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a b s t r a c t

Diurnal features of aerosol optical depth (AOD) at a high-altitude station, Hanle (4500 m amsl) in the
western Himalayas, were studied using direct/diffuse solar irradiance measurement from a Sky-
radiometer (Prede) during October 2007 to December 2010. The study reveals a diurnal asymmetry in
the measured aerosol characteristics, with three types of diurnal variation in AOD. Among them, Types I
and II are prominent during pre-monsoon, while Type III dominates during post-monsoon. Type I ap-
pears to be associated with new-particle formation process from gaseous precursors, in addition to the
combination of anthropogenic and desert-dust aerosols, probably brought by the prevailing westerly/
south-westerly winds during the pre-monsoon season. The diurnal feature of the Type II may be at-
tributed by the transported desert-dust aerosols brought by the prevailing winds. Further, Type III may
be associated with the aged background aerosols over the region, pertaining to a small contribution from
gaseous precursors.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Aerosols exhibit large spatial and temporal variability due to
changes in different meteorological factors and/or variability in
source and sink processes. Further, diurnal effects of aerosols are
largely unknown due to insufficient data coverage globally (Pinker
et al., 1994; Kaufman et al., 2000; Smirnov et al., 2002). Due to
their short residence time (about a week), aerosols which reside in
the troposphere are not uniformly mixed. The sources and sinks of
aerosols are widely varied and distributed over the globe such that
their physical properties and optical effects show distinct changes
with different geographic locations.

Since satellite-based measurements have limited temporal re-
solution, only the ground-based measurements can provide the
diurnal variability of aerosol optical properties. However, diurnal
studies of aerosol properties across high-altitude sites, remote, and
sparsely inhabited areas of the western and north-western Hi-
malayan regions have been very scarce. Information from such
locations assumes a great importance as it provides a sort of aged-
background environment against the impact of anthropogenic/
).
dust aerosols transported towards the region (Ram et al., 2010;
Srivastava et al., 2012). Such studies can help in understanding the
effects of evolving global changes and disturbances on the aged-
background condition over a high-altitude clean environment,
where the convective, dynamical, and photochemical processes
greatly affect the distribution of primary as well as secondary
aerosols. Also, it will help in the study of aerosol loading and
scavenging phenomena with the dynamical responses of local
meteorological conditions. Such studies are also useful to char-
acterize atmospheric new particle formation as reported by
Moorthy et al. (2011).

In the recent few years, systematic observations of aerosol
optical properties were reported from Hanle (Ningombam et al.,
2014a) as well as from a few neighboring regions at Manora Peak
(29°24’N, 79°30’E, 1950 m amsl), in the Shiwalik ranges of the
Central Himalayas (Sagar et al., 2004) and Mohal (31.9°N, 77.12°E,
1154 m amsl), in the Kullu valley in north-western part of the
Himalayas (Kuniyal et al., 2009). Aerosol optical depth (AOD) ob-
served at Hanle is quite comparable with other high altitude re-
mote stations across the globe. An annual mean AOD of 0.05 at
500 nm is reported by Cong et al. (2009) at Nam Co (4720 m amsl),
located in the neighboring central Tibetan Plateau. AOD at
mountain top of Mauna Loa (3400 m amsl) (Holben and et al., 2001)
is 0.02 at 500 nm. Six et al. (2005) have reported AOD value as low as
0.02 for 440 nm at Dome C in Antarctica. Gobbi et al. (2010) have
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reported a maximum AOD of 0.08 during May–September and a
minimum of 0.04 during winter at 500 nm from the observations
taken at the high-altitude (5079 m amsl) station, Himalayan Nepal
Climate observatory-Pyramid. However, to our knowledge, no studies
of diurnal behavior of aerosol optical properties have been reported
so far from the region (western Himalayan region). In the present
study, we report the diurnal variation of aerosol optical character-
istics from Hanle, in the high-altitude Ladakh region during October
2007–December 2010 using a Skyradiometer observation.
2. Topography of the station and data processing

