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Abstract: Profiles of aerosols and cloud layers have been investigated over a high-altitude urban
atmosphere in the eastern Himalayas in India, for the first time, using a Raman LIDAR. The study was
conducted post-monsoon season over Darjeeling (latitude 27°01′ N longitude 88°36′ E, 2200 masl),
a tourist destination in north-eastern India. In addition to the aerosols and cloud characterization
and atmospheric boundary layer detection, the profile of the water vapor mixing ratio has also
been analyzed. Effects of atmospheric dynamics have been studied using the vertical profiles of
the normalized standard deviation of RCS along with the water vapor mixing ratio. The aerosol
optical characteristics below and above the Atmospheric Boundary Layer (ABL) region were studied
separately, along with the interrelation of their optical and microphysical properties with synoptic
meteorological parameters. The backscatter coefficient and the extinction coefficient were found
in the range from 7.15 × 10−10 m−1 sr−1 to 3.01 × 10−5 m−1 sr−1 and from 1.02 × 10−5 m−1 to
2.28× 10−3 m−1, respectively. The LIDAR ratio varies between 3.9 to 78.39 sr over all altitudes. The
variation of the linear depolarization ratio from 0.19 to 0.32 indicates the dominance, of non-spherical
particles. The periodicity observed in different parameters may be indicative of atmospheric wave
phenomena. Cloud parameters, such as scattering coefficients, top and bottom height, and optical
depth for different cloud phases, have been evaluated. A co-located Micro Rain Radar has been used
with LIDAR for cloud life cycle study.

Keywords: Raman LIDAR; Eastern Himalaya; backscattering coefficient; extinction coefficient; water
vapor mixing; periodicity analysis

1. Introduction

The dynamical interactions of aerosols, clouds, and water vapor constitute an active
field of research as they affect the radiation budget of the earth’s atmosphere and hence the
climate through their participation in the energy transfer process [1]. LIDAR measurements
can provide accurate, vertically resolved information, including multi-layer scenarios of
clouds and aerosols.

Several LIDAR-based observations have been reported with the assumption of range-
independent LIDAR ratio (LR) [2–8]. However, such an assumption is not consistent with
the actual atmospheric aerosol distributions and hence may lead to loss of information [9].
In the case of Raman LIDAR, Raman channel return can be used, along with the elastic
channel, to determine the extinction and backscatter coefficients separately, as reported
by various authors [10–14]. A new method was proposed by [15] to retrieve the aerosol
backscattering coefficient from Raman return by comparing with the molecule-dominated
signal from reference altitude. The aerosol backscattering coefficient, along with Mie LIDAR
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range corrected signal (RCS) and optimized LR, was used to calculate the aerosol extinction
coefficient [15].

In general, LIDAR systems are used to obtain both optical and microphysical parame-
ters, which may be considered a two-step inversion process. In the first step, the measured
backscattered power is used to estimate the optical parameters [16–22]. These parameters
are then used in the second inversion to obtain the microphysical parameters, such as
number size distribution, refractive index, etc. [23–32]. The aerosol extinction coefficient
retrieval method from the Raman channel involves numerical differentiation of the Raman
channel return RCS, which generates errors due to noise susceptibility of the RCS [10,33,34].
In order to avoid such errors, one may use the technique of signal smoothing [35]. The
retrieval technique can be improved further using near-range reference height [36]. The
proper reference height can be determined using signal-to-noise ratio and normalized
standard deviation [37].

Several studies across the world are available in the literature on aerosols and cloud
characterization using ground-based LIDAR observations [38–43]. The LR was used in
the chemical characterization of dust aerosols [41,42,44]. The spectral depolarization ratio
was shown to differentiate ice from pure dust and smoke [40]. It was also found to
characterize atmospheric pollen and different dust sources using depolarization ratio of
different wavelengths [45,46]. Elastic and Raman channels were used to characterize the
microphysical properties of aerosols [38,47,48].

The water vapor mixing ratio (WVMR) measurement was reported at a high altitude
station in Reunion Island and validated with satellite data [49]. In another study, automated
algorithms were used to retrieve aerosol and humidity parameters along with temperature
from Raman LIDAR and radiosonde measurement [50–53]. The large changes in tem-
perature and water vapor were detected in the first-ever decade-long WVMR profiling
performed in Switzerland, Payrene area [54], where the variation in precipitable water
vapor was found to be strongly correlated with surface relative humidity.

Several detection techniques depending upon specific atmospheric scenarios have
been applied to use LIDAR for boundary layer determination [55,56]. The mixed layer
depth (MLD) determination using the Harr wavelet method is considered to be the most
robust technique [57]. It was shown that the water vapor Raman LIDAR was capable of
retrieving profiles of turbulent variables up to third order during the daytime [58]. The
nocturnal boundary layer height determined by the elastic LIDAR was correlated to surface
meteorological and aerosol parameters [59]. It was also shown that the residual layer and
mechanically-driven surface aerosol layer might not be properly distinguished from the
nocturnal boundary layer [55,60]. The elastic 532 nm channel requires the first lag time
correction in order to obtain reliable turbulence information from the boundary layer [61],
whereas the extended Kalman filter approach enables one to retrieve and track the boundary
layer parameters based on simplified statistics of the boundary layer dynamics without the
need for signal smoothing [62]. It was shown in [63] that the wavelet covariance method
performed better during the daytime, whereas at night, the inflection point method was
found to be more effective in detecting the nocturnal boundary layer as well as the residual
layer height. Another new method, like the Gaussian mixture model, was used for the
classification of the altitude sequence of the sample, made with backscatter coefficient
and color ratio [64]. However, in the case of the multiple elevated aerosol layers scenario,
cluster analysis with RCS and its variance was found to be more reliable compared to the
Gaussian mixture model [65].

Recently, it has been hypothesized [66] that the trapping of aerosols may occur up to a
particular inversion strength and depth only, whereas the inversion at the boundary layer
top does not always cap the aerosol vertical distribution. In another study, the polarized
LIDAR was used along with CALIPSO to study the mega dust storm in China, including its
origin, transportation, and removal processes [67]. The microphysical and optical properties
of the triple-layered vertical aerosol structure formed by the dust storm were studied in
detail, and the bottom layer was found to be mixed with local anthropogenic aerosols. The



Atmosphere 2023, 14, 1102 3 of 41

elevated aerosol layers were probed by LIDAR along with satellite [68]. Several methods
for aerosol and cloud detection, using different parameters, exist in the literature, such as
the slope of logarithm of RCS along with the raw signal, backscattering coefficient of elastic
channels, color ratio, and depolarization ratio [69–72].

