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The objective of this study is to evaluate the ability of a European chemistry transport model,
‘CHIMERE’ driven by the US meteorological model MM5, in simulating aerosol concentrations [dust,
PM10 and black carbon (BC)] over the Indian region. An evaluation of a meteorological event (dust
storm); impact of change in soil-related parameters and meteorological input grid resolution on these
aerosol concentrations has been performed. Dust storm simulation over Indo-Gangetic basin indicates
ability of the model to capture dust storm events. Measured (AERONET data) and simulated parameters such as aerosol optical depth (AOD) and Angstrom exponent are used to evaluate the performance
of the model to capture the dust storm event. A sensitivity study is performed to investigate the impact
of change in soil characteristics (thickness of the soil layer in contact with air, volumetric water, and
air content of the soil) and meteorological input grid resolution on the aerosol (dust, PM10 , BC) distribution. Results show that soil parameters and meteorological input grid resolution have an important
impact on spatial distribution of aerosol (dust, PM10 , BC) concentrations.

1. Introduction
Aerosols, of both natural and anthropogenic origin,
play an important role in climate and health due
to their eﬀect on radiation and a signiﬁcant role in
respiratory and cardiovascular diseases (Kaufman
et al. 2002; Moshammer and Neuberger 2003; De
Meij et al. 2009). The aerosol measurements over
the Asian region in the past have revealed that
dust and black carbon (BC) are major contributors of particulate matter (PM10 ). Dust aerosols
which are relatively larger in size (>1 µm) contribute to PM10 while BC aerosols, usually ﬁne
particles, also contribute to PM10 . Knowledge of
the spatial and temporal variability of particulate

matter is important because of their wide impact
on radiation budget (Charlson et al. 1991, 1992;
Andreae 1995; Kaufman et al. 1998; Satheesh and
Ramanathan 2000; Vinoj et al. 2009) and in addition, they can aﬀect visibility and cause respiratory
illness (WHO 1987; Schwartz and Dockery 1992;
Dockery et al. 1993; Clarke et al. 1999, Vinoj et al.
2009). Exposure to particulate matter predominantly aﬀects the respiratory and cardiovascular
system and intensity of these impacts varies with
health, condition, and age.
Over land, mineral dust aerosols constitute main
natural aerosols (Tegen and Fung 1994; Alfaro et al.
1997) and are generated over arid/semi-arid regions
due to the action of wind and weathering of soil
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(Gillete 1974, 1978; Jaenicke 1980, 1993; Prospero
et al. 1983, 2002; d’Almeida 1986; Pye 1987; Tegen
and Fung 1994; Schwartz et al. 1995; Zender et al.
2003; Ginoux et al. 2004; Miller et al. 2004; Tegen
et al. 2004). In dust emission, about 50% of total
emission is emitted in PM10 range. Dust aerosols
contribute signiﬁcantly to atmospheric warming as
dust aerosols not only scatter but also absorb solar
radiation (UV, visible, and near-infrared radiation) (Haywood and Boucher 2000). Hence interactions of dust with Earth’s radiation ﬁeld are more
complex than those of most other atmospheric
aerosols (Legrand et al. 2001; Christopher et al.
2003; Satheesh et al. 2006). At the top of the atmosphere (TOA), climatic feedback of dust aerosols
depends on their atmospheric forcing (Miller et al.
2004). Apart from dust, BC is another important
aerosol with respect to radiative as well as health
eﬀect and constitutes a portion of PM10 concentration. BC is mainly emitted from biomass burning
and fossil fuel burning and contributes to major
portion of PM2.5 (∼20–60%) (Gu et al. 2010).
Measurement of these aerosols can be made
by ground-based observations and satellites. But
owing to various limitations, ground-based observation networks lack high spatial resolution. While
satellites can provide information about total
aerosol loading, they cannot provide information
on various aerosol species. Though observational
data oﬀer realistic information, over large a spatial domain it is diﬃcult to maintain observational
labs and instruments, and monitoring stations are
concerned with only speciﬁc locations and time
(De Meij et al. 2009). In this context, chemistrytransport models (CTM) are useful and a complementary option to study spatial and temporal
patterns, once validated using available observations. Moreover, in order to make mitigation strategies for emission reduction, the CTMs are useful
tools in projecting eﬀects of future trends in gases,
aerosols, and aerosol precursor gas emissions. Over
and above, CTM can be used to study the role of
the sources of air pollution. They cover several spatial scales, from global scale (e.g., GOCART) to
regional scale (e.g., CHIMERE-DUST, DREAM).
For the estimation of concentration of gaseous
pollutants and aerosols, CTM follow a series of
physical and chemical processes using input data
such as: emission data, meteorological parameter ﬁelds, and air pollutant concentrations at the
boundaries of the study domain (usually these concentrations are issued from lower spatial resolution model). There are several reasons which could
cause uncertainties/errors in the estimation of
gases and aerosol concentrations and these causes
can be listed as: uncertainties/errors in emission
inventories, meteorological input data, boundary
conditions, orographical impact on meteorological

