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A Skyradiometer was installed at Hanle in Ladakh, in October 2007 as a part of the site characterization

program for the proposed National Large Solar Telescope project. Aerosol optical depth (AOD), single

scattering albedo (SSA), volume size distribution, and refractive indices were retrieved at five spectral

channels, using measurements of direct and diffuse solar irradiation. At 500 nm, the yearly average

values of AOD and SSA were found to be 0.05 and 0.965, respectively. The volume size distribution

shows a general bimodal behavior with two peaks at around 7–10 and 0:120:2mm with an occasional

tri-modal behavior.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Natural and anthropogenic activities induce minute particles
in the terrestrial atmosphere. These particles, called aerosols,
remain suspended in the atmosphere for a significant period of
time, days to weeks. Their volume and size distributions vary
spatially and temporally depending upon the changes in the
atmospheric conditions such as wind (Peterson et al., 1981;
Hoppel et al., 1990), precipitation (Flossmann et al., 1985) and
convective activity (Pueschel et al., 1972). Aerosols are trans-
ported both over short and long distances, controlled mainly by
the thermal and dynamical effects in the atmosphere. Aerosols are
mainly located near the boundary layer and their number
concentrations depend on topographical locations, atmospheric
conditions, annual and diurnal cycles and local sources. Usually,
higher concentrations are found in urban and industrial areas
while they are minimal in high altitude locations. In desert areas,
aerosols are larger in size and depending upon their chemical
composition, their light scattering efficiency and refractive index
changes. As the particle size grows, particle scattering efficiency
increases, and consequently single spectral albedo (SSA) also
changes. The retrieval of SSA is sensitive to both the real and
ll rights reserved.

x: +91 80 2553 4043.

m).
imaginary parts of the refractive index. There is a limited
information available about the particle sizes and aerosols types
from their spectral dependence of aerosol optical depth (AOD)
through their size distribution. But it is difficult to infer the
detailed chemical composition from aerosol optical depth.
Particles in the size range of 0:121:0mm are most important in
producing radiative and optical effects, which in turn play a major
role in cloud microphysical processes and visibility in the
atmosphere. Scattering of solar radiation by aerosols, which is
referred to as turbidity of the atmosphere (Iqbal, 1983), is a
function of both number and size distribution of aerosols. In
addition to various studies of aerosol properties, aerosol radiative
forcing remains one of the largest uncertainties in the current
assessment and prediction of global climatic changes (IPCC, 2001).

Further, radiation from celestial sources reaching the terres-
trial atmosphere are affected by aerosols, thus limiting the
performance of the ground based astronomical telescopes. There-
fore, detailed analysis of aerosol content provides one of the
inputs necessary for the selection of a good astronomical site. The
Indian Astronomical Observatory (IAO) is located at Hanle which
is a high altitude site having typical features of a cold-desert and
very dry atmospheric conditions. In addition, the near absence of
anthropogenic activity in the region results in very low aerosol
content at the site. The Indian Institute of Astrophysics is
presently operating a 2 m Himalayan Chandra Telescope (HCT)
at Hanle. The Institute is further looking for a suitable site to
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locate the proposed National Large Solar Telescope (NLST) in the
western Himalayas and the surrounding region. Hanle and two
other sites in the region have been selected for detailed site
characterization. In this context, several instruments were
installed at Hanle during the year 2007, including a Skyradio-
meter (POM-01L from M/s Prede, Japan) which was installed in
the month of October. Preliminary results obtained from this
instrument are presented in this study.
2. Description of the site

Hanle is located at 323470N and 783580E with an altitude of
4500 m. It has a minimal precipitation of o10 cm in a year.
Monthly averaged meteorological parameters such as tempera-
ture, relative humidity, and wind speed during 2007–2008 are
presented in this paper. The monthly averaged data are evaluated
from the five secondly measured automatic weather station data,
which is used for the observational purpose of 2-m Himalayan
Chandra Telescope. Day and night data are separated according to
morning–evening and evening–morning twilight hours, respec-
tively. It is found that the monthly averaged day and night
temperature during summer months (July–August) is ranging in
between 9 and 14 3C and where as in winter (January–February) it
ranges in between �8 and �14 3C, as seen in Fig. 1(a). The site is
significantly dry throughout the year with the averaged monthly
relative humidity at 28.1% and 35.2%, during day and nights,
respectively, as seen in Fig. 1(b). The monthly averaged day-time
wind speed in the summer and winter months are around 5 and
Fig. 1. Monthly average variation of (a) air temperature (b) relative h
6:0 ms�1, respectively, displaying marginal seasonal differences as
seen in Fig. 1(c). However, the winds follow a general pattern at
the site, starting with a mild wind at the early hours of the day,
picking up gradually and reaching the peak values of up to
15220 ms�1 in the afternoon. The prevailing wind direction is
predominantly south westerly as shown in Fig. 2. The wind speed
reduces significantly by evening and remains relatively low
throughout the night and till early in the morning. Fig. 2 shows
polar plots for the surface wind speed and direction, for both day
and night time, from January 2007 to December 2008.
3. Instrumentation