The thermodynamic phase of clouds was studied extensively using linear depolar-
ization ratio (LDR) and cloud top temperature (CTT) [43,73]. Ground-based LIDAR mea-
surement was found to be more effective in discriminating ice and water clouds compared
to satellite-based observation [74,75]. The presence of supercooled water was distinctly
observed by [74]. It was possible to clearly differentiate between the stratocumulus and
cirrus cloud [76] in a study in Durban, South Africa. Several in-depth studies of cirrus
clouds characterization were conducted [39,77–79] using ground-based LIDAR observation.
Aerosol-induced microphysical changes in the Altocumulus cloud were also studied in
detail using Raman LIDAR and Doppler LIDAR [80].

In the Indian context, some important studies conducted in the recent past using
ground-based LIDAR observations are worth mentioning. The air pollution ‘atlas’ over
the Indian subcontinent was prepared using CALIOP data, a space-borne LIDAR to show
the three-dimensional aerosol distributions over the subcontinent [81]. The vertical profile
of aerosol extinction coefficient was found to gradually change from south to north of
India from a broad layer structure to an exponentially decreasing extinction profile with
increasing altitude. It was reported that within the altitude of 2000 m, the smoke dominated
over northeastern parts of India while the polluted dust dominated all over the rest of the
Indian subcontinent [81]. The effect of downwind transported agricultural crop residue
burning and associated radiative forcing was also studied in Hyderabad, a metropolis in
southern India [82]. The seasonal variation of aerosol and cloud properties was studied [83]
and aerosol optical depth (AOD) was determined using elastic channels of LIDAR and
compared to those obtained from AERONET and MODIS [84] over Manora peak, a high
altitude station (1950 masl) in the western Himalayan region. The micropulse LIDAR
observation of seasonal characteristics of aerosols were performed in tropical coastal regions
in southern India as well [85].

The Raman LIDAR was used to study aerosol extinction and backscattering coefficient
along with LR over the plain land regions, namely, Gwal Pahari, Pune, Gadanki, and
Ahmedabad, as well as over the Indian Ocean [86–91]. The characteristics of cirrus clouds
in Gwal Pahari and Gadanki were also studied by [92–94], respectively. The Raman LIDAR
study in Palampur, a high-altitude station in the western Himalayas, using glued signal
showed that, though the atmosphere above 4 km was quite free from aerosols, the cloud
appeared at 7–8 km [95]. In another work in the Himalayan Tibetan Plateau (HTP) using
Mie LIDAR and range independent 30 sr LR value, the contribution of aerosols was found
to be mostly due to the transboundary transport of black carbon (BC) particles arising from
the massive biomass burning in south Asia [96].

The high-altitude elevated aerosol layers absorb solar radiation and produce atmo-
spheric dynamic feedback, which is known as the elevated heat pump mechanism. It
enhances the snow melt in the Himalayas and Tibetan Plateau [97]. Moreover, optically
thick clouds occurring below an aerosol layer enhance the absorption by aerosols above
clouds [98]. In order to understand the role of aerosols in Himalayan climate change,
a range-resolved aerosol and cloud characterization study is necessary. In addition to
the several surface air quality and aerosol studies [1,99–101], investigations based on the
remote sensing measurement of aerosol and cloud layer optical properties were also per-
formed over the central and western Himalayan region in India [83,84,95,102–109]. On the
other hand, despite several studies on surface air quality and aerosols over the eastern
Himalayas [110–117], it has remained unexplored and virgin in terms of vertical profiling
using ground-based LIDAR observations. The topography of the eastern Himalayas, with
an abrupt rise from the Indo-Gangetic plain, is distinctly different from those of central
and western Himalayas [118]. Moreover, the moist sub-temperate climate with heavy
precipitation from June to September and moist, dense evergreen forest adds to the distinct
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features of the eastern Himalayas. It is imperative to have a good understanding of the
vertical profiling of aerosols and clouds over this part of the Himalayas that is climatically
vulnerable and ecologically fragile due to its proximity to glaciers and rich biodiversity.

In this region, amongst the dry season months, the most favorable months are found to
be September and October in the post-monsoon season, when our study location, Darjeeling,
experiences both the local and transported aerosols. Most importantly, the site experiences
less occurrence of hill fog/near surface clouds, common enough phenomena here which
would otherwise hinder our observation. The major objectives of the present study may be
itemized as follows. (1) understanding of the range-resolved optical properties of aerosols
and clouds; (2) boundary layer detection and range-dependent LR and (3) study of the
development of cloud layer till the initiation of precipitation. To this end, we have studied
the vertical profile of aerosol extinction and backscattering coefficients, WVMR, and LR
using a Raman LIDAR. In order to understand the topographical effect on boundary layer
dynamics, we have studied atmospheric boundary layer (ABL) height at day and night
both. Cloud development has been studied using the colocated Raman LIDAR and micro
rain RADAR. In addition, we have performed a periodicity analysis which may help us
to understand the cause of certain phenomena as well as the interrelationship between
different observables, if any.

2. Site Description and Synoptic Meteorology

The present work describes the study performed at Darjeeling (2200 masl), a popular
tourist destination in Eastern Himalayas. Figure 1 shows the sampling location, Bose
Institute campus (latitude 27°10′ N longitude 88°36′ E). A detailed description of the site is
given in [110]. This region has a steep staircase topography, rising from the Siliguri at the
foothills to Darjeeling within an aerial distance of 59 km. With the complex labyrinthian
mountains with bold spurs, ridges, and valleys, it experiences greatly varying weather
with heavy precipitation in monsoons.

The experiment was performed post-monsoon during September–October 2016. In this
study period, the average temperature and relative humidity remained around
(13.08 ± 2.72) °C, and (82.1± 10.9)%, respectively. The average value of vertical wind
speed was found to be around (0.05± 0.04) m/s. The details of meteorological parameters
of the post-monsoon season in Darjeeling have been reported earlier [113].
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Figure 1. Satellite image showing geographical position of Darjeeling and the topographical features
of the study site is shown inset.

