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The present study examines the aerosol characteristics over two locations in the northwest region of India (Dehradun and Patiala)
during premonsoon season of 2013. The average mass concentrations of particulates (PM,; PM, 5; PM, ) were found to be 118 + 36,
34+11,and 19410 pgm > and 140448, 30+13, and 14406 ygm > over Dehradun and Patiala, respectively. The average aerosol optical
depth (AODy,.,) is observed to be 0.62 + 0.11 over Dehradun and 0.56 + 0.21 over Patiala. Angstrdm exponent and fine mode
fraction show higher values over Dehradun as compared to Patiala. The average mass concentration of black carbon was found to be
3343+ 546 ngm ~ and 6335 + 760 ngm > over Dehradun and Patiala, respectively. The diurnal pattern of BC is mainly controlled by
boundary layer dynamics and local anthropogenic activities over both the stations. The average single scattering albedo (SSAsy 1)
exhibited low value over Patiala (0.83 + 0.01) in comparison to Dehradun (0.90 + 0.01), suggesting the abundance of absorbing
type aerosols over Patiala. The average atmospheric aerosol radiative forcing is +37.34 Wm > and +54.81 Wm > over Dehradun and

Patiala, respectively, leading to atmospheric heating rate of 1.0 K day ' over Dehradun and 1.5K day ™" over Patiala.

1. Introduction

The atmospheric aerosols exert both direct and indirect
forcing on climate by perturbing Earth’s radiation budget [1-
4]. The direct effect refers to the interaction of aerosols with
radiation through absorption or scattering, and the indirect
effect results from the modification of microphysical proper-
ties of clouds by aerosols that act as cloud condensation nuclei
(CCN) which in turn affect the cloud albedo, cloud life time,
and precipitation rate [5]. It is still uncertain whether aerosols
have net cooling or warming effect on Earth’s atmosphere
because of inadequate knowledge of regional and global
aerosol characteristics and their temporal variation. These
effects are directly related with the regional atmospheric
radiative forcing which may affect the climate at regional to
global scale. Aerosol radiative forcing (ARF) mainly depends
on spectral aerosol optical depth (AOD), water vapor content,
ozone content, asymmetry parameter (g), surface albedo,
single scattering albedo (SSA), and vertical distribution of

aerosols. Out of these, SSA, which is the ratio of scattering to
extinction, is an important parameter affecting the ARF and
is highly sensitive to the relative distribution of scattering and
absorbing type aerosols in the atmosphere. Aerosols such as
black carbon (BC) significantly absorb radiation in the visible
and IR spectrum leading to atmospheric warming and a sur-
face cooling [6]. The study of BC aerosol at high altitude sites
in the Himalayas is particularly important for understanding
their role in radiative forcing and, more importantly, the
deposition and melting of Himalayan glaciers [7, 8]. Major
contribution to high altitude BC is associated with the long-
range transport [7, 9, 10] and local emissions from the Indo-
Gangetic Plain (IGP) [8, 11, 12]. The present study is focused
on the assessment of optical and radiative characteristics of
aerosols and BC variation during the premonsoon season
(April-June, 2013) over two locations at Dehradun and
Patiala in the north-west region of India. During this season,
dust storms occasionally hit the northwestern part of India
mostly originating from Thar Desert [13]. During the study



period, the ground based measurements have been used
in conjunction with satellite observations and the aerosol
radiative forcing is estimated using model simulations.

2. Site Description and Meteorology

2.1. Dehradun (Lat: 30.30°N, Long: 78.03°E, 700 m above Mean
Sea Level). Dehradun is the capital of Uttarakhand state and
located at the foot hills of Himalayas. The valley is charac-
terized by undulation topography, prominently influenced
by transport of pollutant from the IGP. The study site is
surrounded by hills of high altitude (2000 m) in the direction
of north and east. Dehradun experiences high vehicular
traffic throughout the year due to tourist spots around it.
During study period, the average day time temperature and
relative humidity (RH) was 33°C and 51%, respectively, and
the wind is normally northwesterly with speed of less than
Ims™".

2.2. Patiala (30.33°N, 76.4°E, 249 m above Mean Sea Level).
Patiala is located in the south east part of Punjab. The
sampling site is surrounded by agricultural fields and indus-
trial cities like Ludhiana and Gobindgarh located in the
north-west of the sampling site. More details of the site
description are described elsewhere [14, 15]. During the
present study, average maximum day time temperature was
36°C whereas the RH was low (41%). The wind was normally
northwesterly/southwesterly with average speed of 2ms™".
Both sites experienced frequent and heavy rainfall spells all
over the month of June. The total rainfall recorded in June at
Dehradun and Patiala was 1030 mm and 145 mm, respectively.