parameters, aerosol dynamical processes (e.g.,
dependency of aerosol formation on the meteorological parameters), and especially precursor gases
contribution (Easter and Peters 1994; Haywood
and Ramaswamy 1998; Penner et al. 1998; West
et al. 1998; Baertsch-Ritter et al. 2004; Menut
et al. 2005a; Carvalho et al. 2006; De Meij et al.
2006, 2009). The choice of model resolution is
also important in conjunction with emission and
meteorological inputs.
Present CTMs take care of anthropogenic as
well as biogenic emission with the help of advanced
chemistry modules (Menut and Bessagnet 2010;
Zhang et al. 2012; Mailler et al. 2013). Proper
incorporation of meteorological parameters, anthropogenic and biogenic emission in each grid
of CTM is an important component of air pollution modelling system (Mailler et al. 2013). There
are dust models which evaluate the impact of
dust on various process such as radiation budget
and biogeochemical processes (Sokolik et al. 2001;
Jickells et al. 2005; Menut et al. 2009). There are
some speciﬁc models (MESO-NH, ALADIN-Dust,
CHIMERE-Dust, MOCAGE, NMMB/BSC-Dust,
RegCm-Dust) which are speciﬁcally designed to
simulate dust transport concentration and dust
events (Basart et al. 2014). These models are capable of simulating various processes as speciﬁc dust
events, for regional and global impact, forecasting
and for analysis (Miller and Tegen 1998; Myhre
et al. 2003; Grini et al. 2006; Bouet et al. 2007;
Menut et al. 2009). Dust emission over any speciﬁc
location depends on saltation threshold velocity
(Menut et al. 2009) and soil characteristics. Several
studies have been performed to estimate the saltation threshold velocity (Alfaro 1998; Alfaro and
Gomes 2001; Shao 2001; Menut et al. 2005b) while
studies focusing on the role of soil properties on
dust generation are very few (Menut et al. 2013a).
Scientists have mainly focused on the saltation and
sandblasting factors in relation with dust generation, ﬂux, and concentrations (Alfaro 1998; Alfaro
and Gomes 2001; Shao 2001; Menut et al. 2005b).
Sensitivity studies on various processes in CTM
have been performed to evaluate the accuracy of
the model (Menut et al. 2005b; Isabelle et al. 2007).
Thus the objective of sensitivity analysis is to
review the impact of input parameters and change
in the model output. In the process of sensitivity analysis, a reference run and several sensitivity
runs are executed in order to assess the eﬀect of one
parameter variation while keeping other parameter
values to its reference values (Debry and Malherbe
2012). Various sensitivity studies have been performed to strengthen the processes involved in the
models to give more realistic results (Alfaro 1998;
Alfaro and Gomes 2001; Shao 2001; Menut et al.
2005b; Isabelle et al. 2007).