3. Instrumentation, Data, and Methodology
3.1. Instrumentation and Data

A manually controlled multiwavelength Raman LIDAR, developed by Raymetrics,
was installed at the Bose Institute campus, Darjeeling, for vertical profiling of
atmosphere [119,120]. The emitting system of this LIDAR consists of a frequency tripled
ND: YAG laser emitting pulsed laser beam of 355 nm, 532 nm, and 1064 nm wavelength
pointed vertically upward. The receiving system contains three elastic channels correspond-
ing to 355 nm, 532 nm, and 1064 nm wavelength and two Raman channels of 387 nm and
408 nm wavelength. The Raman channels of 387 nm and 408 nm are the Stokes return of
355 nm incident wavelength for nitrogen and water vapor, respectively. It is designed based
on the Cassegrain optical telescope, which has a receiver field of view of 1 milliradian with
a vertical resolution of 7.5 m, the temporal resolution of the raw profile being 1 min. The
returning signal is detected by photomultiplier tubes and converted into a resulting LIDAR
signal by an A/D converter. It samples and digitizes the LIDAR signal with a 40 MHZ
sampling rate, which corresponds to a 7.5 m vertical resolution. It is applicable for LIDAR
signals coming from short distances within 8–10 km. The photon counting mode is used to
detect low-intensity LIDAR signals above 8 km by photomultiplier tube with a 250 MHZ
sampling rate. This sampling rate enables one to collect at least 1000 laser shots in order to
lower the statistical fluctuation and obtain a satisfactory signal-to-noise ratio (SNR).
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LIDAR signal processing includes the elimination of background atmospheric skylight
and electronic noise due to instrumentation. The background is evaluated by selecting a
range where the signal is quite stable, and the mean value at that range is minimum. The
effective range of that signal is restricted up to that altitude. In order to generate a range-
corrected signal (RCS), the range-related attenuation from the atmosphere was compensated
by distance square law correction at each data point. A running low pass derivative digital
filter with a variable path was applied to remove the high-frequency components, and the
dataset was smoothed by least square fit with second order polynomial.

The LIDAR data were collected in the month of September and October 2016. We
were able to collect nighttime data for seven days, three in September and four days in
October, within this period. Daytime observation was performed on one day in October.
In the case of nighttime measurement, the raw signal and RCS data of 7.5 m vertical
resolution for elastic and Raman channels were collected. For daytime measurement, only
the elastic channels were used as the Raman signal was too weak to be detected in the
presence of strong daylight background. The cross and the co-polarized component of the
532 nm elastic channel were used for Linear depolarization ratio (LDR) estimation. The
mathematical formalism for the retrieval of aerosol and cloud optical properties from the
LIDAR signal are given in Appendix A.

A Micro rain Radar (MRR-2, METEK Technologies, Germany) was used here to detect
the precipitation initiation time and its starting altitude. It is a vertically pointed Frequency
Modulated Continuous Wave (FMCW) Radar, which transmits 24.1 GHz radiation at a
bandwidth of 50 MHz vertically into the atmosphere. The radar reflectivity increases inside
the cloud in the melting layer due to the difference in the refractive index of water droplets
and ice aggregates in this frequency range [121]. The MRR, along with the LIDAR, was
used for the case study of a cloud life cycle.

The specific humidity and temperature, along with zonal and meridionial wind veloc-
ity data from the European Center for medium-range weather forecast (ECMWF) re-analysis
(or ERA) (https://cds.climate.copernicus.eu/cdsapp, accessed on 17 November 2022) were
used for the calibration of the water vapor mixing ratio (WVMR) at different altitudes
and the detection of cloud phase and periodicity analysis, respectively. HYSPLIT back
trajectories of 120 h were used to compare the mixed layer depth from the present study
and identify the source regions of the aerosol layers. The altitude was provided as an input
of HYSPLIT by averaging the layer base and top.

3.2. Methodology

The raw data were stored at a 7.5 m altitude bin. However, for the present analysis,
the effective spatial resolution of 120 m was determined by varying the number of points
of sliding linear fit in order to resolve two narrow and well-separated structures in the
aerosol extinction profile [122]. It also reduced signal fluctuations with minimum loss of
information. In order to have credible results, the LIDAR measurement was obtained for
the altitude range from the overlap height to the altitude where SNR remained above the
threshold value. In some of the previous studies, the threshold was taken to be 10 [123–125].
In our case, up to 5 km in altitude, the SNR stayed above 1000 for aerosol/cloud layer-free
days. In the presence of dense aerosol/ cloud layers, the SNR varied between 10 to 100 at
the layer top region.

The aerosol extinction coefficient (αa) and backscattering coefficient (βa) for every
30 min interval were evaluated using the retrieval technique mentioned in Appendix B
(Equations (A7) and (A8)) using RCS355 and RCS387 for 120 m altitude resolution. The
statistical fluctuations present in the signal could introduce large fluctuations in the deriva-
tive involved in Equation (A7). Three different methods, named ‘linear’, ‘quadratic’, and
‘averaged’, were used to identify the one with the least effect of fluctuation for further
discussion.

In the first two methods, the term ln Nm
PNr2 in Equation (A7) was evaluated using RCS387

with molecular density profile at an interval of 7.5 m. In the ‘linear’ method, this term

https://cds.climate.copernicus.eu/cdsapp
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was then fitted with a linear function in a 120 m bin, and the derivative was calculated
from the fitted linear polynomial. In the case of the ‘quadratic’ method, a second-order
polynomial function was used in a 120 m altitude bin to calculate the derivative. Finally, for
the ‘averaged’ method, the RCS, as well as the molecular density, was averaged at 120 m
intervals, and then the gradient of the term was calculated. The αa values calculated in
three methods were compared for different altitude ranges, and the ‘averaged’ method was
found to have the fewest fluctuations. The βa was calculated using selected αa, and the
corresponding LR was evaluated using their ratio. The reference altitude for the evaluation
of βa was taken as the altitude for which αa/αm becomes negligible [126].

Here we would like to mention that αa can be negative for certain cases Appendix B.1.
In the present study, the αa with negative values have been taken to be αa = 0.

3.2.1. αa, βa, LR, LDR and AE

The αa and βa for each aerosol and cloud layer were calculated by the retrieval tech-
nique mentioned in Appendix B. The optical depth of the aerosol and cloud layer was
evaluated by integrating αa from the layer base to the layer top. All the aerosol layers corre-
sponding to the same source were grouped together using the HYSPLIT back trajectory of
120 h. The aerosol layers from each source were categorized into two subgroups of coarse
and fine mode dominating layer. For each subgroup, the αa, βa, LR, LDR, and AE were
calculated. The Angstrom exponent (AE) was calculated from the elastic backscattering
coefficient of 1064 and 355 nm channels.

