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Abstract The present study deals with the aerosol optical
properties which are assessed during the period 2007 to
2009 over Mohal (31.9°N, 77.12°E) in the northwestern
Indian Himalaya, using ground-based measurements and
multi-satellite data. The daily average value of aerosol
optical depth (AOD) at 500 nm, Angstrém exponent and
turbidity coefficient are 0.24 £ 0.08, 1.02 £ 0.34 and
0.13 £ 0.05, respectively. The comparative study of
satellite and ground-based measurements reveals that the
percentage retrieval for daily AOD at 550 nm over Mohal
within the expected accuracy (At,; = +0.05 £ 0.157,,) is
around 87%, with a significant correlation coefficient of
0.76. The present study suggests that the retrieval of AOD
through satellite data is able to characterise the distribution
of AOD over Mohal. However, further efforts are needed
in order to eliminate systematic errors in the existing
Moderate Resolution Imaging Spectroradiometer (MODIS)
algorithm. The transport of desert dust and anthropogenic
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aerosol during high aerosol loading days caused a signifi-
cant reduction in surface-reaching solar radiation by 149
and 117%, respectively. This large reduction in surface-
reaching solar radiation increased the atmospheric heating
rate by 0.93 and 0.72 K day ™', respectively. This study
indicates significant climatic implications due to the
transport of aerosols in the northwestern Indian Himalaya.

1 Introduction

The measurement of aerosol optical properties and their
influence on incoming solar radiations are of most concern
in climate studies, owing to the role they play in the Earth-
atmosphere system (Bellouin et al. 2005; Intergovern-
mental Panel on Climate Change [IPCC] 2007; Jayaraman
et al. 2010). Aerosols affect the incoming and outgoing
solar radiation by scattering and absorption processes
(Charlson et al. 1992; Kaufman et al. 1998; Satheesh and
Ramanathan 2000; Ramachandran et al. 2006; Ranjan et al.
2007; Badarinath et al. 2008). The aerosol optical depth
(AQOD) is one of the most important optical properties of
aerosols, which is directly related to the magnitude of
attenuation of direct solar radiation by scattering and
absorption processes (Ranjan et al. 2007). The two more
general aerosol properties are the Angstrém exponent (o)
and the turbidity coefficient (). The Angstr'dm exponent
provides general information on the aerosol size distribu-
tion. The turbidity coefficient is a measure of the total
aerosol loading in the vertical plane and is equal to the
AOD at a 1-um wavelength (Raju et al. 2003). Extensive
analysis on the Angstrém exponent and its spectral varia-
tions have been made by Kaskaoutis et al. (2007), while
Jacovides et al. (2005) have analysed both o and /3, even in
different spectral bands.
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Aerosols generated at one place are transported over
long distances and produce consequent effects on incoming
solar radiation at locations far away from the source
(Hoppel et al. 1990; Sharma et al. 2010). In this concern,
air trajectories play an important role in transporting
aerosols (Moorthy et al. 1999; Satheesh et al. 2001;
Kaskaoutis et al. 2010; Sharma et al. 2010). The transport
pathways of aerosol over India showed the dependence of
the trajectory on the air-mass altitude (Badarinath et al.
2007, 2009; Kuniyal et al. 2009). Over India, dust storms
are a major climatic phenomenon originating in the Thar
Desert and are recognised as a primary source of atmo-
spheric soil dust (Middleton 1986). The Sahara Desert is
one of the major sources of mineral aerosols worldwide
(Morales 1986). The investigation carried out by Kuniyal
et al. (2009) suggests that the northwestern part of the
Indian Himalayas is affected due to the transport of aero-
sols from the Sahara and Thar Deserts.

In recent years, there has been growing concern that
aerosols emitting from natural sources, such as volcanic
activity, wind-blown dust, sea spray, convection etc., and
anthropogenic sources, such as combustion, industrial
activity, agricultural waste burning, mining etc. (Kedia and
Ramachandran 2009), are major factors causing distur-
bances in existing weather and climatic conditions over the
Indian sub-continent (Menon et al. 2002; Ramanathan et al.
2005; Lau et al. 2006; Gautam et al. 2009). In India, the
systematic studies of aerosols are initiated under the Indian
Space Research Organization Geosphere Biosphere Pro-
gramme (ISRO-GBP) (Moorthy et al. 1999). Preliminary
results have been published in a number of studies
(Moorthy et al. 1998; Narasimhamurthy et al. 1998; Para-
meswaran et al. 1999; Beegum et al. 2008; Kaskaoutis
et al. 2009; Kuniyal et al. 2009).

The application of satellite data to derive the AOD has
advanced dramatically in the last few years (King et al.
1999). One of the main advancements is the systematic
derivation of the AOD over land and ocean from the
Moderate Resolution Imaging Spectroradiometer (MODIS)
(Chu et al. 2002). In order to improve the accuracy of the
MODIS data set, detailed validation of the MODIS AOD
by using the ground-based Multi-wavelength Radiometer
(MWR) and Microtops, especially the sun photometers
from the Aerosol Robotic Network (AERONET), have
been performed by many authors over the Indian sub-
continent (Remer et al. 2005; Tripathi et al. 2005; Prasad
et al. 2007; Aloysius et al. 2008; Gogoi et al. 2008; Vinoj
et al. 2008; Misra et al. 2010; Pathak et al. 2010; Sharma
et al. 2010). The validation exercise revealed that there is
still error which is caused by the improper treatment of the
reflections and aerosol models used in the MODIS aerosol
inversion algorithm (Remer et al. 2005; Tripathi et al.
2005; Misra et al. 2008).
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Numerous measurements to investigate the aerosol
optical properties and impact assessments have been
reported from the Indian region in recent years (Moorthy
et al. 1999; Satheesh et al. 2001; Dey et al. 2004; Rama-
chandran et al. 2006; Babu et al. 2007; Aloysius et al.
2008; Gogoi et al. 2008; Badarinath et al. 2009; Kedia et al.
2010; Sharma et al. 2010). However, these measurements
are focused either on urban landmass or oceans adjoining
densely populated coastal regions. Investigations of aerosol
optical properties and their impact assessments from
remote and sparsely inhabited regions of mountain
ecosystems are very rare. Mohal in the Kullu valley is a
semi-urban experimental site in the northwestern Indian
Himalaya under the ISRO-GBP MWR network (Kuniyal
et al. 2009). The main objective of this nationwide network
is to evolve regional aerosol characterisation, incorporating
the heterogeneities in space, time and spectral domains to
estimate the Aerosol Radiative Forcing over India (ARFI)
and to assess its impacts on the regional and global climate.
This region of the Indian Himalayas is topographically
very fragile and ecologically very delicate. Due to the
variety of the ecosystem, surface conditions and aerosol
properties, in-situ observations of aerosols in this part of
the Himalayas have become very important. The present
study is, therefore, organised broadly into three parts,
namely, characterisation of aerosol properties using the
ground-based MWR, validation of satellite products with
the ground-based observations to improve further the
MODIS algorithm and investigation of aerosol transport
and their influence on aerosol radiative forcing.

