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Abstract
In order to study the aerosol backscatter profiles, a portable micro pulse lidar (MPL) system
was installed in the year 2006 at Manora Peak, (29◦22′N, 79◦27′E, ∼1960 m amsl) Nainital, a
high altitude location in the central Himalayas. In the present study the results of observed
lidar profiles, columnar aerosol optical depths (AOD) and prevailing meteorology during
May 2006 to June 2007 are presented. Although the lidar was operated from a sparsely
inhabited free tropospheric site, nevertheless the height distribution of aerosol layers are
found to be extended up to the summit of ∼2 km above the ground level (AGL). The
backscatter ratio (BSR) varies from ∼10 to ∼20 having lowest values during post-monsoon
and highest during pre-monsoon period. The observed boundary layer height during the post
monsoon was shallower to the pre-monsoon period. Occasionally the lidar profiles reveal the
presence of cirrus clouds at an altitude of 8–10 km AGL. The extended lidar observations
over Manora Peak not only provided the profiles of aerosol extinction coefficient but also
significantly substantiate the elevated aerosol layers and clouds, which are important in the
study of climate modelling. Copyright  2009 Royal Meteorological Society
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1. Introduction

Atmospheric aerosols have a direct effect on the radia-
tive forcing in the atmosphere as they scatter and
absorb solar and infrared radiation in the atmosphere
(Charlson et al., 1992) and indirectly affect the size
distribution of cloud droplets (IPCC, 2007). It is
an established fact that aerosols significantly affect
the earth radiation budget through the scattering and
absorption of incoming solar radiation. In this perspec-
tive the temporal and spatial distributions of aerosol
in the lower atmosphere are important in assessing
their impact on the earth’s climate. In addition to
these effects, aerosols also play an important role
in providing the information on the development of
cloud microphysics, climate variability, atmospheric
pollution and atmospheric boundary layer evaluation
(Lagrosas et al., 2004). Lidar has so far shown the
best performance in defining the position of aerosol
and clouds with high temporal and spatial resolu-
tion, which is not possible with other kind of remote
sensing techniques (Devara et al., 1995; Raj et al.,
1996). Lidar can provide vertically resolved extinc-
tion and backscatter coefficients, and thereby provid-
ing the height of the planetary boundary layer or the
night-time residual layer. A thorough knowledge of
optical properties of atmospheric aerosol such as the
extinction and optical depth as well as their temporal

and vertical distribution are essential for understanding
their effects on the atmosphere.

Lidar has also proven to be a powerful means to
study cloud characteristics particularly of cirrus clouds
with high range and time resolution. These clouds
are usually found at an altitude, ranging from 8 to
20 km Devara et al., 1995; and often extend to more
than 1000 km horizontally and persist for up to sev-
eral days (Immler and Schrems, 2002). These clouds
are produced by the outflow of deep convection cloud
anvils of the slow synoptic scale uplifting of a moist
air layer and homogeneous nucleation (Thomas et al.,
2002). Although the role of the tropical cirrus clouds
in the overall global climate system is not completely
understood however they dominate the cloud radia-
tive forcing especially over the tropics (Sunil Kumar
et al., 2003). Parameswaran et al. (1991) compared the
aerosol extinction profiles derived from Sage II satel-
lite data with lidar observations over tropical coastal
station, Trivandrum (Figure 1). They found large day
to day as well as latitudinal and longitudinal changes
in tropospheric extinction, which points out the impor-
tance of the study of tropospheric aerosol extinction
at different locations even within the tropical region
for understanding of the behaviour of tropospheric
aerosols.

Over the years, several ground and space based
lidar observations were simultaneously conducted over
the East Asian region (e.g. Murayama et al., 2003,
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Figure 1. List of lidar network stations in India (upper panel), topography map of west central Himalayan region adjacent to Indo
Gangetic Plains (lower panel).

and references therein) during an integrated campaign
under aerosol characterisation experiment (ACE), but
such observations are sparse over Indian subcontinent.
In this perspective seven lidar network stations have
recently been established (Figure 1).