The Skyradiometer consists of an automatic sun tracking
system, a spectral scanning radiometer, a rain detector, and a sun
sensor. The unique features of the instrument include, an in-built
calibration capability, an automatic solar disk scanner for
calibration of solid view angle, and a single detector design. It
has seven filters with central wavelengths at 315, 400, 500, 675,
870, 940 and 1020 nm with band widths ranging from 2 to 10 nm.
The instrument measures solar irradiance, both direct and diffuse,
in almucantar as well as principle plane geometry. In the data
analysis, 315 and 940 nm measurements were excluded due to
peak ozone and water vapor absorption at the respective
wavelengths. The direct solar irradiance is measured for every
20 min, or 0.25 steps in air mass. The diffuse solar irradiance is
measured for every 1 min interval. The aerosol optical properties
such as aerosol optical depth (AOD), single scattering albedo
umidity, and (c) surface wind speed at Hanle during 2007–2008.
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Fig. 2. Surface wind speed and wind direction during day and night time at Hanle for the period January 2007 to December 2008.

Table 1
Results of solid view angles (in Steradian) determined from disk scan data during selected observing period.

Dates 400 nm 500 nm 675 nm 870 nm 1020 nm

10/10/07 2.450E�4 2.460E�4 2.440E�4 2.496E�4 2.510E�4

10/09/08 2.460E�4 2.470E�4 2.470E�4 2.490E�4 2.490E�4

29/09/08 2.440E�4 2.450E�4 2.450E�4 2.480E�4 2.520E�4

30/09/08 2.440E�4 2.440E�4 2.450E�4 2.480E�4 2.490E�4

01/10/08 2.450E�4 2.460E�4 2.440E�4 2.460E�4 2.510E�4

02/10/08 2.440E�4 2.450E�4 2.460E�4 2.500E�4 2.510E�4

03/10/08 2.440E�4 2.480E�4 2.450E�4 2.500E�4 2.510E�4

04/10/08 2.440E�4 2.440E�4 2.430E�4 2.490E�4 2.530E�4
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(SSA), phase functions and volume size distribution are derived
from the measured sun/sky irradiance data for the five spectral
bands by using Skyrad.Pack (version 4.2) as described in Nakajima
et al. (1996).
3.1. Calibration of the Skyradiometer

Calibration of instruments is very essential for obtaining
reliable data. In many of the instruments used at field experi-
ments, filters deteriorate in course of time, resulting in a gradual
decrease of percentage transmission and a shift of the central
wavelength. Such degradation of filter may occur due to moisture
or excessive exposure to intense heat radiation during field
observations. Usually, calibration of ground based instruments are
performed at high altitude, in pristine mountain tops, where the
aerosol concentration and atmospheric turbulence are minimal.

The Skyradoimeter has provision for auto disk scan to measure
the solid view angle for each channel. Disk scan is performed in an
area of 23

