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Direct Aerosol Radiative Forcing Over Three
Different Environments
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Abstract - In the present report, we have utilised the inversion
products of AERONET to study the aerosol optical properties and
to estimate their direct adiative forcings over three different
environments (Re Union, Nainital and Pune). Derived aerosol
optical properties over all stations showed significant temporal
(seasonal) and spatial variation. These properties have been used
in SBDART model for the assesment of direct aerosol radiative
forcing. The estimated averaged radiative forcings at top of the
atmosphere are -2 + 1, -7 + 4 and -8 + 2 Wm™, and the surface
aerosol radiative forcings are -6 + 3, -18 +14 and -36 + 8 Wm™
over Re Union, Nainital and Pune respectively. Subsequntly the
atmospheric forcings are 3 + 2, 11 + 11 and 28 + 7 Wm over Re
Union, Nainital and Pune respectively. Moreover, we found that
higher the aerosol loading or aerosol optical depth the more
aerosol radiative forcing. The estimated atmospheric aerosol
radiative forcing will heats the lower atmosphere and leads
modification of the thermal structure of the atmosphere. Hence,
our study emphasized the importance of optical properties of
aerosols in the estimation of direct aerosol radiative forcing.
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l. INTRODUCTION

Atmospheric aerosols affect the climate directly by
scattering and absorbing the incoming solar radiation as well
as outgoing long wave radiation, and indirectly by
modifying the cloud micro physical properties, cloud life
time, etc. The effect of aerosols on climate is normally
quantified in terms of radiative forcing and it depends on the
optical properties, vertical structure of aerosols as well as
the underlying reflecting surface (earth’s surface or cloud
albedo), etc (Marque et al., 2010). However, the induced
radiative forcing due to the presence of aerosols in the
atmosphere is not quantified well over the globe due to
inadequate data sets on optical properties of aerosols.
Estimation of aerosol optical properties over globally is
difficult as they are high variable (composite, number
concentration, size, etc of different species) in space and
time and less life span. In order to understand the optical
properties of aerosols there were many studies which
focussed on seasonal variation of optical properties, size
distributions, diurnal variations, vertical profiles, etc of
aerosols over different environments (Dumka et al., 2006,
Satheesh et al., 2008, Gadhavi and Jayaraman, 2010,
Panicker et al., 2010, Srivastava et al., 2010, Sumit kumar et
al., 2012, Samset et al., 2013). There were studies on aerosol
radiative forcigs over over different kinds of environments
(Podgorny et al., 2001,

Manuscript published on 30 December 2015.
* Correspondence Author (s)

T. Amaranatha Reddy, Department of Physics, Acharya Nagarjuna
University, Guntur, India.

K. Krishna Reddy, Department of Physics, Yogi Vemana University,
Kadapa, India.

© The Authors. Published by Blue Eyes Intelligence Engineering and
Sciences Publication (BEIESP). This is an open access article under the
CC-BY-NC-ND license http://creativecommons.org/licenses/by-nc-nd/4.0/

Retrieval Number B4375125215/15©BEIESP
Journal Website: www.ijeat.org

110

Ramana et al., 2004, Satheesh et al., 2008, Gadhavi and
Jayaraman, 2010, Panicker et al., 2010, Marcq et al., 2010).
Few studies were also concentrated on vertical distribution
of aerosols over different regions (Satheesh et al., 2008,
Hedge et al., 2009, Ramachandran et al., 2010). In the view
of above the present study focussed on the characterisation
of aerosols and to assess their radiative forcing over
different kinds of environments like maritime (Re Union),
clean (Nainital) and wurban (Pune). Re Union Island

(20°88°N, 55°48°SE, 0 amsl) is in the South-Western Indian
Ocean. This tiny (area: ~2500 km?) holds two
agglomerations with ~100,000 inhabitants: Saint-Denis,
located to the North and Saint-Pierre located to the South of
it. The island has light/heavy industries, and large number of
vehicles such as cars, trucks and buses operate with diesels
which are the main sources of anthropogenic aerosols. The
site also highly affected by sea spray via winds and a
potential sea salt source over this area (Chatrapatty et al.,
2001, Smirnov et al., 2009, Chatrapatty et al., 2013).