Sensitivity of meteorological input and soil properties in simulating aerosols
In this work, we selected a European CTM
‘CHIMERE’ (European CTM model part of air
pollution forecasting system, Prev’Air in France)
and the aim of the present study is to appraise
the capability of CHIMERE model over Indian
domain. To achieve this, several simulations were
performed, which include replication of dust storm,
aerosol (dust, PM10 , BC) concentration distribution change by changing soil parameters and meteorological input grid resolution under sensitivity
analysis. As mentioned earlier, a proper estimate
of meteorological variables over chemical transport
model grid is a crucial point (De Meij et al. 2009)
and calculation of meteo parameters estimation
over chemical transport model grid depends on the
meteorological input resolution also.
2. Methodology: Model description,
region of study and application
CHIMERE is a three-dimensional Eulerian chemistry transport model (CTM). It is designed to
produce daily forecast of air pollution, including aerosols and other pollutants; it is part of
national air pollution forecasting system Prev’Air
in France. It has been involved in numerous intercomparison studies mainly focusing on ozone and
PM10 from the urban scale (Schaap et al. 2007;
Van Loon et al. 2007; Vautard et al. 2007) to
continental scale (Solazzo et al. 2012; Zyryanov
et al. 2012). The model has been mainly applied
over Europe (Schmidt et al. 2001; Hodzic et al.
2005; Blond et al. 2007; Borrego et al. 2009) and
its application is also seen over Africa and North
Atlantic for dust simulations and over Central
America during the MILAGRO project to study
organic aerosols (Hodzic et al. 2010a, b). Recently
CHIMERE has been applied to study nitrogen
oxides lifetime over India using SCIAMACHY
observations (Chinmay et al. 2013) and in comparative studies of CTM performance (Moorthy
et al. 2013). A review of the results of this model’s
new version has been proposed by Menut et al.
(2013b).
In this section, after a brief description of the
CTM, its application to Indian region in simulating
dust storms and aerosol concentration distribution
from sensitivity analysis of soil characteristics and
meteorological input has been discussed.
2.1 Principle of CHIMERE CTM
CHIMERE calculates the spatiotemporal evolution
of concentrations of a large number of gaseous and
particulate species in each grid of a domain that
can cover a large city, a region, or a continent. The
dynamic equation describing the evolution of Q k ,
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the concentration of species k at time t is given by
the relationship:
∂Qk (x, t)
∂t
= −div u (x, t) Q (x, t) Advection
+ div[K(x,t)∇Qk (c,t)] Diffusion turbulence
+ V d (x, t) ∇Qk Deposition
+ Xk (T, L, I, x, t) Chemical production/
destruction
+ Ek (x, t) Emissions
∂Qk (x, t)
]aerosol Aerosol dynamics,
+[
∂t
where x is the vector deﬁning the position on the
grid considered, u is the vector wind speed, K the
turbulent diﬀusivity tensor, V d deposition velocity, T the temperature ﬁeld, L the liquid water
content ﬁeld, and I the photolysis rates. The different terms of production and loss present in
this equation are related to transport, deposition,
chemical reactions, emission, and aerosol dynamics
(CHIMERE documentation 2008).
The horizontal transport of chemical species
is treated using three diﬀerent schemes, namely:
Parabolic Piecewise Method (PPM, a three order
horizontal scheme (Colella and Woodward 1984),
the Godunov scheme (Van Leer 1979) and the simple upwind ﬁrst-order scheme. Van Leer scheme is
preferred due to its high accuracy and low computational cost. Vertical transport is integrated in the
model using ﬁrst order UPWIND scheme. In model
calculations, horizontal turbulence is not taken into
account, while vertical turbulent mixing is considered in boundary layer (Troen and Mahrt 1986).
To represent aerosols depending on their size distribution and compositions, a sectional approach
given by Gelbard and Seinfeld (1980) has been
used. Six aerosol sizes have been represented as
‘bins’ in the model. Dry deposition and wet deposition including secondary aerosol formation is considered in the model (Wesely 1989; Seinfeld and
Pandis 1997, 1998). A detailed description of the
CHIMERE model and boundary condition is given
in Bessagnet et al. (2004), and references therein.
2.1.1 Emissions/resuspension
In CHIMERE model, particles under the action of
wind, are taken into account (Vautard et al. 2005)
and dust vertical ﬂux (in g m2 s−1 ) depends on
meteorological and soil conditions. They are computed based on wind and soil parameters using
this formulation (White 1986; Marticorena and
Bergametti 1995; Zender et al. 2003).


(1)
F = αCu∗s u2∗s − u2∗t
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where u ∗s is the saltation friction velocity which
depends on surface roughness and wind speed
(speciﬁc friction velocity encountered on erodible
parcels; usually smoother than typical vegetated
surfaces), u ∗t is the speed-dependent threshold friction velocity (below that threshold the ﬂux is zero),
α is the coeﬃcient of ‘sandblasting’ (ratio of the
vertical ﬂux to the horizontal saltation ﬂux), and
C is the coeﬃcient of surface that may depend on
several surface factors. Saltation friction velocity
(u ∗s ) is estimated with an assumption of neutral
stability along with 10 m wind ﬁeld and saltation
roughness length (5 × 10−4 m) (CHIMERE documentation 2008). The threshold friction velocity is
assumed to depend only on gravimetric soil moisture w with formula (Fecan et al. 1999; Nickovic
et al. 2001; Zender et al. 2003)
u∗t = fw u∗0

(2)

where u ∗0 is the minimal friction velocity of dust
entrainment over dry soil and f w is the soil moisture factor, deﬁned as:
w <wt
w >wt

fw = 1

0.68
fw = 1 + 1.21 (100 (w − wt ))
(3)

where w t is gravimetric soil moisture content (in
kg·kg−1 ) above which entrainment is inhibited by
soil moisture.
Dust concentration is governed by several processes such as production by biological and mechanical process, resuspension, deposition, washout
by runoﬀ, absorption by soil water. With an
assumption that dust concentration is considered
as a function of wetness of surface only, resuspension ﬂux is governed by
F = Pf

(ω) u1.43
∗

(4)

where f (ω) is a function of the soil water content
and P is a constant approximately close to the
PM10 mass concentration, u ∗ is the friction velocity
(CHIMERE documentation 2008).