It may be noted that the entire region of Ladakh is surrounded
by high mountain ridges of the Himalayas in the south–east, ad-
jacent to the Tibetan Plateau in the east, and the Karakoram range
in the north. The Indus river passes through the Ladakh valley. A
Skyradiometer (Model POM-01L, Prede, Japan) was installed at
Hanle (32°47’N; 78°58’E, 4500 m amsl) during October 2007 at the
hilltop of Mt. Saraswati, adjacent to the 2-m Himalayan Chandra
Telescope (HCT) of the Indian Astronomical Observatory (IAO). A
high cadence Automatic Weather Station (AWS) was also installed
at Hanle during October 2007 at the hilltop, adjacent to the HCT
and the panoramic view of the observing station is shown in Fig. 1.
The hilltop (∼230 m high from the valley) is located in the midst of
the Nilamkul plain (4270–4300 m amsl) of Hanle valley in
Changthang. The valley is surrounded by mountains with peaks in
the range of 5000–5800 m amsl. The valley has a few scattered
villages with sparse population of less than 1000, and the main
occupation of the villagers is cultivation and cattle rearing. The
region has a cold desert climatic condition with annual pre-
cipitation/snowfall less than 10 cm (Verma et al., 2010). The sta-
tion is located very far from industrial/urban-type activities. The
nearest town, Leh, is ∼260 km away from the site. Monthly average
temperature during monsoon (July–August) ranges from 13 °C to
15 °C, while during winter (January–February) it varies from
Fig. 1. Panoramic view of the observing station, IAO-Hanle, 2-
�10 °C to �14 °C. It is extremely dry so that during peak winter,
day-time relative humidity (RH) reaches even below 10% on many
occasions. The prevailing wind direction is predominantly wes-
terly/south-westerly, for about 70% of the time. The monthly
average wind speed in monsoon and winter months is around
4–5 m s�1. The general pattern of wind at the site is such that the
speeds are a few m s�1 in the early morning hours, picking up to
5–6 m s�1 by 10-11 h in the forenoon and reaching peak values in
the range of 15–20 m s�1 during the afternoon hours to evening. It
returns to relatively low values thereafter and remains so
throughout the night. Further details of topography and meteor-
ological parameters of the station are described by Ningombam
et al. (2014a).

The Skyradiometer measures direct and diffuse solar irradiance
at wavelengths 400, 500, 675, 870 and 1020 nm with bandwidths
of 10 nm at each of the wavelengths. The measured monochro-
matic irradiance data were processed to estimate AOD, single
scattering albedo (SSA), and aerosol volume size distribution using
Skyrad.Pack code (version 4.2, Nakajima et al., 1996). The input of
the skyrad.pack software is sky irradiances measured in the al-
mucantar geometry at different scattering angles. As auxiliary data
sets such as surface reflectance, atmospheric pressure, and total
column ozone are necessary to run the software. The total column
ozone was taken from the Ozone Monitoring Instrument (OMI)
(Levelt and et al., 2006), and the seasonal and monthly variability
of total column ozone were also checked and examined with the
results reported by Ningombam (2011). Calibration of the instru-
ment such as solid view angle (SVA) and calibration constant (F0s)
at the five filters are performed at regular interval (i.e, every
month) and the fresh calibrated values are updated in code. The
percentage deviation of SVA during the last three years period is
found to be stable with less than 1.0 % (i.e mean deviation) from
the initial values estimated by the Prede Engineers at the site
during the initial installation. The uncertainties of observed AOD
due to such variations in the SVA is negligible (∼variation in the
3rd decimal places). Further, the uncertainties of estimated F0s in
the present study are within 2% and the resulting uncertainties of
m HCT, and Skyradiometer at the hilltop of Mt. Saraswati.
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AOD and SSA are within 0.02 and 0.03, respectively at 500 nm. The
operational details and errors associated with the instrument are
described by Ningombam et al. (2014b). The estimated parameters
were cloud screened using the code described by Khatri and
Takamura (2009).
3. Synoptic conditions over the station