2 Description of the experimental site

The present experimental site, Mohal (31.9°N, 77.12°E,
1154 m amsl), is located in the Kullu valley of the north-
western part of the Indian Himalayas (Fig. 1). The famous
River Beas flows in the middle of Kullu valley. The Kullu
valley, extending up to 80 km long from south to north and is
2 km wide, begins from Larji (957 m amsl) in the lower Beas
basin and stretches up to the Rohtang Crest (4,038 m amsl) in
the upper Beas basin (Kuniyal et al. 2009). The Mohal is a
gentle flat region lying in the middle of the Kullu valley,
which is a soap-dish type of shape and is surrounded
by mountains of considerable height in the range 3,000-
5,000 m. The lower part of the Kullu valley starting from Aut
in the south to Katrain in the north falls under the rain shadow
zone and receives snowfall in winter on adjoining hills
(Sharma et al. 2009). However, the observation site remains
far away from the snow line. Due to rapidly growing
urbanisation in the recent years, the surrounding environ-
ment in the immediate vicinity of the experimental site is
dominated by tourism and agro-horticultural activities
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Mohal 1154 m
31:9°N, 77.12°E

Fig. 1 View of the Kullu valley (source: Google Earth)

(Kuniyal et al. 2007), and is characterised with semi-urban
settlement (by converting arable land into house construc-
tions for dwelling) (Kuniyal et al. 2007). Nowadays, this part
of the Indian Himalayas has attracted a significant scientific
interest due to the transport of ever-increasing anthropogenic
aerosols from the Indo-Gangetic Plain (IGP) and natural
aerosols from the Thar Desert to the Himalayas, and their
resultant adverse impact on glaciers (Gautam et al. 2009;
Prasad et al. 2009). Figure 2 shows the monthly mean pre-
vailing synoptic wind vectors drawn at 700 hPa obtained
from the National Centers for Environment Prediction
(NCEP) reanalysis website (http://www.cdc.noaa.gov/cgi-
bin/data/composites/printpage.pl). A persistent north-wes-
terly air mass flows with high intensity in the northern part of
India. The wind vectors confirm the dispersion of anthro-
pogenic aerosols from the IGP and desert aerosols from the
Thar Desert to the Indian Himalayas.

3 Instrumentation, data and analysis

3.1 Ground-based measurements

The ground-based AOD measurements are carried out by
using the MWR at Mohal from January 2007 to December

January 2007 to December 2009, 700 hPa level

Fig. 2 The monthly mean climatological wind patterns at 700 hPa
over the Indian region. The shades represent the magnitudes of wind
in ms™', the arrows show direction and the star denotes the location
of the Kullu valley

2009. These measurements are carried out under clear sky
conditions when no visible clouds appear around the solar
disc. During the observation period, the prevailing weather
conditions remained unfavourable most of the days in
terms of clear sky conditions. This limited the ground-
based AOD measurements and it remained the main factor
for the irregular distribution of the observational days.
From a viewpoint of the daily distribution of AOD, there
are only 163 days when measurements during the fore-
noon (FN) and afternoon (AN) parts of the day became
possible. The AOD measurements during June and July
2008, May and August 2009 have not been possible due to
unfavourable clear sky conditions. The ground-based
MWR was designed and developed at Space Physics
Laboratory, Thiruvananthapuram, following the principle
of filter wheel radiometer (Shaw et al. 1973; Moorthy et al.
1999). The MWR measures the spectral extinction of
surface direct solar flux at ten wavelengths, centred at 380,
400, 450, 500, 600, 650, 750, 850, 935 and 1,025 nm, with
the full width half maximum band at the range of 6-10 nm
at different wavelengths as a function of the solar zenith
angle (SZA). The radiation passes through a field of view
(FOV) limited to 2° using lens pin-hole detector optics, so
that the effect of diffuse radiation entering into the FOV
on the retrieved optical depths may be insignificant
(Moorthy et al. 1998). The instrument is semi-automatic in
nature. Before tracking the sun, the optical unit is
mechanically adjusted on an equatorial mount and allowed
to move at every 12 s around the orthogonal axis with an
angular speed equal to 0.05° in order to keep the MWR
always aligned towards the sun. The raw data obtained
through the MWR are analysed following the Langley
technique to deduce the total columnar optical depth
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(Shaw et al. 1973; Moorthy et al. 1991; Gogoi et al. 2008,
2009). In analysing the MWR data, the data collected
during FN and AN parts of the day are averaged so as to
be considered as a single data set. The attenuation of solar
radiation along the slant path depends on the scattering
and absorption of radiation as described by the Lambert—
Beer law:

E, = E,) exp(—m1) (1)

where E; is the solar radiation incident at the surface, E,; is
the solar radiation incident at the top of the atmosphere, m
is the relative air-mass as a function of SZA < 70° and 7 is
the total columnar optical depth that stands for different
atmospheric extinction processes, i.e. scattering by air
molecules (z,;), aerosols (7,,) and due to gaseous
absorption (t,;) (Moorthy et al. 1991), which is explained as
follows:

T="T)+ Tws + Tps (2)
In the logarithm scale, Eq. 1 yields a straight-line equation:
1IIE;L = lIlEM —mt (3)

Therefore, a plot of In E; versus m, i.e. Langley plot,
yields a straight line of slope —t (Moorthy et al. 1999). The
spectral AOD is derived for each observation day by using
Eq. 2 (Moorthy et al. 1996):

Tpi =T — (’Cr)~ + Tal) (4)

3.1.1 Major uncertainties of Multi-wavelength
Radiometer calibration coefficients in the derivation
of aerosol optical depth