2.1.2 Dry deposition
The dry deposition process is commonly described through a resistance analogy (Wesely 1989).
For each gaseous species or particle, the deposition
is due to three diﬀerent processes. First, the turbulent diﬀusivity is needed to estimate the aerodynamical resistance. Second, the diﬀusivity near
the ground, in the ‘laminar’ layer, is needed to
estimate the surface resistance. Third, and for
gaseous species only, the species solubility is needed
to estimate the canopy resistance. For particles
there is no solubility and the particle only reaches

the ground under an additional force called the
settling velocity that represents the eﬀect of gravity
on particles. More details could be found in Menut
et al. (2013b).
In the case of persistent organic pollutants
(POPs), the surface resistance is a complex function of the water and air content of the soil and the
soil thickness in contact with air. In order to better understand the inﬂuence of these parameters on
the concentration of dust and PM10 , a sensitivity
study is proposed in this paper.
2.1.3 Meteorological data
CHIMERE is an oﬀ-line chemical transport model,
driven by meteorological data (such as surface
pressure, horizontal wind, speciﬁc humidity, liquid water content, temperature, and precipitation, etc.) issued for this study by hourly MM5
simulations.
Single domain simulation has been used in MM5
simulations. AVN/NCEP FNL data with temporal
and spatial resolution of 6 hour and 1◦×1◦ respectively have been used to force the MM5 model. The
physical options that have been chosen to produce
MM5 simulations are:
• Explicit moisture scheme: Schultz microphysics
• Cumulus scheme: Grell scheme
• Planetary boundary layer: MRF (Troen-Mahrt)
PBL
• Atmospheric radiation scheme: RRTF radiation
scheme
• No shallow convection is assumed.
2.1.4 Emission input data
Biogenic and anthropogenic emissions both contribute to concentration of particulate matter. Biogenic emission has been estimated with the help
of land-use data from GLCF. For anthropogenic
emissions, a speciﬁc interface has been created with
EDGAR 3.2 fastTrack 2000 dataset, which 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 year 2000 on global scale.
2.2 CTM application to India
The CHIMERE model has been used on a regular grid with a resolution of 0.5◦×0.5◦ covering
Indian region (4◦ –37.5◦ N; 67◦ –88.5◦ E) and with
eight vertical levels extending from surface to 500
mb for all simulations except for meteorological
input sensitivity analysis. For sensitivity analysis, with meteorological input resolution change,
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simulations were performed over (9.5◦ –20.42◦ N;
74◦ –81.84◦ E) with constant CHIMERE grid resolution (30 km), and other condition were same as
other simulations. In dust storm simulation and
soil parameter related sensitivity analysis, MM5
grid resolution was kept 0.5◦ × 0.5◦ , while in meteorological grid resolution, sensitivity analysis grid
resolution varied as: 30, 35, 45, 55 and 60 km. In
sensitivity analysis, both soil parameter and meteorological input resolution have been performed on
ﬁve consecutive days in January 2008 (1–5 January). A simulation was performed for ﬁve consecutive days in May 2008 (12–16 May) to simulate the
dust storm reported on 15 May over Kanpur station. The reason to start simulation few days prior
to dust event, i.e., 15 May 2008, is to observe the
normal atmospheric condition and real enhancement in dust concentration during the time of dust
storm. The following paragraph gives brief details
of the analysis performed in this work.
2.2.1 Dust storm simulation
To appraise the model capability in capturing
speciﬁc atmospheric phenomenon over Indian
region, we simulated a dust storm event. Frequent occurrence of dust storm is observed in the
Indo-Gangetic basin in the pre-monsoon season
(Middleton 1986). We monitored atmospheric
event ‘Dust Storm’ that occurred during premonsoon season over ‘Kanpur’. Reason to choose
this station for the study is as follows: this
station falls in the northern belt of India where frequent dust storm occurs before the onset of monsoon (Middleton 1986) due to long prevailing dry
and hot meteorological conditions. A dust storm,
reported over this site on 15 May 2008, has been
simulated to check the model’s skill in capturing the speciﬁc meteorological event over Indian
region. To evaluate the capability of model, vertical
distribution of dust over study location has been
observed and validation of this result is done with
AERONET measurements over this location.
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water content of soil), volumetric air content of soil
(deﬁned by alpha a, and called air content of soil).
In sensitivity analysis, one soil parameter has been
changed at once to speciﬁcally see its impact only.
In the reference run only default values of these
parameters were used, i.e., soil length =0.1 cm,
alpha w =0.3, alpha a=0.2). In this analysis the
thickness of the ﬁrst soil layer has been changed
to 0.2, 0.3 and 0.4 cm, water content of soil values
to 0.1, 0.2 and 0.4 and air content of soil has been
shifted to 0.1, 0.3 and 0.4.
Sensitivity to meteorological data resolution:
Errors in meteorological data can cause signiﬁcant errors in the gases and aerosol concentration
estimation (Easter and Peters 1994; Haywood and
Ramaswamy 1998; Penner et al. 1998; West et al.
1998; Baertsch-Ritter et al. 2004; Menut et al.
2005a; Carvalho et al. 2006; De Meij et al. 2006,
2009) and calculation of meteo parameters over
chemical transport model grid directly depends
on the meteorological input resolution. Hence, the
objective of this part of the study is to estimate
the impact of meteorological input data variation
on aerosol concentration. The CHIMERE model
grid resolution was kept constant (30 km) in all the
cases, while meteorological input resolution varied
from 30, 35, 45, 55 and 60 km. The CHIMERE
run with 30 km grid resolution of MM5 was considered as reference run and we projected the difference of other runs with varying meteorological
input resolutions from this reference run.
In this sensitivity test BC/PM10 mass concentration has been compared with measured BC/PM10
concentration over Bangalore for validation of simulation results. BC concentration has been collected at the aerosol climate observatory of the
Indian Institute of Science, Bangalore, India, with
the help of Magee Science Aethelometer, and PM10
concentration data has been taken from Karnataka
State Pollution Control Board (KSPCB), Bangalore.