� 23 around the solar disk with an angular resolution of
0:13. In general, the radiometer is operated once in a month in disc
scan mode to estimate solid view angles for different channels.
Table 1 presents the results for a few select days having fully clear
sky conditions. The results of the solid view angle of each channel
of the instrument is nearly stable with o0:5% deviation from the
values given by PREDE at the time of installation. The difference of
AOD due to such a small variation in solid view angle is almost
negligible. Besides, the improved Langley method of calibration
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was regularly carried out for clear days data having low
atmospheric turbulence using the Skyrad.pack software. The
main uncertainties in retrieving AODs is due to improper values
of calibration constants (F0s). In the present work, calibration
constants obtained on select clear sky days are studied for various
aspects such as seasonal and monthly variations. During the one
year period of study, calibration constant obtained through the
improved Langley method shows a relative standard deviation
(RSD) of 5.8%, 4.7%, 4.4%, 5.0% and 3.9% at 400, 500, 675, 870 and
1020 nm, respectively. The results obtained at Hanle show similar
pattern as discussed by Xia et al. (2004). It is further noticed that
1% change in F0s corresponds to � 0:01 change in the derived
AOD. Since AOD measured at such a high altitude location is very
small unlike in other urban locations, it is very essential to
calculate optical depth due to Rayleigh factor accurately. The
optical depth due to Rayleigh scattering at each of the filters was
corrected using the monthly averaged station pressure. The
maximum and minimum pressure difference at Hanle is around
1% of the daily mean. The difference of AOD due to 2% variation
in station pressure is around 0.004–0.002 at 400 and 500 nm,
respectively, and rest of the filters show negligibly small values. It
is found that both normal and modified Langley plots are in good
agreement at shorter wavelengths (400, 500, and 675 nm) but
notable deviation is observed at longer wavelengths (870 and
1020 nm), apparently arising from aerosol absorption. Fig. 3
shows the normal Langley plot taken on 12 October 2008 for
illustration. The forenoon and afternoon data points show similar
behavior with a marginal departure for the higher wavelength
bands.

Fig. 4(a–d) shows the correlation between measured and
retrieved AOD values obtained for 400, 500, 675, and 1020 nm,
respectively, for the period October 2007 to December 2008. The
measured AOD values were obtained from the direct data using
the calibration constant, whereas the retrieved AOD were
obtained using both direct and diffuse solar irradiation. The
performance of the Skyradiometer was routinely checked with
the assistance of M/s Prede of Japan.
Fig. 3. Langley plot for a typical clear day (12 October 2008). The f
4. Results and discussion

4.1. Aerosol optical depth

4.1.1. Seasonal and diurnal variation

The retrieved values for AOD at Hanle are generally very low
throughout the year. The annual average observed at 500 nm
during the period October 2007 to October 2008 was
0:05070:001. The frequency of occurrence vs AOD are plotted
in Fig. 5(a) for all days of the one year period, (b) for the summer
months of April to September, and (c) for the winter months of
October to March, respectively. A seasonal variation is evident
with the peaks of AOD values occurring in the range of 0.03–0.05
during summer and 0.02–0.04 during the winter months.

Fig. 6 shows the diurnal variation of AOD on typical summer
and winter clear days for five channels. During summer, the
increase in AOD may occur due to increase in convective activity
arising from the dry ground surface combined with strong surface
winds. During winter, a minimal AOD is observed as expected due
to low convective activity caused by much cooler ground surface.

On some occasions, higher AOD values of above 0.1 were
observed, but such cases are rather rare. It is suspected that such
high values of AOD might be due to the combination of wind
blown desert dust from dry land surface as well as the desert dust
reaching at the site through long range transport phenomenon. It
is likely that the phenomenon might be triggered by the
prevailing south-westerly winds with speed of more than
15 ms�1. It may be mentioned that the Thar and Sahara deserts
are located in the south western direction of Hanle.

The observed values of AOD at Hanle are comparable to those
reported from other high altitude continental sites. An annual
mean AOD value of 0.05 at 500 nm is reported by Cong et al.
(2009) at their AERONET (Aerosol Robotic Network) station, Nam
Co (4720 m amsl), located in central Tibetan Plateau. Similarly,
annual average AOD at 500 nm for the high altitude pristine
mountain top of Mauna Loa (3400 m amsl) is reported as 0.02,
with a seasonal peak of 0.033 during February–March (Holben
orenoon (FN) and afternoon (AN) parts are plotted separately.
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Fig. 5. Percentage frequency distribution of AOD at 500 nm obtained for October

2007 to October 2008.

Fig. 4. Scatter diagram of measured vs retrieved AOD for the five wavelengths (a) 400, (b) 500, (c) 675, and (d) 1020 nm, corresponding to the period from October 2007 to

October 2008.
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et al., 2001). It also turns out that the low AOD values of Hanle are
comparable with those observed in the cold climatic conditions of
polar regions. Six et al. (2005) have reported AOD as low as 0.02
for 440 nm at Dome C in Antarctica.

