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Abstract

The diurnal variation of Aerosol Optical Depth (AOD) and its spectral properties over non-cloudy
days in summer and winter seasons of two years are studied. Spectral dependence of AOD shows higher
values at shorter wavelengths which decreases gradually towards longer wavelengths for the summer as
well as the winter period. Results suggest that during high relative humidity and stable conditions, the
AQOD is found to be relatively low (clear day) as compared to unstable meteorological conditions
(turbid). Air mass back trajectory for 5 days of high and low AOD in March indicate that the sources of
loading come from far to the west in central Asia, whereas during winter, the sources are from east and
south-east direction in the Indo-Gangetic plain. The diurnal variation of Angstrém exponent (o) has
lowest values in the morning hours with a variation of around 5-17% for clear day and around 11-20%
for turbid day, signifying the presence of larger particles. Due to inversion more fine particles lead to an
increase in the o value. The intraseasonal variability in March (summer) is high and interseasonal
variation in January (winter) is not observed and is also confirmed by ‘a’ values. Size distribution of
aerosols showed peak loading ranging around a 0.07 pm radius. Aerosol loading on turbid days was due

to fine mode particles and the simultaneous presence of fine- and coarse-mode particles on clear days.

Keywords: Aerosol optical depth; Multi wavelength solar radiometer; Angstrém turbidity parameters;

Size distribution; Effective radius.

INTRODUCTION been emphasis on the influence of aerosols on
the climate, through both direct and indirect

Atmospheric aerosols are major climatic effects (Charlson et al.,1992; Andreae, 1995).
forcing agents. During recent years, there has The direct and indirect effects of atmospheric
aerosols on radiative forcing and cloud physics
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Muller et al, 1999). In addition, they are
responsible for visibility impairment and have
significant implications for human health
(Kumar et al., 2007). Compared to green house
gases, radiative forcing from aerosols is
uncertain due to their short lifetimes and
heterogeneous spatial distribution. While the
radiative effects of aerosols work in the
opposite direction of greenhouse gases, their
climatic effects are not opposing because of
their very different spatial and temporal
distributions.

One of the important properties of aerosols is
the Aerosol Optical Depth (AOD). Measuring
AQD at different spectral wavelengths helps in
deriving information on the optical properties
and size distribution of particles, as well as
studying the diurnal and season variability of
aerosols. Studies over the Indian region reveal
a maximum loading of anthropogenic aerosols
during the pre-Indian summer, and a minimum
loading during the monsoon season, which
increases again in the post-monsoon period
(Chakraborty et al., 2004). Regional-scale
analysis has been done for the estimation of
different
approaches and objectives. The experiments by
Nair et al. (2007) over the Indo-Gangetic plain
(IGP) very  high
concentrations, high average

concentration of total aerosols (260-300 pg/m’)

aerosol properties based on

revealed aerosol

mass

as compared to off IGP locations, as well as
black carbon (BC) mass concentration in the
range of 20-30 pg/m’ during winter season.
They also suggested the presence of submicron
aerosol species. In a similar study over the

region, high levels of suspended particulate
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matter (SPM) and

particulate matter (RSPM) were reported in the

respirable suspended
urban areas of Ganga Basin (Prasad er al.,
2005). The study, carried out in the four hill
towns of Himachal Pradesh in 2002, revealed
that the average SPM level over Shimla as
recorded was 76.42 pg/m’ (in November),
Jassur 334.40 pg/m’ (in May), and Paonta
Sahib > 500 pg/m’ (in April, May, September
and November) (HPEPPCB, 2002). However,
the SPM sometimes crossed its permissible
limits in residential areas (200 pg/m’) showing
Shillong, Dehradun, and Parwanoo with 113,
405, 202 pg/m’, respectively (CPCB, 2004).

In order to study the behavior of aerosols
over Dehradun, this study aimed to analyze the
spectral variation of AOD and f\ngstrém
parameters for clear and turbid days during the
two seasons, summer (March-June) and winter
(October-February) over Dehradun using a
Multi-Wavelength Solar Radiometer (MWR).
Spectral optical depths were used to infer the
size distribution of aerosols under different

aerosol loading conditions.

INSTRUMENTATION AND DATA
ANALYSIS

Dehradun (30°00° N to 30°30° N and 78°18
E to 78°36 E) is the capital of Uttarakhand
state, as well as the district headquarters. It is
located in the Shiwalik range of the Himalayas
at a mean altitude of 700 m a.m.s.1 ., extends 80
km in length and ~20 km in average width.
Dehradun is located in a valley surrounded by
hills. The valley is characterized by undulating
topography prominently influenced by the
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Indo-Gangetic flood plain and high altitude of
the Sub-Himalayan region. To the north and
east are hills of high altitude (2000 m). There
are small-scale industries in Dehradun and
some of the major ones are located to the east
and south of Dehradun (30-40 km). Farther to
the south lie densely populated regions,
including New Delhi (250 km), and to the
southeast lies the Indo-Gangetic plain. In
almost all seasons, Dehradun has a high
frequency of vehicles due to tourism. Since it is
a valley, it attracts inversion during much of the
year. In addition, the region is influenced by
urban pollution, mining activities (mainly
limestone), and forest fires.