3. Results
2.2.2 Sensitivity analysis
Sensitivity to soil parameters: In dust entrainments and deposition, the soil parameters play
an important role and alteration in these parameters can alter dust as well as PM10 concentrations. Hence we changed a few soil related parameters to analyze its impact on total concentration
distribution of dust and PM10 . Here we examined
the impact of change in soil-related parameters
used in CHIMERE to compute dry deposition of
POPs: the thickness of the soil layer in contact
with air (called soil length), the volumetric water
content of soil (deﬁned by alpha w, and called later

3.1 Dust storm simulation with CTM
Indo-Gangetic basin experiences frequent occurrence of dust storms during pre-monsoon season
(Middleton 1986; Dey et al. 2004) and study station ‘Kanpur’ falls in this high prone zone of dust
storms. In this experiment we attempted to replicate dust event with CHIMERE to assess its eﬃciency to capture speciﬁc location event. Figure 1
shows the simulated dust concentrations model
over Kanpur from 12 to 16 May 2008. A clear
enhancement in dust concentration from the surface up to higher level (around 700 hpa level)
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Figure 1. Hourly dust concentrations (in µg m−3 ) simulated with the CHIMERE model at Kanpur from 12 to 16 May
2008. Concentrations are plotted as a function of the hourly time of simulation (in hour) and the pressure level (in hPa).

Figure 2. (a) Comparison of hourly dust concentrations simulated by CHIMERE with measured AOT at 500 nm at
AERONET monitoring station Kanpur from 12 to 16 May 2008 (excluding hours for which no data was available). (b) Daily
variation of AOD (500 nm), coarse mode AOD (500 nm), and Angstrom exponent (440–870 nm) from 12–16 May 2008.

