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Abstract. MODIS (Moderate Resolution Imaging Spectro-

radiometer) Level-3 aerosol optical depth (AOD) data and

NCEP (National Centre for Environmental Prediction) re-

analysis winds were incorporated into an aerosol flux conti-

nuity equation, for a quantitative assessment of the sources of

aerosol generation over the Ganga basin in the winter month

of December 2004. Preliminary analysis on the aerosol dis-

tribution and wind fields showed wind convergence to be an

important factor which, supported by the regional topogra-

phy, confines aerosols in a long band over the Indo Gangetic

plain (IGP) stretching from the west of the Thar desert into

the Head-Bay-of-Bengal. The prevailing winds of the sea-

son carry the aerosols from Head-Bay-of-Bengal along the

east coast as far as the southern tip of the peninsular India.

A detailed examination of MODIS data revealed significant

day-to-day variations in aerosol loading in localised pock-

ets over the central and eastern parts of the Indo Gangetic

plain during the second half of December, with AOD values

even exceeding unity. Aerosols over the Ganga basin were

dominated by fine particles (geometric mean radius ∼0.05–

0.1 µm) while those over the central and western India were

dominated by large particles (geometric mean radius ∼0.3–

0.7 µm). Before introducing it into the flux equation, the

MODIS derived AOD was validated through a comparison

with the ground-based measurements collected at Kharagpur

and Kanpur; two stations located over the Ganga basin. The

strength of the aerosol generation computed using the flux

equation indicated the existence of aerosol sources whose lo-

cations almost coincided with the concentration of thermal

power plants. The quantitative agreement between the source

strength and the power plant concentration, with a correlation

coefficient 0.85, pointed to thermal power plants as substan-

tial contributors to the high aerosol loading over the Ganga

Basin in winter. The layout of aerosol sources also nearly

matched the spatial distribution of the Respirable Suspended

Particulate Matter (RSPM), derived from the Central Pollu-

tion Control Board (CPCB) data, lending additional support

to our inference.

Correspondence to: M. Mohan

(mannil mohan@vssc.gov.in)

Keywords. Atmospheric composition and structure

(Aerosols and particles; Pollution – urban and regional) –

Meteorology and atmospheric dynamics (Synoptic-scale

meteorology)

1 Introduction

Aerosols are fine solid or liquid particles suspended in the at-

mosphere, originating both from natural and anthropogenic

sources. The potential of aerosols in causing long-term

changes in global climate through scattering and absorption

of the solar short wave and the terrestrial long wave radia-

tions, as well as through the indirect effects like modifica-

tion of cloud microphysics and cloud life time is now widely

well accepted (Charlson et al., 1992; Haywood and Boucher,

2000; IPCC, 2001). Understanding the dynamics of aerosol

generation and transport is essential in determining the spa-

tial and temporal heterogeneity of aerosol radiative forcing

(Charlson et al., 1992; Hansen et al., 1997). Space-borne re-

mote sensing is the most effective means for obtaining the

global information on natural and anthropogenic aerosols on

a routine basis (King et al., 1999; Kaufman et al., 1997a,

b). The capability of satellites to monitor changes in aerosol

distributions over a large region on a day-to-day basis can-

not be matched with ground-based measurements. Since

the retrieval of aerosol information from satellite measure-

ments involves a few a priori assumptions, as well as knowl-

edge of sensor calibration and its long-term stability, periodic

validations of this data through comparison with collocated

ground-based direct measurements (ground truth) is very es-

sential (King et al., 1999; Remer et al., 2002; Chu et al.,

2002; Di Girolamo, 2004; Remer et al., 2005; Tripathi et al.,

2005) before utilising it for quantitative studies.

Several studies using satellite data, as well as ground-

based observations have indicated persistent heavy aerosol

loading over the Indo-Gangetic plains (IGP) throughout the

year, with significant seasonal variation (Di Girolamo et al.,

2004; Prasad et al., 2004, 2006; Ramanathan and Ramana,

2005). Incidence of heavy haze and smog in the northern
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parts of the Indian subcontinent during the winter season has

become very common in recent years, particularly over the

central to eastern parts of IGP, known as the Ganga basin,

appearing as a wide band stretching from north central In-

dia into the Head-Bay-of-Bengal (H BoB). Regular measure-

ments carried out by the Indian Central Pollution Control

Board (CPCB) also show very large concentrations of sus-

pended particulate matter (PM10), SO2 and NO2 over the

major cities in and around the Ganga basin (http://www.cpcb.