Multi-Wavelength Radiometer (MWR) is a
passive ground-based instrument designed for
studying the spatial variation in aerosol
characteristics at 10 narrow wavelength bands
in the visible and near infrared region.
Measurements include the aerosol columnar
optical depth at 380, 400, 450, 500, 600, 650,
750, 850, 935 and 1025 nm. Being a passive
system using the sun as the source, MWR can
be operated only during clear days or on partly
clear days when no visible clouds are present.

Continuous measurements on the AOD were
carried out at Dehradun during January 2006
using the MWR, which was setup on the
premises of Indian Institute of Remote Sensing
(ITRS) located 1 km from the city.

Radiation Measurement

Solar radiation was collected at the ground
level by means of an appropriate focusing
system and measured in the 10 narrow spectral
bands, from 380 nm to 1025 nm. The
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interference filters are characterized by a full
width half maximum band width in the range of
6 to 10 nm, the central wavelength coinciding
with peak wavelength (Moorthy et al., 1989).
The MWR collects the ground-reaching solar
flux as a function of solar zenith angles. The
well-known  Lambert-Beer-Bouguer  Law
allows the estimation of aerosol optical depth

(AOD),

L= Top exp [- T my] (1)

where Iy, = extra-atmospheric solar irradiance,
m, = relative air mass, I, is the direct solar
irradiance at the earth’s surface at wavelength
A, T, = total optical thickness and m is the
absolute air mass.

As the output voltage V; of the MWR at any
wavelength is directly proportional to I, , by
solving a linear square fit between the natural
logarithm of V; and the corresponding relative
air mass. The raw data was edited and further
AOD values were estimated following the
Langley technique (Shaw et al., 1973; Moorthy
et al., 1989). The total optical depth 1), was
estimated as the slope of the regression line
following the Langley plot method. The
correlation coefficients obtained from the
Langley plot for a turbid and clear day in
March 2006 were in the range of 0.92-0.98 and
0.94-1.0 respectively. A typical day in January
2007 was 0.95-1.0 and 0.92-1.0 for turbid and
clear day respectively.

Considering T, as the sum of the contribution

of the different atmospheric components,

T = TRyt T T Twa T Tar (2)
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Fig. 1. Total number of non-cloudy MWR observations collected during 2006 and 2007.

TR = Rayleigh optical thickness, 1ty =
absorption optical depth due to atmospheric
gases,Ty), = water vapor optical depth, T, =
aerosol optical depth.

The estimated values of aerosol optical
depth, 1, has errors (both statistical and those
arising out of uncertainties). The error in T,
arises due to 1-min resolution in time and the
statistical errors in regression analysis. The
error in Ozone (O3;) model added with the
seasonal wvariations in Os; contributes an
uncertainty of 10% in 1y while error in tg;, is
0.03%. Thus

maximum uncertainty of

T, may therefore have a
~0.03 at the
wavelengths under consideration (Moorthy ef
al., 1989).

The MWR observations at Dehradun were
collected for different months during year 2006
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and 2007 on all clear/partly clear sky days. Fig.
1 shows the total of MWR
observations collected under clear sky
condition for the two years of 2006 and 2007.

number

As the day progresses and convective mixing
occurs, cloudy sky conditions start to prevail in
the afternoon hours over Dehradun. In this
study, days having continuous observations of
more than 6 hours were considered (Fig. 1).
While trying to understand the variation of
AQOD (at 500 nm) during the two seasons, high
intraseasonal variability was observed during
March and interseasonal variation in January is
not observed. The variation of AOD during
clear and turbid days during the two seasons,
(October-February)
(March-June) was studied. The highest number

winter and summer

of observations were made during January
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2007 and March 2006 (more than 6 hours
continuous). To specifically emphasize the
details of the variability, clear and turbid days
in January 2007 and March 2006 were studied.
The lowest AOD was observed for January 8,
2007 (clear) and highest AOD for January 10,
2007 (relatively turbid day). Similarly, March
3 and 17,2006 were selected as turbid and clear
day.

Determination of /fngstrb’m Parameters

The daily mean AODs measured over the
region were further analyzed to determine the
Angstrdm parameters. The spectral aerosol
optical depth can be analyzed using the
Angstrém formula (Angstrém, 1961)

T = PL (3)

The wavelength exponent o depends on the
size distribution parameter of aerosols, and f3 is
directly proportional to the columnar aerosol
content and is equal to the AOD measured at 1
Mm. The formula is derived on the premise that
the extinction of solar radiation by aerosols is a
continuous function of wavelength, without
selective bands or lines for scattering or

absorption (Ranjan et al., 2007).