Nainital (2904’N, 7905’E, 1958 amsl) is a rural environment
in the central Himalayan region. It is a high altitude station
in the central Himalayan region in India and the station is
free from industries around it, and a little number of
automobiles that include buses, cars, and two wheelers are
running in the city all of which will not significantly
contribute to the production of aerosols. Being a high
altitude location and free from local emission sources it
provides important information on background changes of
aerosol concentration, properties and its radiative effects

(Sagar et al., 2004, Dumka et al., 2008). Pune (18053’,

73080’, 559 amsl) is an urban environment in the western
part of an Indian continent. The site is an urban, densely
populated and industrialized city in India. It has several
small and large scale industries around it, and a large
number of automobiles that include buses, cars, two
wheelers and three wheelers are running in the city all of
which contribute significantly to the production of aerosols
(Panicker et al., 2010, Devara et al., 2015). Pune is highly
influenced by local pollution as it is the urban environment
whereas Naintal and Re Union are least affected by any
major anthropogenic activities.

1. INSTRUMENTATION AND
METHODOLOGY

2.1. Instrumentation

The data presented in this paper were obtained by CIMEL
Sun/sky radiometers attached with AERONET global
network.
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It provides three primary products aerosol optical depth
(AOD), perceptible water vapour content and inversion
products obtained based on measured direct and diffuse
radiation. The inversion products include physical, optical
and radiative properties like size distribution, complex
refractive index, asymmetry factor, single scattering albedo
etc. CIMEL sun-photometer measures the irradiance once
for every 15 minutes centred at 340, 380, 440, 500, 675,
870, 940 and 1020 nm with a full width at half maximum of
the 340 nm channel at 2 nm and the 380 nm filter at 4 nm,
while the other channels with 10 nm. These solar irradiances
are used to calculate optical and physical properties of
aerosols. Rayleigh optical depth is subtracted out from the
total optical depths to compute AOD at different
wavelengths from direct sun irradiance, additionally ozone
optical depth also removed in computation of AOD for 340,
500, 675 nm using climatologically mean values from
London et al. (1976). A series of papers describes about
instrumentation, measurements, accuracy and cloud
screening procedure (Holben et al. 1998; Eck et al. 1999;
Smirnov et al. 2000; Holben et al. 2001). In the data
products, there are three levels of data quality available at
AERONET. Level 1.0 contains unscreened data and it is
considered as raw data without undergoing any processing.
Level 1.5 contains the data which are cloud screened but not
quality assured. This type of processed data is obtained from
by removing the cloud influence on the unscreened data.
The data from level 1.5 is further processed for quality to
produce level 2.0 data. Level 2.0 contains the data which are
both cloud screened and quality assured. In the present study
it has been used level 2 data which is quality and cloud
screened.

2.2. SBDART Model

The fluxes for aerosol and aerosol free cases were estimated
using SBDART (Sanata Barbara DISORT Atmospheric
Radiative Transfer) model (Ricchiazzi et al.,, 1998).
SBDART model is a tool that computes plane-parallel
radiative transfer in clear/cloudy conditions within and at
the surface of the earth’s atmosphere. There were many
scientific studies on aerosol radiative forcing and earth’s
radiation balance based on this model (Panicker et al., 2010,
Ramachandran et al., 2010, Sumit Kumar et al., 2012). All
the properties of aerosols that derived from inversion
product of AERONET have been used as input parameters
to the radiative transfer model to derive radiation flux.