The role of surface wind on evolving aerosols is a complex
phenomenon (Smirnov et al., 1995), since under favorable me-
teorological conditions, strong surface winds may either bring
fresh aerosols towards the observational site or may sweep the
residing aerosols away (Srivastava et al., 2012b). Our study of
monthly mean climatological wind pattern generated from a re-
analysis of the data set of the National Centers for Environment
Prediction (NCEP) suggests the dominance of winds fromwest and
southwest directions during most of the seasons. Fig. 2 shows the
seasonal synoptic wind vectors drawn at 600 hPa. As seen in the
figure, a persistent westerly wind flow of airmass arrives toward
the observing station in most of the seasons except for monsoon
(June–August). However, during the monsoon months, there are
two types of air mass arrivals towards the site, one from north–
east and another from north-westerly direction. It may be noted
that the deserts in the western Asia (including Thar in India and
Arabian deserts in the middle East), and Saharan desert in
northern Africa are located towards the south–west of the obser-
ving station, while Gobi and Taklamakan deserts in Central Asia
Fig. 2. Seasonal mean (Winter (DJF), pre-monsoon (MAM), monsoon (JJA), post-monsoo
region. The arrows show the wind direction and the star indicated the observing statio
are located towards north–east and north of the observing station,
respectively. The characteristics of desert-dust aerosols are well
described by Toledano et al. (2009),Che et al. (2011), McKendry
et al. (2007). In addition to the desert-dust, the site is occasionally
affected by anthropogenic aerosols, apparently through long-range
transport from west/south-west region. In the earlier studies
(Ningombam et al., 2014a), presence of anthropogenic and desert-
dust aerosols at the altitude of 5–7 km amsl over the present
station were noticed from Cloud-Aerosol Lidar and Infrared Path-
finder Satellite Observation (CALIPSO) images (Powell et al., 2009),
with air masses arriving from north–west and occasionally from
north–east during strong pre-monsoon inflow. As a result, the
enrichment of desert-dust and anthropogenic aerosols, including
black carbon (BC), leads to relatively higher AOD values during
pre-monsoon over this station. In addition to that, Babu et al.
(2011) also reported significant contribution of BC over the same
station. The study further reported the highest values of BC con-
centration as ± −109 78 ng m 3 during pre-monsoon and the lowest
as ± −66 42 ng m 3 during monsoon.

Diurnal variations of AOD are very significant at low altitudes
especially at locations close to densely populated areas, where the
evolution of planetary boundary layer (PBL) plays an important
role. Neitola et al. (2011) have reported new particle formation
(NPF) events at the Himalayan foothill, Mukteshwar (2180 m amsl,
close to Nainital). This study reported that frequent occurrence of
NPF at such high-altitude, remote, and clean environment with the
evolution of the boundary layer is highest (about 2600 m amsl)
during pre-monsoon, and moderate (about 1200 m amsl) for rest
n (SON)) climatological wind pattern at 600 hPa during 2008–2010 over the Indian
n, Hanle.
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of the year. Recently, a significant influence of mineral dust aero-
sols, transported from the south Asian desert regions and biomass
burning aerosols from the north-western parts of India, mostly
due to agricultural fires, are reported at Manora Peak in the central
Himalayan station during summer (Kumar et al., 2011; Srivastava
et al., 2011, 2012b).
b

c

Fig. 3. The different types of averaged diurnal variation of AOD (a,b,c) observed at
the site during the entire period of observation. The vertical bars in the graph re-
present the standard deviation associated in the same type observed during the
same time interval.
4. Results and discussion