nic.in). Bordered by the steeply rising Himalayas in the north

and the Vindhya-Satpura mountain ranges in the south and

encompassed by the rivers Ganga, Yamuna and their tribu-

taries, the Ganga basin is a gigantic fluvial plain in the cen-

tral eastern India. With more than 45 million people residing

in this region, the population density is one of the highest in

India (Goloub et al., 2001). The land being highly fertile, this

is an area of major zone of food production in South Asia and

continues to attract human settlement, resulting in uncon-

trolled urbanisation and industrialisation and consequently,

high levels of atmospheric pollution (Ramanathan and Ra-

mana, 2005). Studies carried out with TOMS aerosol data

during the period 1979–2000 over the Indian land mass indi-

cated a significant increase in aerosol concentration amount-

ing to as much as 10.6±4.9% per decade, a sizeable contri-

bution of which comes from the Ganga basin (Massie et al.,

2004).

By and large, aerosols over the Ganga basin are the min-

eral dust transported by dry winds from the Thar desert in

the west and the arid zones of the middle east, mixed with

the anthropogenic particulates locally produced by industrial

and urban activities (El-Askary et al., 2004, 2006; Dey et

al., 2004). As the wind speeds are generally low during the

winter season, the transport of mineral dust is less significant

and the aerosols are mostly composed of locally generated

sulphate and black carbon (BC) particles, confined by the

regional topography (Di Girolamo et al., 2004; Venkatara-

man et al., 2005; Prasad et al., 2006). Large-scale industrial

consumption of coal and use of the petroleum products in the

transport sector are considered to be primarily responsible for

the high emissions of BC and sulphate aerosols (Garg et al.,

2001; Reddy and Venkataraman, 2002). At the same time,

agricultural biomass burning is not expected to be a major

source of aerosols during winter (Di Girolamo et al., 2004).

Model studies have indicated that, in the Indian context, in-

creasing amounts of BC aerosols in the atmosphere can po-

tentially change the monsoon pattern by abnormal heating

of the atmosphere through the absorption of solar radiation

(Menon et al., 2002; IPCC, 2001; Ramanathan and Ramana,

2005; Venkataraman et al., 2005).

As gas, electricity and petroleum products replaced bio-

fuels for domestic purposes over the years, the significance

of biofuels as a dominant source of BC has diminished

(http://pubs.wri.org). But rapid growth of industries with an

ever increasing demand for electricity has led to an increase

in the number of coal fired thermal power plants, especially

over the Ganga basin. Since India is the third largest pro-

ducer of coal in the world, with ∼383 million tons per year,

about 62.3% of the electric power generation is by coal-based

thermal power plants (http://www.coalindia.nic.in). The high

ash content (∼40%) in Indian coal and its incomplete and

inefficient combustion in the thermal power plants generate

abundant quantities of BC, sulphate and nitrate particulates.

Though the transport activities also contribute to the pro-

duction of these pollutants, because of the newly-introduced

standards for the vehicular emissions and the use of fuels

like CNG (Compressed Natural Gas), LNG (Liquefied Nat-

ural Gas), etc., the contribution from this sector to the to-

tal pollutant load is only secondary to that from the thermal

power sector (http://envfor.nic.in/soer/2001/ind air.pdf).

The major objective of ISRO-GBP (Indian Space Re-

search Organisation – Geosphere Biosphere Programme)

Land Campaign-II (LC-II), conducted from 1–31 December

2004, was to characterise the aerosols over the Ganga basin

during the winter season through continuous monitoring of

their physical and chemical properties from eight locations in

this region. The present work, which formed an important el-

ement of this campaign, was conducted over a study domain

(20◦–27.5◦ N, 75◦–87.5◦ E) encompassing the Ganga basin,

by introducing MODIS derived daily AOD (at 550 nm) and

the daily NCEP reanalysis winds into an aerosol flux equa-

tion with a source/sink term to identify aerosol sources. Prior

to the incorporation into the flux equation, the accuracy of

MODIS derived AOD over the study domain was assessed

through a comparison with the daily mean ground measure-

ments of LC-II at Kharagpur and with the AERONET data at

Kanpur.