Inversion of AOD

The behavior and the atmospheric effects by
aerosols depend on their size. The columnar
aerosol size distribution (ASD) is derived from
the aerosol spectral optical depth (AOD) by
numerical inversion of the Mie integral (King
et al., 1978) as:
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e [0, 1 (P @

where Q. is the aerosol extinction efficiency
factor which depends on the aerosol refractive
index (m), radius (r) and wavelength of
incident radiation (), n¢(r) is the columnar size
distribution function of aerosols, and r, and 1,
are, respectively, the lower and upper radii

limits for integration.

Estimation of Mean Radius
Effective means radius () is also evaluated

for each size distribution by using the relation:
Ier= | 1" ne(r) dr / [©* n(r) dr  (5)

The effective radius is proportional to the
ratio of the total volume of particles to their

total surface areas.

Air Mass Back Trajectory

To ascertain the sources of loading, air mass
back trajectories were studied. A useful tool for
data interpretation is the HYbrid Single
Particle Lagrangian Integrated Trajectories
(HYSPLIT) model of the National Oceanic and
Atmospheric Administration (Draxler and
Rolph, 2003). This program allows for the
calculation of air mass back trajectories once

the trajectory levels, the day and time are fixed.

Meteorological Data

The meteorological parameters were collected
from India Meteorological Department (IMD)
Dehradun station. The diurnal variation of all

days of relative humidity, air temperature,
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rainfall, wind speed, wind direction and sky average trends of the parameters over
conditions were collected and was used in the Dehradun for March 2006 and January 2007,
analysis. Fig. 2 (a and b) shows the daily respectively.
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Fig. 2. Daily mean variation of meteorological parameters at Dehradun (Source: IMD, Dehradun).
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Fig. 3. Spectral variation of AOD: (a) Mean monthly variation during March and January, (b) on clear
and turbid days over Dehradun (Vertical bars are S.D £ 1.0).

RESULTS AND DISCUSSION

Spectral Variation of AOD

The inter-seasonal variability of monthly
average AOD values for January and March is
shown in Fig. 3(a). Studying the spectral
profile of AOD at all the 10 wavelengths, it is
clear that during winter (October-February)
and summer (March-June) the AOD values lie
in the range of 0.08-0.45 and 0.21-0.66,
respectively. However, the monthly mean
AOD for January is ~ 0.25 £ 0.01 and for
March the value is ~ 0.33 £ 0.04. Studying the
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temporal variations of AOD at Manora Peak
near Nanital in the central Himalayas, it is
found that during summers, about 90% of the
AOD values fall within the range of 0.05-0.5,
and in winters 90% of the values are within the
range of 0.05-0.2 at four representative
wavelengths (380, 500, 750 and 1025 nm)
(Dumka et al., 2007).

Fig. 3(b) shows the variation of AOD for two
selected days in summer (March 3 and 17, 2006)
and two selected days in winter (January 8 and
10, 2007) respectively. It is evident from the

figure that there is relatively strong wavelength
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dependence of optical depth at shorter
wavelengths that gradually decreases towards
longer wavelengths irrespective of the seasonal
change, attributing to the presence of fine to
coarse particles. The presence of a higher
concentration of the fine-mode particles which
are selective scatters enhances the irradiance
scattering, and therefore, the AOD values are
high at the shorter wavelength. Likewise, the
coarse-mode  particles similar
contributions to the AOD at both wavelengths
(Schuster ez al., 2006).

The dependence of AOD on wavelength is

provide

further examined in Fig. 4 by analyzing the
diurnal variation of AOD at 500 nm (AODsg)
for the turbid and clear days in both seasons,
respectively. Fig. 4 shows that the AOD values
increase gradually during the day as a result of

the increased aerosol input caused by surface

heating and vertical mixing, which plays an
important role in heating and lifting loose soil.
The cause of the dip at 1400 hrs may be due to
the simultaneous presence of smaller and larger
particles in the atmosphere (Giavis ef al., 2005).
However, for March 17 the AODsg values
show a linear trend throughout the day which
might be due to the stability of local
meteorological conditions. The AOD values
for turbid day in winter shows a similar trend as
for the summer turbid day and AOD values
were observed to be low during the winter
season. This could be due to the weak
generation  mechanism and to  the
gas-to-particles conversion process. However,
for the clear day of January 8, 2007, the
AODsgy exhibited an almost linear trend
favorable

throughout the day due to

meteorological conditions (except slightly high
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Fig. 4. Diurnal variation of AOD at 500 nm during March 2006 and January 2007.
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values in the morning that may have been due
to enhanced local activities). A similar trend in
the diurnal variation of AOD for a clear and
turbid day during January 2006 has been
reported for the urban environment of
Hyderabad with the only consideration being
that the AOD magnitude was at a higher level
(Badarinath et al., 2007). Analysis of AOD
diurnal variation for March 3 (turbid) during
the day reveals an increase until 1300 hrs for all
the wavelengths, except 650 nm. However, for
March 17 (clear), the AOD values increased
until mid-day (1200 hrs), except for 450nm and
935 nm band where the AOD is higher at 1400
hrs.

