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[1] We present 5-year (2001–2005) monthly mean estimates of direct radiative effects
(DRE) due to aerosols over Kanpur region in the Indo-Gangetic basin for the first
time. Further, the monthly and annual heterogeneity of aerosol DRE has been evaluated on
the basis of the anthropogenic and natural aerosol contribution. An optically equivalent
model has been formulated on the basis of the surface measurements, altitude profiles of
aerosol properties in conjunction with remotely retrieved aerosol parameters, and the
optical properties are used to estimate the aerosol DRE at the top-of-atmosphere (TOA),
surface and atmosphere in the shortwave (SW) and longwave (LW) region.
Water-solubles, black carbon (BC), and dust in fine (dustf) and coarse (dustc) mode are
considered to be the main aerosol components on the basis of the chemical
composition measurements. Anthropogenic components (scattering water-solubles and
absorbing BC) contribute more than 80% to the composite aerosol optical depth,
AOD (at 0.5 mm) in the winter, whereas the natural dusts contribute more than 55%
in the summer months. Aerosols induce large negative surface forcing (more than
�20 W m�2) with higher values (more than �30 W m�2) during the premonsoon season,
when the transported natural dusts add to the anthropogenic aerosol pollution.
The SW surface cooling is partially (maximum up to 11%) compensated by LW surface
heating. The SW cloudy-sky aerosol DRE values are +1.4 ± 6.1, �23.3 ± 9.3 and
+24.8 ± 9.7 W m�2 for TOA, surface and atmosphere, respectively. Annually �5% BC
mass fraction contributes �9% to total AOD0.5, but �40% to the total aerosol
surface DRE. The annual mean (±SD) TOA, surface and atmospheric clear-sky SW
anthropogenic aerosol DRE over Kanpur are +0.3 ± 2.5, �19.9 ± 9 and +20.2 ± 9.9 W
m�2, respectively. Large negative surface forcing and positive atmospheric forcing
in the Kanpur region raise several climatic issues. Anthropogenic aerosols contribute
65.4% to the mean (±SD) annual heating rate of 0.84 ± 0.3 K d�1 over Kanpur. A
persistently large reduction of net surface radiation would affect the regional hydrological
cycle through changes in evaporation and sensible heat flux. Our study assesses the
aerosol direct radiative effects in Kanpur region for a 5 year period, which would provide
a baseline to more thoroughly address these climate-related issues in the future.

Citation: Dey, S., and S. N. Tripathi (2008), Aerosol direct radiative effects over Kanpur in the Indo-Gangetic basin, northern India:

Long-term (2001–2005) observations and implications to regional climate, J. Geophys. Res., 113, D04212,

doi:10.1029/2007JD009029.

1. Introduction

[2] Aerosols exert direct radiative effects (DRE) through
scattering and absorption of sunlight [Houghton et al.,
2001; Satheesh and Ramanathan, 2000], but the magnitude
and variability of the effect depends on the relative propor-
tion of the anthropogenic and natural components, as they
have distinct characteristics and size distributions

[Houghton et al. 2001; Kaufman et al., 2002, 2005; Chung
et al., 2005]. The DRE due to aerosols is defined as the
effect of aerosols (both natural and anthropogenic) on the
radiative fluxes. Similarly, the change in radiative flux due
to only anthropogenic aerosols can be termed as aerosol
direct radiative forcing (DRF) [Chung et al., 2005]. Aero-
sols also modify the Earth’s radiation budget through
interaction with clouds (indirect effect) and hence affect
the hydrological cycle [Ramanathan et al., 2001a]. In
regions, where both anthropogenic and natural aerosols play
important roles in modifying the climate, proper assessment
of anthropogenic aerosol forcing is also required to under-
stand its role in long-term climate change.
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[3] The Indo-Gangetic basin (IGB) in India (Figure 1) is
such a region, where anthropogenic and natural aerosols
show distinct seasonal characteristics and mixing [Dey et
al., 2004, 2005; Singh et al., 2004, 2005; Chinnam et al.,
2006; Tripathi et al., 2005a, 2005b, 2006; Tare et al., 2006].
The low-lying IGB is bordered by the Himalayan mountain
range in the north, Thar Desert and Arabian Sea in the west,
Bay of Bengal in the east and central Indian peninsula in the
south. It stretches from Pakistan in the west (68�E longi-
tude) to Bangladesh in the east (91�E longitude) encom-
passing most of the northern India (within 22 to 32�N
latitude range). IGB houses more than 600 million people
and is the most populated river basin in the world.
Topographically, IGB is homogeneous with fluvial land-
forms and fertile lands rich in agricultural production.
Increasing burden of population in the IGB has led to
rapid urbanization and change in the land use pattern. The
IGB as compared to other regions in India experiences four
distinct seasons, winter (December–February), premonsoon
(March–May), monsoon (June–September) and postmon-
soon (October–November).
[4] In terms of aerosol loading, IGB is one of the most

polluted regions in the world [Girolamo et al., 2004;
Ramanathan and Ramana, 2005; Jethva et al., 2005;
Tripathi et al., 2006; Ganguly et al., 2006; Dey and
Tripathi, 2007]. The industrial growth, increasing usage of
fossil fuel and other sources lead to massive aerosol load in
the region [Ramanathan and Ramana, 2005; Tripathi et al.,
2006; Dey and Tripathi, 2007]. The greenhouse gases and

the atmospheric brown clouds emitted by anthropogenic
activities in the region reduce the agricultural crop production
due to adverse changes in the regional climate [Auffhammer
et al., 2006]. Besides the anthropogenic pollution, natural
aerosols (mostly dust) contribute to the regional aerosol
loading in the summer months [Dey et al., 2004; Chinnam
et al., 2006], altering the aerosol optical properties and
radiative effects. Although there are numerous studies on
the estimations of the aerosol DRE outside the Indian
subcontinent [see Bates et al., 2006; Yu et al., 2006, and
references therein], a limited number of studies have been
done in the Indian subcontinent and even fewer in the IGB.
No previous study in India has included 5 year continuous
data sets to study long-term trends in the aerosol DRE; all of
them were for much shorter duration. Aerosol DRE esti-
mates in the IGB exists only for Delhi [Ganguly et al.,
2006], Hissar [Ramachandran et al., 2006] and Nainital
[Pant et al., 2006], that too for one month. Ramanathan and
Ramana [2005] have calculated aerosol DRE over the IGB
using data collected over Kathmandu, Nepal for a 3 year
period, but this site is located in the foothills of the
Himalayas, north of the IGB.
[5] Kanpur (26.47�N latitude, 80.33�E longitude, 142 m

above mean sea level), an urban/industrial site, is located in
the central part of the IGB and earlier studies have con-
firmed the huge aerosol load over this region [Singh et al.,
2004; Dey et al., 2004, 2005, 2006; Dey and Tripathi, 2007;
Chinnam et al., 2006; Tripathi et al., 2005a, 2005b, 2006;
Tare et al., 2006]. The high aerosol loading not only

Figure 1. Indo-Gangetic Basin (IGB, demarcated by box within the physical map of Indian
subcontinent) surrounded by the Himalayan mountain range, Thar Desert and the oceans. The major
cities lying in the central part of IGB are marked by stars, numbers 1, 2, 3, 4, 5, 6 and 7 representing
Delhi, Agra, Kanpur, Allahabad, Varanasi, Patna and Kolkata.
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influences the cloud microphysical properties over Kanpur,
but over the entire IGB [Tripathi et al., 2007a]. Previous
studies have assessed the seasonal variability of the aerosols
in this region, the influence of the dust events on the aerosol
optical properties and estimated the aerosol DRE for only
few months duration. However, none of them addressed
how seasonal variations in aerosol optical properties affect
the regional climate, how clouds might affect the aerosol
DRE in this region, and how much the contribution of
anthropogenic fraction to the composite aerosol DRE could
be.
[6] In this paper, we report, for the first time, monthly

mean 5-year (2001–2005) estimations of DRE due to
aerosols over Kanpur using ground-based and satellite
observations and through a regional aerosol optical model.
In the next section, the formulation of the optically equiv-
alent aerosol model is discussed. The results are described
in three parts; first, we describe composite aerosol DRE,
then the anthropogenic aerosol DRF and finally their
implications on the regional climate are discussed.

2. Methodology and Data Analysis

[7] The integration of surface observations and satellite
data in assessing aerosol DRE was successfully implemented
during Indian Ocean Experiment, INDOEX [Ramanathan et
al., 2001b; Satheesh et al., 1999, 2002]. We have adopted a
similar approach here for estimation of composite aerosol
DRE, but adopted a different approach for anthropogenic
aerosol DRF. The calculations are done for the 5 year period
of 2001–2005.