2.3. Direct Aerosol Radiative Forcing

The Direct Aerosol Radiative Forcing (DARF) at any level
in the atmosphere is defined as the difference between the
clear-sky net shortwave radiative flux (FA) for the aerosol
case and net shortwave radiative flux (F®) for the aerosol
free atmosphere:

AF = (F¥A - F1A) — (FIC - F19) D

Arrows indicates the direction of the global fluxes: |=
downward flux and 1= upward flux. The instantaneous
aerosol radiative forcing at top of the atmosphere (TOA) and
bottom of the atmosphere (BOA) are calculated as
following:

AF TOA = FTC — FTA (2)
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AF goa = (F*A - F1%) - (F¥C - F19) 3

For the present work, the diurnal averaged direct aerosol
radiative forcing values at surface, top of the atmosphere
and in the atmosphere have been calculated. The details of
analysis procedure and methodology are given elsewhere
(Ramana et al., 2004, Dumka et al., 2006, Panicker et al.,
2010, Ramachandran et al., 2010, Sumit Kumar et al.,
2012).

1. RESULTS AND DISCUSSION

3.1. Optical
environments

properties of aerosols over different

3.1.1. Aerosol optical depth

The temporal variations of monthly mean aerosol optical
depth (AOD) at 441 nm in different environments has been
shown in figure 1. The monthly mean AOD showed large
variation over Re Union and it is varied from lowest value
0.03 to highest values 0.18 with an annual average of 0.07.
The low AOD value is observed in the month of July and
high value is observed in the month September. It is also
observed that there is a 6 fold increment in AOD from July
to September. As the site is a small island station and free
from any major anthropogenic emissions most of the time
the site affect mainly sea salt aerosols. From the figure it can
be observed that large increment in AOD during September
and September due to bio mass burning (Chatrapatty et al.,
2001) where as during the other months the station is mainly
affected by sea salt aerosols. As shown in figure 1, the
monthly mean AOD showed large variation from lowest
value 0.07 to highest values 0.58 with an annual average of
0.24 over Nainital. The low AOD values are observed in
winter and post monsoon season, and high values are
observed in summer monsoon seasons. It is also observed
that there is an 8 fold increment in AOD from January to
June. As the site is a high altitude station and free from any
anthropogenic emissions most of the time the site is in the
free troposphere and affect least by any anthropogenic
activity. During winter due to shallow boundary layer most
of the aerosols will not reach the station from distant
sources. In this case the station will only be affected by the
local pollutants which are very minute. This implies less
aerosol concentration and gives lowest AOD in winter
season. The high convective activity and frequent
occurrence of dust storms are responsible for the higher
AODs during June. Generally the AOD decreases during
post monsoon season (September to October) due to rain
washout and again from winter to summer the aerosol
concentration increases. However there is gap in data points
during monsoon season due to unavailable of solar radiation.
The same type of variation in measured aerosol optical
depths were also reported previously (Sagar et al., 2004).
They have also observed six fold increments in AOD in
June due to the long-range transport and local convection
which lift up air mass from low altitude stations and bring
subsequent horizontal transport.
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The monthly mean AOD observed over Pune showed
large seasonal variation and it is varied from lowest value
0.23 to highest values 0.68 with an annual average of 0.47
as shown in figure 1. The highest value and lowest value has
been observed in January and June respectively. Local
boundary layer dynamics associated with horizontal winds
are mainly responsible for the variation of aerosol loading.
The product of these two parameters gives the ventilation
coefficient. In addition to the above emissions of pollutants
and rainfall also causes the seasonal variation of AOD.
During winter the boundary layer height is very shallow and
the magnitudes of horizontal wind also relatively less. This
causes low ventilation coefficient leads to high aerosol
loading by accumulation or trapping of aerosols. During
summer monsoon period boundary layer height increases
due to large surface heating and the magnitudes of
horizontal wind also increases. This causes high ventilation
coefficient leads to low aerosol loading by dispersing the
aerosols. In addition to the above some of aerosols also will
be washout by cloud scavenging and rain-washout process
during monsoon period. So the both phenomenon reduce the
aerosol loading over Pune during monsoon season (Ernest
Raj et al., 1997). There are many studies that explain the
role of ventilation coefficient in the trapping of aerosols
over different sites (Krishnan and Kunikrishnan, 2004,
Ramachandran et al., 2010). They also suggested that the
boundary layer mixing height and associated with high
(low) mean wind speed, the product of these two is measure
of dispersion ability and called “ventilation coefficient”.
Low ventilation coefficient allows more aerosols to
accumulate in the lower atmospheric levels leads high

surface concentrations though the column integrated
concentrations are low and vice versa.
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Figure 1: Temporal variations of monthly averaged of
aerosol optical depth at 441 nm over three different
environments during 2010.
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Figure 2: Temporal variations of monthly averaged
Angstrom exponent (440 — 870 nm) over three different
environments during 2010.