3. Data Sets and Methodology

MICROTOPS-II (MT) sun photometer [16] was used to
measure spectral aerosol optical depth (AOD; 380-870 nm)
and aerosol spectrometer (GRIMM; model 1.108) was used
to assess the mass distribution (PM,,, PM,, and PM,)
of aerosols over both locations. The aerosol spectrometer
was operated thrice a week (0900-1700hrs) during the
premonsoon season for same days at both the stations. The
cumulative error in AOD measurements due to Rayleigh
scattering and molecular absorption is found to be 2%-5%
for MT sun photometers at different wavelengths [17]. Details
of AOD analysis has been reported in our earlier work [18].
The measuring principle of aerosol spectrometer is based
on the light scattered by individual particle incident from
semiconductor laser in a measuring cell. The scattered light
pulse from every single particle is being counted and intensity
of scattered light signal is classified to certain particle size.
After the detection of the particle concentration and its size,
the size distribution of aerosols can be determined and this
in turn is the basis for the evaluation of the particulate mass.
The measurement of BC mass concentration was carried out
at both sites using 7-wavelength aethalometer (Model AE-
31, Magee Scientific Company, Berkley, CA, USA) online
monitor with temporal resolution of 5 minutes during study
period. It measures the optical attenuation (absorbance) of
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light from LED lamps emitting at seven wavelengths (370,
470, 520, 590, 660, 880, and 950 nm) with a typical halfwidth
of 20nm [19]. Observations at 880 nm are considered as
standard for BC measurement, as BC is principal absorber
at this wavelength in comparison to the other aerosol species.
The analytical uncertainty in BC measurements is ~+2% (as
reported in aethalometer user manual). However, occasion-
ally, it has been reported that the mass concentration of
BC aerosol can be overestimated due to presence of other
absorbing aerosol [20]. The uncertainty in BC mass mea-
surement due to shadow effect and multiple scattering has
been studied earlier [21, 22], and same has been considered
in the present analysis and found that the uncertainty does
not exceed over 10% [15]. More details on the analytical
technique of aethalometer can be found elsewhere [23, 24].
A semiempirical model, optical properties of aerosols and
clouds (OPAC), was used to derive the optical properties
of aerosols [25] synchronous with the ground observations.
Keeping in view of the composition of aerosols over both
the sites, five different aerosol types (soot, water soluble,
insoluble, mineral accumulation, and mineral transport) as
externally mixed particles forming the composite aerosols
were fixed in the OPAC model. Angstrom exponent was
calculated from spectral information from ground measured
AOD while SSA and asymmetric parameter were simulated
using OPAC model. In accordance with the ground mea-
sured BC concentration, the BC mass mixing ratio (ratio
of the mass concentration of BC to the total mass of the
composite aerosols) was fixed while the number densities
of other components were varied. A number of iterations
was performed till the estimated spectral AOD was in close
agreement with the sun photometer based measured values
[26]. In the present analysis, only those data sets have been
considered where the root mean square difference between
the simulated spectral AOD and measured spectral AOD is
less than or equal to 0.03 as shown in Figure 1 [27].

The aerosol radiative forcing at top of the atmosphere and
at the surface is defined as the change in the net radiative
flux with and without aerosols. The estimated atmospheric
aerosol radiative forcing (ATM) is the difference between
surfaces radiative forcing (SRF) and the radiative forcing at
the top of the atmosphere (TOA). The sign and magnitude
of atmospheric forcing due to aerosol depends upon the
nature of aerosols, their distribution, and planetary albedo.
The surface albedo was calculated using MODIS albedo
product (MODIS/Terra + Aqua albedo 16-day L3 global
1km SIN Grid V005). Aerosol radiative forcing (ARF) over
both locations was estimated using Santa Barbara DISORT
atmospheric radiative transfer (SBDART) model [28]. The
aerosol optical depth (AOD), Angstrom exponent («), single
scattering albedo (SSA), asymmetry parameter (g), and
spectral albedo were used as an input to SBDART to compute
aerosol radiative forcing at the surface (SRF) and top of
the atmosphere (TOA). The uncertainties in shortwave ARF
calculations could arise from various assumptions, such
as model atmosphere and OPAC simulations, as well as
uncertainties in surface albedo, molecular scattering, and
absorption and errors in measured parameters, such as
AOD and BC mass concentration. The overall uncertainty
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FIGURE 1: Intercomparison of OPAC derived spectral AOD with Sunphotometer measured spectral AOD over Dehradun and Patiala.