Similarly for January 8, 2007 (clear), AOD
values reached maximum during the forenoon
hours at around 1000 hrs, except for the 380 nm
band. For January 10 (turbid), the AOD
increased until 1300 hrs, except for 650 and the
water vapor absorption band. Systematic
dependence of AOD exhibits a
temporal pattern with high AOD values either

spectral

in the morning (1030 hrs) or afternoon (1300
hrs), may be due to the local activities and rush
hours.

The average value of AODs over Dehradun
on clear and turbid days of March 2006 were in
the range of 0.22-0.36 (monthly average at 500
nm~0.34 £+ 0.18) and for January 2007 between
0.24-0.34 (monthly average at 500 nm~0.18 +
0.09), respectively; indicating lower AOD on
clear compared to turbid days in both cases.
The AOD values at 500 nm for summer season
over Dehradun were found to be comparable to
those estimated at 500 nm for the summer
season (~0.16-0.45) over Nanital (Dumka et al.,
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2007). However, the winter month values over
the study area were much higher than those
observed for Manora Peak, Nanital (~0.03-0.12)
(Dumka et al, 2007). The reason for the
difference in AOD values over Dehradun (700
m a.m.s.l) and Manora Peak (1958 m a.m.s.])
during the winter may be due to the high
topography of the site (representative of
free-troposphere conditions) affecting
boundary layer dynamics, associated with the
changes in solar heating over the year. This
plays a key role in transporting aerosols from
the polluted valley region to higher altitudes
and the prevailing meteorological conditions.
The main factors responsible for the lower
AQOD values at the high altitude station include
a mean wind speed of ~2 m/s, a Rh (~ 40-90%)
with significant rainfall caused by western
disturbances and air mass coming from the
southern Indian land mass during winter (Sagar
et al., 2004).

Studies on the aerosol pollution level along
the Ganga Basin showed that high AOD (> 0.6)
values are observed along the whole Ganga
Basin during the summer season, while low
AOD values were observed during winters
over the western part of the basin, and
comparatively higher (> 0.5) AOD in the
eastern part of the basin (Prasad ez al., 2005).
High AODsg values in the range of 0.45-1.6
were reported over Allahabad (Latha et al.,
2005) during December 2004. The reason for
high AOD values is attributed to the highly
populated urban environment and the fog
conditions prevailing over the region during
the period. Studies by Gupta et al. (2005) over
Delhi during the same period found that the
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AODsg values during clear days lie in the
range 0.4-1.1 while during misty/hazy days in
the range of 1.1-2.3.

Influence of Meteorological Parameters on
AOD

The meteorological parameters showed
significant fluctuations both within the day as
well as day to day. To study these and to infer
the effect on the aerosol optical depth, the mean
throughout the day was considered. The
monthly mean wind speeds were low (< 4.0
m/s) for most of the year. The rainfall was
significant from June 15 to September (caused
by western disturbances) and accounts for
about 70-85% of the total annual rainfall. The
relative humidity is generally < 55% in summer,
around 60-65% during winter and 80-85%
during monsoon. During winters the winds are
predominantly southeasterly; westerly and
southwesterly during June-September, shifting
to northwesterly during March-June. The air
mass from the western land mass during
summer is responsible for the increase in AOD
values over Dehradun, thereby transporting
large amounts of desert/mineral aerosols from
the far West Asian and Indian deserts. Wind
direction data (Fig. 2a) shows that during
March the synoptic winds are on an average
coming from western direction. This is also
evident from the air mass back trajectories
using the HYSPLIT data. The trajectories were
estimated over a 5-day backwards trajectory
with the starting points at 500, 1000 and 1500
m a.g.l. Air mass behavior reveals that during
the week of March 3 (Fig. 5a) the air masses

from all trajectories come from a western
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direction, and for the week of March 17 (Fig.
5b) the lower (500 m) trajectory from southern
and higher levels are from a far western
direction. The injection of air particles arriving
from the far west causes the variation of
aerosol optical properties and is evident from
the AOD values.

During January 8 and 10 (Fig. 5c) back
trajectory reveals that during the experimental
days the trajectories are from the east and
southeast in the direction of the Indo-Gangetic
Plain, and mainly confined to the local region.
It is seen that that the concentration gradually
increases as the trajectories travel more and
more from the west which suggests that
advection plays an important role in
modulating the aerosol concentration and
causing day-to-day changes (Nair et al., 2007).