As a part of this network, a portable micro
pulse lidar system was installed at ARIES, Manora
Peak, Nainital (29◦22′N, 79◦27′E, elevation – 1960 m
amsl), a high altitude location in central Himalayas
(Figure 1) for the study of aerosol backscatter pro-
files and clouds. The north and northeast of Manora
Peak has sharply undulating topography of Himalayan
mountain ranges, where as very low elevation and
densely populated plain land merging in to the Ganga
basin to the southwest (Pant et al., 2006). Owing to
its large elevation, this site is considered to be a free
tropospheric site. As the site is located geographically

in free troposphere and is reasonably sparse from the
point of view of major pollution, the investigation
from such a remote, sparsely inhabited regions have
the importance of providing a sort of background level
against which the aerosol loading impact in the atmo-
sphere can be assessed.

2. Instrumentation and methodology

The portable micro pulse lidar for atmospheric aerosol
studies has been installed in a temperature and humid-
ity controlled room. The lidar system is designed and
developed by National Atmospheric Research Labora-
tory (NARL) Gadanki (Bhavani Kumar, 2006) which
is based on micro pulsed lidar (MPL) technology
(Spinhirne, 1993; Cambell et al., 2003; Cheng et al.,
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2005). Lidar observations are carried out at Nainital
on regular basis to study the aerosol vertical pro-
file, the boundary layer structures, cloud base height
and its vertical extent. The system employs a diode
pumped Nd : YAG laser with second harmonic out-
put at 532 nm and operated at 2500 Hz. The emit-
ter beam is coaxial to receiver field of view (FOV)
and operated in zenith direction. The lidar receiver
employs a 150-mm cassegrainin telescope and a high
gain photo multiplier tube (PMT) operating in pho-
ton counting mode. The complete overlap between
the laser beam and the telescope FOV is expected at
∼150 m. This value represents the lower limit of our
vertical lidar profiles. The backscattered signals are
measured with a bin width of 200 ns corresponding
to the altitude range of 30 m. Computer based multi-
channel analyser (MCA) was employed for recording
the photon returns. During the observations the lidar
system collects the backscattered signal returns from
the lower atmospheric aerosol and high altitude cloud
such as cirrus. The data were processed using algo-
rithm described by Fernald (1984) and Klett (1985)
for deriving the aerosol extinction coefficient profiles
and other related atmospheric parameters. The inver-
sion lidar profiles are based on the solution of the lidar
equation for the case of single scattering (Measures,
1984), given as:

P(λ, R) = PLAO
ξ(λ)

R2 β(λ, R)ζ(R)
cτ1

2

exp
[
−2

∫ R

0
α(λ, R)dR

]
(1)

where, P(λ, R) is the lidar signal received from a
range R at a wavelength λ, PL is the emitted laser
power, Ao is the telescope receiving area, ξ(λ) is the
receivers spectral transmission factor, β(λ,R) is the
atmospheric volume backscattering coefficient, ζ (R) is
the overlap factor between the FOV of the telescope
and the laser beam, α(λ,R) is the extinction coeffi-
cient from atmospheric molecules and particles, c is
the speed of light and τl is the laser pulse length.
The lidar data have been processed with the algo-
rithm described by (Fernald, 1984; Klett, 1985), where
the molecular (or Rayleigh) contribution to the sig-
nal is taken from the COSPAR International Refer-
ence Atmosphere (CIRA) 1986 standard atmosphere.
According to the Fernald–Klett formulation, the solu-
tion of the lidar equation is given as:

β(R) = exp{−[S ′(Rref) − S ′(R)]}
1

β(Rref)
+ 2

C
∫ Rref

R dR′

exp{−[S ′(Rref) − S ′(R′)]}

(2)

where, the total backscattering coefficient is the sum of
Rayleigh and particulate contribution given by β(R) =
βp(R) + βR(R), the β(Rref) is the boundary condition

set on β(R) at the reference far-end range. The solu-
tion to the above equation is given numerically as
under:

S ′(Rref) − S ′(R) = ln[R2
ref × P(Rref)]

− ln[R2 × P(R)] − 3

4π

∫ Rref

R
βR(R′)dR′

+ 2

C

∫ Rref

R
βR(R′)dR′ (3)

The above equations were derived by taking the
value of C equal to 0.035, an average value for rural,
urban and maritime aerosols (Kovalev, 1993), the ref-
erence range (Rref) in a region where the lidar profile
follows the molecular atmosphere (generally between
4 and 6 km) and assuming that the backscatter-to-
extinction ratio is known. Besides the lidar obser-
vations the measurements of aerosol optical depth
using the Microtops II, Sun Photometer (Solar Light
Co., USA) and meteorological parameters using, stan-
dard meteorological sensors (Campbell Scientific Inc.,
Canada) attached with automatic weather stations,
were also carried out.

3. Results and discussion

3.1. Surface meteorology

The monthly mean variations of surface meteoro-
logical parameters for temperature, columnar water
vapour, rainfall, wind speed and wind direction at
Manora Peak are provided in Table I. Monthly mean
temperature varies from its maximum value of 28.5 ◦C
during May and shows gradual decreasing trend during
rainy season and minimum temperatures occur dur-
ing January and February. The columnar water vapour
content remains less than 1 cm in 80% of the measure-
ments, with a mean value of 0.64 cm implying a dry
environment. Humidity is particularly high with the
arrival of monsoon from mid June to end of Septem-
ber. The rainfall climatology shows that the rainfall is
highest during July to September owing to the south-
west monsoon over the Indian subcontinent (account-
ing ∼70% of the annual rainfall), with very little rain
during March to middle of June (∼10% of the annual).
The wind speed, during post-monsoon (September,
October and November) and winter months (Decem-
ber, January and February) remains ∼10 m s−1 but
during pre-monsoon (March, April and May) as well as
during the monsoon (June, July and August) it is maxi-
mum and sometimes reaches up to ∼24 m s−1. During
the transition period from pre-monsoon to monsoon
the mean arrival wind direction gradually shifts from
southwesterly to southeasterly.

3.2. Overview of BSR characteristics

For the present study the lidar measurements are anal-
ysed for the period of May 2006 to June 2007. The
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Figure 2. Vertical profiles of back scatter ratio (R) averaged for different seasons during May 2006 to June 2007. The horizontal
bars represent the one standard deviation.

details of lidar observations along with other parame-
ters are listed in Table I. Generally observations were
made from 1900 Indian Standard Time (IST) to 2400
IST, but on few occasions the data were recorded
for entire night (i.e. from 1900 IST to 0500 IST).
Figure 2 shows the profiles of back scattered ratio
(BSR), calculated from the selected profiles represent-
ing different seasons. Higher values of BSR are found
for the prevailing strong convection conditions dur-
ing summer months (March, April and May (MAM);
when the wind is predominantly from southwesterly.
It is quite discernible from the figure that aerosol
layer often reaches up to an altitude of ∼2.0 km.
The lower value of BSR during post-monsoon sea-
son [September, October, November (SON)] may be
due to rain scavenging of aerosol from the lower tro-
posphere. During summer months (pre-monsoon) the
vertical extent of aerosols in the troposphere is large
over northwestern part of India due to increase in tem-
perature as well as dust transport from Thar Desert
region (Hegde et al., 2007). The higher values of BSR
over study region are attributed to the strong convec-
tive conditions during these months, when aerosol and
dust particles are often lifted up to free troposphere
over the Northwestern India (Prasad et al., 2007). The
exchange of air masses from the boundary layer in
to the free troposphere is aided by mountain ranges
and may thus affect the spatial as well as temporal
distribution of aerosol properties (Nyeki et al., 2000).