2.1. Formulation of Aerosol Optical Model

[8] For this study, we have developed an optically equiv-
alent aerosol model, considering the major anthropogenic
(water-solubles, wsol, and black carbon, BC) and natural
(dust) components [Tare et al., 2006] in this region, which
can simulate the optical properties comparable to the direct
observations within the instruments’ retrieval and measure-
ments’ uncertainty. Water solubles are the particles origi-
nating from gas-to-particle conversion and consist of
sulfates, nitrates etc. [Hess et al., 1998]. Tare et al. [2006]
have presented a detailed chemical analysis of the aerosols
in Kanpur region during a campaign and categorized the
sources into soil-derived, gas-to-particle conversion and
biomass burning. The unanalyzed part consists of carbona-
ceous aerosols, of which BC was measured by Aethalom-
eter. The size distribution of the major cations and anions
revealed that they are produced by anthropogenic activities
[Tare et al., 2006]. Even the biomass burning in this region
is anthropogenic, not natural. The only limitation is that we
do not have any data on organics and hence included them
in water-solubles. There may be uplifting of dusts due to
man-made erosion activities, but earlier studies have men-
tioned that the major source of dusts in this region is natural
[Singh et al., 2004; Dey et al., 2004; Chinnam et al., 2006].
Ground-based aerosol measurements have been carried out
in Kanpur by Aerosol Robotic Network (AERONET) Sun
photometer [Singh et al., 2004] since 2001, which include
spectral aerosol optical depth (AOD), single scattering
albedo (SSA), asymmetry parameter (g), volume size dis-
tribution and refractive indices (both real and imaginary).

Spectral AOD is derived at 7 wavelengths (0.34, 0.38, 0.44,
0.5, 0.67, 0.87 and 1.02 mm) in the visible to infrared
wavelength region, whereas the other optical properties are
retrieved at 4 wavelengths (0.44, 0.67, 0.87, 1.02 mm)
[Holben et al., 1998; Dubovik and King, 2000]. Retrieved
optical properties from AERONET represent composite
aerosols, hence it is important to differentiate the anthropo-
genic components from the natural aerosols to assess the
anthropogenic contribution to the total aerosol DRE. More-
over, AERONET provides optical properties in the UV to
NIR range (0.34 to 1.02 mm) and the extrapolation of the
optical properties in the entire SW and LW region would
induce errors in the estimation of the aerosol DRE. Hence
the AERONET data are used to constrain the model results
through which the role of the individual component to the
composite aerosol is assessed.
[9] Among the four components, BC number concentra-

tion is calculated from the measured data for the entire
period using the BC size distribution parameters of OPAC
(Optical Properties of Aerosols and Clouds) data set [Hess
et al., 1998]. Surface equivalent BC concentration was
measured by an Aethalometer (model AE-21-ER, Magee
Scientific, USA) from December 2004 to December 2005.
For the earlier period (January 2001 to November 2004),
we have considered the columnar BC inferred from the
AERONET measurements [Dey et al., 2006]. The overall
uncertainty in retrieval of columnar BC from AERONET
retrievals is �10%, which is quite similar to the uncertainty
of equivalent BC mass concentration measured by Aethal-
ometer [Babu and Moorthy, 2002]. Once the number
concentration of BC is fixed, the number concentrations
of the other components are varied in the OPAC model
iteratively, so that the model-derived optical properties
match with the AERONET-retrieved optical properties un-
der certain model constraints. The aerosol data set in OPAC
are modeled to represent aerosols of particular type or origin
[Hess et al., 1998]. Satheesh and Srinivasan [2006] have
shown that optically equivalent models developed using
OPAC size distributions and constrained by direct measure-
ments of composite aerosol properties can be used to
estimate aerosol DRE accurately, if the size-segregated
chemical compositions of various components are unavail-
able. However, the uncertainty in the aerosol DRE can be
reduced if such measurements are available. For winter
season, we have used the mass size distribution parameters
of various individual species measured during a land cam-
paign in Kanpur [Dey and Tripathi, 2007]. Hence, for the
winter season, the calculated number size distribution
parameters from Dey and Tripathi [2007] are used to
simulate the aerosol optical properties. The number size
distribution parameters derived from in situ measurements
differ at most by 15% from the OPAC size distribution
parameters [Hess et al., 1998]. For other seasons, because of
absence of size-separated chemical composition data, the
default size distribution parameters from OPAC database are
used. The extinction coefficient (bext), scattering coefficient
(bsca), absorption coefficient (babs), SSA, g and AOD at 61
wavelengths (between 0.25 and 40 mm) are simulated for
8 relative humidity values (RH of 0, 50, 70, 80, 90, 95, 98
and 99%). The RH was being measured by an automatic
weather station deployed at IIT-K campus from December
2004 onward. The instrument measures the ambient RH at
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each 5 min interval each day. We have averaged the daytime
measurements to obtain the monthly averaged RH for each
month at Kanpur region. The optical properties of the
composite aerosol at the RH closest to the monthly mean
ambient RH are considered for the comparison.
[10] As we do not have real-time vertical profile of

aerosol extinction, we assume that the distribution of
aerosols in vertical column would be similar to the BC
altitude profile derived from aircraft measurements during
January 2005 [Tripathi et al., 2005b] for the winter season,
which shows that most of the particles are present within the
boundary layer. Aerosol vertical profile over Delhi during
December 2004 from Lidar measurements [Ganguly et al.,
2006] has also proved that most of the aerosols are confined
within 1 km, above which the aerosol extinction becomes
low and constant, during the winter season. From the
measurement, the scale height for the winter season is
calculated to be �1.2 km. For the premonsoon and post-
monsoon seasons, the respective BC and total aerosol
concentration profiles [Tripathi et al., 2007b] are measured
using an aircraft. The measured BC and aerosol concen-
trations at different altitudes along the altitude profile are
fitted in OPAC model to estimate the BC and total aerosol
number concentration at the corresponding heights con-
strained by the observed BC mass fraction (fBC). From the
aerosol number concentration at different altitudes, the scale
height of the aerosols is calculated to be �1.3 km for these
seasons. As there is no information available for the aerosol
scale height for the monsoon season, the value for the
premonsoon and postmonsoon seasons is assumed. The
instruments and duration of measurements of various
parameters used in formulation of the optical model are
summarized in Table 1.

2.2. Model Constraints

[11] The optically equivalent aerosol model is
constrained with following condit ions: (1)

c2 ¼ 1
n

Pn
l¼1

AODl;AERONET � AODl;Model

� �1=2� �� �
should

be less than 0.025, which is comparable to the retrieval
error of observed AOD. (2) Angstrom exponent (a) of the
model and AERONET retrieval should match within ±5%,
so that the overestimation at the shorter wavelength and
underestimation at the higher wavelength or vice versa
should not lead to attaining minimum c2 [Satheesh and
Srinivasan, 2006] for AOD spectrum. (3) Model-derived
SSAl and gl should lie within ±5% of AERONET-retrieved

SSA and g at all four wavelengths, as the accuracy of
AERONET retrieval is 5% [Dubovik et al., 2000].
[12] During the iteration, first the number concentration

of water-solubles is set to the default value of ‘‘continental
polluted’’ model of OPAC. The number concentrations of
dust in fine and coarse mode are set to zero. Only the BC
number concentration is set to be fixed during iteration. The
number concentrations are then increased until the above
said all three criteria are satisfied. For comparison of the
model-derived composite aerosol optical properties with
AERONET retrievals, we chose 7 wavelengths (0.35, 0.4,
0.45, 0.5, 0.65, 0.9 and 1 mm) for AODl and four wave-
lengths (0.45, 0.65, 0.9 and 1.025 mm) for SSAl and gl,
which are closest to the AERONET retrieval channels. As
the model calculates the optical properties at various RH, to
make proper comparison, the individual optical properties at
RH closest to the ambient RH are selected. Then the
composite SSAl and gl are calculated using the following
relations:

SSAl ¼

P
i

bexti;lSSAi;lP
i

bexti;l
and gl ¼

P
i

bscai;l gi;lP
i

bscai;l
; ð1Þ

where the subscript ‘‘i’’ denotes the corresponding optical
property for a single component, bext and bsca are the
extinction and scattering coefficients of the individual
component at a given wavelength l. Composite AODl is
calculated by summing up the individual AODl. Equation
(1) simply represents the weighted average of the optical
property of all the components.
[13] Another factor to be considered here is the spectral

match of the optical properties. The AERONET provides
the optical properties at slightly different wavelengths as
compared to the model outputs. As the optical properties
vary spectrally, to have desired match, the wavelengths
should be similar. Hence the AERONET-retrieved optical
properties are interpolated to the wavelengths at which the
model-derived optical properties are calculated. We have
followed the nonlinear interpolation technique as suggested
by Tripathi et al. [2005c], which uses a second-order
polynomial equation for interpolation.
[14] For the anthropogenic aerosol DRF, the anthropo-

genic aerosol optical properties are simulated considering
the optical properties of only BC and water-solubles. The
mass fraction (f) of each component for each month
averaged for 5 years is shown in Figure 2. fBC has an