During March 2006, local rainfall was
experienced, particularly on March 14 and 15
(high Rh around 87%), which attributed to the
lower AOD on March 17 and relatively higher
AOD on March 3, 2006 (Rh around 54%). The
ambient air temperature nearly remained
steady and varied from 17-20°C during March
1-19, 2006. Relative humidity remained in the
range of 48-56% (except during rainfall days
where it remained in the range of 70-87%) and
did not show any marked trend. The steady
nature of the parameters indicates the absence
of any strong localized weather fronts
influencing the environment. January 2007
experienced no rainfall (except on the 31st)
contributing to 8% higher relative humidity on
January 8 (clear) compared to January 10
(turbid), 2007, attributing to lower AOD value

on the clear day. The prevailing westerly
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surface wind on January 10 carried most of the
desert dust over the region, enhancing the
concentration of aerosols and increasing the
turbidity levels; whereas, on January 8 the
region experienced southwesterly winds
carrying coarser aerosols. The ambient air
temperature was almost constant (13-15° C)

during these days.

Variation of /fngstr&m Parameters

The Angstr('jm parameters o and 3 give the
instantaneous value of the turbidity of the
atmosphere (Cachorro et al., 1987). In spite of
the poor correlation between the AOD and the
o parameter (Holben ez al., 1998; Cachorro et
al., 2000) values, both quantities must be
considered for a realistic analysis. The studies
by Cachorro et al. (2001) showed that the o
value depends strongly on the spectral range
used in its determination. In the present study,
Angstrﬁm parameters were studied in the
spectral ranges of 400-650 nm (VIS); 380-650
nm (UV-VIS); 400-850 nm (VS-NIR) and
380-850 nm (UV-NIR). The o and  values
estimated for all

wavelengths showed

comparable values. Table 1 shows the a and 3

values for the selected experimental days.
From the table, it is evident that there is not
much variation between the values derived in
different spectral ranges. For March 3 and
March 17 maximum variation in o values are
less than 10% and 11% (only major variation of
30% is in VIS range) and for  less than 5%
and 19%, respectively. For January 8 and 10,
2007 maximum variation in o values observed
were around 11% and 7%, and for  around
13% and 4%, respectively. Hence, the 380-850
nm wavelength band has been taken for the
estimation of Angstrém parameters. The
Angstrém exponent values are high for shorter
wavelengths and low in longer wavelengths
with a variation of 10-17% for clear days and
11-21% for turbid days during March 2006.
Similarly, for January 2007 the variation for
clear and turbid days were in the range of 5-8%
and 9-18%, respectively. The parameters
appear to take the lowest values in the morning
hours, signifying the presence of larger
particles and, due to the inversion of more fine
particles, leads to an increase in the o value.
For March 2006, the mean o value for a turbid
day is found to be 1.232, while for the clear day

Table 1. Mean Angstr()m parameters for the clear and turbid days in different spectral ranges.

Spectral Range (ium)
Date Angstrom 0, 654 380-650 400-850 380-850
Parameter
March 3, 06 1.299 1.175 1316 1232
March 17, 06 . 1.120 0.755 0.878 0.645
January 8, 07 1153 1.043 1.280 1.199
January 10, 07 1295 1.202 1272 1212
March 3, 06 0.189 0.199 0.186 0.188
March 17, 06 0.111 0.130 0.139 0.144
January 8, 07 P 0.146 0.153 0.130 0.132
January 10, 07 0.183 0.191 0.187 0.189
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Fig. 6. Diurnal variation of Angstrb’m exponent for (a) March 3 and 17, 2006, (b) January 8 and 10,
2007.
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Fig. 7. Size distribution of aerosols at Dehradun during January 2007 and March 2006 along with the

clear and turbid days.

the value decreases to 0.645 as shown in Fig.
6(a). Similarly, as evident from Fig. 6(b) for
January 2007 the mean a values for the turbid
day is found to be 1.212, while for the clear day
itis 1.20. The o values obtained over the region
for March and January were found to be in
good agreement with those obtained over
Manora Peak, Nanital (Sagar et al., 2004; Pant
et al., 2006). A similar trend was also reported
by Dumka et al. (2007). Their study over
Nanital indicated high o values during the
winter months and minimum values during
summer, indicating relative dominance of

submicron particles during the winter season

and coarser particles during the summer season.

Large positive values of o are characteristic of
fine-mode-dominated aerosol size distributions
(Eck et al., 1999; 2001; Ranjan et al., 2007)

while near zero and negative values are
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characteristic of dominant coarse-mode or
bi-modal size distributions, with coarse-mode
aerosols having significant magnitude (Eck et
al., 1999; O’ Neill et al., 2001; Kaskaoutis and
2006). This

dominance of fine and accumulation mode

Kambezidis, explains the
particles over the region. The o values also
confirms the fact that January 2007 variation

was not observed and high variation was in
March 2006.