in ARF calculations is within the range of 20% [18, 29].
The AOD was derived from moderate resolution imaging
spectroradiometer (MODIS) onboard polar orbiting NASAs
Earth Observing System (EOS) Terra and Aqua level 3 data
products at 550 nm and at 388 nm and 500 nm for Aura
Satellite (OMAERUVA.003) level 3 data products. More detail
about algorithm and functioning of MODIS are described
elsewhere [18, 30, 31]. MODIS provides AOD data at 0.1°%
0.1° grid whereas AURA provides at 0.25°x 0.25°grid interval.
The satellite data was used through 20 to 34°N latitude
covering north and north-west Himalayan region, part of
Indo-Gangetic Plain, and western and part of central Indian
regions. It is observed that all aerosol optical properties values
are not available for each grid level. Hence, to obtain a con-
tinuous surface for each point grid, interpolation technique
was used to generate AOD values for entire area in 1km

grid size. The AOD retrieved from satellite data was validated
with the ground based measurements. The continuous AOD
data generated over the selected Indian region would help in
estimating Aerosol Radiative Forcing.

4. Results and Discussion

The variations of PM,, PM, 5, and PM, mass concentrations
during premonsoon season over both locations are shown
in Figure 2(a). The seasonal average mass concentration of
particulates (PM,,, PM, 5, and PM, ) was found to be 118 +
36,34 + 11, and 19 + 10 uygm™> over Dehradun and 140 +
48, 30 + 13, and 14 + 06 ugm™> over Patiala suggesting
higher concentration of coarser particulate (PM,,) while
lower concentration of fine particulates (PM, s and PM, ) over
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FIGURE 2: The variation of seasonal average (a) particulate mass concentration (PM,,, PM, ;, and PM,) and (b) FMF over Dehradun and

Patiala.
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FIGURE 3: The variation of seasonal average (a) spectral AOD and (b) Angstrém coefficient (380-870 nm) over Dehradun and Patiala.

Patiala as compared to Dehradun. The estimated fine mode
fraction (FMF) over both locations (Figure 2(b)) reveals the
relative dominance of fine and coarse mode particles. The
magnitude of FMF is high over Dehradun (PM, s/PM,, =
0.30 and PM,/PM,, = 0.17) in comparison to Patiala
(PM, 5/PM,; =0.22 and PM,/PM,, = 0.10). From the analysis
of FMF over these two sites, it can be concluded that the finer

mode particle is abundant over Dehradun and surrounding
region as compared to Patiala and surrounding region. The
northwestern part of IGP experiences occasional dust storms
during the premonsoon season as is evident from dominance
of coarser aerosols over Patiala. Dehradun is situated at high
altitude and far away from the Thar Desert, so most of the
coarse mode aerosols gets settled down during transport
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FIGURE 4: The diurnal variation of monthly average BC aerosol over Dehradun and Patiala.

before reaching over Dehradun resulting in less abundance
of coarse particles.

The columnar AOD represents the extinction of incoming
solar radiation by aerosols and its magnitude is directly pro-
portional to the loading of aerosols in the column. Thus, its
assessment is key component in calculating Earth’s radiation
budget. The variation of seasonal AOD (380-870 nm) over
Dehradun and Patiala is shown in Figure 3(a). The seasonal
AOD over Dehradun has shown the strong wavelength
dependence varying from 0.85 at 380 nm to 0.43 at 870 nm,
while it exhibits weak wavelength dependence over Patiala
ranging from 0.70 to 0.49 showing insignificant decrease at
longer wavelengths as compared to middle wavelengths. It is
interesting to see that, at shorter wavelengths, the magnitude
of AOD is higher over Dehradun as compared to Patiala but
opposite trend is seen at longer wavelengths. Over Patiala,
high value of AOD at longer wavelengths indicates abundance
of coarser aerosols over Patiala as compared to Dehradun
[29, 32] while the strong wavelength dependence of seasonal
AOD over Dehradun is attributed to more abundance of fine
mode particles due to anthropogenic sources [33]. Further,

spectral information of AOD has been used to derive the
Angstrom exponent («) which is also useful to compare
and characterize the wavelength dependence of AOD and
columnar aerosol size distribution [34]. The relative increase
in number of large sized particles with respect to the smaller
ones results in decrease in the value of « and vice versa [35]. In
the present analysis, the spectral variation of seasonal AOD
was used to derive the Angstrém coefficient in wavelength
range 380-870 nm (the Angstrom exponent “a” and turbidity
factor “B”) as shown in Figure 3(b). The high value of
seasonal Angstrom exponent («) over Dehradun (0.85) as
compared to Patiala (0.47) indicates abundance of finer
mode particles over Dehradun as compared to Patiala. The
variation of Angstrém exponent confirms to our findings of
size distribution over both locations as inferred from seasonal
spectral AOD and FMF analysis. The magnitude of seasonal
turbidity factor was found to be 0.35 and 0.41 over Dehradun
and Patiala, respectively. The high value of turbidity factor
(B) over Patiala implies more atmospheric aerosol loading
over Patiala especially the coarse mode ones as compared to
Dehradun.