4.1. Diurnal variation of AOD

In the present work, the diurnal variation of AOD was ex-
amined during four conventional seasons, winter (December–
February), pre-monsoon (March–May), monsoon (June–August)
and post-monsoon (September–November). The 234 days of cloud
screened data with a total of 4777 data points, nearly about 20
points per day on an average, over three years of observations
were classified into three distinct types of diurnal variations. In the
analysis, days which have only forenoon or afternoon data as well
as the days which have less than six data points per day were not
included. Such selected days were again checked if there were
simultaneous measurement of meteorological parameters and
days with missing meteorological observations were excluded
from the analysis. By virtue of these data selection criteria, about
58% of the observational data have been rejected. However, this
was found to be an essential protocol to maintain the quality
control of the data product. In the analysis, mainly three types of
diurnal variation in aerosols were noticed such as (a) Type I: the
highest AOD of the day in the forenoon, which gradually decreases
in the afternoon and further in the evening, (b) Type II: AOD starts
gradually increasing from forenoon to afternoon, attaining a
maximum towards the end of the day, and (c) Type III: AOD, which
is low in the forenoon as well as in the afternoon, increases gra-
dually around local noon-time. Within the Type III, there are a few
cases where the AOD variation is very small (less than 10% of the
daily mean). This behavior may be attributed to the presence of
aged background aerosols. The distribution of the Types I, II, and III
is contributed about 66 (28%), 41 (18%), and 127 (54%) days, re-
spectively as shown in Table 1. The diurnal AOD for the three
different types is plotted in Fig. 3(a,b,c) at 400, 500, 675, and
870 nm. The vertical bars indicate the standard deviations.

Following the method applied by Smirnov et al. (2002), the
percentage deviation of AOD from the daily means was computed
for the three different diurnal AOD types. Fig. 4(a,b,c) shows the
percentage deviation of AOD at 400, 500, 675, and 870 nm for
different types of AOD observed at the site. For Type I, the de-
parture is gradually decreased from peak of 26% in the forenoon at
7:30 h to minimum �28% towards the end of the observation at
16:00 h. The phenomenon is prominently occurred during pre-
monsoon and there is a small contribution during post-monsoon,
which is characterized by dry and cold surface temperature with
Table 1
Distribution of cloud-screened days for the three AOD types during October 2007–
December 2010.

Observed seasons Types Cloud-screened total days

Type I Type II Type III

Winter 9 6 12 27
Pre-monsoon 31 21 18 70
Monsoon 6 7 18 31
Post-monsoon 20 7 79 106

Total 66 41 127 234
relatively less windy conditions. For the Type II, the departure
starts increasing gradually from minimum �17% at 7:30 h in the
forenoon and then it reaches a peak of þ20% around at 12:30 h in
the afternoon, which prominently occurs during pre-monsoon.
The trend further decreases but it remains as þve departure (þve
7%) till the end of the observation (17:00 h). The high AOD during
afternoon and the low AOD in forenoon have a similar trend of
diurnal wind pattern at the site. The ground convective activity
during pre-monsoon is high and the process may be enhanced by
the stronger wind in the afternoon. Such a process may be at-
tributed to the positive departure of AOD in the afternoon. For the
Type III, the trend increases gradually from minimum �10% at
7:00 h till 9:30 h and then it decreases for a while then it reaches a
peak of 19% around 11:00 h in the forenoon. Then, the departure
decreases to minimum of �26% till evening (17:00 h). The Type III
feature is seen in all the seasons but it has a maximum occurrence
during post-monsoon.