2 Comparison of MODIS derived AOD with ground-

based measurements

The MODIS on board NASA’s polar Sun-synchronous Terra

and Aqua satellites make daily observations at 36 spectral

bands in the range 0.41–15 µm over land and ocean (Tanré

et al., 1997; Kaufman et al., 1997a, 1997b; Remer et al.,

2005). The selected parameters for the current study are

AOD, the Angstrom exponent and fine mode fraction from

MODIS Level-3 gridded (1◦×1◦) data. The data contains

blank pixels arising from the clouds and highly reflecting

land portions (Ackerman, 1998; Remer et al, 2005). Since

Terra and Aqua passes are descending and ascending with

equatorial crossing local times 10:30 and 13:30, respectively,

the cloud conditions could be different in these two data sets.

Together with the coverage gaps between the orbits, this re-

sults in the set of blank pixels for the two sensors to be differ-

ent from each other. So we divided the pixels into three types

in terms of data content: (i) those having data from both Terra

and Aqua, (ii) those having data from either Terra or Aqua,

(iii) those without any data. In order to have maximal spatial

coverage and the best representation of daily mean aerosol

Ann. Geophys., 26, 431–440, 2008 www.ann-geophys.net/26/431/2008/

http://www.cpcb.nic.in
http://www.cpcb.nic.in
http://pubs.wri.org
http://www.coalindia.nic.in
http://envfor.nic.in/soer/2001/ind_air.pdf


M. Aloysius et al.: Aerosol transport over the Gangetic Basin 433

data, we combined the data of the two sensors in an optimal

manner. For those pixels having data from both the sensors,

the mean was taken and for those having data from one sen-

sor, that value was retained.The rest of the pixels were made

blank.

Validation exercises carried out by Remer et al. (2005)

have confirmed that the AOD values retrieved from

MODIS are accurate within an uncertainty limit (1τ) of

±0.03±0.05τ over the ocean and ±0.05±0.15τ over the

land, where τ is the true AOD at the locations from di-

rect measurements. However in this work, in order to as-

sess the uncertainties before using them for a detailed anal-

ysis, the MODIS derived AOD values were compared with

ground-based measurements at Kharagpur (22.3◦ N, 87.3◦ E)

and with the data from the AERONET station at Kanpur

(26.5◦ N, 80.4◦ E).

During the LC-II, AOD measurements at Kharagpur were

conducted at 1020 nm using a hand-held MICROTOPS-II

Ozonometer/Sunphotometer. This instrument provides the

AOD with an accuracy ±0.03, by measuring the direct solar

radiation and using its internal calibration along with the ob-

server’s coordinates and measurement time supplied by the

global positioning system (GPS) attached to it (Morys et al.,

2001). These observations were performed continuously at

∼15 min intervals, from 08:30 to 16:00 local time, strictly

avoiding the cloudy sky. Each measurement consisted of four

or five individual sub-measurements in quick succession, out

of which the lowest value was taken as the clear sky AOD, to

eliminate any error arising from the misalignment of the in-

strument with respect to the Sun, which could result in an un-

realistic increase in the AOD. From this, the daily mean AOD

and its standard error were estimated. These mean values

of AOD were compared with the MODIS derived AOD (at

550 nm), after normalising to 1020 nm (MICROTOPS wave

length) using the Angstrom exponent reported in the Level

−3 data set.

The AERONET is a network of ground-based auto-

matic Sun-tracking CIMEL Electronic CE-318 Sun-sky ra-

diometers, located all over the globe (Holben et al., 1998,

2001; Eck et al., 2005) established by NASA. Most of the

AERONET stations are programmed to operate at 15 min

intervals during the day at eight wavelengths: 340, 380,

440,500, 675, 870, 940 and 1020 nm (nominal wave lengths).

From the measured solar irradiance at the above wave-

lengths, the radiometer computes the spectral AOD with an

observational accuracy of about ±0.01 to ±0.02 (Holben et

al., 1998, 2001). The quality assured AERONET Level-2

AOD at 500 nm from the AERONET station at Kanpur was

compared with the MODIS derived AOD after normalising

to 500 nm, employing the MODIS Angstrom exponent, as

described above.

The time series of MODIS derived AODs along with MI-

CROTOPS measurements at Kharagpur and also with the

AERONET measurements at Kanpur are presented in Fig. 1a

and b, respectively. The MODIS derived AOD agree fairly

Fig. 1. Time series of MODIS derived AOD normalised to 1020 nm

along with its standard deviation and MICROTOPS measured AOD

at 1020 nm along with its standard error, for Kharagpur (a) and

MODIS derived AOD normalised to 500 nm along with its standard

deviation and AERONET retrieved AOD at 500 nm for Kanpur (b)

during LC-II.

well with the direct measurements at both these locations.