The accuracy of the retrieved AOD depends mainly on the
accuracy of the calibration coefficients from ground-based
MWR measurements. This section describes the major
uncertainties of calibration coefficients arising during
processing of the data. The stability of the Langley inter-
cept, i.e. In E,;, also called the zero air-mass intercept,
corrected for the daily variation of the sun—Earth distance
is used as an indirect calibration of the instrument. Since
the Langley intercept remains invariant over many years,
any change in the zero air-mass intercept arises from
variations in the MWR calibration coefficients. During the
study period, the stability of the instrument observed to be
fairly good, with the Langley intercept within 7% of the
mean for the worst cases at 500 nm wavelength. The
fluctuations were found to be relatively higher at
A < 500 nm compared to those at A > 500 nm. A few days
during which significant deviation was observed were not
taken for further analysis. The overall error in the deriva-
tion of AOD using the Langley technique is explained as
follows (Russell et al. 1993):
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0tps = [0 (OF /F)]*+[z(om/m)[*+[1/m(SEos / Eos)
+ [1/m(3E;/E;)*+[At) (5)

The first term on the right-hand side of the above
equation represents the error arising due to diffused scatter
radiation; the second term is the error arising due to 1-s
resolution in time for the air-mass calculation; the third
term represents the error arising due to uncertainty of the
Langley intercept calibration output; and the fourth term
represents the error arising due to uncertainty in the MWR
output. These errors contribute to <0.02. The fifth term
(AT, = 015 + 612) represents the total error arising in
the estimation of the optical depth by molecular scattering
and absorption, which contribute to <0.01. The AOD may,
therefore, have a maximum uncertainty of 0.03. For the
detailed analysis of the MWR data and the error involved
in it, see also Moorthy et al. (1999), Sagar et al. (2004),
Saha et al. (2005) and Gogoi et al. (2008).

3.1.2 Determination of Aongstro"m parameters

The use of the /okngstr’dm exponent (o) has significantly
increased in the last several years because this parameter is
easily estimated using an automated-surface sun radiome-
ter and is also accessible to satellite retrievals (Schuster
et al. 2006). The values of o« < 1 indicates a size distri-
bution dominated by coarse mode size aerosols
(r = 0.5 pm) that are typically associated with dust and sea
salt (Eck et al. 1999; Schuster et al. 2006). The values of
o > 2 indicates a size distribution dominated by fine mode
size aerosols (r < 0.5 pum) that are usually associated with
urban pollution and biomass burning (Eck et al. 1999;
Schuster et al. 2006). The spectral AOD is related to o and
p by the Angstrém Power Law (Angstrém 1961) as
follows:

Tp) = ﬂ/liz (6)

where A is expressed in pm. The Angstrdm Power Law is a
special case of a more complicated equation valid for a
limited range of particle diameters and limited interval of
wavelengths. The logarithm scale of Eq. 6 yields a straight-
line equation:

Inty, =Inf —alni (7)

o and f were computed for an individual data set in the
wavelength range 0.38-1.025 pum using Eq. 7 by evolving
a linear least square fit between In 7,,; versus In /. There-
fore, In 7,,, versus In / yields a straight line of slope — and
intercept In f (Ganesh et al. 2005). The optical depth
measured at wavelength 0.935 pum is not included in the o
and f calculations due to a strong water vapour absorption
band; about 75-90% of the measured optical depth at this
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wavelength is due to atmospheric water vapour (Moorthy
et al. 1991).

3.2 Satellite measurements
3.2.1 MODIS data

The first measurements of aerosols over land through the
use of satellite remote sensors became possible after the
launch of POLDER, POLarization and Directionality of
the Earth’s Reflectances (Deschamps et al. 1994; Kaufman
et al. 2002). It lasted for only 8 months due to technical
problems in the spacecraft. Aerosol monitoring over land
entered a new era with the launch of the MODIS instru-
ment on board of the Terra and Aqua satellites. MODIS is
a space borne remote sensor which imparts information
about the global distribution of aerosols and their proper-
ties (Yu et al. 2004; Remer et al. 2005). MODIS acquires
daily global data in 36 spectral bands from visible to
thermal infrared spectral bands. The spatial resolution of
these spectral bands (pixel size at nadir) is 1,000, 500 and
250 m with 29, 5 and 2 spectral bands, respectively. These
satellites have been providing data since February 2000
and July 2002, respectively. Terra and Aqua operate at an
altitude of 705 km, with an equatorial crossing time at
10:30 Indian Standard Time (IST) ascending towards the
north and at 13:30 IST descending towards south,
respectively (Yu et al. 2004; Remer et al. 2005; Levy et al.
2007).

In the present study, daily MODIS level 2 AOD data
obtained from MODO04_L2 (data collected from the Terra
platform) and MYDO_4L2 (data collected from the Aqua
platform) products are used. MODIS at 550 nm have a
spatial resolution of 500 m. This results in 20 x 20-pixel
boxes for 10 x 10-km resolution. The geolocation of each
output pixel is computed from the aggregation of 10 x 10
boxes of L1B 1-km input, taking the average of the four
central (column, row) pairs, such as: (5,5), (5,6), (6,9),
(6,6) 1-km LI1B input pixels. The data collected from the
Terra and Aqua satellites as a representative of FN and AN
parts of the day, respectively, are averaged in order to be
considered as a single data set. Similar techniques to mix
data sets are also adopted by Aloysius et al. (2008) and
Kedia and Ramachandran (2008) to obtain the daily mean
AOD. Remer et al. (2005) confirmed that the AOD values
retrieved from MODIS are accurate within an uncertainty
limit of At,, = £0.05 & 0.157,, over the land, where 7,
is the ground-based AOD value. To compare the daily
mean AOD from ground-based and satellite observations at
the same wavelength, the data sets of MODIS AOD are
sorted according to the MWR AOD. To recover the error
occurred due to differences in wavelength dependence, the
linear interpolation technique is used to calculate the AOD

value at 550 nm using the Power Law (Prasad et al. 2007)
as:

AODss04m = AODsgonm (550/500) " (8)

where o obtained in the visible spectrum lies in the range
400-750 nm.

The deviation between the ground-based and satellite
observations is examined through root mean square devi-
ation (RMSD) and mean absolute bias deviation (MABD)
using equations given by:

RMSD = /(37 d2/Nows ©)
and:
MABD = [d;|/Nobs (10)

The other statistical measures used in the study are the
correlation coefficient (r), standard deviation (4¢) and
relative difference (RD), which are expressed as:

r= [Z(x — x-bar)(y — y-bar)} /

\/[Z(x — x-bar)?(y — y—bar)z} (11)
to = \/[Z(x — x-bar)?/(Naps — 1)} (12)
and:

RD = (|di|/TMWR) x 100 (13)

In Egs. 9-13, d; is the difference between the MWR-
and MODIS-derived AOD, N, is the number of data
pairs, and x and y are the mean sample of series X and Y,
respectively.