The estimated mean AOD at 500 nm for the Types I, II, and III is
0.05, 0.06, and 0.04, respectively. In the present work, we defined
the aged background level of AOD at 500 nm at the station to be
around 0.04, which is close to the yearly mean of 0.044 for the site.
We also noted the threshold value of Ångström exponent (α) to be
around 0.8 as the line-marked in between the fine and the coarse
mode of aerosols as reported by Ningombam et al. (2014a). Fur-
ther, Kaufman et al. (2000) defined the large dust particles (super-
micron radius) as α <0.7 and those due to pollution or the smoke
particles (sub-micron radius) as having α >1.8. Between these two
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Fig. 4. Percentage deviation of diurnal variation in AOD from its daily mean ob-
served at 500 nm for the different types of AOD (a,b,c) observed at the site.
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thresholds are the aerosols in a mixture of the two modes. Table 2
shows the average values over all data points and percentage
distribution below critical values for both AOD and α for the three
types. It is noticed that the Types I and III have a mixture of the
fine and coarse mode of particles defined by the above two
thresholds, while Type II is dominated by coarse-mode aerosols.

It is clear from the above results that Type I is found to be most
prominent during pre-monsoon with a small contribution during
post-monsoon, which is characterized by moderately dry (mean
RH 23%) and cold ground temperature (∼ °0 C) with relatively less
windy (∼3 m s�1) conditions. Such meteorological conditions are
suitable for gas-to-particle conversion processes (i.e. NPF) from
gaseous precursors (Neitola et al., 2011 and Moorthy et al., 2011).
The NPF frequency shows seasonal cycle with maximum in pre-
monsoon and weak in post-monsoon and winter seasons (Neitola
et al., 2011). Further, the site is experienced by significant
Table 2
Mean and percentage distribution of AOD at 500 nm, and Angstrom exponent (α)
for the three AOD types.

Diurnal AOD α

AOD types Mean Below 0.04
(%)

Mean Below 0.8
(%)

I 0.05 50 1.03 30
II 0.06 30 0.65 70
III 0.04 70 0.93 30
contribution of BC over the station with a maximum in pre-
monsoon and minimum in monsoon/winter (Babu et al., 2011). It
may be noted that the Himalayas form a barrier for the passage of
dust storms resulting in the accumulation of dust particles, largely
extended over north-western India and the foothills of the Hi-
malayas. Such dusty events are strongly prominent during pre-
monsoon, combined with the heavily evolved atmospheric pollu-
tion over northern India, and resulting maximum of aerosol
loading during the season (Gautam et al., 2009). Type II, which
prominently occurred during pre-monsoon, is characterized by
strong convective activity, enhanced by the stronger winds in the
afternoon, and can be explained with desert-dust aerosols carried
by the prevailing westerly/south-westerly winds. The degree of
such convective processes depends on seasons and is strong dur-
ing pre-monsoon and monsoon seasons. The process became very
weak during winter season. During monsoon season, aerosols
generated by the strong convective motion has reduced to mini-
mum due to rain-washout (or snowfall) and cloud-scavenging
processes. Thereafter, the process has resulted in the formation of
diurnal Type III, pertaining to the aged background aerosols in
addition to the gas-to-particle conversion (although small con-
tribution) from gaseous precursors.
Fig. 5. Average diurnal variability of α for the different types of AOD (a,b,c) ob-
served at the site. The trend reveals the opposite variation of AOD. The smaller α

corresponds to coarse-mode particles and high α represents the fine-mode
particles.



Fig. 6. Average diurnal variation of surface meteorological parameters [(a) tem-
perature, (b) relative humidity, and (c) wind speed] over the site for the different
types of diurnal variation in AOD. The vertical bars in the graph represent the
standard errors associated while averaging the meteorological parameters on the
same group from different days from different months at the same time interval.

S.S. Ningombam et al. / Journal of Atmospheric and Solar-Terrestrial Physics 121 (2014) 123–131128
4.2. Diurnal variation of Ångström exponent (α)