The depolarization channels have been calibrated using the±45° calibration method [127].
The LDR was estimated using cross and co-polarized components of 532 nm channel using the
expression LDR = (β⊥532)/(β

‖
532), where β⊥ and β‖ are the aerosol backscattering coefficient of

the cross and co-polarized channels corresponding to 532 nm. The thermodynamic phase of the
cloud was detected by CTT, found from the reanalysis temperature data. The αa, βa, LDR, LR,
and cloud optical depth (COD) were studied and compared with the existing literature. Only
one event for the cirrus cloud was observed in the study period.

3.2.2. Aerosol and Cloud Layers

The aerosol or cloud layer base altitude can be defined as the altitude above which
the density of aerosols increases abruptly, or the hydrometeors appear. This change in
constituents would lead to a sharp increase in the backscatter signal indicating the location
of the layer base. In the present study, in order to reduce the variability range of clear sky
signal, the slope of ln(RCS) with respect to altitude was used to detect the elevated aerosol
layer boundary [128]. The altitude at which the signal started to increase (positive signal
slope) corresponds to the layer base, whereas the slope of ln(RCS) returned to the clear sky
value at the layer top. The slope of ln(RCS) and the raw signal for 355 nm are shown in
Figure 2 to demonstrate the change of the slope and signal in the case of an existing layer.

The ratio (Rat) of the peak value of the raw signal to the signal at the base level was
used to classify it as an aerosol or cloud layer. If Rat crossed the threshold (Ratthreshold = 4
below 5000 m and Ratthreshold = 1.5 above 5000 m), it was considered as a cloud otherwise,
it was taken as an aerosol layer [72,128,129]. In the case of the low cloud below 800 m, the
attenuation of the signal due to blocking by hydrometeors decreased the Rat value below
Ratthreshold. Then the minimum value of the slope within the layer (Ds) was used to identify
the layer. If Ds < −7, it was considered to be a cloud layer. If ln(RCS) within the layer was
lower than three times its standard deviation, it was considered noise and rejected from the
analysis [128].
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Figure 2. The slope of ln(RCS) and Raw signal of 355 nm channel is shown. The peak and base
marked by the arrow is used to determine Rat.

3.2.3. Atmospheric Boundary Layer

In the present study, Atmospheric Boundary Layer (ABL) was estimated using the
non-hierarchical Cluster analysis (CA) method described in Appendix D. Here the opti-
mal number of clusters was determined by both minimizing the Davies–Bouldin index
Equation (A18), which measures the similarity between the clusters, and maximizing the
Dunn index indicating compact and well-separated clusters Equation (A19). The mean
RCS355 and its variance at 30 min intervals were used here. The data were normalized by
dividing all the values of each parameter by their maximum. The ABL top was estimated
by the height at which the cluster change occurred [65] due to the sudden decrease of
aerosol concentration at the ABL top, which maximizes the variance as well.

The vertical extent of convective mixing is termed as ‘mixed layer depth’ (MLD) [130].
The decaying convective mixing in the evening forms a neutrally stratified residual layer.
At night the land surface cools faster than the earth’s atmosphere by emitting long wave
radiation, which causes surface-based temperature inversion and hence stable boundary
layer (SBL) formation [130].

In the present case, complete information could not be retrieved, at lower altitudes,
due to the partial overlap of the laser beam and telescope field of view. The MLD was
determined by applying the cluster analysis on the daytime data of LIDAR RCS and its
variance from 60 m to 2000 m. The MLD was identified as the altitude above the overlap
height (360 m), at which the first cluster change occurred.

For the SBL height determination, the nighttime LIDAR RCS and its variance within
the altitudes 60 m to 1200 m were considered. There were multiple cluster changes in one
profile, indicating multiple aerosol layers at night. The first one above 360 m was the SBL
top, and the layers above it up to 1000 m were identified as residual layers [65]. The depth
of the residual layer is usually identified as the space between the top of the SBL and the
base of capping inversion [131].

A sample plot of mean and variation of RCS along with the stable boundary layer
(SBL) and multiple residual layers are shown in Figure 3.
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Figure 3. Sample plot of mean RCS of 355 nm and variance of 30-min LIDAR profile is shown by
black and red curves, respectively. The layer heights have been calculated from cluster analysis of the
normalized data of RCS and variance.

3.2.4. Water Vapor Mixing Ratio (WVMR)

The WVMR was retrieved using the standard method (Appendix C) [132–134]. It was
calculated using 408 nm and 387 nm channel returns (Equations (A13) and (A15)). A low
pass filter was applied in order to remove the unrealistic high values that appeared due to
the noise fluctuation of RCS. If the raw signal of the 408 nm channel was reduced to less
than 0.01 mv after a certain altitude, the WVMR above that altitude was taken to be zero.
A careful analysis was needed here as it was observed that a similar reduction could also
occur due to the cloud-induced extinction of the return signal of the 408 nm channel.

WVMR was calibrated using ERA-interim specific humidity profile in kg/kg dry air
unit along with AWS situated at the station by linear fitting. The specific humidity reanalysis
data and un-calibrated WVMR were averaged over the study period and fitted with a first-
order polynomial. The slope of the fitting (Figure 4) was taken as the calibration constant.

Since the calibration constant varies with altitude due to different vertical processes
of moisture transportation, the information of the specific humidity for the entire altitude
range, including the low values at higher altitudes, was used for the calibration [135–139].

3.2.5. Atmospheric Dynamics and Periodicity

The normalized standard deviation (NSD), which is defined as the standard deviation
of RCS normalized by its mean value for each point of range profile, may be considered as
a measure of optical turbulence intensity [140–142]. We have studied the NSD profile of
355 nm for this analysis. The two 30 min intervals were selected in order to distinguish the
NSD characteristics in the case of stratified and turbulent atmospheres.

The Lomb–Scargle periodogram (LSP) was used to study the frequency spectrum for
the hourly data for every 120 m altitude ranging from 600 m to 4920 m. Details of the
formalism were discussed in [116].
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Figure 4. Scatter plot of uncalibrated WVMR from LIDAR data and the specific humidity from
Reanalysis data in kg/kg along with linear fit is shown. The correlation coefficient (R), probability of
significance (p), and slope are shown in the figure.