Sensitivity of meteorological input and soil properties in simulating aerosols
was observed on 15 May 2008 (the day of dust
storm) with high concentration values . Simulation
results indicate that concentrations enhanced from
∼30 µg m−3 on 14th May 2008 to more than
70 µg m−3 during 15–16 May 2008. High concentrations were observed in the atmosphere approximately up to 3 km (700 mb) which indicate strong
atmospheric vertical motion during that time. Dust
storm activity increases the concentration of dust
in the atmosphere and also reﬂects in increased
aerosol optical depth. Previous researches, related
to dust storms have mentioned this in their results
(Smirnov et al. 1998; Dey et al. 2004). Figure 2(a)
shows the comparison of the measured AOD at
500 nm at the AERONET station Kanpur (hourly
data) with modelled dust concentrations (hourly).
Plot shows the data only when AOD data was
available during the simulation period (12–16 May
2008). It can be inferred from this plot that AOD
varied in the same pattern as concentration of dust
varied, i.e., high AOD was observed for high dust
concentration and low AOD for low dust concentrations (Smirnov et al. 1998; Dey et al. 2004). This
plot does not indicate a comparison of dust concentration with AOD. However, objective of this
plot is to reﬂect the impact of high concentrations
of dust aerosols on AOD. As several studies have
shown, the increase in AOD values is due to dust
storm occurrence and this result is also in accordance with other studies (Smirnov et al. 1998; Dey
et al. 2004). Figure 2(b) shows composite plot of
variation of AOD (500 nm), coarse mode AOD (500
nm) and Angstrom exponent (440–870 nm) for
same period (12–16 May 2008) measured at Kanpur location under AERONET network. This plot
shows an increase in AOD (0.5–0.8), coarse mode
AOD (0.39–0.54) and a sharp decrease in Angstrom
exponent (0.8–0.24) on the day of the dust storm
which is a clear indication of the increase in coarse
mode particles in the atmosphere similar to other
studies (Dey et al. 2004). Increase in dust particles
in the atmosphere decreases the Angstrom exponent sharply due to extinction of solar radiation
in visible and infrared region due to dust particles
(Hamonou et al. 1999).
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Figure 3 shows the results for dust distribution from sensitivity analysis with a change in soil
length from reference case of 0.1–0.2 cm. The left
panel of the plot shows the reference run simulation with ﬁrst soil layer length of 0.1 cm, while

3.2 Sensitivity analysis
3.2.1 Sensitivity of aerosol concentrations
to soil parameters
In this section we showed sensitivity analysis
results from simulations performed with changes in
soil parameters. Here we concentrated on results
for dust and PM10 concentration as these aerosol
constituents change mostly due to changes in soil
parameter.

Figure 3. Dust concentrations simulated by CHIMERE
from 1 to 5 January 2008. Panel 1 (on the left): reference run
using soil length 0.1 cm; Panel 2 (on the right): sensitivity
run with soil length 0.2 cm. Units in µg m−3.
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the right panel shows the plots related to sensitivity run with ﬁrst soil layer thickness changed to
0.2 cm. Comparison of sensitivity run results with
reference run showed the changes in dust distribution as an impact of change in soil length. These
comparisons indicate that major changes occurred
in dust distribution over study domain on the ﬁrst
two days while these diﬀerences decreased from
the third day onwards. Diﬀerence between reference and sensitivity run plots gives a more detailed
information about the change in dust spatial distribution due to change in ﬁrst soil layer thickness
(ﬁgure 4). First day diﬀerence plot showed a very
high diﬀerence between both the runs over most of
the land area (ﬁgure 4a). Dust concentration generation reduced by more than 50% due to change
in ﬁrst soil layer thickness from 0.1 to 0.2 cm. During the next 2 days of simulations (2–3 January
2008) these diﬀerences decreased to 20 µg m−3
and the highest diﬀerences were concentrated over
northern and central parts of India (ﬁgure 4b and
c). In 4–5 days of sensitivity runs (ﬁgure 4d and
e), diﬀerences between reference run and sensitivity run plots decreased even more (∼7 and
∼3 µg m−3 ) and regions where changes occurred,
shifted more towards the northeastern part.
Figure 5 shows the reference and sensitivity
run simulation results for PM10 due to change in
thickness of ﬁrst soil layer from 0.1 to 0.2 cm.
Similar to dust, a drastic decrease in PM10 concentration was observed on the ﬁrst day of the
sensitivity run as compared to the reference run.
The second day onwards PM10 concentration
reduced when compared to reference run. In the
next two days (3–4 January 2008) diﬀerences in
concentrations of PM10 in reference and sensitivity run show a decrease, while on the last day of
the run, the concentration was almost comparable
with the reference run.
In the sensitivity run, the thickness of the ﬁrst
soil layer increased and as a result a general
decrease in dust and PM10 concentration was
observed. The reason behind this is that an increase
in soil length increases the holding capacity of
soil; thus to reduce the amount of soil, as in the
case of low soil length, wind speed should increase.
Figure 6 shows the diﬀerence plots for PM10 concentration for all days and give us an opportunity to study changes in PM10 distribution due to
change in thickness of soil layer, in more detail.
Through the 5 days, a major diﬀerence in PM10
concentration occurred over Indo-Gangetic basin
and over western part of India. On the ﬁrst day of
simulation these changes were more than 60% and
the next day this change decreased to ∼50%. On
the third and fourth day maximum diﬀerences in
PM10 concentration from reference run had been
reduced to ∼30%, and on the last day reduced to

Figure 4. Diﬀerence between dust concentrations simulated
with soil length=0.1 cm, i.e., reference run and with soil
length=0.2 cm, i.e., sensitivity run (a) 1 January 2008,
(b) 2 January 2008, (c) 3 January 2008, (d) 4 January 2008
and (e) 5 January 2008. Units in µg m−3 .