Aerosol Size Distribution

AOD values have been used in the inversion
technique to retrieve aerosol size distribution
(ASD). Fig. 7 shows the retrieved size
distribution for two days in March and January,
as well as the mean monthly distribution of
January 2007 and March 2006. Turbidity and

wavelength exponent values suggest high
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turbid atmosphere in association with dominant
accumulation-mode particle loading in the
environment. Size distribution suggests
maximum particle loading observed at 0.07 um
radius for both the clear and relatively turbid
day for March 2006 and January 2007, as well
over the whole month. However, it was
observed that the particle loading for the turbid
days were comparable to each other, while the
data for clear days shows a variation of about
30% corresponding to higher particle loading
on January 8, 2007, which also contributed to
the high AOD values on this day due to the
dominance of accumulation-mode particles and
greater sensitivity of AOD at shorter
wavelengths (Latha and Baradinath, 2004).
The measured effective radius (Res) for the
turbid days (March 3 and Jan 10) was 0.13 ym,
while for the clear days (March 17 and January
10) was 0.2 pm and 0.14 um, respectively,
similar to the size distribution of aerosols
obtained at Mohal (1150 m a.m.s.l) and Kothi
(2530 m a.m.s.1) (0.08-2.1 um dia) contributing
to the dominance of fine-size particles as
reported by (Kuniyal et al., 2005). The
effective radius being one of the best
representative parameters signifying fine and
coarse modes of the aerosol size distribution
(Dey et al., 2005), thus suggesting a higher
loading of fine-mode particles on turbid days
simultaneous

and presence of fine and

coarse-mode particles on clear days.

CONCLUSION

The results obtained in the present analysis

of the aerosol optical properties for the
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experimental days of March 2006 and January
2007 their

meteorological

shows dependence  on

parameters and  local
topography. Spectral dependence of AOD
showed higher values at shorter wavelengths
which decreases gradually towards longer
wavelengths for both summer and winter
suggesting fine to coarse particle loading.
Diurnal AOD variation had been studied for all
and the

Angstrém exponent showed values for turbid

the experimental days derived
days (1.232 and 1.212) indicating presence of
Air back

trajectories confirmed that the winds with

fine mode participles. mass
significant loading originating from far western
directions enhances the concentration of
aerosols over the area and increases turbidity
The

suggests that maximum particle loading is

levels. size distribution of aerosols
around 0.07 um and the aerosol loading on
turbid days is due to fine-mode particles and
and

the simultaneous presence of fine-

accumulation-mode particles on clear days.

ACKNOWLEDGEMENTS

This research was funded by ISRO-GBP
Project on Aerosol Radiative Forcing over
India. Authors are grateful to Dr. K.
Krishnamoorthy, Project Director ARFI and
ICARB, VSSC for guidance and technical
setup of MWR and Dr. C.B.S Dutt, Dy.
Programme Director, ISRO-GBP, ISRO HQ
for providing encouragement
availability of funds. Ms. Spana Rana
acknowledges ISRO-GBP for providing the
study. The

and timely

fellowship to carry out the



Rana et al., Aerosol and Air Quality Research, Vol. 9, No. 1, pp. 32-49, 2009

meteorological data provided by Dr. Anand
Kumar Sharma, Director, IMD, Dehradun
research work 1is

during the gratefully

acknowledged.

REFERENCES

Andreae, M.O. (1995). In World Survey of
Climatology, Future Climates of the World
(Ed Henderson-Sellers, A), Elsevier, New
York. 16: 341-392.

Angstrém, AK. (1961). Techniques of
Determining the Turbidity of the
Atmosphere. Tellus XIII: 214.

Badarinath, K.V.S., Kharol, S.H., Kaskaoutis,
D.G. H.D. (2007).

Influence of Atmospheric Aerosols on Solar

and Kambezidis,

Spectral Irradiance in an Urban Area. J.
Atmos. Sol. Terr. Phys. 69: 589-599.

Cachorro, V.E., Casanova, J.L. and Frutos,
AM. (1987). The Influence of Angstr('im
Parameters on Calculated Direct Solar
Spectral Irradiances at High Turbidity. Sol.
Ener. 39: 399-407.

Cachorro, V.E., Duran, P., Vergaz, R. and de
Frutos, A.M. (2000). Columnar Physical and
Radiative  Properties of  Atmospheric
Aerosol in North Central Spain. J. Geophys.
Res. 105: 7161-7175.