3.1.2. Angstrom exponent

Aerosol optical depths at different wavelengths contain
information pertaining to their size distribution. A simple
way of expressing the wavelength dependence of AOD is
through the Angstrom relation ("Angstr'om 1964),
expressed as:

T = B A (4)

where 1, is AOD at wavelength A, o is Angstrom exponent,
B is turbidity parameter. The Angstrom exponent a is an
index for the aerosol size distribution and depends on the
ratio of the concentration of small (fine mode) to large
(coarse mode) aerosols where as B denotes the aerosol
concentration present in the vertical column. Figure 2 shows
the temporal variation of angstrom exponent over three
different environments. The estimated « in the present study
ranges from nearly 0.4 to 1.4 with an average of 0.8 over Re
Union. High and low alpha values were observed during
October and June. The high values during October represent
the domination of fine mode (mass burning) aerosols
whereas low values during June represent the domination of
coarse mode (sea salt) aerosols (Chatrapatty et al., 2001,
Chatrapatty et al., 2013). The estimated alpha ranges from
nearly 0.7 to 1.5 with an average of 1.0 over Nainital. High
alpha values were observed during winter (November,
December, January and February) whereas low values were
found during summer monsoon (June). This high value of
alpha could be mainly due to the bio mass burning during
winter as most of the peoples use to burn the wood for
getting warm.
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Previous studies on angstrom exponent also followed the
same trend as shown in the present study (Sagara et al.,
2004). The high alpha values during summer monsoon could
be mainly due to long range transport of mineral dusts
(Sagar et al., 2004, Dumka et al., 2009, Hegde et al., 2009).
The estimated angstrom exponent over Pune ranges from
nearly 0.6 to 1.3 with an average of 1. High alpha values
were observed during winter season (December, January
and February) whereas low values were found during
summer monsoon (June). The high values during winter
represent the domination of fine mode aerosols whereas low
values during summer monsoon represent the domination of
coarse mode aerosols. This high value of alpha could be
mainly due to the anthropogenic activities such as industrial
pollution, vehicular emissions; etc produces high black
carbon aerosols. Panicker et al (2010) showed that the
contribution of black carbon aerosols total composite
aerosols is high during winter whereas it is low during other
seasons.

3.1.3. Single scattering albedo

Single scattering albedo is defined as the fraction of
scattered radiation to the total extinction.

Single scattering albedo (SSA) =
extinction
Where extinction = scattering + absorption, the value of
SSA can vary from 0 to 1 depending on properties of
absorbing type aerosols. It is 0 if the extinction is caused by
only absorption whereas 1 if the extinction is caused by only
scattering. Figure 3 shows the temporal variation of Single
scattering albedo over three different locations. It is varied
from 0.83 to 0.96 at 439 nm with an average value 0.9
showing domination of scattered type aerosols over Re
Union. The low values were found during January and
February and highest values were found during October to
December. The low value reveals the presence of relatively
less scattered or high absorbing type aerosols and vice versa.
The temporal variation of single scattering albedo over
Nainital is varied from 0.83 to 0.98 with an average value of
0.92 at 439 nm represents relatively low absorbing type
aerosols. This is mainly due to the absence of major
anthropogenic activities over or near the site and the site
also located on the hill and most of the times it will be in
free troposphere (Sagar et al., 2004). The temporal variation
of single scattering albedo varied from 0.86 to 0.89 at 439
nm over Pune. This represents relatively high absorbing type
aerosols when compare to other two sites (Re Union and
Nainital). The low values were found during winter and
highest values were found during summer monsoon. The
low value during winter reveals high fraction of black
carbon aerosols to the total composite aerosols. The reported
values of SSA and the seasonal variations are consistence
with the previous studies (Panicker et al., 2010, Sumit
Kumar et al., 2012). Panicker et al (2010) reported that the
low values of SSA during winter obviously due to presence
of high fraction of black carbon aerosols and they also
reported that high SSA during summer monsoon. However
these values were estimated by model with the help of
aerosol optical depths at different wavelengths and black
carbon measurements. Sumit Kumar et al (2012) also