Sensitivity of meteorological input and soil properties in simulating aerosols
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Figure 5. PM10 concentrations simulated by CHIMERE
from 1 to 5 January 2008. Panel 1 (on the left): reference
run using a soil length = 0.1 cm; Panel 2 (on the right):
sensitivity run with a soil length = 0.2 cm. Units in µg m−3 .

10%. Other than Indo-Gangetic plain, major diﬀerences in PM10 distributions occurred over central
India and east coast of India.
A continuous decrease was observed in the
diﬀerence between reference run and sensitivity
run simulations on a temporal scale (i.e., from 1
to 5 January). As simulation starts the loosely

Figure 6. Diﬀerence between PM10 concentrations simulated with soil length = 0.1 cm, i.e., reference run and with
soil length = 0.2 cm, i.e., sensitivity run (a) 1 January 2008,
(b) 2 January 2008, (c) 3 January 2008, (d) 4 January 2008
and (e) 5 January 2008. Units in µg m−3 .
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bound particles get transported to atmosphere due
to action of wind. Maximum of dust/PM10 , which
can be inﬂuenced by the action of wind, lifted in
the atmosphere by action of wind during the initial days of simulation and thus the amount of
loosely bound particles decrease with time. Thus
maximum diﬀerence is observed during the initial
days of simulation and this diﬀerence decreased
temporally.
Similar analysis has been done with the ﬁrst soil
layer of 0.3 and 0.4 cm, and simulation results
showed a similar pattern of variation as seen in sensitivity run with ﬁrst soil layer of 0.2 cm. Change
in air and water content of soil also leads to same

spatial distribution of dust/PM10 as it does for soil
length=0.2 cm. Hence plots from these sensitivity
runs are not shown here.
3.2.2 Sensitivity of aerosol concentrations
to meteorological grid resolution
As mentioned earlier in this paper, change in meteorological input can cause uncertainty in the estimation of aerosol concentration distribution; thus,
sensitivity analysis with varying MM5 grid resolution (30, 35, 45, 55 and 60 km) was performed while
CMT grid resolution were kept constant (30 km).

Figure 7. Diﬀerence between spatial distribution of Black Carbon in reference run (MM5 grid=30 km) and sensitivity run
(a) 30–35 km, (b) 30–45 km, (c) 30–55 km, and (d) 30–60 km.

Sensitivity of meteorological input and soil properties in simulating aerosols
In this section we will discuss the results from simulations. To measure the eﬀect of meteo grid resolution change on spatial distribution of aerosols
(BC and PM10 ), we plotted the diﬀerence in the
reference run and the sensitivity run (ﬁgures 7
and 9).

Table 1. Correlation between BC concentrations
observed at Bangalore monitoring station, and
modelled with the MM5/CHIMERE system at the
location. Results are shown for several MM5 grid
resolutions.
MM5 grid
resolution (km)
30
35
45
55
60

Correlation with Obs BC
(Bangalore)
0.53
0.50
0.52
0.48
0.46
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Figure 7 gives the diﬀerence in spatial distribution of BC in reference run (MM5 grid =30
km) and other test runs (average for all simulation days, i.e., 1–5 January 2008). Figure 7(a)
represents the diﬀerence in BC concentration for
the sensitivity run with 35 km run and reference run. Figure 7(b) represents the diﬀerence for
sensitivity run with 45 km; ﬁgure 7(c) is same
for sensitivity run with 55 km and ﬁgure 7(d)
is for 60 km run. The diﬀerence plot showed
increase in BC concentration over majority of
regions with some decrease over a few locations.
Maximum changes occurred mainly over western
coast of India and over Arabian Sea in terms of
maximum increase and maximum decrease. These
results are quantitative in nature as they were
inferred from increases and decreases of the reference run. But the question arises about which
simulation is more close to reality and to answer
this question we compared the BC concentration retrieved from each simulation run with the