4. Results and Discussions

In the present section, we have described the LIDAR-derived quantities and their
implications. The variations of the stable boundary layer (SBL) and residual layer, along
with mixed Layer depth (MLD) over time, have been described. The vertical profiles of
optical parameters and their variation, along with the water vapor mixing ratio (WVMR) in
the absence or presence of cloud/aerosol layers, have been discussed within and above the
Atmospheric Boundary Layer (ABL) separately. Depending on the source region, we have
analyzed the aerosol layers at different altitudes. The cloud properties have been extracted
to analyze the observed cloud layer characteristics. The formation and development of
a cloud layer have been discussed using co-located LIDAR and MRR. The periodicity
analysis of range corrected signal (RCS) and derived quantities are presented at the end.

4.1. RCS, αa, βa, and LR

The variation of RCS355, RCS387, and derived aerosol parameters are shown in Figure 5
with three rows corresponding to the three different days. The mean deviation of aerosol
extinction coefficient (αa) evaluated using linear and quadratic fit compared to the ‘averaged’
method are of the order of 10−5 or higher. Moreover, the ‘averaged’ method gives the
smoother variation of αa compared to the other two methods and is used for the rest of
the analysis.

In the first row, both the RCS show a monotonic behavior indicating the absence of aerosol
and/or cloud layer. The backscattering coefficient (βa) was found to decrease sharply with
increasing altitude. There were two increments of βa at 1000 m and 2000 m. The LIDAR ratio
(LR) at 1000 m and 2000 m was found to be 59.06± 32.5 sr and 32.61± 15.22 sr, respectively.
The decrease in βa resulted in the increase in LR at altitudes above 3000 m.

The second row (Figure 5) shows the presence of three elevated aerosol layers at
altitudes 2000 m, 3000 m, and 4000 m. The corresponding RCS355 shows a peak, and
RCS387, the Raman line from N2, shows step-like behavior signaling a sudden change in N2
concentration. They were identified as aerosol layers following the argument as discussed
in Section 3.2.
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The LR is evaluated from the ratio of the extinction to the backscatter coefficient. In
the case of aerosol layers around 2000 m, LR is found to vary from 36.36 to 130.3 sr with
an average of 70.58± 26.62 sr. This value is comparable to results found by some other
authors as well [143–145]. The LR for aerosols depends on its sources along with its aging
and mixing processes over the transported path [145].

On the other hand, the larger variation of the values of LR inside the aerosol layers,
above 2000 m, resulted in unusually large mean values as well as standard deviation. The
larger drop in signal-to-noise ratio (SNR) and fluctuations in RCS induces larger variation
in the LR values within the layer. Here, as seen in (Figure 5) LR varies between 30.38 to
491.4 sr, resulting in an average value of 160.85± 178.3 sr.

The RCS355 peak and RCS387 step-like structure can be seen in the third row as well.
This was identified as a cloud layer Section 3.2. In the case of clouds, the within-layer
variation of LR is found to be much larger. The LR value for the cloud layer was found to
vary between 60.2 to 886.5 sr with an average of 211± 269 sr. Here there is an increase in
αa along with a large drop in βa. In this case, the absorption of the LIDAR signal inside
the cloud layer along with the multiple scattering might be responsible for the increase in
the αa value and hence the LR [146]. More investigation is needed to understand the large
variation of both aerosol and cloud layers.

The αa values in the first row were much lower than the days with aerosol and cloud
layers. The aerosol diffusion, its vertical movement, and hence the stability is controlled
by the strength of the temperature inversion layer [147,148]. The lower values of αa may
be due to the weaker inversion, which inhibited the formation of the aerosol layer and
resulted in the comparatively low density of aerosols.
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Figure 5. Variation of different quantities with altitude over ground level. First row: 27 October 2016
1700 UT without aerosol layer, Second row: 13 September 2016 1900 UT with multiple aerosol layers,
and third row: 15 September 2016 1900 UT with a cloud layer. First column: RCS355 and RCS387,
second column: αa calculated by ‘averaged’, ‘linear’, and ‘quadratic’ method, third column: βa and
fourth column: LR. All the data are of 120 m resolution and 30 min averaged. The axis titles in the
first column and third row are the same for all rows and columns.
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4.2. Atmospheric Boundary Layer

The complete cycle of evolution of MLD from 0000 UT to 1400 UT on 28 October 2016
is shown in Figure 6. The entire interval was controlled by solar convective activity, the
local sunrise and sunset time being 0000 UT and 1130 UT, respectively. No cloud layer was
detected by LIDAR on that day. MLD increased from 0300 UT to its maximum of 1200 m
at 1000 UT despite its fluctuation around 0500 UT and 0800 UT. The time lapse between
sunrise and the onset of MLD growth may be due to the sensible heat flux along with
wind flow strength dependence of below-SBL region warming by shear-driven turbulence
and resulting entrainment [149]. The fluctuations around 0500 UT and 0800 UT might be
due to updraft and downdraft of the turbulent eddies resulting from intense convective
mixing [57,150]. With the approaching sunset, MLD started to decrease after 1000 UT
onwards. Thermal formation eventually ceases due to the decaying turbulence initiating
the collapse of the mixed layer. In this situation, the aerosol accumulation in lower levels
would be enhanced, leading to the increase in backscattering [151]. MLD in the present
study is found to be positively correlated with HYSPLIT-generated MLD (Figure 6). In the
present study, the residual layer was identified from the cluster analysis as the layer just
above the SBL. Multiple layers were observed as shown in (Figure 3). The position of the
residual layers varied from 720 m to 1020 m, with the most frequent position being at 840 m
(Figure 7). In some cases, the error bars can be seen to be missing as the residual layer was
not always visible. In the mountainous topography, the complex temperature inversion
characteristics with multilayer structure were observed earlier [152]; the residual layer was
shown to have two parts, the upper part being inconspicuous.
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Figure 6. (a) The MLD (LIDAR) on 28 October 2016 from 0000 UT to 1400 UT is shown. (b) The linear
correlation of MLD derived from LIDAR and MLD from HYSPLIT is shown. The R and p values are
given in the figure.

The interaction of the residual layer and SBL may occur via large-scale processes such
as subsidence, mountain valley circulation, and gravity waves. These interactions lead
to the formation of complex multilayer structures in temperature inversion and aerosol
concentration in the mountainous urbanized region [152]. In the present study, the reasons
for variations in the SBL and ABL top, as seen in Figure 7, might be due to unstable
conditions along with interlayer mixing due to complex dynamics of terrain and the
corresponding wind pattern. The presence of low cloud, a frequent occurrence at the
present site, may induce error in the extraction of boundary layer heights [153–155].