The corresponding linear correlation coefficients estimated

for these two data sets are 0.94 and 0.90, respectively, which

are significant at p<0.01 (Fisher, 1970). It is also seen

that when MODIS is averaged over the campaign period,

MODIS overestimated AOD at Kharagpur by 0.03 while it

underestimated AOD at Kanpur by 0.12 with respect to the

ground-based measurements. However, these deviations at

∼4% and ∼17%, respectively, of the mean AOD during the

study period, are well within the uncertainties associated

with MODIS retrieval (Remer et al., 2005).

www.ann-geophys.net/26/431/2008/ Ann. Geophys., 26, 431–440, 2008
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Fig. 2. Mean spatial distribution of MODIS derived AOD at 550 nm

(a) and fine mode fraction (b) during December 2004.

3 Aerosol generation and transport over Ganga basin

The MODIS derived AOD and the fine mode fraction aver-

aged over the LC-II period are presented in Fig. 2a and b,

respectively. These figures clearly reveal the Ganga basin as

a region of exceptionally high aerosol loading, constituted

mainly of fine mode particles emphasizing the signature of

anthropogenic activities of this region. While the eastern part

of the subcontinent up to the tip of the peninsula is domi-

nated by submicron particles, the western part is dominated

by large size particles.

When examined on a daily basis, the AOD distributions

exhibited large spatial and temporal heterogeneity, probably

because of the diversity in the aerosol generation mecha-

nisms, as well as the prevailing meteorological conditions

influencing the aerosol concentrations. Aerosols being light

particles are lifted up in the air by buoyancy and carried over

long distances by wind. As their concentration and transport

are strongly influenced by the dynamics of the wind field,

any realistic description of aerosol transport by the wind

should be made only through a flux continuity equation with

a source/sink term representing aerosol generation/loss. By

introducing the AOD spatial distribution obtained from satel-

lites and wind fields from a standard atmospheric circulation

model into this equation, locations of major aerosol sources

(and sinks) can be identified and their strengths quantified.

3.1 Aerosol continuity equation

We describe the aerosol flux continuity through the equation

∂ρ

∂t
+ ∇.[ρ v] = s0, (1)

where ρ is the aerosol extinction coefficient per unit vol-

ume, v is the three dimensional vector wind and so is the

net source representing aerosol emission, dry/wet deposition,

impaction, coagulation, diffusion, etc. (Parameswaran 1998;

Takemura et al., 2000), all of which are in general, functions

of the spatial co-ordinates (i.e. x, y and z, respectively) and

time (t). The columnar AOD (τ) is then defined as

τ(x, y) =

∞∫

0

ρ(x, y, z) dz. (2)

Integrating Eq. (1) over z results in

∂τ

∂t
+

∂

∂x
[

∞∫

0

ρ u dz] +
∂

∂y
[

∞∫

0

ρ v dz] = S(x, y, t), (3)

where u and v are the zonal and meridional winds and S is

the column integrated net source.

The daily values of AOD from MODIS and the daily av-

erage wind field at seven levels (1000 to 400 hpa) obtained

from NCEP reanalysis were incorporated into Eq. (3) to ar-

rive at a solution for the source/sink strength at different

locations in the study domain, 20◦–27.5◦ N, 75◦–87.5◦ E.

However, in order to calculate the gradient terms in Eq. (3)

for the edge pixels, an outer domain of size 17.5◦–30◦ N,

72.5◦–90◦ E was selected for initialising these computations.

Since NCEP wind data was available at 2.5◦×2.5◦ resolu-

tion, the 1◦×1◦ (MODIS) AOD was degraded to this level

with the criterion that AOD had to be available over a min-

imum of 60% of each 2.5◦×2.5◦ grid, which otherwise was

kept blank. Since the MODIS aerosol retrieval employs dif-

ferent criteria over the land and over the ocean (Kaufman et

al., 1997a, b), which can introduce errors in the calculation

of gradients in the land-ocean boundaries, the data along the

coastline were excluded. The aerosol flux vectors for each

pixel at different pressure levels were estimated by multiply-

ing the AOD in that pixel with the mean NCEP winds at its

four corners.
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M. Aloysius et al.: Aerosol transport over the Gangetic Basin 435

Considering a time interval of one day, the first term on the

LHS of Eq. (3) represents the change in AOD from one day to

the next in each pixel, while the second and the third terms to-

gether constitute aerosol flux divergence. Since aerosol flux

can have day-to-day variations, we took the mean of the di-

vergences of two successive days at every time step. All the

terms in the LHS of Eq. (3) were computed only if the data

for a given pixel was available on both the days. The di-

vergence terms for a pixel were computed only if all four

neighbouring pixels were not blank (in AOD). The latitude

and longitude step sizes were converted to corresponding dis-

tances taking into account the Earth’s curvature.