Fig. 5(a,b,c) shows the diurnal variability of α pertaining to the
three different types of diurnal cases observed at the site. As re-
ported earlier, due to dry and free tropospheric height and the
abundant global irradiance, the site has favorable environmental
conditions for the process of new-particle formation from gaseous
precursors, probably carried by the strong westerlies/south-wes-
terlies that prevail during pre-monsoon season. This may explain
both the increase in AOD and α in the early morning for the case of
diurnal Type I. In Fig. 5(a), an increase in α is observed till 07:30 h
Local Time from there a gradual decrease is observed till the end of
the measurements in a day. Further, as the season advances, the
activities are much stronger during pre-monsoon and monsoon
seasons due to strong convection processes and this results in
relative dominance of coarse-mode particles in the atmosphere
(associated with the smaller α value) as in the case of Type II
(although small as 18% of the total days) seen in Fig. 5(b). In the
figure, the α decreases gradually from morning to evening which
may be attributed by the higher wind speed (10–15 m s�1) in the
afternoon. The variation in α is found to be by and large similar
with the case of Types I and III as seen in Fig. 5(a,c). Such results
may be associated with the potential emission sources at the site
through photochemical reaction involving from gaseous pre-
cursors as reported by Moorthy et al. (2011). Further, as reported
therein, morning high events and afternoon low events of particle
number concentration (1500–2000 cm�3) during post-monsoon
are similarly matched with the present diurnal variation in AOD
Type III. The shifting of morning peaks from pre-monsoon to post-
monsoon (as in the case of Type I and III) appears to be associated
with the shifting of peak solar radiation time as the season ad-
vances as reported therein.

The mean α values at the station for Types I, II, and III are found
to be 1.0370.04, 0.6570.05, and 0.9370.03, respectively. The
moderately high values of AOD of the Type I indicate the small
contribution of fine-mode (high α from anthropogenic aerosols)
and coarse-mode aerosols (low α from desert-dust) in addition to
the sources apparently from gas-to-particle conversion process as
discussed above. For example, Type I contributes to the significant
features of the anthropogenic aerosols as seen on 30 April (AOD/
α:0.08/1.37) and 1 May (0.073/1.34) of 2008; 18 March 2009 (0.10/
1.17) and 3 April 2010 (0.08/1.25), as well as the desert-dust
aerosols features as seen on 8 April (0.11/0.29), 29 April (0.14/0.46),
and 3 May (0.08/0.39) during 2008, and 18 March 2009 (0.07/
0.72). These dust and anthropogenic features of aerosols are also
noticed from the CALIPSO as reported by Ningombam et al.
(2014a). Some of these desert-dust cases reported in Type I are
transported from north and north–east of the observing station. It
may be noted that about 15% of the wind is coming from north and
north–east directions, while westerly/south-westerly winds con-
tributed to about 70%. Type II is dominated by the strong signature
of desert-dust aerosols. However, Type III does not show any
strong signatures of anthropogenic events as well as desert-dust
events, indicating mostly the aged-background aerosols in addi-
tion to apparently small emission sources at the site through
photochemical reaction from gaseous precursors as discusses
above.

4.3. Influence of meteorological parameters on AOD and Ångström
exponent (α)

In order to examine the influence of various meteorological
parameters on the diurnal variation of AOD, we used surface
meteorological parameters (temperature, relative humidity and
wind speed) recorded from the AWS at every 5 s interval. How-
ever, we extracted the AWS parameters with the same time of
skyradiometer observation. Fig. 6(a,b,c) shows the average diurnal
variation of meteorological parameters over the site for different
diurnal types. The vertical bars in the graph represent the standard
errors. The Temperature trend follows a general feature by all the
types, which exhibits a minimum at ∼7: 30 h in the forenoon and a
maximum around ∼15: 00 h in the afternoon. Among the trends,
Type II resembles the diurnal temperature. The observed daily
average temperature of the Types I, II, and III is 0.21, 2.0, and 4.0 °C,
respectively. Further, the general trend of diurnal RH is followed
by all the types with a maximum around ∼7:00 h in the morning
and a minimum at ∼16: 00 h in the afternoon. The average RH
values recorded by Types I, II, and III are 23.0%, 20.0%, and 19.0%,
respectively. The maximum and the minimum trends of RH are
followed by the Types I and II, respectively as seen in Fig. 6(b),
although with a small variation. Fig. 6(c) shows the diurnal trend
of surface wind speed for the different types of diurnal AOD. The
average wind speed of the Types I, II, and III is 3.0, 5.0 and
4.0 m s�1, respectively. Although there are marginal differences,
the Type II exhibits slightly heavier wind speed than Types I and
III. The prevailing wind direction for all the cases shows the
dominance of south-westerly wind and generally, wind starts
gradually rising from the early morning (∼ – −0 3 m s 1) to a peak
value of ∼ – −15 20 m s 1 between the afternoon and late evening, as
stated earlier. However, the wind settles down to minimum
(∼ 0–5 m s�1) during the night. This pattern is uniform at the site
irrespective of the seasons.