The average height of SBL, in the present study, is found to be around 576± 75 m. The
temporal variation of average SBL height for the study period is shown in Figure 7. Its
formation after sunset depends on surface radiative cooling as well as local topographical
features. As mentioned earlier, the experimental site is located in a mountainous region
with a staircase-like topology. The urbanized hill station with local anthropogenic activity
has the potential to behave like the urban heat island. A similar study of the boundary
layer formation process for an urban heat island in a mountainous region was conducted
in detail in Sofia, Bulgaria [156].
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Figure 7. Variation of average stable boundary layer and residual layer during 1700 UT–2300 UT for
the study period.

4.3. Comparison of Vertical Profiles of Aerosol Optical Parameters between the Days with and
without Aerosol and/or Cloud Layers

The entire study period was divided into two groups based on the absence (group 1)
or presence (group 2) of aerosol layers and/or cloud layers. Group 1 consists of days
having no aerosol or cloud layers. Days with at least one aerosol or cloud layer within
5000 m constitute group 2. The valid range of LR was reported to be within 0 to 200 sr
for the aerosols trapped inside in planetary boundary layer [157]. The lowest LR for low
light absorbing larger maritime aerosols was found to be around 20–30 sr, and the largest
range for smaller highly absorbing urban haze was around 70–100 sr [158]. On the other
hand, for heavily polluted cases, the LR was found to be greater than 100 sr in different
studies [145,159]. So, while averaging, we set the upper boundary of the filter for LR
to 200 sr. The quantitative analysis of the LR profile was performed up to 2000 m as at
higher altitudes, the large variation in LIDAR SNR might introduce larger errors in the LR
profiles [35].

The entire altitude range in the present study was divided into two regions separated
by the top of the residual layer. The temperature inversion above the residual layer acts as
a capping inversion at nighttime and stops the aerosol mixing. So, the region between the
overlap region (360 m) and the average residual layer top height (960 m) is dominated by
locally generated aerosols. The atmospheric phenomena in this region is discussed below
Section 4.3.1. On the other hand, the altitude range from the residual layer top height to
5000 m is dominated by long-range transported aerosols. The observations in this altitude
range are discussed below in Section 4.3.2.

4.3.1. Profiles within the ABL

The vertical profile of βa, αa, LR, Angstrom exponent (AE), linear depolarization ratio
(LDR) along with WVMR, for both group 1 and group 2 are shown in Figure 8, from
360 m to 960 m. The nocturnal SBL, around 588 m, shielded the aerosols transport at night.
However, owing to aerosol penetration in the mixed layer throughout the day and its
persistence in the residual layer at night, the aerosol concentration in this region remained
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higher than at other altitudes. It is dominated by locally generated aerosols from vehicular
exhaust and biomass burning mainly.
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Figure 8. Altitude variation of averaged quantities of groups 1 and 2 within the ABL region. First
row shows, from left, variation of αa, βa and LR, respectively. Second row shows, from left, variation
of AE, LDR, and WVMR, respectively. The red and black color has been used to indicate “group 1”
and “group 2”, respectively. Here “group 1” αa and βa are multiplied by 10.

Group 1

Figure 8 shows that αa remains zero till 500 m and increases with altitude. βa is found
to decrease till around 500 m, and then the rate of decrease with altitude becomes slower.
LR remains zero till 500 m and then starts increasing with altitude. Beyond 700 m, LR
increases sharply with altitude. AE increases till about 600 m and then remains almost
constant with height. LDR decreases monotonically with altitude though the rate is slower
beyond 800 m. WVMR also decreases slowly with altitude.

Group 2

A cloud layer was observed with its base around 600 m and top around 830 m. Figure 8
shows that both αa and βa initially increase with altitude. αa starts decreasing beyond
700 m, while βa starts decreasing at 600 m. LR increases initially and then changes its
slope sharply around 700 m. LDR, as the figure shows, decreases monotonically till around
600 m. The rate of decrease becomes slower above this altitude. WVMR also decreases
with altitude.

The difference between group 1 and group 2 bears the signature of higher loading
of aerosols and water vapor along with the cloud layer observed around 600–830 m for
group 2. The higher aerosol loading along with WVMR abundance (Figure 8) presented a
favorable condition for cloud formation. The increase in αa up to a higher altitude than βa
may be due to small aerosol particles production near cloud vicinity [160] and multiple
scattering inside the cloud by hydrometeors [161].

The AE values shown in the Figure 8 indicate the coarse mode aerosol dominance
within ABL for both groups. The LDR values were similar for two groups up to 800 m.
Above 800 m, the LDR for group 1 is indicative of higher nonsphericity of aerosols compared
to group 2, as the higher WVMR for group 2 induces more sphericity.

The correlations between the different quantities within the ABL are given in the
first two columns of Table 1. LDR-WVMR correlation is positive for both groups. The
decrease of WVMR with altitude may be due to the droplet formation by condensation
on aerosols. This would create more spherical particles and cause a decrease in LDR. The
droplet formation might also lead to an increase in αa caused by the multiple scattering. It
would increase LR resulting in a negative correlation between LR-LDR and LR-WVMR.
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Table 1. The correlation coefficient (R) for linear correlation among LR, LDR and WVMR are shown
in the table. All correlations are statistically significant with probability <0.05.

Correlation Below ABL Above ABL

Group 1 Group 2 Group 1 Group 2

LDR-WVMR 0.47 0.95 0.94 −0.69
LR-LDR −0.52 −0.93 0.48 0.45

LR-WVMR −0.94 −0.78 0.45 −0.53

4.3.2. Profiles above the ABL

The vertical profile of αa, βa, LR, AE, LDR, and WVMR for group 1 and group 2 are
presented in Figure 9 from the altitude 1000 m to 5000 m. As the temperature inversion
above the ABL caps the local aerosols within ABL, they are inhibited from entraining in the
free troposphere region. So this region is dominated by long-range transported aerosols.
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Figure 9. Altitude variation of averaged quantities of groups 1 and 2 above the ABL region. First row
shows, from left, variation of αa, βa and LR, respectively. Second row shows, from the left, variation
of AE, LDR, and WVMR, respectively. The red and black color has been used to indicate “group 1”
and “group 2”, respectively. The αa and βa for “group 1” are multiplied by 10.