Vertically resolved lidar back scatter profiles over an IGP

location, Kharagpur, during the LC-II, observed by Niranjan

et al. (2006), indicated a decreasing aerosol extinction with

increasing height, with a significant contribution extending

up to 1.5 to 2 km. Hence we assume an aerosol extinction

vertical profile in the form

ρ = ρ0 exp( −
z

L
), (4)

where ρ0 is the extinction coefficient per unit volume at the

ground and L is the scale height parameter. Taking 2 km as

the typical scale height, the vertical integration in Eq. (3) is

carried out over seven levels (from 1000 hpa to 400 hpa) fol-

lowing the standard Lagrangian interpolation scheme (Jain

et al., 1993) by dividing the entire altitude range into three

sections with each comprising of three sub pressure levels.

The RHS of Eq. (3) represents the net rate of aerosol gen-

eration in terms of AOD change per day at every pixel. By

incorporating the daily AOD data from MODIS along with

the NCEP reanalysis of wind field, our attempt here is to ar-

rive at the daily rate of aerosol emission or loss over the study

region.

Instead of AOD, another variable that can be considered in

the flux continuity Eq. (3) is aerosol mass concentration. But

the mass concentration provided by MODIS is derived from

other retrieved and assumed parameters like AOD, fine mode

fraction, number density, mass density, geometric mean ra-

dius, scattering coefficient, etc., of the particles (Remer et

al., 2005). While MODIS specifies the uncertainty in AOD

(±0.05±0.15τ over land), the accuracy of aerosol mass con-

centration is not yet determined (Remer et al., 2005), making

it less suitable than AOD for using in the continuity equation.

3.2 Dynamics of aerosol variations during the LC-II period

During the campaign period, the mean AOD over the Ganga

basin showed an oscillation (Fig. 3), with a periodicity of ∼4

to 8 days, with the amplitudes in the second half much larger

than that in the first half. After an initial quick drop from

0.49 to 0.32 in four days, it increased to 0.97 by the middle

of the third week (19 December), followed by a large oscil-

lation with the peak value occurring on 23 December. The

similarity between Figs. 1a and 3 indicates that the observa-

tions at Kharagpur during LC-II reflected to a great extent

Fig. 3. Daily variations of AOD (550 nm) averaged over the Ganga

basin during LC-II.

the time variation of AOD over the whole Ganga basin. On

the days of AOD maxima, fog conditions were reported at

the central and western parts of the Ganga basin.

A detailed examination of evolution of AOD over the land

mass revealed pockets of high AOD appearing at different lo-

cations, which in some cases strengthened and moved along

the plain while in some cases weakened fast after an ini-

tial growth. The lifetimes of these clusters varied from a

few days to a week. The winds at 1000 and 925 hpa lev-

els over this region were generally less than 4 m/s with no

pronounced gradients in the speed. On the other hand, there

were strong convergences in the wind vector field and the

aerosol accumulations most of the times were found to lie

near the convergences. Figure 4a–c show maps of AOD dis-

tribution, the wind vector field at 925 hpa and the wind con-

vergence, respectively, for 23 December 2004 as a typical

example. In the absence of sources of aerosol generation, we

expect the positions and movements of aerosol concentra-

tions to coincide with the wind convergences and dissipate

when the convergences weaken. But as can be seen from

Fig. 4a and c, the matching between the locations of high

AOD and convergences are not exact. This mismatch cannot

arise from errors in AOD, as can be seen that even after al-

lowing a maximum uncertainty in AOD (±0.05±0.15τ ) the

two distributions would still differ from each other. On the

other hand, such discrepancies can occur, if there are aerosol

generation sources and sinks.