Fig. 7. Spectral variation of averaged (a) AOD, (b) SSA, and (c) aerosol volume size
distribution of three different types of diurnal case study.
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4.4. Spectral variation of AOD and SSA with the aerosol size
distribution

Fig. 7(a) shows the spectral variations of AOD for different types
of diurnal case in the present study. As reported by Ningombam
et al. (2014a), the station is characterized by the dominance of
non-absorbing aerosols with tri-modal volume size distribution,
which is indicated by coarse-mode aerosols of desert-origin. Such
non-absorbing features (high SSA) are seen in Fig. 7(b) for the
Types I and III, while Type II indicates a moderate absorbing fea-
ture with the mean values (SSA at 500 nm) as 0.976, 0.969, and
0.962, respectively. For example, daily mean SSA for the desert-
dust case on 8 April 2008 has 2.38% higher (0.990) than the an-
thropogenic case on 30 April 2008 (0.967) but both the days are
contributing to the Type I.

Further, as reported by Ningombam et al. (2014a), the influx of
aerosols (either anthropogenic or desert-dust) at site is trans-
ported mostly from west and south–west (∼70%) regions and oc-
casionally from north and north–east (∼15%), where Taklamakan
and Gobi deserts are located. Liu and et al. (2008) have reported
that mineral dust from west Asian deserts (or even from Sahara)
can contribute to a large fraction of aerosols, particularly during
pre-monsoon, when dust is observed to mix with anthropogenic
pollutants. Further, Seinfeld and et al. (2004) have reported that
dust transported from east Asia to the Pacific does not absorb as
much as aerosols from south Asia or from the Sahara desert. In this
context, the high AOD of the Types I and II may be contributed to
mix with desert-dust and anthropogenic aerosols, which may have
moderate high values of α (fine mode) at the station. Fig. 7
(c) shows dominance of tri-modal volume size distribution ob-
served even in the three Types of diurnal cases. Although all the
trends appear to be more or less similar, Type II indicates the
highest coarse-mode (small difference) aerosols from the rest of
the two Types as seen in the Fig. 7(c). Such dominance of tri-modal
feature in most of the seasons and occasionally bi-modal feature
during post-monsoon/winter are the common features at the
station as reported by Ningombam et al. (2014a).

4.5. HYSPLIT back trajectory analysis

The physical properties of aerosols are strongly dependent on
their source of origin, which are widely distributed and highly
variable from one region to the other. The present work was also
investigated with the Hybrid Single Particle Lagrangian integrated
Trajectory (HYSPLIT) air mass back-trajectory analysis for the in-
ferred aerosol types, discussed above. The HYSPLIT model was
developed by Draxler and Rolph, at Air Resources Laboratory,
NOAA (Draxler and Hess, 1998). In the present study, the back
trajectories were calculated pertaining to the height of 1000 m
above ground level and for duration of 120 h (five days) for the
days categorized for three different types. Further, the Global
monthly fire location product (MCD14ML) from the Moderate
Resolution Imaging Spectroradiometer (MODIS), on board on Terra
spacecraft, was also analyzed and superimposed on air-mass back-
trajectory plots to identify the fire-impacted regions of biomass
forest fire, surrounding the study region and also to understand
the possible transport of generated aerosols from these source
regions to the station. More details of the MODIS fire product and
fire detection algorithm are given elsewhere (Justice et al., 2002).
We also utilize land surface types (particularly arid and desert
regions) gridded data (0.167° �0.167°) retrieved from Clouds and
Earths Radiant Energy System (CERES) instrument, onboard Terra
spacecraft of NASA. This information is publically available to
download via the website http://www-surf.larc.nasa.gov/surf/pa
ges/data-page.html.