Table 1. List of Measured or Retrieved Parameters Used in the Formulation of the Optically Equivalent Aerosol Model for Kanpur

Region

Parameters Instruments Type Period

BC concentration aethalometer in situ surface measurements Dec 2004 onward
BC concentration AERONET retrieval using Dey et al. [2006] algorithm Jan 2001 to Nov 2004
Aerosol altitude profile optical particle counter aircraft measurements (up to 2 km) Jun 2006 and Oct 2006
BC altitude profile aethalometer aircraft measurements (up to 2 km) Jan 2005, Jun 2006 and Oct 2006
AODl AERONET ground-based retrieval Jan 2001 to Dec 2005
SSAl AERONET ground-based retrieval Jan 2001 to Dec 2005
gl AERONET ground-based retrieval Jan 2001 to Dec 2005
Size-separated chemical
composition

high volume sampler and
Anderson impactor

sampling and chemical analysis
[Tare et al., 2006]

Dec 2004 to Jan 2005

Meteorological parameters automatic weather station direct in situ measurements Dec 2004 onward
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uncertainty of �14% [Babu and Moorthy, 2002], whether
the fdust (fine + coarse mode) has uncertainty of �16%. The
uncertainty in the mass fractions is based on the measure-
ment uncertainty and the uncertainty due to missing com-
ponents in the analysis, as the mass fractions are calculated
by summing up the mass concentrations of the analyzed
components. The mass of wsol components (including the
water associated with it) are found to increase linearly with
increasing RH up to 70% RH, beyond which the change is
exponential. This suggests that at RH higher than 70%,
the mass of wsol components are very much sensitive to the
change in RH. In the calculations, at RH less than 70%, the
uncertainty in the change in mass of wsol due to changes in
RH would be �2% and above 70% RH, it would be �6%.
This would lead to an overall uncertainty of 17–20% in
fwsol. fBC varies from a high of �8% in the winter season to
a low �3% in the monsoon season and fwsol varies from a
high of �80% in the winter season to a low �50% in the
months of May and June, when fdust-c and fwsol are nearly
same. fdust-f is less than 0.5% on annual scale. The recon-
struction of mass of various components is sensitive to RH.
If RH decreases, fwsol will reduce, as the water-soluble
component is hygroscopic.

2.3. Aerosol DRE Estimation in Clear and Cloudy-Sky
Conditions

[15] Aerosol DRE is defined as the effect of aerosols on
the net (upward minus downward) radiative fluxes at the
surface and at the top-of-atmosphere, the difference being
trapped in the atmosphere and transformed into heat energy.
Aerosol DRE at both top-of-the-atmosphere (TOA) and
surface has been estimated from the difference in radiative
fluxes calculated for the aerosol-free and aerosol-laden
atmosphere. Aerosols mostly interact with the incoming solar
radiation in the shortwave region (SW, 0.25–4 mm), but
they also perturb the outgoing longwave (LW, 4–100 mm)
radiation budget.
[16] For radiative transfer calculations, we have used

Santa Barbara Discrete Ordinate Radiative Transfer
(SBDART) model developed by Ricchiazzi et al. [1998].
SBDART is a plane-parallel radiative transfer code based on
the discrete ordinate approach and has been used by many
investigators to estimate aerosol radiative forcing. The
radiative transfer equations are numerically integrated with
Discrete Ordinate Radiative Transfer (DISORT) module

[Stamnes et al., 1988] in the SBDART, which uses a
numerically stable algorithm to solve the equations of
plane-parallel radiative transfer in a vertically inhomoge-
neous atmosphere.
[17] The basic input parameters required for the DISORT

module in SBDART are spectral AOD, SSA and g. Spectral
AOD, SSA and g (in the wavelength range 0.25 to 40 mm)
obtained from the optical model have been incorporated in
the SBDART model to compute the SW and LW aerosol
DRE. Finally the aerosol DRE is estimated as diurnal
average following Dey and Tripathi [2007]. Surface albedo
values are taken from Moderate Resolution Imaging Spec-
troradiometer (MODIS) surface albedo product (MODIS/
Terra Albedo; 16-Day; level-3 Global 1 km SIN Grid). The
surface albedo for each month is obtained by averaging the
values of each day in that particular month. We have used
the columnar water vapor values from AERONET and
columnar ozone concentration values from Total Ozone
Mapping Spectroradiometer data averaged over each month
period. First, the TOA and surface aerosol DRE are esti-
mated for Kanpur region for clear-sky conditions.
[18] Clouds impart an important effect in the solar-cli-

mate interaction through reflection (commonly known as
‘‘albedo effect’’), scattering and absorption. Their presence
in the atmosphere, not only induces surface cooling, but
also modifies the magnitude and nature of the aerosol
forcing in clear-sky condition. Clouds interact with the
incoming as well as outgoing radiation and thus alter the
radiative balance of the atmosphere. The important cloud
parameters that influence the aerosol DRE are the position
of the cloud with respect to aerosol, COD, Reff and h. In this
analysis, cloudy-sky aerosol DRE (DFcldy) at TOA and
surface are calculated using the corresponding clear-sky
aerosol DRE (DFclr) and cloud fraction (h) [Satheesh et
al., 2006]:

DFcldy ¼ DFclr 1� hð Þ þ hDFov; ð2Þ

where DFov is the aerosol forcing in the overcast condition,
considering 100% cloud cover (i.e., h = 1). The aerosol
DRE in and without the presence of clouds are found to be
different, as discussed in section 3.2.
[19] DFcldy was parameterized in terms of DFclr (equa-

tions (3a)–(3d)) and other controlling parameters using the

Figure 2. Mass fraction of each component (in %). Each bar represents the value for that particular
month averaged for 5 years (for uncertainties, see the text).
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values of the cloud optical and microphysical properties
obtained for the same period. In these expressions DFcldy
and DFclr are computed using the model-derived aerosol
optical properties, as discussed earlier. These parameter-
izations will help assessing the cloudy-sky aerosol forcing
from the clear-sky aerosol forcing and the cloud parameters
without running the radiative transfer model in future. The
expressions for DFcldy for TOA and surface in the SW and
LW are given below along with the root mean square error
(RMSE) respectively.

LWsurface : DFCldy ¼ 0:54661*DFClrð Þ
� 0:02115*Reffð Þ � 0:02526*tcð Þ
� 0:00293*CTPð Þ � 4:02088*hð Þ
þ 4:76923*Rð Þ þ 3:59643;

RMSE ¼ 0:43 W m�2; ð3aÞ

LWTOA : DFCldy ¼ 0:8326*DFClrð Þ þ 0:01392*Reffð Þ
� 0:00366*tcð Þ þ 0:00334*CTPð Þ
� 1:60292*hð Þ þ 5:53623*Rð Þ � 3:31403;

RMSE ¼ 0:6 Wm�2; ð3bÞ

SWSurface : DFCldy ¼ 0:65548*DFClrð Þ � 0:00416*Reffð Þ
þ 0:38632*tcð Þ � 0:00181*CTPð Þ
þ 17:0106*hð Þ � 35:30824*Rð Þ � 4:10464;

RMSE ¼ 2:66 W m�2; ð3cÞ

SWTOA : DFCldy ¼ 1:02291*DFClrð Þ � 0:11179*Reffð Þ
þ 0:21542*tcð Þ þ 0:00903*CTPð Þ
þ 14:3935*hð Þ � 49:63933*Rð Þ þ 4:52453;

RMSE ¼ 1:95 W m�2: ð3dÞ

[20] In these expressions, Reff and tc are the effective
radius and cloud optical depth (COD) of the water/ice
clouds, CTP is the cloud top pressure and R is the surface
albedo. The cloud parameters are taken from MODIS.
MODIS retrieves the cloud optical and microphysical
parameters with 1 km spatial resolution using six bands in
the visible to infrared region. First, the pixel is tested
whether it is suitable for cloud retrieval (i.e., whether the
cloud fraction exceeds the detection threshold). Then the
appropriate thermodynamic phase is determined (for more
details, see Platnick et al. [2003] and King et al. [1998,
2003]). The data for each pixel (level 2 data) are grouped
into 1� � 1� grid with detailed statistical measures to
produce level-3 data set, MOD06 [King et al., 2003].
For our computations, if the cloud is low-level cloud

(CTP > 680 hPa), the parameters for water phase, for
medium-level clouds (680 < CTP < 440 hPa), combined
phase and for high-level clouds (CTP < 440 hPa), ice phase
have been used [Doutriaux-Boucher and Sèze, 1998].
MODIS provides only CTP; hence for cloud bottom pres-
sure (CBP), we have collected data of mixing condensation
level (MCL) measured in Chakeri airbase, Kanpur through
balloon-sonde. The balloon-sonde was collected twice daily,
one in the morning (5.30 local time or 0 GMT) and one in
the afternoon (17.30 local time or 12 GMT) to collect
information on vertical profiles of temperature, RH and
other meteorological parameters. In absence of near real-
time data about cloud bottom height, computations were
made assuming MCL to be the maximum possible cloud
base. The cloud geometrical thickness is deduced from the
CTP and CBP for each month. The parameterized equations
will help determining the cloudy-sky aerosol DRE over
Kanpur using clear-sky aerosol DRE values without running
the radiative transfer model.