By employing the aerosol continuity equation described in

Sect. 3.1 an attempt was made to examine the aerosol source

strength over the study domain. Figure 5 shows the source

distribution for the day, 23 December 2004. The blank por-

tions in the figure result from the absence of aerosol data

required for the computation of the flux divergence terms.

www.ann-geophys.net/26/431/2008/ Ann. Geophys., 26, 431–440, 2008
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Fig. 4. Spatial distribution of MODIS derived AOD (a) NCEP re-

analysis wind field at 925 hpa (b) and NCEP derived wind conver-

gence at 925 hpa (c) on 23 December 2004.

Fig. 5. Spatial distribution of source strength over the study domain

on 23 December 2004.

Since we have used the data only for two days for this part

of the analysis, the area covered by the blank region is fairly

large. In this figure, positive values indicate aerosol gener-

ation and negative values indicate the loss. It can be seen

that the source strength is significantly positive in the eastern

end of the Ganga basin, indicating the existence of promi-

nent sources. The uncertainty in the source strength result-

ing from a standard deviation in AOD data (∼15%) and the

uncertainty in aerosol scale height (∼25%) is ∼30%.

Similar computations were performed for all the days dur-

ing the entire period of the LC-II and the average source

strength over the study domain was determined and the re-

sult is presented in Fig. 6. In this figure, the blank pixels in

the north eastern portion of the study domain are due to the

gaps in the original MODIS data over the highly reflecting

Himalayan snow regions while the blank pixels in the south-

eastern portion are a result of the exclusion of AOD data over

the coast. In the remaining part of the domain, one can see

that positive values are located just west of centre-north, the

eastern end and the south western corner. The central region

however, shows negative values indicating aerosol loss (be-

yond the advective changes).

3.2.1 Aerosol sink model

The source term “S” in Eq. (3) represents the net source that

is the resultant aerosol production over aerosol loss through

various removal processes, such as dry/wet deposition, im-

paction, sedimentation, diffusion, etc. By modelling these

loss processes and compensating for them with an appropri-

ate sink term, we can arrive at a better estimate of the actual

Ann. Geophys., 26, 431–440, 2008 www.ann-geophys.net/26/431/2008/
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Fig. 6. Spatial distribution of mean source strength averaged for the

month of December 2004 over the study domain.

aerosol production. As there was no precipitation and the

meteorological conditions were nearly the same over the do-

main, we assume a uniform model for AOD decrease (in the

absence of horizontal transport and aerosol generation) in the

form

τ = τ exp( −
t

D
), (5)

where D is the aerosol residence time. This corresponds to

an AOD variation at the rate,

∂τ

∂ t
= −

τ

D
(6)

which we identify as the sink and introduce in the RHS of

Eq. (5). The modified equation, after rearrangement is

∂τ

∂t
+

τ

D
+

∂

∂x
[

∞∫

0

ρ u dz]+
∂

∂y
[

∞∫

0

ρ v dz] = S′(x, y, t), (7)

where S′ is the source strength compensating for the aerosol

loss described by Eq. (5); it is closer to the actual aerosol

generation.

Using 2 days as a typical value for D, we have used Eq. (7)

to re-estimate the average source strength for the month of

December 2004 over the study domain. This result, shown in

Fig. 7, is discussed in the next section.

Fig. 7 

 

Fig. 7. Spatial distribution of source strength averaged for the

month of December 2004 over the study domain, after incorporating

aerosol loss model.

4 Sources of aerosol generation over the Ganga basin

The Ganga basin is densely populated with abundant, in-

dustrial activities. The biofuel consumption is also high in

this region. To meet the high energy requirements of the

industries, the region also harbours a number of coal fired

thermal power plants. Out of ∼80 thermal power plants in

India, about 40% are located over the Ganga basin. The

high ash content of the coal, together with inefficient com-

bustion, make these thermal power plants abundant sources

of black carbon, nitrate and sulphate particles (http://envfor.

nic.in/soer/2001/ind air.pdf; Reddy and Venkatraman, 2002;

Prasad et al., 2006). Keeping this in view, we have exam-

ined the location of thermal power plants and their associa-

tion with high aerosol source strength.

The modified source strength distribution averaged for the

campaign period, along with the locations of thermal power

plants (represented by black dots) in and around the study re-

gion is presented in Fig. 7. It should be noted, however, that

the estimated source strength could also have contributions

from effects such as relative humidity (RH) variations and

the coagulation processes. The mean RH profile from NCEP

and its standard deviation during the LC-II period over the

domain is shown in Fig. 8, where one can see that the max-

imum RH does not exceed ∼50%. We therefore have ne-

glected the effect of RH on AOD, since it is significant only

for values above ∼70% (Parameswaran, 1998).
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Fig. 8. Mean relative humidity (RH) profile from NCEP and its

standard deviation, during the LC-II period averaged over the study

domain.