Diurnal variation of black carbon concentrations during
the study period over Dehradun is depicted in Figure 4. The
diurnal variation of BC concentration is observed to be low
during the day time while peak in morning and evening
hours. From the graph it is evident that, for all the months, a
sharp peak is observed between 0800 and 0900 hrs local time
(6500 ngm ™ in April, 6800 ngm™ in May, and 4000 ngm
in June) and another peak between 1900 and 2200 hrs
local time (5500 ngm ™ in April, 6800 ngm™ in May, and
6000 ngm > in June). The morning peak may be attributed
to the accumulation of BC particles due to shallow boundary
layer and also due to increased anthropogenic activities
(particularly during 0700-900 hrs). As the day progresses,
solar heating leads to convection resulting in increase of
mixed layer height and thereby reducing BC concentration.
The concentration decreases till 1700 hrs and then starts
increasing gradually due to combined effect of increase in
local anthropogenic activities and decrease in boundary layer
height. Thus BC concentration again reaches its peak between
1900 and 2200 hrs during all months over Dehradun. Diurnal
variation of black carbon concentrations during premonsoon
season over Patiala is depicted in Figure 4. Here also, BC
concentration is observed to be low during the day time with
peaks in the morning and evening hours. It is seen that,
during each month, a sharp peak is observed between 0800
and 0900 hrs local time expect in June (16000 ngm ™ in April
and 19000 ngm™ in May) and another peak between 1900
and 2200 hrs local time (9000 ngm™ in April, 15000 ngm
in May, and 7000 ngm ™ in June). It is further observed that
black carbon concentration is large in May as compared
to April and June attributing to BC emissions from wheat
residue burning in the fields during first half of May in
Punjab. Over both locations, the morning peak is dominant
over evening peak during April and May whereas in June,
the evening is dominant over morning peak. The frequent
and heavy rainfall was experienced and recorded in the
north-west part of India during June. It has been further
observed that, at both the locations, rain occurred mostly
during morning hours than in late evening hours. This
could be the reason for dominance of evening peak in BC
concentration. Seasonal average BC mass concentration is
found to be high over Patiala (6335 + 760 ngm ) compared
to Dehradun (3343 + 546 ngm_3). The mass concentration of
BCis influenced by various factors such as transportation due
to winds and diurnal variation in the local boundary layer
dynamics while the remaining would be from local activities
[36].

Aerosols are mainly mixture of both absorbing and scat-
tering type in the atmosphere. Their effect in terms of cooling
and warming the atmosphere is dependent upon many
parameters, and single scattering albedo (SSA) is amongst
the most important parameter [37]. The spectral variation
of OPAC simulated seasonal average SSA (380-870 nm) over
study regions is shown in Figure 5. The value of seasonal
average SSA at 500 nm is found to be 0.90+0.01 and 0.83+0.01
over Dehradun and Patiala, respectively. The low value of
SSA over Patiala suggests relative abundance of absorbing
aerosols over Patiala than Dehradun. The SSA is wavelength
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FIGURE 5: The variations of seasonal average spectral SSA over
Dehradun and Patiala.