2.4. Anthropogenic Aerosol DRF

[21] In our estimation of anthropogenic aerosol DRF, we
consider BC and water-soluble components as the major
anthropogenic species in the region. The water-soluble
components in this region comprise mainly (NH4)2SO4,
NO3

�, Cl�, Na+, K+ [Dey and Tripathi, 2007] and organics.
Here it should be mentioned that the estimations are made
ignoring any anthropogenic contribution to the dust through
land cover changes. Anthropogenic aerosol DRF over
Kanpur has been estimated using the anthropogenic AODl,
SSAl and gl, derived from the optical model, as input to the
SBDART. A relationship between total aerosol DRF (DF)
and anthropogenic aerosol DRF (DFA) was established
following Kaufman et al. [2005]

DFA ¼ DF*AEF*AF; ð4Þ

where AEF (anthropogenic efficiency factor) is defined as
the ratio of anthropogenic aerosol forcing efficiency to total
aerosol forcing efficiency and AF is the anthropogenic
fraction. The forcing efficiency can be defined as the
forcing per unit optical depth.
[22] The AEF signifies the relative proportion of the

anthropogenic aerosol forcing efficiency to the composite
aerosol forcing efficiency. AEF values greater than unity
(October-February in Table 2) implies higher forcing effi-
ciency for anthropogenic aerosols as compared to that of
composite aerosols, which means during this period, the
composite aerosol properties are dominated by the anthro-
pogenic components. The values of AEF for each month
(Table 2) are derived from the estimated anthropogenic
aerosol DRF and composite aerosol DRE for Kanpur region
using SBDART. The utility of the AEF is that it can be used
to estimate the anthropogenic aerosol DRF in future for this
region, if the composite aerosol DRE and AF are known.

Table 2. Anthropogenic Efficiency Factors for Surface and Atmospheric Aerosol DRE for Each Month

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Surface 1.05 1.19 0.97 0.78 0.95 0.97 0.57 0.8 0.94 1.05 1.08 1.09
Atmospheric 1.19 1.52 1.02 0.8 1.17 1.17 0.69 0.84 0.89 1.22 1.11 1.36
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DFTOA flips sign from negative to positive and sometimes
become zero (i.e., surface cooling is compensated by the
atmospheric heating). So the AEF values for TOA forcing
may be unrealistic and hence we have calculated the AEF
values for surface and atmosphere forcing. The anthropo-
genic TOA aerosol DRE can be estimated from the surface
and atmospheric anthropogenic aerosol DRF values.
[23] The critical part of the above equation is AF, as no

such measurements exist in IGB. Using these model calcu-
lations in conjunction with the satellite data, we suggest a
method to estimate the AF for this region. AF represents the
relative contribution of the anthropogenic components to the
total AOD. The above said relation will enable assessment
of the anthropogenic contribution to the total aerosol DRE
over Kanpur only if the AF can be known. In absence of
any direct measurements, we employ MODIS-aerosol fine
mode fraction (AFMF) product to infer the AF. Past studies
have utilized MODIS AFMF data to assess the anthropo-
genic contribution over the oceanic region [Kaufman et al.,
2005], as in general, anthropogenic aerosols dominate in
the fine mode fraction. The model-derived AF was com-
pared with the MODIS-AFMF product in 1� � 1� grid over
Kanpur for the entire 5 year period and a statistically
significant relationship was established at 95% confidence
level:

AF ¼ AFMF*0:65þ 0:1534: ð5Þ

The correlation coefficient of the model-derived AF and
the MODIS-derived AFMF is 0.96. Comparison of
MODIS AFMF product with our model-derived AF
reveals that MODIS AFMF product has a bias and needs
to be corrected to determine the AF over this region. Thus
using the above relation, AF can be estimated and subse-
quently the anthropogenic aerosol DRF can be assessed for
this region. This method of estimation of anthropogenic
aerosol DRF has two advantages. First, as AEF is the ratio
of two equivalent terms, overall uncertainty will not
increase. Second, the AF is validated against the model
outputs, which are already matched with ground-based
measurements.

2.5. Error Budget of the Aerosol DRE Estimations

[24] While discussing the implications of the temporal
variations of radiative forcing due to aerosols, it is important
to account for the error budget for such estimations. The
source and magnitude of the uncertainties will indicate the
present status of the required data and future needs and help
in comparing with other estimations globally.
[25] The aerosol DRE has been estimated for Kanpur

using the model-derived optical properties in SW and LW

wavelength regions. Numerous factors influence the aerosol
optical properties and hence the DRE, e.g., size distribution
and scale height of each species, state of mixing, RH,
chemical composition, surface albedo and sky condition
(clouds). Information about individual scale height for each
species is not available in the Indian region. Sensitivity
study shows that reduction of scale height from 1.2 km to
0.8 km (value reported during INDOEX by Satheesh et al.
[1999]) reduces AOD0.5 by �10% along with flattening of
AOD spectrum. Lower scale height indicates less dispersion
of aerosols in the atmospheric column, which leads to
overall lower extinction. In that condition, surface aerosol
DRE is estimated to be higher by 2 W m�2 (than the present
case) and TOA aerosol DRE is lower by �2.6 W m�2. An
increase of 20% in the modal radius (Rm) of BC size
distribution increases the composite SSA and g (at 0.5 mm)
by �2% and 0.4%, respectively and decreases the compos-
ite AOD0.5 by 5.8%. This would induce an error of 5% on
the TOA and surface DRE estimation. The aerosol optical
properties are retrieved with ± 5% error by AERONET; the
retrieval error is even less for large AOD [Dubovik et al.,
2000]. The uncertainty in BC measurements is �10% [Babu
and Moorthy, 2002]. However, the fBC is more important
than the absolute mass of BC from the radiative forcing
point of view, and measurement uncertainty of fBC is �14%
[Babu and Moorthy, 2002].
[26] Table 3a lists the various sources of uncertainties,

which lead to the overall uncertainty of various proportions
in the estimates of the aerosol DRE (Table 3b). The aerosol
DRE estimations require the aerosol optical properties,
surface albedo, columnar water vapor and ozone concen-
tration, and aerosol vertical distribution for clear-sky con-
ditions and cloud parameters in addition to those parameters
for cloudy-sky condition. The aerosol optical properties
depend on the aerosol chemical composition, where we
have assumed the organics to be water solubles. This may
lead to additional error, but our composite aerosol optical
properties are constrained by the AERONET retrievals.
While constraining the number concentrations of the indi-
vidual components by comparison with the AERONET-
retrieved AOD spectrum, similar AOD spectrum may arise
because of multiple combinations. However, in that case,

Table 3a. Sources of Uncertainties in the Estimates of the Aerosol DRE and Anthropogenic Aerosol DRF

Estimates Sources of Uncertainties Uncertainty in Estimates

Aerosol clear- and cloudy-sky DRE optical properties 10%
Aerosol clear- and cloudy-sky DRE surface albedo 1.5% [Dey and Tripathi, 2007]
Aerosol clear- and cloudy-sky DRE scale height 5%
Aerosol clear- and cloudy-sky DRE columnar water vapor 10%
Aerosol clear- and cloudy-sky DRE columnar ozone 5%
Aerosol cloudy-sky DRE cloud parameters 10–20%
Anthropogenic aerosol DRF anthropogenic fraction 6%
Anthropogenic aerosol DRF cloud parameters 10–20%