 

Fig. 9. Scatter plot between the concentration of thermal power

plants and the aerosol source strength over the study domain.

In the case of coagulation, smaller particles join together

to form large particles, thereby increasing the number of

large particles, but at the cost of the loss of smaller parti-

cles. Taking these effects into consideration, our computa-

tions (McCartney, 1976) with an aerosol size distribution cor-

responding to a typical polluted urban area (Jaenicke, 1980)

showed that the change in AOD per day due to coagulation

is at most only ∼7.5% at the locations of major sources over

the study domain. Moreover, the nearly same values of the

Angstrom exponent from MODIS over the source locations

and regions away from them (0.65±0.18 and 0.68±0.07,

respectively, on average during the campaign) within the

domain and the poor correlation (−0.11) between source

strength and Angstrom exponent point to the fact that the

coagulation process was not a factor that could affect the es-

timation of the source strength.

Fig. 10 

Fig. 10. Mean spatial distribution of RSPM obtained from CPCB

over the study domain for December 2004.

As is quite evident from Fig. 7, the locations of high

aerosol source strength are seen close to the regions where

most of the thermal power plants are located. The uncer-

tainty in the source strength computed at every point arising

from the standard deviation of the MODIS AOD (∼15%) and

half a day uncertainty in the assumed aerosol residence time

(Jaenicke, 1980) and ∼0.5 km uncertainty in scale height

(Niranjan, et al., 2006), is ∼38%. With an average emis-

sion of ∼700 kg soot and ∼85 tons SO2 per day from

each of these power plants (http://www.osc.edu/research/

archive/pcrm/emissions/thermalemissions.shtml), they con-

tribute substantially towards the anthropogenic aerosol load

in this region. One can also see in Fig. 7 an aerosol source

region of moderate strength in the southwestern parts of the

study domain (shown in yellow colour) where the density

of thermal power plants is very small. This could be due

to higher anthropogenic activities associated with the dense

population of this region lying in Maharashtra and Madhya

Pradesh, combined with the emission from the existing ther-

mal plants.

We have also made a quantitative comparison between the

concentration of thermal power plants and source strength.

In order to give equal weight to the aerosol pollution from

the power plants lying in all directions, their concentration

in each 2.5◦×2.5◦ box was determined by defining a circle

of influence with diameter 2.5◦ and centre in the middle of

the box. Figure 9 shows the scatter plot between power plant

concentration and source strength, which gives a correlation

coefficient of 0.85, supporting the role of the thermal power

plants as a significant source of aerosol production over the

Ganga basin.
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In Fig. 10 we show the mean distribution of respirable sus-

pended particulate matter (RSPM) in the PM10 size range

within the study domain for December 2004, derived using

the data from 29 locations, where regular monitoring is being

carried out by the Central Pollution Control Board (CPCB) of

India (http://www.cpcb.nic.in). The values were taken from

an archive after selecting those stations where a minimum

of 15 days data was available. A perusal of this map shows

a fair agreement between the RSPM concentrations and the

source strength distribution presented in Fig. 7.

5 Summary and conclusions

The main purpose of this paper is to investigate the genera-

tion and transport of aerosols over the study domain (20◦–

27.5◦ N, 75◦–87.5◦ E) comprising the Ganga basin, where

the LC-II campaign was carried out during December 2004.

As the first step, the MODIS data was compared with ground

based direct measurements (for ground truth) over two sites

in the study domain, which showed good agreement. Our

analysis showed that a main factor causing high aerosol

concentration over the Ganga basin is wind convergence.

The incorporation of MODIS derived AOD, along with the

NCEP reanalysis wind fields into an aerosol flux continu-

ity equation, indicated the presence of aerosol sources over

the Ganga basin. Modification of the flux continuity equa-

tion by incorporating an aerosol loss model with residence

time of 2 days brought out the aerosol generation sources

more clearly. The near coincidence between the locations of

aerosol sources and the coal-fired thermal power plants sup-

ported by good correlation (R=0.85) between source strength

and power plant concentration indicated that the power plants

are one of the main contributors for the heavy aerosol loading

over the Ganga basin during winter. The spatial distribution

of RSPM derived from CPCB data also favours this infer-

ence.
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