Cachorro, V.E., Vergaz R and de Frutos A.M.
(2001). A Quantitative Comparison of o

Angstrom Turbidity Parameter Retrieved in

Different Spectral Ranges Based on
Spectro-radiometer Solar Radiation
Measurements, Atmos.  Environ. 35:
5117-5124.

47

Chakraborty, A., Sateesh, R.S., Nanjundiah.,
R.S. and Srinivasan, J. (2004). Impact of
Absorbing Aerosols on the Simulation of
Climate over the Indian Region in an
Atmospheric General Circulation Model.
Ann. Geophysicae. 22: 1421-1434.

Charlson, R.J., Schwartz, S.E., Hales, J.M.,
Cess, R.D., Coakley, J.A., Hansen, J.E. and
Hoffmann, D.J. (1992). Climate Forcing by
Anthropogenic Aerosols. Science. 255:
423-430.

CPCB (2004). National Ambient Air Quality
Standards. Central Pollution Control Board.
Ministry of Environment and Forests. Govt.
of India, New Delhi. http://www.cpcb.delhi.
nic.in/standard2.htm

Dey, S., Tripathi, S.N., Singh, R.P. and Holben,
B.N. (2005). Seasonal Variability of the

Variability of the

Parameters over Kanpur, An Urban Site in

Aerosol Aerosol
Indo-Gangetic Basin. Adv. Space Res. 36:
778-782

Draxler, R.R. and Rolph, G.D.
HYSPLIT  (Hysplit
Langrangian Integrated Trajectory) Model

(2003).
Single  Particle
(http://www.arl.nooa.gov/ready/hysplit4.ht
ml), NOAA Air Resources Laboratory

(USA), Silver Spring, MD.

Dumka, U.C., Moorthy, K.K., Satheesh, S.K.,
Sagar, R and Pant, P. (2007). Short-Period
Modulation in Aerosol Optical Depth over
Central Himalayas: Role of Mesoscale
Processes. J. App. Met and climatology. 47
1467-1475.

Eck, T.F., Holben, B.N., Reid, J.S., Duvovik,
O., Smirnov, A., O’Neill, N.T., Slutsker, 1.

(1999).

and Kinne, S. Wavelength



Rana et al., Aerosol and Air Quality Research, Vol. 9, No. 1, pp. 32-49, 2009

Dependence of the Optical Depth of
Biomass Burning, Urban and Desert Dust
Aerosols. J. Geophys. Res. 104: 31333.

Eck, T.F., Holben, B.N., Ward, D.E., Dubovic,
0O.,Reid J.S., Smirnov, A., Mukelabai, M.M.,
Hsu, N.C., O’Neill, N.T. and Slutsker, I.
(2001). Characterization of the Optical
Properties of Biomass Burning Aerosols in
Zambia during the 1997 ZIBBEE Field
Campaign. J. Res.  106:
3425-2448.

Giavis, G.M., Kambezidis, H.D., Sifakis, N.,
Toth, Z., Adamopoulos, A.D. and Zevgolis,
D. (2005). Diurnal Variation of Aerosol
Optical Depth for Two Distinct Cases in the
Athens Area, Greece. Atmos. Res. 78: 79-92.

Gupta, P.K., Garg, S.C., Jain, S.L., Singh, R.
and Gera, B.S. (2005). ISRO-GBP Land
Campaign- II on Aerosols at NPL, New

Geophys.

Delhi: Preliminary Results. A report on
ISRO-GBP Land Campaign-1I preliminary
results.

Haywood, J.M., Roberts, D.L., Slingo, A.,
Edwards, J.M. and Shine, K. (1997). General
Circulation Model Calculations of the Direct
Radiative  Forcing by Anthropogenic
Sulphate and Fossil Fuel Soot Aerosol. J.
Climate. 10: 1562-1577.

Hegg, D.A., Hobbs, P.V., Gasso, S., Nance,
J.D. and Rango, A.L. (1996). Aerosol
Measurements in the Artic Relevant to
Direct and Indirect Radiative Forcing. J
Geophy. Res. 101: 23349-23363.

Himachal Pradesh Environment Protection and
Pollution Control Board (HPEPPCB).
(2002). Status of Ambient Air, River Water
Quality

and Vehicular Pollution in

48

Himachal
ambient.htm
Holben, B.N., Eck, T.F., Slutsker, 1., Tanre, D.,
Buis, J.P., Setzer, A., Vermote, E., Reagan,
J.A., Kaufman, Y.J., Nakajima, T., Lavenu,
F., Jankowiak, I. and Smirnov, A. (1998).
AERONET-A Federated

Network and Data Archive for Aerosol

Pradesh.  http://hppcb.nic.in/

Instrument

Characterization. Rem. Sens. Environ. 66:
1-16.

Kaskaoutis, D.G. and Kambezidis, H.D. (2006).
Investigation on Wavelength Dependence of
the Aerosol Optical Depth in the Athens
Area. Q.J.R Meteorol. Soc. 132:2217-2234.