3.2.2 CALIPSO data

Cloud Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) is a part of the A-Train con-
stellation of satellites and have been making global mea-
surement of aerosols and clouds since 13 June 2006. The
main objective of CALIPSO is to study the impact of
clouds and aerosols on the Earth’s radiation budget and
climate. Unlike the space-based passive remote-sensing
instruments, CALIPSO can observe aerosols over bright
surfaces and beneath thin clouds, as well as with clear sky
conditions (Huang et al. 2008). Using depolarisation
techniques, CALIPSO can easily distinguish dust from
other types of aerosols (Liu et al. 2008). The CALIPSO
satellite comprises three instruments: the Cloud—Aerosol
Lidar with Orthogonal Polarization (CALIOP), the Imag-
ing Infrared Radiometer (IIR) and the Wide Field Camera
(WFC). CALIPSO Lidar is designed to acquire vertical
profiles of elastic backscatter at two wavelengths (532 and
1,064 nm) from a near-nadir viewing geometry during both
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day and night phases of the sun-synchronous orbit. CAL-
IPSO has a 98° inclination orbit and flies at an altitude
of 705 km, providing daily global maps of the vertical
distribution of aerosols and clouds. The CALIPSO Lidar
Level 1 (version 3.01) consisting of optical and physical
properties of the detected aerosol layers is used in the
present study. For more detail, see Powell et al. (2009).

3.3 Air back trajectory

In order to examine the transport of aerosols from remote
sources to the studied region, 5-day air back trajectories are
plotted using the HYbrid Single-Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) model. Global Data Assim-
ilation System (GDAS) meteorological data is used to run
the HYSPLIT model with the latitude—longitude grid
(Draxler and Rolph 2010). The air trajectories are calcu-
lated for 11:30 IST at three arrival heights: 1,500, 2,500
and 4,000 m above ground level (AGL). The experimental
site is surrounded by mountains whose tops range between
3,000 and 5,000 m (Sharma et al. 2009). The selections of
all level trajectories are made keeping in mind the valley
topography, mountain peaks and boundary layer over
Mohal.

3.4 Computation of aerosol radiative forcing

The aerosol radiative forcing at the top of the atmosphere
(TOA) and at the surface (SFC) is defined as the difference
in the net fluxes with and without aerosol at the TOA and at
the SFC, respectively (Satheesh et al. 2002). Aerosol
radiative forcing (AF) at TOA and SFC can be expressed as
(Kedia et al. 2010):

— ! T
AFTOA’ SFC — flux (F —F )withaerosolTOA,SFC

— flux(F! — FT) (14)

withoutaerosolTOA,SFC

In the present study, the net flux is computed in the
wavelength range 0.175 pm < A < 4.0 um with and
without aerosols at the TOA and at the SFC using the
radiation transfer model developed by Fu and Liou (1992,
1993). It is a delta-four stream radiative transfer scheme
(Huang et al. 2009). Before running this radiation transfer
model, it is essential to estimate a few parameters, such as
AOD at 500 nm, surface albedo, cosine of zenith angle,
surface elevation and the type of environment. The types of
environment are model based defined by the International
Geosphere Biosphere Programme. The surface albedo is the
ratio of radiation reflected from a surface to the radiation
incident on the surface and one can easily assess its values
from Modern Era Retrospective-analysis for Research and
Applications (MERRA). MERRA is a reanalysis for the
satellite era produced in the National Aeronautics and Space
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Administration (NASA) Goddard Earth Observing System
version 5 (GEOS-5) data assimilation model (Rienecker
et al. 2008). The analysis is performed at a horizontal
resolution of 2/3° longitude by 1/2° latitude and 72 levels
(top at 0.01 hPa). The data presented here can be obtained
from using the NASA GIOVANNI web-based application
(http://disc.sci.gsfc.nasa.gov/giovanni). The cosine of zenith
angle describes the position of the sun relative to a location on
Earth and can be estimated from the equation described by
Igbal (1983).

The difference between the radiative forcing at the TOA
and SFC is defined as the atmospheric forcing (AF zty) and
is written as (Kedia et al. 2010):

AFatm = AFtoa — AFskec (15)

The AF 1M represents the amount of energy trapped
within the atmosphere due to the presence of aerosol. Thus,
the heating experienced by the atmospheric layer due to
radiation transfer is expressed in terms of the rate of
temperature changes and is calculated from the First Law
of Thermodynamics together with hydrostatic equilibrium
(Liou 2002; Babu et al. 2007; Kedia et al. 2010):

where 07/0t is the heating rate in K day ™', g/C, is the lapse
rate (taking g as the acceleration due to gravity and C, as
the specific heat capacity of air at constant pressure
= 1,006 J kg' K™') and AP is the atmospheric pressure
difference (taking AP as 300 hPa, mid-latitude pressure
width of troposphere), meaning that the aerosol layer is
concentrated in the first 3 km above ground (Ramanathan
et al. 2001; Prasad et al. 2007).

4 Results and discussion
4.1 Characteristics of aerosol optical depth

The AOD measurements are carried out over Mohal from
January 2007 to December 2009. These measurements are
conducted under clear sky conditions when no visible
clouds appear around the solar disc. The daily average
(mean =+ standard deviation) AOD at 500 nm (AODsgonm)
is found to be 0.24 £ 0.08 and ranges from 0.10 to 0.50.
During 2007, 2008 and 2009, these values are found
0.23 £ 0.07, 0.24 £ 0.07 and 0.28 +£ 0.09, respectively.
In respect of seasonal variations, the highest AODsqoum
is found to be 0.29 4 0.08 in the pre-monsoon season
(April-July) due to the high degree of human interference
in the form of tourism and external dust transport from the
country lying in the northwestern part of India. The pre-
monsoon is followed by a value of 0.26 £ 0.07 in the
monsoon season (August—September), 0.22 + 0.07 in the


http://disc.sci.gsfc.nasa.gov/giovanni

The assessment of aerosol optical properties over Mohal 159
Fig. 3 Temporal variation in sa OB
Angstrom parameters, o and f§ 18 030
s 51 0.40 @
+
8 - 030
g g
g a5 8
L 2
& 0.61 % g
034 £0.10 E
0 0.00
55 %8 55 5288228322883 33
= I = =
£ 3§28 245832 832 824832 §83 8¢
Month-Year

post-monsoon season (October—November) and 0.21 £
0.06 in the winter (December—March).