3.3. Mixed layer depth determination

The atmospheric boundary layer can be divided in to
three different layers: the surface layer, the mixed
layer and the entrainment zone (Stull, 1997). The
atmospheric entrainment zone is considered as a thin,
convoluted sub-layer that separates the air transported
upwards from the mixed layer and the air transported
from the free atmosphere aloft (Mok and Rudowicz,
2004). In aerosol studies, the mixed layer character-
istics are most important since the pollutants that are
emitted in to the atmospheric boundary layer are sub-
jected to gradual dispersion and mixed through the
action of turbulence in this region which ultimately

facilitate in modelling the vertical extent of the pol-
lutant movement (Parameswaran et al., 1997; Menut
et al., 1999). The maximum in the vertical gradient
or the sharp upward decrease in the lidar backscatter
return denotes the mixed layer depth, which should be
observed as the aerosols content in the mixed layer
closer to the ground portion is higher than the air
above (Seibert et al., 1998). Eddies generated as a
result of surface heating are transported vertically up
until the rising air parcel encounters a region having
equal ambient density. Therefore, the altitude region
where eddy transport is significant is referred to as
the well-mixed region (Parameswaran, 2001). The alti-
tude profile in Figure 2 shows that the peak value of
BSR during monsoon, post-monsoon, winter and pre-
monsoon seasons varies from 1000, 600, 1300 and
1450 m, respectively. The same may be considered as
representative mixed layer depth for respective sea-
sons. The region above the mixing height shows a
sharp decrease in BSR with increasing altitude, which
is known as the entrainment region (through which
aerosols in the well mixed region intrudes into the
upper region). During summer/pre-monsoon season,
ventilation coefficient is as high as compared with
winter/post-monsoon season (Devara and Raj, 1993).
The range corrected photon counts profiles at different
timings on an experimental day (13 December 2006)
representing the peak of winter over the experimen-
tal site are shown in Figure 3. During this period the
boundary layer remains very shallow due to low sur-
face temperatures. After the sunset, the surface cools
down very fast, consequently the rate of eddy pro-
duction are abruptly reduced causing quick disappear-
ance of thermal plumes. Therefore the vertical extent
of the aerosol layer remains to its minimum level.
In Figure 4, night-time variation of the backscatter
return observed on 8 October 2006 (upper panel) and
6 March 2007 (lower panel) are shown. The horizon-
tal axis indicates the time of the measurements in IST
(IST = UT + 5.5 h) where as the vertical axis denotes
the altitude above the ground level (AGL) in kilome-
tres and the magnitude of the backscatter return signal
is given as colour scale. The maximum concentration
of particles indicates the mixed layer height. Within
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Figure 3. Range corrected photon counts profiles at different timings for 13 December 2006.

Figure 4. Night-time variation of the attenuated backscatter return, beta (1/m/sr) observed on 8 October 2006 (upper panel)
and 6 March 2007 (lower panel).

the mixed layer the thick layer of particles on 8 Octo-
ber 2006 is attributed to the high turbulence. Similarly
on the other hand, layers of increased concentration of
particles are discernible on 6 March 2007, located at
moderately higher altitudes, indicating vertical extent
of mixing height. Further, it is quite evident that the

different layers of aerosols are clearly distinguished
in both the panels, which may be the manifestation
of the dust layer of transported origin above the local
mixed layer. After sunset the aerosol layers are hor-
izontally stratified because mixing is limited by the
surface radiation inversions (Tiwari et al., 2003).
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3.4. Aerosol sources
The geographical and climatological features of the
observation site mainly determine aerosol character-
istics. With the beginning of the summer, over the
observing site, the wind direction shifts from south-
easterly to southwesterly, consequently the air mass
shifts from southern Indian plains (during winter) to
the western arid landmass (during summer). The arid
landmass includes the Great Indian Thar Desert along
the northwestern border of India, which is one of the
major sources of atmospheric dust over the Indian
subcontinent. As the summer approaches, the north-
ern and northwestern India experiences frequent dust
storms due to southwesterly summer winds from the
western Thar Desert (Sikka, 1997). In this process
the wind, arriving from Thar Desert region, brings
the dust particles, which is mainly responsible for
the rapid enhancement in the columnar aerosol opti-
cal depths (AOD) as observed over the station after
March. Meanwhile the higher dust concentration over
the region further reinforces the dryness of affected
region by suppressing convection (Rosenfeld et al.,
2001), which has also observed in the present study.