Table 3b. Overall Uncertainties in the Estimates of the Aerosol

DRF and Anthropogenic Aerosol DRF

Estimates Overall Uncertainty

Aerosol clear-sky DRE 15%
Aerosol cloudy-sky DRE 20%
Clear-sky anthropogenic DRF 21%
Cloudy-sky anthropogenic DRF 25%
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the resulting SSA and g spectra for each combination would
be different. To restrict this possibility, we have matched the
model-derived SSA and g spectra with the AERONET
retrieved SSA and g spectra within the retrieval uncertainty,
which leads to a unique combination of various individual
components that can be the best representative of the com-
posite aerosol optical properties. Thus the model-derived
optical properties also exhibit similar uncertainty as of the
AERONET retrievals, which are used for radiative transfer
calculations for Kanpur region. MODIS-derived surface
albedo value can have an average of 6% error in the SW
region [Strahler et al., 1999], which will induce �3.5 and
1.5% error in the estimated TOA and surface forcing,
respectively. For anthropogenic aerosol DRF, MODIS
AFMF product was corrected after comparing with modeled
anthropogenic fraction with 6% uncertainty. As we used
AEF, which is a ratio of two similar quantities, the errors in
the forcing efficiencies will cancel.
[27] The retrieval error of CTP is 50 hPa for clouds present

at more than 3 km height, error being higher for lower clouds

[Platnick et al., 2003]. The model uncertainty of Reff is
�0.5 mm for Reff < 20 mm. Uncertainty analysis reveals
that for COD �50, error in Reff is less than 0.1 mm, but for
optically thin clouds (COD �1), error in Reff is higher
(�0.3 mm). Overall, the retrieval uncertainty is large for
smaller values of COD and Reff. The physical uncertainty
in Reff is in between 1 and 3 mm for optically thick clouds
[King et al., 2003]. Sensitivity study shows COD and
cloud fraction (CF) are the two most important parameters
influencing the cloudy-sky aerosol forcing. Since, cloudy-
sky aerosol DRE is mostly sensitive to COD, large error in
Reff does not affect the overall uncertainty much.
[28] The total uncertainty in the estimation of various

types of aerosol forcing was then estimated by standard
method of error estimation [Taylor, 1982]:

EDF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i¼1

d DFð Þ
dxi

� �
E xið Þ2

s
; ð6Þ

Figure 3. (a) Aerosol optical depth spectrum over Kanpur for 2001–2005 as retrieved by AERONET. J,
A, J and O represent January, April, July and October sequentially. (b) Scatterplot between monthly
averaged AOD0.5 and Angstrom exponent for different years showing the interannual variation in the
nature of aerosol loading over Kanpur. The solid lines are the corresponding 5-year means and the dashed
lines are the standard deviations.
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where EDF is the error in the estimated forcing, d(DF)/dxi is
the first-order derivative of the forcing with respect to ith
parameter (xi) and E(xi) is the measurement or retrieval
error due to ith parameter. As shown in Table 3b, the total
uncertainty in the estimations of clear-sky aerosol DRE,
cloudy-sky aerosol DRE, clear-sky DRF due to anthropo-
genic fractions and cloudy-sky DRF due to anthropogenic
fractions are 15%, 20%, 21% and 25%, respectively. In
future, more in situ measurements of various aerosol, cloud
and atmospheric parameters in temporal scale are required
to minimize this uncertainty. However, with the present
status of data set for this region, these estimates are the best
to our knowledge.

3. Results

[29] In this section, the important observations made from
the temporal heterogeneity of various forcing values over
Kanpur are described. First, the key features of aerosol
optical properties, derived from the optically equivalent
model, are discussed. Then the nature of composite aerosol
DRE is discussed followed by anthropogenic aerosol DRF.
As the direct effect is significant in the SW portion of the
spectrum, the results are mostly shown for SW. However,
we have discussed the results about LW forcing whenever
appropriate.

3.1. Aerosol Characterization

[30] Model-derived spectral AOD over Kanpur for the 60
months period is shown in Figure 3a. AOD shows strong
seasonal variation with reduced spectral dependence during
the premonsoon season (March-May) due to enhanced dust
loading [Dey et al., 2004]. Mean (± standard deviation)
annual AOD at 0.5 mm wavelength for the 5 years, 0.58 ±
0.15, 0.61 ± 0.18, 0.64 ± 0.27, 0.60 ± 0.19 and 0.58 ± 0.10,
respectively, signifies very high aerosol loading. Among the
5 years, no significant increasing or decreasing trend is
observed in the AOD0.5. Although the nature of spectral
variation is similar in broader sense, the magnitude of the
AODl varies from one year to another. A detailed discus-
sion on interannual variation of aerosol optical properties is
beyond the scope of this paper; however it should be
pointed out that the low spectral dependence of AOD lasts
longer in 2002 and 2003, when dust activities were pro-

longed. The scatterplot between AOD0.5 and a for all the
5 years (Figure 3b) reveals three important features. First, in
some months, AOD is nearly equal or more than the 5-year
mean, with a nearly equal or lower than the 5-year mean –
SD. These months show maximum dust events within the
time period and the composite aerosol optical properties are
mostly dominated by mineral dust. Secondly, in those
months, when AOD is nearly equal or more than 5-yearly
mean, with a nearly equal or lower than the 5-year mean +
SD, the composite aerosol optical properties are mostly
dominated by anthropogenic fine mode aerosols, with
insignificant contribution of natural dusts. In rest of the
months, the contribution to the composite aerosol optical
properties is combined. This indicates that despite being an
urban/industrial site in the heart of the IGB, this region has a
complex nature of aerosol loading depending on the mete-
orological conditions.
[31] The relative contribution (RC) of various major

components to AOD0.5 over Kanpur for each month is
shown in Figure 4a. RCwsol in January is as high as 67%,
which reduces to mere 30% in June and again builds up to
reach 69% in December. RCBC is high in winter months
(>11%) and low during the summer months (<6%). RCdust-f

varies between 1 and 3% and RCdust-c is highest in May and
June (>60%). More interesting is the spectral behavior of
RC of the components (Figure 4b). RCwsol shows strong
spectral decrease, whereas RCdust-c shows strong spectral
increasing trend. RCBC spectrally decreases with varying
trend in different seasons. RCwsol, RBC and RCdust-c in the
ultraviolet to near infra red wavelength (0.25 to 1.25 mm), is
parameterized in the following form:

RCi lð Þ ¼ ai þ bil; ð7Þ

where ‘‘ai’’ and ‘‘bi’’ are two coefficients representing the
RCi (0.25 mm) and the rate of change of RCi with
wavelength. RCdust-f is fitted with second-order polynomial
equation:

RC lð Þ ¼ al2 þ blþ c; ð8Þ

as its spectral variation initially increases and then
decreases, although this variation is small. Values of ‘‘a’’

Figure 4a. Relative share of different components to composite AOD0.5. Each bar represents the value
for that particular month averaged for 5 years. The arrow indicates the period of dust transportation to
Kanpur from the arid regions.
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and ‘‘b’’ for the three components and ‘‘a,’’ ‘‘b’’ and ‘‘c’’ for
in the four seasons are listed in Table 4.
[32] Besides the AOD, SSA is the most significant

parameter influencing the radiative forcing. Throughout
the year, SSA (at 0.5 mm) over Kanpur is low (<0.9 for
most of the times) because of the presence of absorbing
aerosols. However, the spectral variation differs seasonally
depending on the relative proportions of the scattering and
absorbing components (Figure 4c). In the winter, SSA
shows decreasing trend with wavelength, while in the
premonsoon season and sometimes in the monsoon, the
trend gets reversed. In the postmonsoon season, the varia-
tion is mostly spectrally insensitive. Decreasing trend of
SSA implies coexistence of scattering water-soluble and
absorbing aerosols, as the rate of decrease of scattering
coefficient with wavelength is faster than the rate of
decrease of absorbing coefficient.
[33] In the condition where dust is the major player, SSA

increases with wavelength, as absorption due to dust is
much higher at the lower wavelengths and rapidly decreases

in the higher wavelengths. The opposing characteristics of
wavelength dependence of SSA, i.e., the spectrally increas-
ing and decreasing trends are canceled out in the postmon-
soon season leading to least spectral variation, as dust could
not influence the optical properties in such extent as
compared to that in the premonsoon and monsoon seasons.
In the monsoon, some years like 2002 and 2003, when dust
activities were prolonged, the variation becomes similar to
that in the premonsoon season. Hence maximum interan-
nual variation for SSA spectrum is found for the monsoon
season. Decreasing absorption spectrum along with low
SSA observed during winter in Delhi [Ganguly et al.,
2006] and Kathmandu (in the Himalayan foothills, which
is northernmost part of IGB [Ramanathan and Ramana,
2005]) from independent measurements supports the fact
that the optical properties are not significantly different in
the other locations of the IGB.