scattering/
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reported the same trend with minimum SSA during winter
and maximum SSA during summer monsoon.

3.1.4. Asymmetry factor

The asymmetry factor (g) indicates the strength of forward
scattering and it varies between 0 and 1. For total forward
scattering the asymmetry factor is 1 where as for total
backward scattering it is 0. The scattering of the light by
aerosols can be derived from Mie theory. If the size of the
particle is higher than the wavelength of interacting
radiation, most of the radiation will get scattered in forward
direction and vice versa. It can also be observed the same
asymmetry factor at all wavelengths when the size of the
particle is much higher than the wavelength band. The
asymmetry factor varies with wavelength when the sizes of
aerosols are comparable with wavelength band of interacting
radiation. Figure 4 shows the temporal variation of
asymmetry factor over three different locations. It is varied
from 0.7 to 0.76 at 439 nm over Re Union showing most of
the scattered radiation in forward direction. The low values
were found during winter (April to October) and highest
values were found during summer (November to March).
The low value during winter reveals the less forward
scattering where as high values during monsoon reveals the
high forward scattering. It is also observed that the
asymmetry factor at all wavelengths (679, 872 and 1020
nm) are equal except at 439 nm for all the months. This
gives clue on bimodal size distribution of aerosols with
minimum deviation in both modes. The sizes of coarse
mode particles are much higher than the wavelength band of
679 — 1020 nm which reveals the sea salt particles and there
is negligible variation in asymmetry factor. The sizes of fine
mode aerosols are in between or nearly comparable with 439
nm and this could be the reason for variation of asymmetry
factor at lower and higher wavelengths. Previous report
shows the concentration of fine mode aerosols are almost
same during December to June and they increase by almost
factor ~ 2 during August to November (Chatrapatty et al.,
2001). The same parameter is increased by factor ~ 3 during
night times. This may be the reason for the variation of
asymmetry factor at different wavelengths.

The temporal variation of asymmetry factor is varied
from 0.67 to 0.72 at 439 nm over Nainital. The low values
were found during winter and highest values were found
during monsoon (June), and these values decreased as
reaching the post monsoon. The low value during winter
reveals the less forward scattering where as high values
during monsoon reveals the high forward scattering. From
the figure it can be observed that the asymmetry factor at all
wavelengths (439, 679, 872 and 1020 nm) are different
during winter and these values were attained same values as
reaching the monsoon season. From this observation, it can
be concluding that the sizes of aerosols are higher when
comparing to the wavelength band of radiation (439 — 1020
nm) during monsoon. This may be due to the size growth of
aerosols with water vapour content as the atmosphere
contains hygroscopic aerosol.
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As water vapour content reaches maximum during June the
aerosols grow in size by attracting or condensing the water
vapour on them. Previous reports show the increment of size
of aerosols from winter to monsoon season over the same
location (Sagar et al., 2004, Dumka et al., 2006).
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Figure 3: Temporal variations of monthly averaged of
single scattering albedo (SSA) over three different
environments during 2010.
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Figure 4: Temporal variations of monthly averaged of
asymmetry factor over three different environments
during 2010.

