
May 2008. Model simulations were carried out of the vertical distribution of dust concentration over Kanpur for
the period from 12 May 2008 to 16 May 2008 and the
results are shown in Figure 6. A clear enhancement in the
concentration through higher levels is seen after around
72 h of the start (i.e. 15 May 2008) (from ~30 g m–3 to
more than 70 g m–3) at ground level and ~50 g m–3 at
higher levels (~700 hPa). This high concentration of dust
persisted for next day also. This indicates the capability
of CHIMERE to capture specific space and time events
over Indian domain. Having simulated the spatiotemporal variation of PM10 and BC, with the spatial
patterns in general concurrence with earlier reported
patterns, we now evaluate the simulations more quantita80

tively by comparing them with measurements in part-II of
this article.

Conclusions
We have simulated the aerosol field over the Indian
(South Asian) domain (4–37.5N; 67–88.5E) using the
chemical transport model ‘CHIMERE’ over a three-year
period and the spatial and temporal heterogeneity of
PM10, BC mass concentration and the OC/BC are
examined. Model simulations are made for three consecutive years, 2006, 2007 and 2008. The major findings of
the study are:
 The simulated spatial distribution shows that the
model is able to capture the broad features of the regional
pattern of distribution of aerosols. The most dominant
CURRENT SCIENCE, VOL. 111, NO. 1, 10 JULY 2016
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feature of the spatial distribution is the high concentration
of aerosols over the Indo-Gangetic basin, and this was
well simulated by the model.
 This study indicates the ability of CHIMERE model
to simulate aerosol loading over Indian domain.
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