King, M.D., Byrne, D.M., Herman, B.M. and

JA.  (1978).

Distribution Obtained by Inversion of

Regan, Aerosol  Size
Spectral Optical Depth Measurements. J.
Atmos. Sci. 35: 2153-2167.

Kumar, R., Srivastava, S.S., Kumari, K.M.
(2007). Characteristics of aerosols over
Suburban and urban site of semiarid region
in India: Seasonal and spatial variation.
Aerosol Air Qual. Res. 7: 531-549.

Kuniyal, J.C., Momin, G.A., Rao, P.S., Safai ,
P. D., Tiwari, S., Ali, K., and Gajananda , K.
(2005). Aerosols Behaviour in Sensitive
Areas of Northwestern Himalayas - A Case
of Kullu-Manali Tourist Complex, India.
Indian J. of Radio & Space Physics. 34:
332-340.

Latha, M.K., Kiran Chand, T.R., Badarinath,
K.V.S., Reddy, R.R., Gopal, K.R., Reddy,
L.S.S. and Narasimula, K. (2005).
ISRO-GBP Land Campaign- II on Aerosols
at Allahabad

Campus-Preliminary Results. 4 report on

University



Rana et al., Aerosol and Air Quality Research, Vol. 9, No. 1, pp. 32-49, 2009

ISRO-GBP Land Campaign-II preliminary
results.
Latha, M.K. and Badarinath, K.V.S. (2004).

Characterization of Aerosols and Its
Radiative Impacts over Urban and Rural
Environments - A Case Study from

Hyderabad and Srisailam. Environ. Pollut.
132: 463-468.
Moorthy, K.K., Nair, P.R. and Krishna Murthy,

B.V. (1989). Multiwavelength  Solar
Radiometer Network and Features of
Aerosol  Spectral Optical Depth at

Trivandrum. J. Radio and Space Phy. 18:
194-201.

Muller, D., Wandinger, U. and Ansmann, A.

(1999). Microphysical Particle Parameters
from Extinction and Backscatter Lidar Data
by Inversion with Regularization: Theory.
Appl. Opt. 38: 1981-1999.

Nair, V.S., Moorthy, K.K., Alappattu, D.P.,
Kunhikrishnan, P.K., George, S., Nair, P.R.,
Babu, S.S., Abish, B., Sateesh, S.K., Tripathi
S., Niranjan, K., Madhavan, B.L., Srikant,
V., Dutt, C.B.S., Badarinath, K.V.S., Reddy.
R.R. (2007).

Characteristics over the Indo-Gangetic Plain

Wintertime Aerosol
(IGP): Impacts of Local Boundary Layer
Processes and Long Range Transport. J.
Geophys. Res. 112: D13205.

O’Neill, N.T., Dubovic, O. and Eck, T.F.
(2001). Modified Angstrom Exponent for
the Characterization of Submicrometer
Aerosols. Appl. Opt. 40: 2368-2375.

Pant, P., Hegde, P., Dumka, U.C., Saha, A.,
Srivatava, M.K. and Sagar, R. (2006).
Aerosol Characteristics at a High-Altitude

49

ISRO-GBP  Land
Campaign-II. Current Science. 91: 1053.
Ranjan, R.R., Joshi, H.P. and Iyer, K.N. (2007).

Spectral variation of total column aerosol

Location  during

optical depth over Rajkot: A tropical
semi-arid Indian station. Aerosol Air Qual.
Res. 7: 33-45.

Prasad, A.K., Singh, R.P., Singh, A., and
Kafatos, M. (2005). Seasonal Variability of
Aerosol  Optical Depth Indian
Subcontinent. /EEE.

Ranjan, R.R., Joshi, H.P. and Iyer, K.N. (2007).

Spectral Variation of Total Column Aerosol

over

Optical Depth over Rajkot: A Tropical
Semi-Arid Indian Station. Aerosol Air Qual.
Res. 7: 33-45.

Sagar, R., Kumar, B., Dumka, U.C., Moorthy,
K.K., and Pant, P. (2004). Characteristics of
Aerosol Spectral Optical Depth over Manora
Peak, Nanital- A High Altitude Station in the
Central Himalayas. J. Geophy. Res. 109:
D06207.

Schuster, G.L., Dubovik, O. and Holben, B.N.
(2006). Angstrom Exponent and Bimodla
Aerosol Size Distributions. J. Geophy. Res.
111: 7207.

Shaw, G.E., Regan, J.A. and Herman, B.M.
(1973).
Extinctions Using Direct Solar Radiation

Made with a Multiple

Wavelength Radiometer. J. App. Met. 12:

374-380.

Investigations of Atmospheric

Measurements

Received for review, June 9, 2008
Accepted, August 4, 2008