The temporal variation of asymmetry factor over Pune is
varied from 0.7 to 0.75 at 439 nm showing most of the
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scattered radiation in forward direction. The temporal
variation is high at both wavelengths when compare to Re
Union and Nainital. The low values were found during
winter and highest values were found during monsoon
(June), and these values decreased as reaching the post
monsoon. The low value during winter reveals the less
forward scattering where as high values during monsoon
reveals the high forward scattering. It is also observed that
the asymmetry factor at all wavelengths (439, 679, 872 and
1020 nm) are different during winter and these values were
attained same values as reaching the monsoon season. From
this observation, it can be concluding that the sizes of
aerosols are higher when comparing to the wavelength band
of radiation (439 — 1020 nm) during monsoon season. The
variation in asymmetry factor at different wavelengths
during winter reveals the huge size range of aerosols.
Previous reports show the increment of size of aerosols from
winter to summer monsoon season over the different
locations in Indian continent (Sagar et al., 2004,
Ramachandran et al., 2010, Gadavi and Jayaraman, 2010).

V. DIRECT AEROSOL RADIATIVE
FORCING OVER DIFFERENT
ENVIRONMENTS

In the present study, we have estimated aerosol radiative
forcing over three different kinds of environments like
maritime (Re Union), clean (Nainital) and urban (Pune).
Derived aerosol optical properties such as aerosol optical
depth, single scattering albedo and asymmetry factor at
different wavelengths, and water vapour content, etc by
AERONET inversion have been used in the SBDART
model to obtain radiation flux in the case of aerosols.
Default (exponential) vertical profiles of aerosol extinction
and other parameters such latitude, longitude also used. For
the clear picture on spatial and temporal (seasonal) variation
of radiative forcing, we estimated the modelled forcing for
all months from January — Dec 2010. Figure 5 depicts the
estimated monthly averaged aerosol radiative forcing at
TOA (Top of Atmosphere), BOA (Bottom of Atmosphere)
and AF (Atmospheric Forcing) over Re Union, Nainital and
Pune. Figure 5 shows temporal variations of monthly
averaged direct aerosol radiative forcing at TOA (Top of
Atmosphere), BOA (Bottom of Atmosphere) and AF
(Atmospheric Forcing) over three different environments
during 2010. Figure clearly shows that monthly averaged
surface forcing values increased from summer (January) and
reaches comparatively maximum values in winter (October)
over Re Union. Again these values shows decreased when
reaching the summer (December) with low surface forcing
values. The high surface radiative forcing ~ - 13 Wm?
during October is because of aerosol loading in the
atmosphere primary due to fires occurring in the south and
east Africa (Chatrapatty et al., 2001). Low values of surface
radiative forcing ~ - 3 Wm during December to April is
mainly due to washout of aerosols during post monsoon
season over the observational site (Ogren et al., 1984,
Chatrapatty et al., 2001).
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During this season, there is intense rainfall in tropical
regions, which mainly contribute to aerosol removal
processes via scavenging processes. It has also been derived
aerosol radiative forcing at the top of the atmosphere and the
difference between the top of the atmosphere and surface
forcing is considered as atmospheric forcing, which varied
from ~ + 7 Wm? to + 1 Wm?2 and these values also
followed the same trend as surface radiative forcing.
Monthly averaged surface forcing values have shown
increasing trend from winter (January) and reaches
comparatively maximum values in summer monsoon (June)
over Nainital. The high surface radiative forcing ~ - 40 Wm-
2 during June is because of aerosol loading in the
atmosphere due to long range transport of mineral and other
aerosols. Low values of surface radiative forcing ~ - 4 Wm-
during November and December is mainly due to washout
of aerosols during post monsoon season over the
observational site (Sagar et al., 2004; Hegde et al., 2009).
Subsequently atmospheric forcing varied from ~ + 33 Wm
to + 0.8 Wm2 and these values also followed the same trend
as surface radiative forcing. The estimated atmospheric
aerosol radiative forcing values over Nainital followed the
similar trend as other locations like Bangalore and Gadanki
but the magnitudes are low when compare to other low
altitude stations such as Bangalore and Gadanki (Satheesh
et al., 2008; Gadavi and Jayaraman 2010). This is mainly
due to low concentration of aerosols, especially absorbing
type aerosols such as black carbon as the site is a high
altitude location and it is situated far away from any major
anthropogenic activities. As shown in figure 5 the monthly
averaged surface forcing values decreased from winter
(January) to summer monsoon (June) over Pune. Again
these values increased when reaching the post monsoon
season (September) with high surface forcing value. The
high surface radiative forcing ~ - 46 Wm during January is
because of high accumulation of aerosols in the atmosphere
due to low mixing height associated with low winds (the
product of these two gives ventilation coefficient). Low
values of surface radiative forcing ~ - 21 Wm during June
is mainly due to dispersion of aerosols in the atmosphere
and washout of aerosols during monsoon season over the
observational site. Subsequent atmospheric forcing varied
from ~ + 39 Wm? to + 18 Wm™ and these values also
followed the same trend as surface radiative forcing. The
estimated atmospheric aerosol radiative forcing values over
Pune is followed the similar trend as other urban locations
like Ahmedabad with different magnitudes (Ramachandran
et al., 2010). The low values of radiative forcings in the
atmosphere during monsoon could be due to wash out of
aerosols. Previously it has been shown that a decrease of
approximately 36% of aerosol contribution to the
atmosphere from pre monsoon to monsoon season and this
is directly related to the amount of rain fall received over the
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site (Ernest raj et al., 1997). They also concluded that the
effect has not changed whatever be the increase in aerosol
loading.