4.2 Analysis of Angstrém parameters

For retrieval of the aerosol size distribution and the total
aerosol loading in the columnar environment, o and f§ are
computed in the wavelength band 380—1,025 nm. The daily
average values of o and f§ are obtained as 1.02 4+ 0.34 and
0.13 £ 0.05, respectively. The temporal variations among
Angstrém parameters are shown in Fig. 3. When o values
increase, the 5 values decrease and vice versa. An inverse
relationship is found between o and f5, with considerable
negative correlation around —0.64. Figure 3 illustrates the
relatively highest concentration of fine size aerosols in the
winter and post-monsoon periods, while the lowest con-
centration was observed in the pre-monsoon and monsoon
periods. During winter, the low MWR AODsq,,, values
associated with o > 1.0 indicates that the size distribution is
dominated by anthropogenic aerosols (i.e. r < 0.5 pm),
which are mostly attributed to biomass burning and frequent
incidents of forest fire at local levels (Kuniyal et al. 2009).
During this season, the degree of fuel wood burning in the
valley reached its maximum level and here remained the
main source of fine size aerosols. Thereafter, with the
decrease in anthropogenic activities like burning fuel wood,
coal etc., there was noticed a sharp reduction in fine size
aerosols up to April. During the pre-monsoon period, high
MWR AODsgg nm Values associated with o < 1.0 indicates
the size distribution dominated by dust aerosols (i.e.
r > 0.5 pm), which are mostly transported from the Great
Sahara and Thar Desert regions (Kuniyal et al. 2009). Back
trajectory analysis in conjunction with MODIS and CALI-
PSO satellite data reveals that the frequency of dust storm
and dust aerosol transport increases after March from the
western deserts. The similar results of dust aerosol transport
from the western deserts towards the Himalayan-Gangetic
region have also been reported (Middleton 1986; Prospero
etal. 2002; Singh et al. 2004; Gautam et al. 2009). As aresult,

long-range transport caused a sharp increase in coarse size
particles, which are noticed after March, and these dust
transport events continued up to June. On the other hand,
there was noticed a continuous increase in o after April. The
major reason for this is considered to be the high degree of
human interference in the form of unregulated tourism
(April-July) and their related activities to generate more fine
size aerosols. After September, the influence of human
interferences again starts to increase due to the International
Kullu Dussehra festival, which, almost every year falls in
October. After getting over Kullu Dussehra, the festival’s
influence minimises, but, due to the onset of winter fuel wood
burning for cooking and heating purposes, it increases, as a
result of which, fine size aerosol increases and/or remains
almost constant from October to December.

4.3 Effect of prevailing wind and precipitation
on the characteristics of the aerosol optical depth

The climatological values of monthly total rainfall and
observed prevailing wind direction along with the AOD
measured at 500 nm is plotted in Fig. 4. The data of clima-
tological values are acquired from the Automatic Weather
Station installed at Mohal. Due to some technical reasons,
the availability of data after March 2009 was not possible.
Figure 4 shows that the maximum rainfall occurs in Febru-
ary 2007 and January 2008. The synoptic winds over Mohal
show that the dominant wind sector is south-southwest,
contributing 62%. However, the contribution of the south-
west-west wind sector is also significant, contributing 33%.
In general, south-westerly winds confirm the dispersion of
anthropogenic aerosols from the plains of India and dust
aerosols from the western deserts towards Mohal. Figure 2
illustrates the vertical velocity (shaded region) and hori-
zontal wind at the 700-hPa level. Distinct descent motion of
about 2 ms~' is noticed over southern India and ascent
motion stronger than 4.5 ms ™' appears over northern India.
The upward velocity of about 3 ms™' is noticed over the
Kullu valley, which is driven by the sensible heat flux caused
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by the radiative heating on the surface. Examining the
characteristics of AOD at 500 nm in the light of Fig. 4
suggests that, during January 2007, the AOD value was 0.23
and precipitation was negligible. During February—March
2007, Mohal received intense rainfall and the AOD
decreased by 35%. In April 2007, dust events start to
increase, a little bit of rain is not able to maintain the wet
removal process and the AOD abruptly increases by 87%.
May-June 2007 remains as having dust storm occurring
days, while July—August 2007 have the maximum contam-
ination of cirrus clouds. This may be one of the reasons for
the high AOD value. The peak in the AOD during November
2007 is due to dry weather. From November 2007 to
February 2008, the AOD value fell by 41% due to the wet
removal process. In March 2008, the valley almost went dry
and there accumulated 47% aerosols in the atmosphere
compared to February 2008. The rainfall intensifies from
April 2008 and heavy rainfall occurred during August—
September 2008. Due to adverse weather conditions,
observations during June—July 2008 are not possible. The
presence of cirrus type of clouds contamination may be one
of the reasons for the high AOD values during August 2008.
During October—November 2008, a little bit of rain brings no
changes in the existing aerosol concentrations. About a 13%
increase in rain brings about a 3% decrease in the AOD in
December 2008 compared to November 2008. On compar-
ing February and March 2009, the month of March received
35% more rain and this reduced the aerosol concentrations
by 23%. From the above discussion, it is known that, while
studying the characteristics of AOD, one cannot ignore the
influence of meteorological factors.

4.4 Comparison of the aerosol optical depth
from ground and satellite observations

Figure 5a represents the scatter plot of AODsso,m, between
MODIS and MWR observations. The data are sorted

@ Springer

according to the MWR AOQOD. The dashed line is the 1:1
line and the error bars denote the expected accuracy
calculated from prelaunch analysis over land (At,; =
£0.05 £ 0.157,,,) (Remer et al. 2005). The percentage
retrieval for daily AODsso,, over Mohal within the
expected accuracy is estimated to be 87%, with a signifi-
cant correlation coefficient of 0.76, whereas Remer et al.
(2005) reported the expected accuracy with respect to
AERONET-derived AODss,,, over the Indian land area to
be around 90%. The percentage error between MODIS
retrieval and MWR observations at 550 nm is 5%, showing
a systematic bias in which the MODIS AQOD is underesti-
mated by the MWR AOD. It is obvious from Fig. 5a that
the MODIS AOD retrieval has a good correlation with
MWR measurements. The scattered plot (see Fig. 5a) of
ground-based AOD measurement with the corresponding
values are derived from MODIS and shows a good agree-
ment with RMSD, MABD and correlation coefficients of
0.05, 0.04 and 0.76 for daily observations, respectively.
These agreements enabled us to validate the satellite data.
However, MODIS seems to underestimate its AOD com-
pared to the MWR AOD; the regressed slope was 0.82 for
daily observations. The deviation of the slopes from the
unity of correction line 1:1 indicates a systematic bias,
which could be caused due to error in instrument calibra-
tion and/or inappropriate choice of the aerosol model in the
MODIS retrieval algorithm and some other factors (Chu
et al. 2002; Zhao et al. 2002; Remer et al. 2005).