The annual variation in the lidar derived AOD at
532 nm, varied from 0.023 to 0.264 during monsoon
and summer seasons, respectively (Table I). Similar
trend of temporal variation of AOD values was also
observed from Microtops II Sunphotometer (AOD at
500 nm). The higher AOD values during summer 2006
is found, mainly due to the frequent dust storms or
entrainment of coarse particles over the observing site
as synoptic air mass that flows southwesterly during
May and June results in frequent dust loading over
northwestern part of India. On the basis of satellite
data analysis, Li and Ramanathan (2002) have also
shown the eastward transport of west Asian deserts
aerosols across the northern Arabian Sea towards the
west coast of India. The lower AOD values observed
during summer 2007 may be due to the intermit-
tent rains during May 2007. Niranjan et al. (2007)
have observed the mixing of the anthropogenic aerosol
over the Indo-Gangetic plains with the aerosols of
desert origin. Satheesh and Srinivasan (2002) have
also reported the enhanced values of AOD during sum-
mer months over Kashidhoo and Minicoy locations,
attributing the transportation of dust particles form
arid regions surrounding the Arabian Sea. The min-
imum AOD observed during winter months may be
due to weak-generation mechanisms and lesser possi-
bility of hygroscopic growth of aerosols because of
low water vapour content in the atmosphere (Pant
et al., 2006). During winter months the temperature
remains minimum over Indo-Gangetic plains causing
a low-level existence of boundary layer height due
to capping inversion as well as minimum ventilation
coefficient, inhibiting the transport of particles to the
free troposphere (Nair et al., 2007). Meanwhile, the
high value of TOMS aerosol index (AI) found over
the study region, indicates the presence of coarse par-
ticles in the atmosphere. Further, the monthly mean

of AI follows the observed trend in AOD as well as
BSR variations over the experimental site. This sea-
sonal cycle in TOMS AI corresponds to the seasonal
variability in dust or biomass burning emissions as
well as rainfall (Habib et al., 2006).

The analysis of back trajectories at 3000 m amsl
during the study period indicates when the air mass
originates from Arabian region, i.e. the trajectories
arriving from the SW direction of the study location
(Table I), generally higher values of the backscattering
as well as AOD values are observed over the site.
While in the rest of the cases, the air parcel could be
either from Indian subcontinent or from the Bay of
Bengal region.

3.5. Comparison with radiosonde measurements

The vertical variation of temperature, wind direction,
wind speed, relative humidity and potential tempera-
ture are shown in Figure 5. Owing to non-availability
of Radiosonde at observing site, the contemporaneous
data on 6 March 2007, were taken from nearest obser-
vation station of the Indian Meteorological Depart-
ment (IMD), Bareilly (28.35 ◦N and 79.42 ◦E). These
parameters have been used for evaluating the mixing
layer heights and to assess the atmospheric bound-
ary layer structure. Figure 5 shows a very well mixed
boundary layer up to a height of ∼1200 m, and very
strong humidity gradients across the capping inver-
sion at ∼1000 m. The measured vertical variations of
potential temperature indicate the atmospheric struc-
ture with a well-mixed layer near the surface up to
∼700 m. Above this height the potential temperature
increases gradually up to ∼1200 m indicating the sta-
ble stratification of aerosols that reduces further verti-
cal mixing. The variation in Planetary Boundary Layer
(PBL) structure seems to be in good agreement to
those observed lidar and radiosonde profiles. Since the
variation in the vertical distributions of aerosol con-
centration is normally interpreted as aerosol stratifica-
tion, the variability in the BSR as shown in Figure 4 is
most likely caused by temporal variations in the PBL
structure, which is also related to the height variation
of the above-mentioned meteorological parameters.