Group 1

HYSPLIT back trajectory for group 1 showed that the long-range transportation was
predominantly from the Nepal region, which is rich in anthropogenic aerosols [114]. The
anthropogenic plumes generated by biomass burning or vehicular exhaust contain black
carbon (BC) as one of the significant components [162,163]. Both αa and βa are found to
decrease with altitude, the rate of change of the latter being more. This leads to an increase
in LR up to 1400 m. Interference of scattered radiation from coarse mode scatterers may
be responsible for the faster decrease in βa. Above this, the rate of decrease of αa may be
more due to fewer aerosols as well as cloud condensation nuclei (CCN) due to a decrease in
WVMR. Further increase in LR beyond 1800 m may be the result of low SNR [35]. AE value
is less than 1 (Figure 9) up to 4000 m, indicating the presence of coarse mode aerosols. AE
increases with altitude and becomes more than 2 beyond 4000 m, indicating the presence of
very small particles. LDR decreases with altitude till 3000 m indicating more abundance
of regular shaped aerosols with increasing altitude [145]. Above 3000 m, small aerosol
abundance may result in a constant LDR. The LDR value above 3000 m is unusually higher
compared to other studies [40,145,164,165] and needs further investigation. WVMR also
decreases with altitude and becomes almost zero around 3000 m.
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Group 2

The long-range transportation for group 2 was from the Bay of Bengal (BoB), pass-
ing over Bangladesh, NE India, and Bihar, which are neighboring states of West Bengal.
So the aerosol types were mainly maritime and anthropogenic aerosols from vehicular
exhaust [114]. The αa and βa, shown in Figure 9, are much higher compared to group 1 be-
low 4000 m and 3500 m, respectively, due to the presence of cloud and aerosol layers. Since
αa depends on the rate of change of LIDAR return (Equation (A7)), the layers’ structures
are more prominent in its variation. The presence of cloud around 1680 m resulted in the
increase and then decrease in αa as the beam encountered the cloud hydrometeors. The
layered structure of αa in the range 2000–4000 m reflects the presence of several aerosol
layers. The sharp variation in βa in the altitude range 1000–2000 m may be due to the
cloud hydrometeors.

βa depends on the number density of aerosols and their back-scattering cross sections,
later being dependent on their size and shape [Appendix A]. The marine aerosols have
mainly the coarse mode particles of diameter >1 µm [166], whereas anthropogenic plume
aerosols have diameter ≤1 µm [167]. The evaluation of x for these aerosols with incident
355 nm wavelength suggested a dominant contribution of Mie scattering for both types of
aerosols as discussed in Appendix A. The greater abundance of WVMR for group 2 resulted
in a higher CCN activation probability for the aerosols. This would increase their sphericity
resulting in an increase in βa [168]. LR is found to increase up to 1500 m and then decrease.
Further increase in LR, around 2000 m may be the result of low SNR [35]. AE variation is
indicative of the mostly coarse mode dominance except in the aerosol layers around 3000 m
and 3500 m. LDR variation indicates the variation in the sphericity of the constituents due
to the presence of a cloud layer near around 1000–2000 m and the aerosol layers above.
The air parcel ascent governs the initial decrease in WVMR. Its further variation may be
controlled by the variation of the amount transformed to liquid water, which depends on
the availability of condensation nuclei and surrounding meteorological conditions. The
sharp decrease in WVMR with an altitude above 3500 m is due to low SNR of 408 nm
raw signal.

Using Mie scattering for spherical particles, the single scattering albedo (SSA) calcula-
tion of core-shell combination among BC, sea salt, and sulfate were studied earlier [169].
It was shown that the BC shell-sea salt core combination has lower SSA than the BC core-
sulfate shell combination, and all these combinations have enhanced absorption coefficients
compared to the externally mixed case. The presence of a thin layer of cloud increases
the probability of the mixing of BC with sea salt aerosols through core-shell combination.
This enhancement in absorption resulted in an increase in the extinction coefficient and
hence aerosol optical depth (AOD). In the case of group 2, the anthropogenic plume mixed
with sea salt aerosols could lead to the core-shell combination and enhanced αa due to an
increase in absorption.

Let us now compare the observations for both groups. An increase in αa near the
vicinity of the cloud layer may be due to new small particle production and aerosol swelling
as relative humidity increases near the cloud [160]. This may be the reason for the higher
average standard deviation for αa in the case of group 2 (1.04× 10−3) compared to group
1 (2.7× 10−5). The average standard deviations of βa are 3.28× 10−7 and 8.97× 10−6

for groups 1 and 2, respectively. It was higher for group 2 due to larger backscattering
from aerosol and cloud layers. Above 4000 m, αa and βa are almost the same for both
groups due to the negligible amount of aerosols present. The low aerosol concentration and
homogeneous vertical distribution above 3000 m were also reported in the literature [145].

LR was found to be higher for group 1, despite the presence of aerosols and cloud lay-
ers in group 2. This may be due to a larger increase in αa compared to βa on
28 October 2016 caused by the increase in aerosol number concentration at that altitude. The
corresponding increase in LDR indicates an increase in nonspherical aerosol concentration.

The celebration of Diwali (30 October 2016) with fireworks in India usually starts a few
days earlier. The generation of huge amounts of aerosols due to fireworks was reported
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earlier [170]. In order to illustrate our argument, the increase in CCN concentration on
Diwali day compared to non-Diwali day due to fireworks at night is shown in Figure 10.
The generated aerosols and water vapor could be uplifted due to instabilities. This would
induce a larger increase in αa compared to that in βa and hence in LR.

The correlation between the different quantities is given in the last two columns
of Table 1. βa and αa for group 1 were found to decrease monotonically with altitude,
indicating a sharp decrease in aerosol concentration with altitude. The less advection of
aerosols along with water vapor decreased the βa and WVMR with altitude. The LDR also
showed sharp a decrease with altitude. The regularly shaped non-absorbing particles at
high altitudes might be the reason for LR decreasing with height as found by [145,171]. So
LDR, LR, as well as WVMR is found to exhibit a positive correlation with each other.