Figure 5b, ¢ shows the monthly mean and seasonal
mean AODssg,, values retrieved from MODIS and MWR
over Mohal during 2007-2009. It can be seen from Fig. 5b,
c that, for each month and season, MODIS AOD are mostly
matched with the corresponding MWR values. But the
MODIS AOD values are relatively lower than the MWR
values, except for a few months. The monthly mean and
seasonal mean AOD shows very similar variations. The
absolute difference found between the monthly mean
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Fig. 5 a Scatter plot between AOD derived from Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) and Multi-wavelength
Radiometer (MWR). The error bars indicate the range of MODIS
expected accuracy (At,; = £0.05 & 0.157,,;) from the 1:1 line. b,
¢ Variations in monthly and seasonal average AOD retrieved from

MODIS AOD and the MWR AOD is 0.01. As the inter-
national Kullu Dussehra festival approaches, the anthro-
pogenic activities such as vehicle interference, burning of
fuel wood etc. start to increase before the onset of this
period and reaches its peak in October, whose impact
remains continued for a month or more. The high AOD
retrieved through MWR during September—January is
considered due to local as well as external sources. This
study suggests that, during September—January in the
Mohal region, the aerosol types are polluted dust and
smoke produced from biomass burning. From the MODIS
airborne simulator data acquired over Brazil, during Smoke
Carbon Aerosol and Radiation-Brazil (SCAR-B), it is
found that, over smoke aerosol regions, the value of single
scattering albedo (SSA) is very sensitive to the retrieved
AOD (Chu et al. 1998). Ichoku et al. (2003) conducted
ground-based observation on aerosol properties during the
SAFARI 2000 experiment. The investigations mainly
focused on the behaviour of MODIS aerosol product,
especially in regard to the smoke aerosol produced due to
biomass burning. Their study observed that, during the
biomass burning period, the AOD values predicted by
MODIS are relatively lower than ground-based observa-
tion, since the SSA for biomass burning aerosol is

=0.10 0.10<A0D=<0.20 0.20<A0D=0.30

AOD at 550 nm

MODIS and MWR. The error bars represent the standard deviation of
the AOD. The numbers above the histograms of MODIS and MWR
represent the number of data points for the respective month and
season. d Frequency distribution of AOD derived from MODIS and
MWR

significantly lower, which, in turn, reduces the surface
albedo. Myhre et al. (2005) reported a significant reduction
in the surface albedo in fire-prone areas over the African
continent typically in the ranges of 5-8%. Over Mohal, the
intercept estimate is close to 0.1, which implies a small
amount of over-correction for the surface reflectance in the
MODIS channel at 550 nm (Misra et al. 2008). In light of
the above results, this study reveals that the assumption of
the surface reflectance in the MODIS aerosol model is
overestimated, which results in an underestimation of the
MODIS AOD. Hence, to recover the systematic bias, the
existing retrieval algorithm needs to be modified in view of
the changing aerosol optical properties, especially during
the biomass burning period (September—January).

The frequency distribution of AOD values from the data
points of MODIS and MWR are presented in Fig. 5d. From
this figure, it is made clear that the majority of AOD values
is between 0.10 < AOD < 0.20, where the frequency
difference is around 2%. The frequency distribution of
AOD < 0.10 is considerably (7%) higher for MODIS than
that of MWR. In the AOD range >0.30, the frequencies of
the MODIS AOD are approximately correspondent with
those of the MWR AOD. The frequency distribution pat-
terns shown in Fig. 5d suggests the underestimation of the
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MODIS AOD in the range 0.10 < AOD < 0.30 with
respect to the MWR. This study indicates that MODIS
AOD retrievals are able to effectively characterise the
AQOD distribution over Mohal, but further efforts to elim-
inate systematic errors in the existing MODIS algorithm
are needed.

4.5 Investigation of aerosol transport

To investigate the influence of long-range transport from
different sources of origin to Mohal in the northwestern
Indian Himalaya, besides local sources contributing to the
existing columnar aerosols, external sources are also
identified. The study of aerosol transport towards Mohal
is investigated on some characteristic cases with the
simultaneous study of back trajectory in conjunction with
CALIPSO. The results of the studies suggest that the
external desert and anthropogenic aerosols reached Mohal.
Kuniyal et al. (2009) also investigated the aerosol origin by
taking into account back trajectories analysis. That study
indicated that, during the pre-monsoon period, the AOD at
Mohal was largely influenced due to the Sahara aerosols.
The various studies showed that the dust storm started in
April and remained until the end of June. These dust storms
remain associated with the westerly flow and play a major
role in building the aerosol layer, which is an effective
dust source for the Indian sub-continent (Dey et al. 2004;
Bollasina and Nigam 2009). The depolarisation ratio is
defined as the ratio of the perpendicular and the parallel
components of the attenuated backscatter signal, and is a
good proxy to distinguish different dust aerosols. Higher
depolarisation suggests the presence of large concentra-
tions of dust particles in the layer in cloud-free conditions
(Gautam et al. 2009). The air parcels suggest the transport
of dust aerosols towards Mohal from a desert-prone region.
The CALIPSO-derived image is used to identify the dust
aerosols along the overpass of the trajectory. Typical
examples of the highest value of AOD noticed over Mohal
during the dust storm period (April-June) are taken under
consideration.