4.1.2. Angstrom’s exponent

The aerosol optical depth, taðlÞ is related to the atmospheric
turbidity coefficient, b as follows: taðlÞ ¼ bl�a, where a is the
Angstrom’s (1961) exponent, and l is the wavelength in m m. The
parameter, b or turbidity coefficient, indicates the aerosol
concentration, while the Angstrom’s exponent, a is related to its
size distribution. The larger values of a indicate a relatively high
ratio of small to large particles. It is expected that when the
aerosol particles are very small, a may go up to 4 and is nearly 0
for the large size particles. The parameters a and b are determined
by taking log-log scale of the above relation, using the measured
AODs at 400, 500, 675, and 870 nm.

In the present work, an attempt was made to study the
behavior of a with the instantaneous surface wind speed. The
observing site has relatively higher wind speed and in the case of
a windy day, it starts with a mild wind at the early hours of the
day, picking up gradually and reaching the peak values of up to
15220 ms�1 in the afternoon. The monthly averaged wind speed
at the observing site is around 526 ms�1. It is expected that both
fine and coarse mode particles are injected into the atmosphere
by the action of strong surface wind speed from the dry land
mass. Fig. 7(a and b) shows the results of nearly two consecutive
days observations in two typical windy days; 26, and 29 in
October 2007. In Fig. 7(a), a varies from 1.2 to 0.3 with the
corresponding wind speed from 0 to 13 ms�1. In Fig. 7(b), a varies
from 0.8 to 0.2 with the corresponding wind speed from 0
to 17ms�1. Fig. 7(c) shows relatively lesser wind speed than
Fig. 7(a and b), with the higher a (fine mode aerosols) values. It
suggested that there is presence of both coarse and fine mode
aerosols at the site and the coarse mode aerosols are responsible
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Fig. 7. Alpha vs instantaneous surface wind speed behavior for typical windy days

of (a) and (b) in early winter, and (c) in summer period at Hanle.
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due to wind driven desert dust aerosols. The presence of both fine
and coarse mode aerosols at Hanle is also indicated by the bi-
modality nature of aerosol size distribution. Significant anti-
correlations of �0:79, �0:83 and �0:85, respectively, were
obtained between a with the instantaneous surface wind speed
as seen in Fig. 7(a–c) during the typical windy days of study.
Similar results of significant anti-correlation between a with
instantaneous surface wind has been reported by Smirnov et al.
(2003) at Midway Island in the central Pacific Ocean.

4.1.3. Long range transport

In the case of long range transport of air pollutants, it is
possible to trace their movement of air mass by using the low-
altitude flow field computed from a meso-scale model. Wind field
patterns computed using these models represent the dispersion of
air pollutants (Fang et al., 1999). Interpretation for the influence of
aerosol transport phenomenon is obtained using the back
trajectory analysis of Hybrid Single Particle Lagrangian integrated
Trajectory (HYSPLIT) model (Version 4), developed by Draxler and
Rolph, at Air Resources Laboratory, NOAA. This analysis provides
latitude-longitude distribution of kinematic wind field including
horizontal and vertical wind velocities. In the present study, the
back-trajectory analysis for Hanle has been carried out for two
typical days, one each for summer and winter months. Figs. 8 and
9 show three days back trajectory analysis ending 0600 UT of 26
October 2007 and 30 April 2008, respectively, pertaining to 6000,
7000 and 8000 m above ground level (AGL) in the atmospheric air
column. The observed higher values of AOD with the simultaneous
study of back trajectory HYSPLIT model suggests the influx of
desert aerosols (Saharan type) towards the observing station.