The estimated annual atmospheric forcing due to
aerosols are 3+2 Wm=2, 11+11 Wm= and 28+7 Wm over
Re Union, Nainital and Pune respectively. Magnitude of the
standard deviation is very high approximately equals to the
mean value over Nainital, it is about 75% of mean value
over Re Union and it only about 25% over Pune. The site,
Re Union is an island and most of the time it is influenced
by sea salt aerosols which are scattering type aerosols. It
also slightly influenced by biomass burning during winter
seasons which produces absorbing type aerosols. The
combination of these two effects gives relatively less
radiative forcing in the atmosphere. The site, Nainital is a
high altitude station and is free from any major
anthropogenic activities which provides background
aerosols most of the time. It also slightly influenced by
biomass burning and long range transport of aerosols from
far-off regions. The combination of these two effects gives
relatively moderate radiative forcing in the atmosphere.
High value of radiative forcing represents high absorbing
type aerosols or loading of aerosols over Pune. The site,
Pune is an urban and it is highly influenced by many
anthropogenic activities such as industrial emissions,
vehicular emissions and etc. These activities produce high
concentration of absorbing type aerosols gives relatively
high radiative forcing in the atmosphere when compare to
other two sites. Apart from the variation of magnitude of
aerosol radiative forcing in the atmosphere, it is also seen
that there is large variation in standard deviation. This large
deviation shows the wide range of aerosol loading during a
year over Nainital and Re Union where as the low deviation
represents less variability of aerosol loading over Pune. The
magnitude of standard deviation gives not only gives clue
about variability of aerosol loading it also gives the
ventilation coefficient and effective removal process of
aerosols. From the magnitudes of mean and standard
deviation of aerosol radiative forcing it can be concluded
that the concentration of aerosols not only varies with the
location but also varies with time. The estimated radiative
forcing in the atmosphere will heats the lower atmosphere
relative to the surface have been demonstrated to be able to
interact with dynamical processes in various scales to alter
atmospheric circulation, clouds and precipitation (Koch et
al., 2010; Chien Wang, 2013). If the warming of the
atmosphere is high when compare to the surface will reduce
the upward movement of moisture air and hence reductions
of cloud cover (Ackerman et al., 2000). The forcing can also
change the local boundary layer characteristics, hydrological
cycle by reducing the surface reaching solar radiation
(Ramanathan et al., 2001).
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Figure 5: Estimated monthly averaged direct aerosol radiative forcing at TOA (Top of Atmosphere), BOA (Bottom of
Atmosphere) and AF (Atmospheric Forcing) over three different environments during 2010.
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