During dust storm period of 2007, the highest peak
of MWR AODsg,m is obtained on 12 April (MWR
AODsponm = 0.34), followed by 27 April, as well as on 1
June (MWR AODsgp,m = 0.33), while the lowest peak is
observed on 21 April (MWR AODsponm = 0.18). The air
parcels reached on 12 April over Mohal originated from the
Sahara Desert and those passed through the Libyan Desert
and the Syrian Desert (Fig. 6a). Due to westerly flow, these
air parcels passed through Afghanistan and played a major
role in building the aerosol layer over Afghanistan. The
nearest CALIPSO pass was available on 11 April in the
nighttime, transecting across Afghanistan. Figure 6b is
the CALIPSO-derived image, taken on 11 April covering
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the central Afghanistan region, depicting a vertically extended
dust aerosol layer of 5 km. The higher depolarisation ratio
(i.e. 0.4) profile derived from CALIOP backscatter mea-
surements indicates that the desert dust lifting is associated
with the near-surface aerosols. This aerosol transport has
enhanced the dust aerosol loading on 12 April over Mohal.
The air parcels reached on 27 April over Mohal originated
from the Sahara Desert (plot at 2,500 and 4,000 m) and
Taklimakan Desert (plot at 1,500 m) (Fig. 6¢). The air
parcels which originated from the Sahara Desert finally
passed through the Taklimakan Desert. The Taklimakan
Desert in Central Asia is one of the largest sandy deserts in
the world and is a significant source of airborne dust
(Huang et al. 2007; Liu et al. 2008). Heavy dust storms are
mostly experienced during the pre-monsoon period and
their impact over the Taklimakan Desert remains up to a
few days after its occurrence (Huang et al. 2007). A dust
storm which occurred on 22 April at the Taklimakan Desert
had affected the present experimental site of Mohal.
Figure 6d is the CALIPSO-derived image transecting across
Taklimakan Desert on 26 April, depicting a vertically
extended dust aerosol layer of 5 km. The higher depolar-
isation ratio of ~0.4 indicates that the desert dust lifting is
associated with the near-surface aerosols. At the same time,
air parcels also passed through this region, which proves
that transport dust reached the present study region. In
order to investigate the cause of high aerosol loading on 1
June over Mohal, it came to knowledge that, on 1 June, the
entire trajectories reached Mohal through Afghanistan.
These trajectories passed through Afghanistan on 31 May.
The nearest CALIPSO pass was available on 31 May,
showing a vertical dust aerosol layer of 5.3 km over
Afghanistan between 32-37°N and 68-70°E. The higher
depolarisation ratio value of around 0.4 indicates that the
desert dust lifted to elevated altitudes in the troposphere.
During the dust storm period in 2009, the highest peak
of MWR AODsyp,, 1s obtained on 4 June (MWR
AODsponm = 0.50), followed by 19 June (MWR
AODsponm = 0.42), while the lowest peak is observed on
10 April MWR AODsggnm = 0.13). In order to investigate
the possible sources of origin it came to knowledge that, on
4 June, the air parcels reached over Mohal originated from
or passed through the Sahara Desert (Fig. 6e). Due to
westerly flow, these air parcels moved towards Mohal. The
nearest CALIPSO pass was available on 3 June in the
nighttime, covering the region of Afghanistan. The CAL-
IPSO-derived image covering the region of Afghanistan
depicts a vertically extended dust or polluted dust aerosol
layer of 5 km around 32°N, 65°E (Fig. 6f). This analysis
has confirmed the dispersion of dust or polluted dust
aerosols from the western deserts towards Mohal. The
possible sources of aerosol transport on 19 June over
Mohal are also analysed. Before reaching Mohal, these air
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parcels passed through 31°N, 76°E on 18 June (Fig. 6g).
The CALIPSO-captured image over the pass time of air
parcel suggests the indication of a vertically extended
aerosol layer of dust or polluted dust around 31°N, 76°E

(Fig. 6h).
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The agricultural waste burning in the IGP and Punjab is
a significant source of anthropogenic aerosols during
October (Badarinath et al. 2009; Sharma et al. 2010).
During October, air parcels suggest the transport of
anthropogenic aerosols such as polluted dust, smoke etc.
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Fig. 7 CALIPSO-derived
image Lidar Level 1 (version
3.01) identifying the
anthropogenic aerosols along
the overpass trajectory. Typical
examples to investigate the
influence of long-range
transport from different source
origins to the Mohal during the
biomass burning period
(October) are shown
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towards Mohal from a region that is dominated by agri-
culture crop residue burning. The CALIPSO-derived image
is used to identify the smoke aerosols released from agri-
culture crop residue burning along the air trajectories.
Typical examples of the highest value of AOD noticed over
Mohal during October are taken into consideration.
During October 2007, Sharma et al. (2010) reported the
highest peak of MWR-derived AODsgo,,, over Patiala
(30.19°N, 76.4°E) on 25 October, followed by 31 October.
These high values of AODsg,y, are attributed to the
extensive burning of agricultural crop residues throughout
Punjab. Similar results are also observed in our region. The
air parcels reached over Mohal on 25 October passed
through the northern part of Punjab (Fig. 7a). On 25
October, the nearest CALIPSO pass was available in the
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daytime covering the northern part of Punjab, suggesting a
vertically extended aerosol layer of polluted dust and smoke
~3 km around 32-32.5°N, 75.5-76°E, which is associated
with burning agricultural crop residues (Fig. 7b). The
AODs500nm value was noted to be 60% higher on 25 October
as compared to 8 October (lowest peak in AOD). About a
34% increase in the o estimate on 25 October when com-
pared to 8 October suggests additional loading of fine
aerosols in the atmosphere. There is a good agreement
between AODsgg nm and o measured at Mohal and the
values reported over Patiala (Sharma et al. 2010). These
results indicate that the impact of agricultural crop residues
burning over Punjab have an adverse impact over Mohal.
During October 2008, the highest peak of MWR
AODspgnm of 0.26 is obtained on 11 October, while lowest
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peak is obtained on 12 October. The movement of air
parcels towards Mohal across the CALIPSO transect on 11
October (Fig. 7c). The CALIPSO-derived image taken on
11 October suggests a vertically extended aerosol
layer (~3 km) of dust or polluted dust and smoke around
32°N, 76°E (Fig. 7d). This increased the possibility of
the transport of anthropogenic aerosols towards Mohal.
The AODsgonm value was noted to be 44% higher on 11
October when compared to 12 October. About a 23%
increase in the o estimate on 11 October as compared to 12
October suggests the additional loading of fine aerosols in
the atmosphere.