4.2. Single scattering albedo

Single scattering albedo (SSA) is one of the parameters used in
the determination of aerosol radiative forcing. It is defined as the
Fig. 6. Diurnal variation of AOD on two typical winter (a, b) and summer (c, d) days at Hanle.
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Fig. 8. The three days back trajectory HYSPLIT model, ending on a typical windy early winter day (26 October 2007) over Hanle.
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ratio of scattering coefficient to the total extinction (scattering +
absorption) coefficient. Its value ranges from 0 to 1 for totally
absorbing and totally scattering aerosols, respectively. In view of
its importance in climate forcing, extensive studies were carried
out by many authors for the evaluation of SSA (Anderson et al.,
1999; Devaux et al., 1998; Dubovik et al., 1998; Yu et al., 2000).
Fig. 10 shows the daily mean of SSA obtained during the period of
our observations. The observed high values of SSA during the
entire period of study may indicate a strong presence of scattering
aerosols such as silicates and sulfate particles. Earlier, Singh et al.
(2005) have indicated the strong presence of non-absorbing
aerosols in this high altitude region of Ladakh and Hanle. The
mean values of SSA are 0:9670:002 and 0:9770:002 at 500 nm,
during winter and summer seasons, respectively, as seen in
Fig. 10(a). Pant et al. (2006) have reported the inferred SSA at the
high altitude, Manora Peak in Central Himalayas in the range of
0.87–0.94. The SSA values obtained at Hanle are slightly higher
than those at Manora peak. The desert dust origin with barren
vast land mass of Hanle may be understood to result in the
observed higher values of SSA.

Further, Fig. 11(b) shows the spectral variation of real and
imaginary parts of refractive index, obtained during the period of
our study. The value of imaginary part of refractive index defines
the magnitude of aerosol absorption. The physical and chemical
composition of aerosols can be inferred from a detailed study of
these results. It is seen from Fig. 11(a) that the SSA values show
significant departure for low l (o500 nm) and for high l
(4800 nm). This aspect is under investigation.
4.3. Aerosol size distribution

Fig. 12 (a,b) shows the diurnal variation of aerosol columnar
volume size distributions derived using Skyrad.pack, for two
select days, one each in April and October months. A bi-modal
distribution is evident with the higher peak at around 10mm
and the lower peak around 0:1mm. However, in the summer
month of April, a tri-modal size distribution emerges. Similar to
our results, a tri-modal type of size distribution of aerosols has
been reported by Che et al. (2007) from their Skyradiometer
(Prede) measurements over Beijing. In our present study, there is
an indication for the presence of both fine and coarse mode
particles during the period of our study. The fine mode has a
radius of 0:1020:20mm and the coarse mode has radius of
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Fig. 10. Daily variation of single scattering albedo during the clear days of observation at Hanle.
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Fig. 11. Seasonal variation of SSA and Refractive index (real and imaginary parts)

during the entire period of study.

Fig. 12. Aerosol volume size distribution obtained on two typical days at Hanle

during summer (a) and winter (b) periods of observation.
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7210mm. The presence of such large size (coarse mode) aerosols
has been reported earlier by Cong et al. (2009) at their high
altitude AERONET site, Nam Co, (4730 m), a remote site in central
Tibetan Plateau. Further, Jain et al. (2007) have reported that with
the increase in altitude, the mass concentration and the
percentage of surface aerosols in fine mode decreases, whereas
the proportion of coarse and large mode aerosols increases.
5. Conclusions
(1)
 The daily AOD values obtained using Skyradiometer observa-
tions at Hanle are below the general background level. The
yearly average AOD value at 500 nm is 0:05070:001, with
maximum and minimum of 0:06370:002 and 0:04070:001,
during summer and winter months, respectively. The ob-
tained aerosol optical properties at Hanle are comparable
with those reported at other high altitude sites such as Nam
Co, in central Tibetan Plateau.
(2)
 On some occasions, higher AOD values of above 0.1 are
observed, but such cases are rather rare. It is suspected that
long range transport of dust aerosols contribute to higher AOD
values at the observing station. This phenomenon may be
triggered by the strong prevailing south westerly wind in the
region.
(3)
 Aerosol size parameter (a) shows significant anti-correlation
with the heavier instantaneous surface wind speed, at the site.
It is suggested that coarse mode aerosols are generated
primarily due to wind driven desert dust aerosols.
(4)
 Back trajectories derived from the HYSPLIT model computa-
tions indicate the presence of parcel of air mass coming from
the Saharan desert.
(5)
 The inferred average values of SSA during winter and summer
seasons are 0:9670:002 and 0:9770:002 at 500 nm, respec-
tively. The higher values of SSA at Hanle indicate strong
absence of absorbing aerosols such as those of anthropogenic
origin.
(6)
 The derived volume size distribution shows a general bi-
modality with the higher peak at around 7210mm and the
lower peak at around 0:120:2mm with an occasional tri-
modal trend, usually in the summer months. This result also
suggests the presence of desert dust at the site.
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