Figs. 8(a,b,c) show the air-mass back trajectories for the in-
ferred types at Hanle. All the figures illustrated the locations of
arid/semi-arid regions (yellow color: barren/desert and light grey
color: open shrub areas) and fire events (red plus marks). In the
case of Types I [Fig. 8(a)] and III [Fig. 8(c)], air masses, reaching
over the station, are from a broad continental regions comprising
with arid/desert and biomass burning areas. It is to be noticed
from the figures that on some occasions air masses are coming
from the lower heights (mostly from the fire-impacted regions for
Type III). On the other hand, in the case of Type II [Fig. 8(b)], the
burning activities are relatively low as compared to the case ob-
served for Types I and III. It is clearly evident from the figures that
the air masses during this period are transported mostly from the
arid/desert regions and which is clearly reflected in the measured
aerosol parameters discussed above.
5. Summary and conclusions

Diurnal variation of aerosol optical characteristics was studied
from 234 days data of cloud screened data during October 2007–
December 2010 from a high-altitude station, Hanle in the western-
Himalayas. In the present study, three different types of diurnal
AOD were noticed such as (a) Type I: the highest AOD of the day in
the forenoon, which gradually decreases in the afternoon and
further in the evening, (b) Type II: AOD starts increasing gradually
from forenoon to afternoon, attaining a maximum towards the end
of the day, and (c) Type III: AOD is low in both the forenoon and
the afternoon but increases gradually around local noon-time. The
three different Types I,II, and III are accounted for 66 (28%), 41

http://www-surf.larc.nasa.gov/surf/pages/data-page.html
http://www-surf.larc.nasa.gov/surf/pages/data-page.html


Fig. 8. Back trajectories calculated at 1000 m above the ground level along with the fire counts information from MODIS (on board Terra spacecraft) for the different three
types (a,b,c) of diurnal AOD observed at the site. The figures illustrated the locations of arid/semi-arid regions (yellow color:barren/desert and light grey color: open shrub
areas) and fire events (red plus marks). (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)
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(18%), and 127 (54%) days, respectively. The mean values of AOD
(at 500 nm) for the Types I, II, and III are 0.05, 0.06, and 0.04, re-
spectively. The departure AOD from the daily mean is positive
during forenoon and negative during the afternoon for the Type I.
However, the departure is negative during forenoon and positive
during afternoon for the Type II. The AOD departure is negative at
both forenoon and afternoon, but Type III exhibits positive de-
parture near the local noon-time. Non-absorbing features (high
single scattering albedo) are seen for the Types I and III, while
Type II indicates moderate absorbing features. The Type I and II are
occurring more in pre-monsoon season, while Type III occurred
more in post-monsoon season.

The mean values of Ångström exponent (α), for the Types I, II,
and III are 1.0370.04, 0.6570.05, and 0.9370.03, respectively.
Type I appears to be associated with new-particle formation from
gaseous precursors, probably carried by the strong westerlies/
south-westerlies that prevail during the season in addition to a
small contribution from anthropogenic and desert-dust aerosols. The
evolution of Type II (though small) can be explained by the dom-
inance of desert-dust aerosols carried by the prevailing westerly/
south-westerly winds. Further, Type III may be attributed to aged
background aerosols over the region, pertaining to a small con-
tribution from gaseous precursors. The details of such diurnal AOD
will be studied further with aerosol radiative forcing over the region.
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