During October 2009, the highest peak of MWR
AODsponm of 0.47 is obtained on 19 October, while the
lowest peak is obtained on 10 October. Figure 7e shows the
movement of air parcels towards Mohal. The air parcel plot
at 1,500 m originated from Pakistan around 29°N, 72°E.
The nearest CALIPSO pass was available during nighttime
on 15 October. The air parcel with slow motion within the
boundary layer seems to follow the transect path of
CALIPSO. The CALIPSO-derived image taken on 15
October suggested a vertically extended aerosol layer
(~4 km) of dust or polluted dust, polluted continental
and smoke between 31-32°N, 73.5-74.5°E (Fig. 7f). This
increased the possibility of aerosol transport towards
Mohal. The AODsg,, value was noted to be 291% higher
on 19 October when compared to 10 October. About a
350% increase in the o estimate on 19 October as compared

to 8 October suggests an additional loading of polluted
aerosols in the atmosphere.

4.6 Influence of aerosol transport on aerosol radiative
forcing

This section describes the radiative effect of aerosol over
Mohal during desert dust transport days. Figure 8a—d
shows the spatial distribution of short-wave aerosol radia-
tive forcing at SFC, TOA and ATM. The results of the
study are compared with low aerosol loading days. It can
be seen from Fig. 8a that enhanced loading of desert dust
aerosols from transport sources have a high impact, with a
considerable reduction in surface-reaching solar radiation.
The transport of dust aerosol on 12 April 2007, 27 April
2007, 1 June 2007, 4 June 2009 and 19 June 2009 cause a
significant reduction in the surface-reaching short-wave
solar radiation by 43, 40, 39, 50 and 42 Wm_z, respec-
tively. This increased the atmospheric forcing on these
days by 33.8, 33, 33.2, 35.3 and 30.1 Wm_z, respectively,
which translates into an atmospheric heating rate of 0.95,
0.93, 0.93, 0.99 and 0.84 K day™', respectively. During
these days, the aerosol radiative forcing (average of dust
loading days) on the SFC, TOA and ATM became —42.8,
—9.5 and 33.1 Wm™ >, respectively. The increase in
atmospheric forcing due to dust aerosols transport trans-
lates into an atmospheric heating rate of 0.93 K day .
This study estimated that, during dust aerosol transport
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days, the average forcing at the SFC and TOA change by
—26 and —6 Wm™ 2, respectively, when compared with the
average value of low aerosol loading days, i.e. 21 April
2007 and 10 April 2009. This implies a significant reduc-
tion in the surface-reaching solar radiation by 149%. This
large reduction in the surface-reaching solar radiation
increases the atmospheric heating rate by a factor of 2.4.
During dust event period, Prasad et al. (2007) presented the
results from Kanpur located in the IGP to investigate the
influence of aerosol transport on surface-reaching short-
wave solar radiation. That study found that, during dusty
days, the average forcing at the SFC and TOA change by
—23 and —11 Wm™?, respectively.

This study of aerosol transport has revealed that Mohal
is representative of two different types of aerosols, which
presents two characteristic atmospheric situations over the
region. This section describes the influence of the long-
range transport of anthropogenic aerosols on incoming
solar radiation. From Fig. 8c, it is made clear that the
transport of anthropogenic aerosol on 25 October 2007, 11
October 2008 and 19 October 2009 caused a significant
reduction in the surface-reaching short-wave solar radia-
tion by 33.4, 35.2 and 56.6 Wm ™2, respectively. This
increased the atmospheric forcing on these days by 22, 24.4
and 31 Wm_2, respectively, which translates into an
atmospheric heating rate of 0.62, 0.68 and 0.87 K day ',
respectively. During these days, the aerosol radiative
forcing (average of dust or polluted dust and smoke loading
days) on the SFC, TOA and ATM became —41.7, —15.9
and 25.8 Wm ™2, respectively. The increase in atmospheric
forcing due to polluted dust and smoke aerosols transport
translates into an atmospheric heating rate of
0.72 K day~'. This study has estimated a significant
reduction in the surface-reaching solar radiation by 117%
during dust or polluted dust and smoke aerosol transport
days when the result was compared with the average values
of low aerosol loading days, i.e. 8 October 2007, 12
October 2008 and 10 October 2009. This large reduction in
surface-reaching solar radiation increases the atmospheric
heating rate by a factor of 2.

Badarinath et al. (2009) carried out a study during
October 2007 over Hyderabad, located in the central region
of Peninsular India, to estimate the radiative effect of
aerosol. That study investigates a considerable reduction in
the surface-reaching solar radiation by 107 Wm ™2 on high
aerosol loading days. This reduction is attributed to the
transport of smoke aerosol from agricultural waste burning
dominant region. A similar result was also reported by
Sharma et al. (2010) during October 2007 from Patiala,
with a significant reduction in the surface-reaching solar
radiation by 212 Wm™?2 on high smoke aerosol loading
day. Tripathi et al. (2005) estimated the impact of
anthropogenic aerosol on solar radiation over Kanpur, with
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a decrease in the surface-reaching solar radiation by
62 Wm™>.

5 Conclusion

Ground and satellite observations of aerosol properties are
carried out under clear sky days during 2007 to 2009 and
are here analysed, together with aerosol trajectories. The
summary of the results shows that the daily average value
of the aerosol optical depth (AOD) at 500 nm, « and f are
0.24 + 0.08, 1.02 £ 0.34 and 0.13 £ 0.05, respectively. A
comparative study of the MWR and MODIS observations
reveals that the percentage retrieval for daily AOD at
550 nm over Mohal within the expected accuracy
(At),;, = £0.05 & 0.157,,) is around 87%, whereas the
expected accuracy with respect to the AERONET-derived
AOD over the Indian land is 90%. MODIS- and MWR-
derived AOD showed good agreement for daily observa-
tions, with 0.05, 0.04 and 0.76 for the RMSD, MABD and
correlation coefficient, respectively. The absolute differ-
ence in the AOD is observed as 0.01. The present study,
therefore, suggests that the MODIS AOD retrievals are
able to effectively characterise the AOD distribution over
Mohal. However, further efforts to eliminate systematic
errors in the existing MODIS algorithm are needed.
Besides local sources, the long-range transport of aer-
osol also contributes to the existing columnar aerosols. The
aerosol transport from different source origins has played a
major role in building the aerosol layer over Mohal. The
transport of desert dust aerosol has caused a significant
reduction in the surface-reaching short-wave solar radia-
tion by 149%. This reduction in the surface-reaching solar
radiation increased the atmospheric heating rate by a factor
of 2.4. The transport of anthropogenic aerosols (polluted
dust and smoke) caused a significant reduction in the
surface-reaching short-wave solar radiation by 117%. This
reduction in the surface-reaching solar radiation increased
the atmospheric heating rate by a factor of 2. This study
indicates significant climatic implications due to the
transport of aerosols in the northwestern Indian Himalaya.
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