3.2. Temporal Heterogeneity of Total Aerosol DRE

[34] In this section, the monthly mean climatology and
the interannual variations of aerosol DRE in clear-sky

Figure 4b. Spectral variability of relative share of each component to the composite AOD in (top left)
winter, (top right) premonsoon, (bottom left) monsoon and (bottom right) postmonsoon seasons.

Table 4. Values of ‘‘a,’’ ‘‘b’’ and ‘‘c’’ in Winter (December–February), Premonsoon (March–May), Monsoon (June–September) and

Postmonsoon (October–November) Seasons

Winter Premonsoon Monsoon Postmonsoon

a b c a b c a b c a b c

Wsol 84.42 �38.29 69.13 �46.74 66.1 �46.43 87.59 �42.67
BC 15.54 �5.36 9.1 �5.22 7.8 �4.97 11.43 �3.74
Dustf �2.13 2.87 1.21 �1.7 0.91 2.74 3.74 �10.31 9.42 �2.32 3.05 1.34
Dustc �2.09 43.83 18.3 53.48 22.59 53.14 �1.35 46.67
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(Figure 5a) and cloudy-sky (Figure 5b) conditions over
Kanpur are discussed. In the following discussions, aerosol
DRE will be referred to as forcing for sake of brevity. The
annual mean ± SD (ranges given within brackets) TOA,
surface and atmospheric clear-sky forcing over Kanpur are
�4.1 ± 6 (�19.6 to +6.1), �31.8 ± 10.9 (�5.8 to �62.3)
and +27.7 ± 10.4 (+11.6 to +63) W m�2, respectively. The
corresponding cloudy-sky forcing values are +1.4 ± 6.1
(�10.2 to +16.6), �23.3 ± 9.3 (�3.5 to �43.8) and +24.8 ±
9.7 (+5.4 to +51.8) W m�2, respectively. Clear-sky forcing
reveals three major points. First, large negative surface
forcing (more than �20 W m�2) was observed in all the
months with two peaks, one during the winter and the other
during the premonsoon when the surface forcing exceeds
�30 W m�2. Secondly, TOA forcing was close to zero in
January, July and September, negative in other months
except August when TOA forcing flips to positive sign.

Thirdly, very high atmospheric heating persists throughout
the year. The surface cooling in the SW is compensated
maximum up to 11% by LW surface heating in the
summer months. However, LW atmospheric forcing close
to zero (i.e., the TOA and surface LW forcing cancel out
each other) in most of the months except monsoon season
(>1.5 W m�2) indicate that the atmospheric heating is
negligible in the LW region.
[35] In presence of clouds, mean annual TOA forcing

switches from cooling to heating, while the surface forcing
becomes less negative. This has compensated the excess
heating at TOA maintaining the atmospheric heating almost
similar to the clear-sky condition. The reduction in magni-
tude of the negative surface forcing in cloudy-sky condition
is high (more than 10 W m�2) during the December-January
and May-July. In these months, TOA forcing also increases
by more than 7 W m�2. In the winter and summer months,
clouds over Kanpur are mostly stratocumulus with high
optical depth. During the winter, as most of the aerosols are
confined within the boundary layer, they get lesser chance
to interact with the incoming solar radiation, a major part of
which is reflected back to the space by optically thick
clouds. Hence the surface cooling due to aerosols reduces
and TOA forcing flips toward positive side indicating
warming effect.
[36] The temporal variations of aerosol forcing in clear

and cloudy-sky forcing are shown in Figures 5c and 5d. It is
interesting to note that the monthly variations of aerosol
forcing over Kanpur in each year are not uniform. For
example, in 2003, the dust activity was the most intense, but
the aerosol loading decreased very sharply after June, when
monsoonal rain started, resulting in lowest aerosol surface
DRE. In August, the absolute magnitude of surface DRE is
low because of the smallest aerosol loading; hence the
relative change in surface forcing due to inclusion of cloud

Figure 4c. Spectral variation of SSA as derived by the
model in winter (WIN), premonsoon (PRM), monsoon
(MON) and postmonsoon (POM) seasons. The values are
averaged for 5 years.

Figure 5a. Clear-sky aerosol DRE over Kanpur at TOA, surface (Sfc) and atmosphere. Each column is
the monthly mean value for 5 years (2001–2005), and the vertical bars are the corresponding standard
deviations. The values above the atmospheric forcing column are the corresponding mean LW
atmospheric forcing.

D04212 DEY AND TRIPATHI: AEROSOL RADIATIVE EFFECTS OVER KANPUR

11 of 20

D04212



is also less. In other months, as the cloud fraction is low
(<0.3), the effect is not so conspicuous. In the LW region,
however, the atmospheric forcing increases because of more
interaction of clouds with the LW radiation. The sensitivity
of the aerosol surface forcing to the various cloud param-
eters are tested to find the most influential cloud parameter
in reduction of aerosol surface forcing. Each cloud param-
eter was linearly correlated to the difference between the
aerosol surface forcing estimates in clear and cloudy-sky
and the rate of change of aerosol surface forcing per 10%
change in cloud parameters are summarized in Table 5. The
cloud fraction emerges the most important parameter. For
same cloud fraction, higher-level clouds will cause higher
reduction in surface cooling than low-level clouds. Again,
brighter clouds (i.e., having higher COD) will cause larger
reduction in aerosol surface forcing. The brightness or
reflectivity of clouds is affected by aerosol properties (i.e.,
the indirect effect) and the formation of clouds at certain
altitude is affected by meteorology. Hence both will govern
the role of clouds on affecting the aerosol direct radiative
effects. There is one study done on the aerosol indirect
effect in the IGB [Tripathi et al., 2007a], where the intensity
of aerosol indirect effect is shown to be pronounced in the
winter season, while in the other seasons, the role of
meteorology cannot be overlooked. From our analyses, it
can be commented that the presence of clouds alter the
aerosol DRE quite significantly depending on their macro-
physical and microphysical properties, which in turn depend
on the aerosol properties and the meteorology. However,
many more studies are actually required before drawing any
quantitative conclusions.
[37] The monthly variations in the aerosol forcing values

are evident, with maximum intra-annual variation occurring
in the year 2004. The yearly averaged cloud fraction and its
temporal pattern in the 5 years are similar. However, in the
years 2003 and 2004, the cloud fractions in the winter are
higher than that in the other years. Again, in the year 2005,
the cloud fraction in the monsoon season is relatively lower

than the previous years. Unlike the Indian Ocean, the SW
atmospheric aerosol forcing over Kanpur in cloudy-sky
condition most of the time decreases as compared to the
clear-sky atmospheric aerosol forcing with exception in few
months. However, in the LW region, the effect is found to
be reversed. Both the TOA and surface forcing are positive
in clear-sky condition, leading to a very small cooling effect
in the atmosphere sometimes. When cloud parameters are
incorporated, the surface forcing is reduced at a much
higher rate than the TOA forcing, and hence the atmospher-
ic absorption increases. This effect is found to be more
conspicuous when the low-level clouds are present. How-
ever, no statistically significant trend is found for the aerosol
forcing in these 5 years.
[38] The total aerosol surface forcing is partitioned to

investigate the contribution of individual components to the
aerosol DRE in this region (Figure 6). The monthly varia-
tions of RC of various components to DRE are different
from the variations of their mass fractions or RC to AOD.
RCBC varies from a high of �56% in the winter to a low of
�19% in May. On an annual basis, �5% BC mass fraction
(fBC) contributes �9% to total AOD0.5, but �40% to the
total aerosol surface forcing. Water-soluble components
contribute to �20% to the annual surface forcing, and the
contribution is almost similar throughout the year except in
June (�10%). RCdust-f is lower than 2% for all the months.
Annually, RCdust-c is 29% to the total aerosol mass, 34% to
AOD0.5 and 39% to the total surface forcing. RCdust-c to
total surface forcing is more than 55% during April-July and
less than 20% during November to February. RC of various
components clearly indicates that BC is the most crucial
player in the aerosol surface forcing for this region. Higher
absorption of incoming solar radiation by BC as compared
to the other components lead to higher RC of BC to
composite aerosol surface forcing. RCBC to the total aerosol
surface forcing during the INDOEX was found to be �35%
[Podgorny et al., 2000], which is 1.6 times less than the
wintertime value in Kanpur.