3.6. Identification of cirrus clouds

Observations of range corrected photon count profiles
have shown the occurrence of cirrus clouds at an
altitude ranging from 8 to 10 km AGL. Among the
total observations in ∼60% of the cases the occurrence
of cirrus clouds were detected. Meanwhile cloud
climatology studies based on SAGE II observations
have indicated the frequency of cirrus occurrence
(AOD ∼0.03), in the tropical and the subtropical
regions is up to 70% indicating the radiative effects
of cirrus clouds are very large in these regions
(Whiteman et al., 2004). Photon counts data for three
representative days showing the presence of cirrus
clouds are shown in Figure 6. The cloud base and top
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Figure 5. Radiosonde profiles for temperature, potential
temperature, wind direction, wind speed and relative humidity
measured on 6 March 2007.

heights are found to be 8.2 and 9.1 km, respectively.
The corresponding temperatures at these heights are
found to be 238 and 242 K, respectively (Figure 5)
based on radiosonde measurement on 6 March 2007.
The region where these cirrus clouds are observed is
found to be highly turbulent (sometimes wind speed
up to 68 m/s), indicating that the region of divergence
followed by a convergence, showing the favourable
conditions for cirrus formation (Parameswaran et al.,
2003). Over the study region the vertical extent of
cirrus was found minimum during winter, indicating
that the cirrus clouds observed during the dry period
are generally thin in comparison to those observed
during the southwest monsoon period (Sunil Kumar
et al., 2003).

Typical altitude-time contour plot of range corrected
photon count on 17 May 2006 is illustrated in Figure 7
showing the presence of cirrus cloud. It is quite
discernible from the figure that the cirri is started to
be appeared around 2020 (IST) having the base height
of ∼8 km AGL, which gradually becomes thick and
denser and reaches upto a summit of 9.7 km AGL.
The cloud continuously remained strong throughout
the observation period. Similarly, the observations
on different nights reveal the presence of the cirrus
clouds with different structures and patterns with
varying vertical extent. Sunil Kumar et al. (2003) have
reported the observed range for these clouds as 12 to
16 km amsl with a vertical extent ranging from 0.4
to 4 km, on the basis of extended lidar observations
at Gadanki (13.5 ◦N, 79.2 ◦E). They also calculated
that infrared radiative forcing by this tropical cirrus is
significantly larger than that due to subtropical cirrus.
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Figure 6. Profiles of photon count data for three representative
observation nights showing the existence of cirrus clouds.

Figure 7. Typical altitude-time contour plots of range
corrected photon count on 17 May 2006 showing the presence
of cirrus clouds.

4. Conclusions

Lidar observations were carried out for the first time
over a high altitude location in central Himalayas. The
aerosol backscatter lidar profiles revealed the presence
of aerosol layers up to the summit of ∼2 km AGL. The
BSR varies from ∼10 to ∼20 with lowest and highest
value during post and pre-monsoon, respectively. The
seasonal variation in columnar AOD follows the sim-
ilar trend to those for BSR. Observed values of BSR
over study location can represent a free tropospheric
background level. The structure of planetary boundary
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layer determined from the lidar data compares rea-
sonably well to those evaluated by using radiosonde
data, which suggests that the lidar can be used to
characterise the boundary layer structure. The aerosol
mixing height fluctuates in the range of 600–1450 m
for post-monsoon and pre-monsoon periods respec-
tively; showing a strong dependence on the vertical
mixing processes of convective eddies in the atmo-
spheric boundary layer due to varying meteorological
condition over the observing site. On several occa-
sions cirrus clouds of varying thickness and duration
were successfully detected. The cloud mean altitude
was found to be ∼8 to 10 km AGL. Over the study
region the vertical extent of cirrus was found minimum
during winter as compared to summer.
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