dependent and its magnitude decreases with wavelength over
Dehradun and increases with wavelength over Patiala. It
shows that the absorption is more prominent at higher wave-
lengths in comparison to lower wavelengths over Dehradun
and the reverse is true for Patiala. The increase of SSA with
wavelength over Patiala clearly suggests more scattering at
higher wavelengths due to increased concentration of coarse
mode particles [32]. The variation of spectral SSA over Patiala
is in agreement with the earlier studies over IGP during the
premonsoon season [32, 38]. These studies also reveal the
dominance of coarse mode particles (dust aerosols) over the
study regions as has been found over Patiala. However, the
spectral SSA over Dehradun is opposite to the earlier findings
due to less abundance of coarse particles. The opposite trend
of spectral SSA variation over Patiala and Dehradun may be
attributed to difference in aerosol sources and topography.
The spatial variation of AOD at 550 nm was studied using
MODIS Terra and Aqua, while AOD at 380 and 500 nm was
studied using AURA satellite for entire grid level latitude
(20-35°N) over Indian region. Interpolation technique was
applied to generate continuous AOD and Angstrém exponent
values for the entire area. The analysis shows that during
April to June the low AOD values (0.01-0.20) are seen over
extreme north and central-western region; moderate high
values (0.21-0.51) over the central Indian region while high
AOD values (>0.52) are seen over north-west region and
part of Indo-Gangetic Plains (IGP) (Figure 6). The HYSPLIT
air mass back trajectory (5 days) was used over Dehradun
and Patiala during April to June at different heights of 500,
1500, and 3000 meters above mean sea level. The analysis
shows that over both stations the air masses are from the west
and southwest directions which increases the AOD level over
north-west part of IGP region (Figure 7). The satellite derived
AOD from MODIS and AURA satellites were compared
with the ground measured values over the two stations.
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FIGURE 6: Spatial distribution of aerosol optical depth values over the region using MODIS Terra and Aqua data during April to June 2013.
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FIGURE 9: Variation of aerosol radiative forcing at SRE, TOA, and ATM during premonsoon period over Dehradun and Patiala.

The analysis shows that the satellite derived AOD over
Dehradun and Patiala is in good agreement (R = 0.94; R =
0.87) with ground measured AOD (Figure 8). The variability
of seasonal aerosol radiative forcing (ARF) at surface (SRF),
top of the atmosphere (TOA), and in atmosphere (ATM)
over both locations during the premonsoon season is shown
in Figure 9. ARF ATM is estimated to be +54.81 Wm > over
Patiala and +37.34 Wm™> over Dehradun. The significant
difference between magnitudes of ARF ATM is mainly due
to difference of ARF TOA. Over both locations, the TOA is
negative with magnitude of —7.81 Wm > and ~1.08 Wm ™ over
Dehradun and Patiala, respectively, indicating more amount
of radiation back scattering to space than being received at
top of the atmosphere. The high magnitude of ARF TOA

over Dehradun suggests dominance of scattering type aerosol
than over Patiala. The ARF TOA also depends upon the
albedo of the region. The heating rate of atmosphere due to
aerosol radiative forcing is estimated during the study period.
The seasonal average heating rate is found to be 1.0 K day ™"
and 1.5 K day™' over Dehradun and Patiala, respectively. The
estimated ATM ARF as well as heating rate is about 3 times
higher over Patiala and 2 times higher over Dehradun than
over Kanpur and Gandhi College, eastern part of IGP during
the premonsoon season as reported earlier [39]. During
the other study over IGP in premonsoon season, the ATM
ARF and heating rate is reported to be +55.43, +56.19,
+50.22, and +38.14 Wm ™ and 1.56, 1.58,1.41, and 1.07 K day "
over Kanpur, Barelliy, Pantnagar, and Nainital, respectively
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[38]. The estimated forcing and heating rate during the
present analysis is comparable with these reported values.
High surface cooling associated with significant atmospheric
heating rate during the study period over both the locations
may be capable of affecting the atmospheric dynamics.

5. Summary and Conclusions

The optical and radiative properties of aerosols have been
studied over two sites situated in north-west region of India
using the synergy of ground based and satellite observations.
The major conclusions drawn from present study are as
follows.

(I) The seasonal average mass concentration of coarser
particulates (PM,,) is found to be high while concen-
trations of fine particulates (PM, 5 and PM, ) are low
over Patiala than Dehradun.

(II) The pattern of AOD spectrum is mainly controlled by
size of aerosols. The increase in AOD is more pro-
nounced at higher wavelengths over Patiala relative
to Dehradun and vice versa. It suggests an increase
in coarse mode particles over Patiala and finer mode
particles over Dehradun and these observations are
further supported by Angstrom coefficient and FMF
analysis.

(III) Diurnal variation of BC is mainly controlled by atmo-
spheric boundary layer dynamics and local anthro-
pogenic activities. The BC concentration shows min-
ima in the afternoon hours over both locations as
compared to morning and evening hours. Seasonal
value of BC mass concentration is higher over Patiala
in comparison to Dehradun.

(IV) The SSA is wavelength dependent and its magni-
tude decreases with wavelength over Dehradun and
increases with wavelength over Patiala. The low mag-
nitude of SSA over Patiala is attributed to the abun-
dance of more absorbing type of aerosols compared
to Dehradun.

(V) The satellite derived AOD is in good agreement with
ground measured AOD.

(VI) ARF ATM is estimated to be +54.81Wm 2 over
Patiala and +37.34 Wm > over Dehradun that leads
to the heating rate of 1.0 K day ™' and 1.5 K day™" over
Dehradun and Patiala, respectively.
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