Figure 8. Comparison of BC concentrations simulated with MM5/CHIMERE over Bangalore with an MM5 grid resolution
of 30 km with results obtained with other MM5 grid resolution: (a) comparison with 35 km, (b) comparison with 45 km,
(c) comparison with 55 km, and (d) comparison with 60 km (unit: ng m−3 ).
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observation data over Bangalore station which falls
in the simulation region. We calculated the correlation between modelled and observed BC and this
comparison showed that as we increase the size of
meteorological input from CHIMERE model grid
resolution, the correlation decreases (table 1). This
correlation analysis tells that when both model grid
sizes are same the model performs best. We compared the concentration estimated by all simulation runs and reference runs over a particular location by measuring the scatter of the data. Figure 8
is the comparison of simulated BC concentration

over Bangalore with 30 km meteo input resolution
with other test runs. This result shows that as we
increase the meteorological input resolution from
CHIMERE model resolution, the scatter of the plot
also increased.
Figure 9 shows the average of diﬀerences in
spatial distribution of PM10 in reference runs and
other test runs (averaged for all the days, i.e.,
1–5 January 2008). Figure 9(a) represents the
diﬀerence in sensitivity run with 35 km run and
reference simulation, ﬁgure 9(b) is the same for
sensitivity run with 45 km run, ﬁgure 9(c) represents the same plot for 55 km run and ﬁgure 9(d)

Figure 9. Diﬀerence between spatial distribution of PM10 in reference run (MM5 grid=30 km) and sensitivity run (a) 30–35
km, (b) 30–45 km, (c) 30–55 km, and (d) 30–60 km.

Sensitivity of meteorological input and soil properties in simulating aerosols
is for 60 km run. Figure 9 indicates that as resolution of meteorological input grid size increased
compared to CHIMERE run, the concentration of
PM10 increased over most of the study region with
maximum increase over western coast of India and
maximum decrease over Arabian Sea. When meteo
input resolution increased even slightly more than
CHIMERE run (35 km), measurable changes took
place in PM10 concentration distribution and these
changes were not homogeneous. Over some speciﬁc
locations, the concentration was higher compared
to the rest of the region. Near the southwest boundary of the simulation region, over Arabian Sea and
western Indian region, decrease in concentration
was observed. Similar to BC, we compared the
modelled PM10 concentration with observed PM10
concentration for Bangalore and the same conclusion was reached from this analysis, i.e., CTM
performs better with similar MM5 grid resolution.
This sensitivity run is done to verify the eﬀect
of meteorological input grid changes on simulation of aerosols (in terms of PM10 as well as BC).
This sensitivity run concludes that if we consider
the meteorological input impact only (which is one
of the important parameters, not the only important parameter), the model performs well when
both models have the same grid resolution and in
the Indian context, with this model this is new
information. This result does not state that meteorological input resolution is the only signiﬁcant
determinant for BC/PM10 or other aerosols concentration, though it is one of the important factors which inﬂuences the concentration of aerosols
and needs to be correctly fed in the chemical transport model. This sensitivity test is done to test the
eﬀect of meteorological input grid change on simulation of aerosols (PM10 and BC) and meteorological input change impact on all aerosols (dust,
PM10 , BC) concentration distribution.
Thus from these sensitivity analyses (meteorological input resolution) we could infer that the
best outcome from CHIMERE model is expected
when the meteorological input resolution is same
as CHIMERE model grid as this reduces spatial interpolation of meteorological parameters and
hence generates more accurate results than other
resolution inputs.
4. Conclusions
CHIMERE model used in this study is a European
model and we started this study with the objective to assess the performance of the model over
the Indian region in terms of aerosol (dust, PM10 ,
and BC) concentrations with the help of sensitivity analysis. This study incorporates two parts: in
the ﬁrst part, we analyzed the performance of the
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model over speciﬁc space and time; the second part
deals with the sensitivity analysis related to resolution of meteorological data and the soil related
parameters, i.e., thickness of ﬁrst layer of soil in
contact with air, volumetric water and air content
of soil. The major ﬁnding of this work can be listed
as:
• Model is able to capture the speciﬁc space and
time of the meteorological event ‘dust storm’
eﬃciently over Indian region
• Change in soil-related parameters aﬀects the distribution of aerosols (dust and PM10 ) though the
magnitude of eﬀect varies spatially
• Soil length change from 0.1 to 0.2 cm decreased
the amount of the dust and PM10 concentration
up to 50% over western part of India, where the
soil comes under the arid zone. Increase in soil
length, increases the adhesive force and results in
a decrease in dust and particulate entrainment
in the atmosphere
• Same pattern of variation in aerosol concentration (dust and PM10 ) was observed with other
soil parameter changes
• CHIMERE model performs best when the meteorological model grid and CTM model grid are
of same size because this reduces spatial interpolation of meteorological parameters and hence
generates more accurate results than other resolution inputs.
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