Figure 5b. Same as Figure 5a but for cloudy-sky conditions.
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3.3. Anthropogenic Contribution to the Aerosol DRE

[39] In this section, the temporal variability of aerosol
forcing due to anthropogenic fraction over Kanpur are
discussed with the term ‘‘anthropogenic forcing’’ used for
‘‘anthropogenic aerosol DRF’’ for sake of brevity. Monthly
mean SW anthropogenic and natural (total minus anthropo-
genic) forcing at surface over Kanpur are shown in Figure
7a. The anthropogenic surface forcing contributes to more
than 80% of total aerosol surface forcing from October to
February. Anthropogenic surface forcing starts decreasing
from March onward, and from April, natural forcing over-

takes the anthropogenic forcing. The relative proportion of
anthropogenic forcing to total forcing is lowest (29%) in the
month of July. The annual mean ±SD (ranges within
brackets) TOA, surface and atmospheric clear-sky anthro-
pogenic forcing over Kanpur are +0.3 ± 2.5 (�2.4 to +4.8),
�19.9 ± 9 (�8.5 to �34.3) and +20.2 ± 9.9 (+10.9 to
+38.6) W m�2, respectively. The most striking observation
is that if only anthropogenic aerosols are considered, TOA
forcing increases by a large margin. The corresponding
cloudy-sky forcing values are +2.4 ± 4.3 (�1.9 to +11),
�16.7 ± 8.1 (�5.7 to �31.1) and +19.1 ± 9.7 (+9 to +34.3)

Figure 5c. Temporal variation of monthly averaged TOA, surface and atmospheric clear-sky SW
aerosol DRE along with AOD0.5 (bold line with stars) in Kanpur shown as monthly averages. The annual
average (±SD) values are written in each box (starting from 2001 on the left to 2005 on the right).
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W m�2, respectively. Similar to total forcing, inclusion of
clouds increases the TOA forcing, which balances the
reduction of the surface forcing for most of the months
(Figure 7b). However, in the monsoon season and in
January, the atmospheric forcing in cloudy-sky condition
decreases by more than 10% as compared to clear-sky
condition. The mean annual contribution of the anthropo-
genic surface and atmospheric forcing to the total surface
and atmospheric forcing over Kanpur is 63% and 71%
respectively.
[40] The temporal variations of the TOA, surface and

atmospheric anthropogenic forcing over Kanpur in SW are
shown in Figure 7c. Unlike the total aerosol forcing, the

Figure 5d. Same as Figure 5c but for cloudy-sky conditions. The bold line with solid circles indicates
the cloud fraction for the corresponding month.

Table 5. Influence of Various Cloud Parameters in Affecting the

Aerosol Surface DRE

Parameter
Correlation
Coefficient

Significance
Level

Rate of Change of
Aerosol Surface Forcing
(in %) for 10% Change in

Cloud Parameter

Cloud fraction 0.92 99% 49.8 ± 2.9
COD 0.52 99% 1.7 ± 0.4
Reff 0.05 insignificant �0.19 ± 0.5
CTP 0.51 99% �0.06 ± 0.01
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anthropogenic forcing at surface and atmosphere show a low
from March to September, when the aerosol optical proper-
ties in Kanpur is dominated by natural dusts. The TOA and
surface anthropogenic forcing are higher in the years 2001
and 2004, because of higher BC concentration in these years
as compared to other years. The anthropogenic contribution
to the total aerosol atmospheric heating is found to be least in
the year 2003, when the dust activities were prolonged as
discussed earlier. The positive TOA forcing in summer
months is due to enhanced absorption of radiation reflected
back by brighter surface (i.e., high albedo). The 2003–2004
and 2004–2005 winter seasons show highest atmospheric
heating (> 35 W m�2) due to anthropogenic aerosols. The
contribution of anthropogenic aerosols to total surface forc-
ing varies in a wide range of 18–95%, with minimum
contribution in the years of 2003 and 2005.

4. Discussions and Implications to Regional
Climate

[41] So far, only the temporal variability of the aerosol
DRE over Kanpur region has been discussed. However,

how do these values compare with the aerosol DRE
estimated over other regions in India and oceanic regions
around the Indian subcontinent? Are these values high if
compared to the other polluted regions? To seek these
answers, a comparative study is made with the available
estimates from literature. Various regions characterized by
different kind of sources are considered to have better
understanding of the aerosol radiative effect on the global
climate. The aerosol DRE values of Kanpur are compared
with the estimates made for other polluted cities in India and
urban areas in the IGB (Table 6).
[42] In India, besides Kanpur only in Ahmedabad, aerosol

DRE has been estimated throughout the year. Ahmedabad
shows higher atmospheric absorption on annual scale, but
the wintertime atmospheric absorption due to aerosols is
lower than the Kanpur value. In Delhi, the surface and
atmospheric aerosol DRE are higher than those in Kanpur
because of higher aerosol concentration. In the high-altitude
sites in the foothills of Himalaya, Nainital and Kathmandu,
although the absolute values of surface aerosol DRE are
low, the forcing efficiencies are close to those in the regions
in IGB. The aerosol DRE in IGB sites, Delhi and Kanpur

Figure 6. Relative proportions of each component to the aerosol surface DRE.

Figure 7a. Clear-sky anthropogenic and natural aerosol surface DRF over Kanpur. The values written
below each column are the relative percentage contribution of anthropogenic aerosols to aerosol surface
DRE.
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show higher values as compared to the other urban areas in
India and adjacent oceans. This high atmospheric absorp-
tion in the IGB is due to the higher fBC and the mixing of
BC with dust in the summer leading to high TOA DRE. The
geographic location, favorable meteorological condition and
continuous source of anthropogenic aerosols throughout the
year in association with natural dust transported from arid
regions in the west make the IGB a region of concern in
terms of aerosol radiative effects. The persistence of the
aerosols in the basin is affecting the regional climate no
doubt; the implications are discussed in the next section.

4.1. Atmospheric Heating

[43] High net (SW + LW) atmospheric heating implies
that the excess energy in this region is trapped in the
atmosphere. The heating rate of the atmosphere is defined
as [Liou, 2002]:

@T

@t
¼ g

Cp

DFatm

DP
; ð9Þ

where @T/@t is the heating rate, Cp is the specific heat
capacity of air at constant pressure, DFatm is the atmo-
spheric heating, g is the acceleration due to gravity and DP
is the atmospheric pressure. The difference in clear-sky and
cloudy-sky heating rate is insignificant at 95% confidence
level because of the fact that the reduction of surface forcing
is compensated by increase in TOA forcing in the presence
of clouds. The mean (±SD) annual clear-sky atmospheric
heating rate over Kanpur is 0.84 ± 0.3 K d�1, which is 68%
higher than the corresponding wintertime value for the
Indian Ocean [Satheesh et al., 2002]. The heating rate is
highest during December-January and May-June (� 1 K
d�1), because of strong atmospheric absorption. The winter
months have the highest concentration of absorbing BC,
whereas in May, moderately absorbing dust often gets
mixed with BC [Dey et al., 2005] resulting in high

atmospheric heating. The anthropogenic fraction is respon-
sible for 67.6% to the heating rate observed over Kanpur
region.

4.2. Possible Impact on the Regional Climate

[44] The most important implication for such high nega-
tive surface forcing is the persistent large reduction of direct
solar radiation in the IGB. Presence of clouds decrease the
surface cooling to some extent, but they themselves induce
large cooling, 2–3 times higher than the clear-sky condi-
tion. On an average, aerosols reduce the net solar radiation
at the surface over the Kanpur region by 17%. The
INDOEX observations have shown that the large surface
cooling and atmospheric heating affect the regional hydro-
logical cycle [Ramanathan et al., 2001b]. As most of the
aerosols are concentrated in the lower atmosphere, that too
within the first few km, atmospheric heating is most
effective in this region.
[45] Now the question is that how the regional climate

reacts to this large reduction in irradiance. The climate
system maintains a balance at surface between surface
radiation, latent heat flux and sensible heat flux. Ignoring
other anthropogenic influences on the hydrological cycle for
the sake of isolating regional aerosol effects, either latent
heat flux or sensible heat flux or both would decrease to
maintain the radiative balance due to loss of surface
irradiance. The loss in latent heat flux implies reduction
of surface evaporation [Roderick and Farquhar, 2002],
which would consequently reduce the moisture content of
the atmosphere and the regional hydrological cycle would
be effectively spun down [Ramanathan et al., 2001a]. It
seems to be a paradox that observations indicate decreasing
evaporation in global scale despite the increment in surface
temperature due to global warming. However, Roderick and
Farquhar [2002] have shown that the evaporation is much
more sensitive to the surface radiation balance, which is
decreasing because of aerosols and clouds. One earlier study
by Chattopadhyay and Hulme [1997] using long-term data

Figure 7b. Cloudy-sky anthropogenic aerosol DRF at TOA, surface and atmosphere over Kanpur. Each
column is the monthly mean for 2001–2005, and the corresponding error bars are the standard deviation.
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over India showed that the evaporation in Delhi has de-
creased during the 1960–1992 period. Also, Ramanathan
and Ramana [2005], using the aerosol measurements at
Kathmandu (in the foothills of Himalaya) and projecting
their results for the IGB, have found that during the dry

season (October–May) the boundary layer humidity in-
creased by �5–10% because of strengthening of low-level
inversion. They have also found that the pan evaporation
data at Kathmandu showed a decrease by �9 W m�2 from
1976–1986 to 1996–2000 periods, which accounts for

Figure 7c. Interannual variations of anthropogenic aerosol clear-sky TOA, surface and atmospheric
DRF over Kanpur in SW with the mean (±SD) annual value shown in each box (starting from 2001 on
the left to 2005 on the right).
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nearly 30% of the estimated surface solar irradiance reduc-
tion. The remaining amount is balanced by decrease in
sensible and latent heat fluxes and enhanced back radia-
tion from the warmer atmosphere. The aerosol loading in
India has also increased drastically in the last 30 years
[Ramanathan and Ramana, 2005; Massie et al., 2004].
Analysis of TOMS data suggests that during the winter
season (when anthropogenic aerosols dominate the com-
posite optical properties), aerosol loading has increased at
10.6 ± 4.9% decade�1 rate in India [Massie et al., 2004]. It
means if the aerosol burden, and more precisely the absorb-
ing BC, increases at similar rate, present-day radiative
forcing would also increase at even faster rate, as it would
increase the forcing efficiency and that would severely
affect the regional hydrological cycle.
[46] To summarize this effect, the warmer atmosphere

close to surface (i.e., high atmospheric heating) and colder
surface due to large negative cooling would create an
environment where energy flow from Earth’s surface to
atmosphere would be suppressed. This would increase the
low-level inversions and strengthen the boundary layer
stability. In the IGB, the large reduction of solar irradiance
persists spatially as well as temporally, as indicated by this
paper and some recent studies, which suggests that the
effect is regional, not local, and the climate would not get
enough time to readjust to its original state, if similar
condition persists for long in the future. Even in the
monsoon season, the surface cooling remains high. Further
studies are needed to address this serious issue in detail for
this region, as the monsoon is most important natural
phenomenon influencing the region’s economy.
[47] Another climatic issue is the indirect effect of aero-

sols in this region. Such high aerosol loading could change
the cloud microphysical properties. Although there are no
measurements of cloud condensation nuclei and ice nuclei
for this region, satellite data suggests a decrease of effective
radius for both water and ice clouds in large area [Tripathi et
al., 2007a], which will further affect the precipitation.
Reduced cloud effective radius and high concentration of
absorbing aerosols would effectively increase the cloud
lifetime [Menon et al., 2002], which in turn would increase

the surface cooling, thus regulating a positive feedback.
This aspect also needs to be investigated with in situ
measurements.

5. Conclusions

[48] The temporal heterogeneity of the aerosol DRE and
the anthropogenic aerosol DRF are investigated over the
Kanpur region in the IGB for the time period of 2001–2005
on the basis of the measured aerosol chemical composition
for a short period of time and the measurements of aerosol
optical and physical properties for longer (5 years) period of
time. The major conclusions from this study that come out
are the following:
[49] 1. The optically equivalent model reveals that the

aerosol DRE in Kanpur region shows strong seasonal
variation due to seasonal changes in the aerosol loading.
The relative contribution of water-soluble scattering com-
ponents to AOD varies in the range of 30% (in the
premonsoon season characterized by dust loading) to 68%
(in winter) with the relative contribution showing a decrease
with increasing wavelengths. BC contributes 5–14% of
AOD with the relative contribution showing very slight
decrease with increasing wavelengths. Contribution of dust
to AOD reaches a maxima peak (>55%) in May-June and a
minima (<20%) from November to January and exhibits
increasing trend with increasing wavelengths. For most of
the times, SSA0.5 remains less than 0.9, but as the individual
components show different spectral trends, the composite
SSA spectrum depends on the relative proportions of the
components.
[50] 2. Annual mean (±SD) SW clear-sky aerosol DRE at

TOA, surface and atmosphere over Kanpur are estimated to
be �4.1 ± 6, �31.8 ± 10.9 and +27.7 ± 10.4 W m�2. The
large negative surface forcing in the SW is partially (up to
11%) compensated by LW heating. Inclusion of clouds
reduces the surface cooling by more than 10 W m�2 in
December-January and May-July. However, the reduction is
balanced by the enhancement in TOA forcing. The
corresponding SW cloudy-sky DRE values are +1.4 ± 6.1,
�23.3 ± 9.3 and +24.8 ± 9.7 W m�2, respectively. The

Table 6. Comparison Between Aerosol Surface/Atmospheric DRE Estimations for Kanpur and Other Urban Locations in Indiaa

Cities Location Surface/Atmosphere Period (comments) Reference

Kanpur 26.47�N, 80.33�E �31.8/+27.7 annual (urban) this paper
Kanpur 26.28�N, 80.20�E �33.6/+29.4 winter (urban, clear-sky) this paper
Delhi 28.38�N, 77.17�E �51/+52 winter (urban, clear-sky) Ganguly et al. [2006]
Hissar 27.17�N, 77.58�E �21/+20 winter (semiurban, clear-sky) Ramachandran et al. [2006]
Nainital 25.25�N, 81.58�E �4.2/+0.7 winter (high altitude) Pant et al. [2006]
Kathmandu 25.22�N, 83�E �25/+25 winter (high altitude) Ramana et al. [2004]
Ahmedabad 23.05�N, 72.55�E �49/+43.6 annual (urban) Ganguly and Jayaraman [2006]
Ahmedabad 23.05�N, 72.55�E �54/+28 winter Ganguly and Jayaraman [2006]
Pune 18.32�N, 73.51�E �33/+33 Nov–Apr (urban) Pandithurai et al. [2004]
Bangalore 13�N, 77�E �23/+28 Oct–Dec (urban) Babu et al. [2002]
Hyderabad 17�N, 78�E �33/+42 Jan–May (urban) Badarinath and Latha [2006]
Chennai 13.04�N, 80.17�E �19/+13 Feb–Mar (urban) Ramachandran [2005]
Central India multiple stations �15 to �40 Feb (urban and rural) Ganguly et al. [2005]
South India multiple stations ��27.5/+22 Feb 2004, SW clear-sky Jayaraman et al. [2006]
Pune 18.32�N, 73.51�E �33/+33 Nov–Apr (urban) Pandithurai et al. [2004]
Arabian Sea �27/+15 Mar–Apr (polluted marine) Moorthy et al. [2005]
Bay of Bengal �27/+23 Mar (polluted marine) Satheesh [2002]
Indian Ocean �29/+19 Feb–Mar (polluted urban) Satheesh et al. [2002]

aAll the values are in W m�2.
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aerosol DRE is found to be highest in the year 2004 and
lowest in 2002.
[51] 3. RCBC to the aerosol surface DRE varies from a

high of�56% in the winter to a low of�19% in May. Water-
solubles and dustf contribute to �20% and less than 2% to
the annual aerosol surface DRE, and the contribution is quite
uniform throughout the year. BC seems to be the most
crucial player in this region. On an annual basis, �5% fBC
contributes �9% to total AOD0.5, but �40% to the aerosol
surface DRE. Annually, RCdust-c is 29% to the total aerosol
mass, 34% to AOD0.5 and 39% to the total surface DRE.
[52] 4. Anthropogenic aerosols contribute to more than

80% of the aerosol surface DRE during October to Febru-
ary. The relative contribution of natural aerosols to DRE due
to transportation of dusts starts increasing from March
reaching maxima of 71% in July. The annual mean (±SD)
TOA, surface and atmospheric clear-sky anthropogenic
aerosol DRF over Kanpur are +0.3 ± 2.5, �19.9 ± 9 and
+20.2 ± 9.9 W m�2, respectively. The anthropogenic
aerosol DRF is highest in the years 2001 and 2004 because
of higher BC concentration.
[53] 5. Large negative surface forcing and positive atmo-

spheric forcing in the Kanpur region raise several climatic
issues. The atmosphere is getting heated by more than
1 K d�1 in the winter and premonsoon seasons because of
highest atmospheric absorption. Anthropogenic aerosols
contribute 65.4% to the mean (±SD) annual heating rate
of 0.84 ± 0.3 K d�1 over Kanpur. Persistently large
reduction of net surface solar radiation would affect the
radiative balance at the surface by decreasing either the
latent heat flux through suppressed evaporation or sensible
heat flux or both. Such large aerosol loading in the atmo-
sphere would also alter the cloud microphysics through
indirect effect. Hence there is a need to understand the effect
of the aerosols on the regional hydrological cycle in much
better way, which would require more in situ measurements
to reduce the present-day uncertainty of the radiative
forcing.
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