The multiple aerosol/cloud layers were the result of the temperature inversions
present in the atmosphere for group 2. This induces nonmonotonic behavior in WVMR, AE
as well as LDR. The WVMR decreased with altitude, as it was advected from the ground by
ascending air parcels and also got condensed to liquid water on the aerosols. The existence
of clouds at different altitude levels induced multiple scattering by cloud hydrometeors,
thereby increasing the β⊥ component and hence LDR [146]. So LDR-WVMR became
negatively correlated while LR-LDR is positively correlated as the multiple scattering
by cloud hydrometeors increased αa and hence increased LR in turn. This resulted in a
negative correlation between LR and WVMR.
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Figure 10. The CCN concentration on Diwali and non-Diwali days with local time is plotted in the
figure. The increase in CCN concentration at night on Diwali day is shown.

4.4. Characterization of Aerosol Layers

HYSPLIT back trajectories of 120 h were used to identify the source of the aerosol
layers. The altitude was provided as an input of HYSPLIT by averaging the layer base
and top. In Table 2, every aerosol layer is characterized by its sources and dominant
mode. Here we have tabulated the median height of the aerosol layer base and top, their
geometrical thickness, LDR, αa, βa, AOD, and LR, along with its sources. The median
absolute deviations of the LDR, LR, αa, βa, and AOD values, for more than one event are
also included in the table. The mode of LDR within each layer was calculated to extract
the sphericity information. The LDR values greater than 1, and LR values greater than
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200 sr were not taken into account in the analysis. The LDR cannot be greater than 1 for
random scatterer orientation as the intensity of the return from the polarization analyzer in
a parallel direction to incident radiation is always greater compared to the return intensity
of the perpendicular direction [172]. However, if the optical depth becomes polarization
dependent due to the particular orientation of aerosols, ice particles, or raindrops, the LDR
measured by LIDAR can be greater than 1 [173], results which are exempted in this study.
The LR found above 200 sr on some occasions was associated with the decrease in βa to
10−7 order of magnitude due to high αa values, βa being dependent exponentially on the
αa (see Equation (A8)).

The aerosols coming from BoB via Bangladesh contain mainly marine-urban mixed
aerosols. For the purely marine aerosol layer, the LR should be 20–30 sr [174]. However,
in this study, we found LR to be 127.02 sr and 99.17 sr for coarse and fine-mode aerosols,
respectively. The mixing of urban aerosols with marine increased the absorptivity and
hence LR. Marine aerosols are more soluble in water due to higher concentrations of sodium
and chloride ions [110]. The LDR of coarse and fine mode layers were found to be around
0.17 and 0.24, respectively. The less solubility of urban aerosols in water increases its
non-sphericity and, in turn, LDR.

Aerosols coming from and over NE India contain mainly vehicular exhaust [175].
These aerosols had higher αa and AOD but similar βa compared to aerosols from other
regions for both coarse and fine mode dominance. The increase in αa and AOD seemed
to be due to an increase in absorptivity. The presence of graphitic soot, which is highly
absorptive in this wavelength region, might increase the αa and hence AOD [176].

It was found that for both the above cases, the LDR for the coarse mode was lower
than the fine mode. As the coarse mode aerosols are more susceptible to CCN formation
due to their larger size, they are expected to be more spherical. The βa for coarse mode
was found to be higher than fine mode. Thus sphericity of coarse mode aerosols might be
responsible for the increase in βa [168].

The aerosols coming from Bihar via Nepal contain dominating contributions from
biomass burning and anthropogenic aerosols [114]. The LR observed for biomass burning
ranges between 30–60 sr [86]. In the present study, for these trajectories, the LR was found
to be within 60 sr. The LDR for coarse mode shows a higher value than for fine mode. The
mixing of insoluble large particles with biomass-burning aerosols may increase the LDR for
coarse mode. The mixing of large mineral dust with biomass-burning aerosols was found
to increase LDR in previous work [177]. The αa, βa, and AOD for the present study showed
similar values for both the coarse and fine mode dominating layers.
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Table 2. Characteristics of the aerosol layers during the entire study period. The LR > 200 sr and LDR > 1 are exempted from this study. The reasons are explained
in the text.

Source Mode Layer Base (m) Layer Top (m) Layer Thickness βa × 10−6 (m−1sr−1) αa × 10−4 m−1 LR (sr) LDR AOD

BoB-Bangladesh-WB Coarse 1550.3 1872.6 322.3 3.8± 0.9 6.7± 3.8 127.0± 77.8 0.17± 0.01 0.27± 0.09
BoB-Bangladesh-WB Fine 2304.8 2564.7 260.0 1.8± 0.5 27.6± 22.3 99.2± 57.3 0.24± 0.01 0.93± 0.76

NE India Coarse 2371.7 2512.7 141 2.6± 1.9 7.6± 5.3 97.0 0.35± 0.07 0.25± 0.22
NE India Fine 2560.7 2831.3 270.5 1.9± 0.6 29.9± 10.4 81.9 0.47± 0.05 1.13± 0.34

Bangladesh- NE India Coarse 2844.2 3226.7 382.5 4.4± 2.5 19.7± 7.0 >200 0.23± 0.10 1.01± 0.33
Bangladesh- NE India Fine 2140.7 2403.9 263.2 1.6± 0.8 9.4± 5.8 >200 0.35± 0.06 0.37± 0.40

China-NE India Coarse 1926.3 2082.0 155.6 1.9 8.1 >200 >1 0.21
China-NE India Fine 3348.0 3548.3 200.3 0.6± 0.3 12.8± 8.6 >200 0.42 0.6± 0.55

Bangladesh Fine 1361.8 1526.8 165 0.9 3.6 >200 0.31 0.09
Bihar-Nepal Coarse 2180.2 2540.4 360.3 3.1 11.8 57 0.28 0.72
Bihar-Nepal Fine 2816.3 3328.7 512.3 2.1 24.8 >200 0.20 1.57

Bihar-WB Fine 1327.3 1840.3 513 3.3 3.6 53.5 0.19 0.37
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4.5. Characterization of Cloud Layers

The cloud layers, identified by the method described in Section 3.2, are categorized
according to their thermodynamic phase by CTT, which was retrieved from ECMWF
reanalysis data. If CTT > 0 °C is identified as a water cloud and CTT < −37 °C is
considered as an ice cloud. The cloud that remains in between the temperature range is
considered a mixed-phase cloud. The median of cloud base height (CBH), cloud top height
(CTH), αa, βa, LR, cloud optical depth (COD), and LDR along with their median absolute
deviation are tabulated for water, mixed and ice phase cloud in Table 3.

Table 3. Characteristics of clouds of three different phases within the study period.

Parameters Water Phase Cloud Mixed Phase Cloud Ice Phase Cloud

CBH (m) 1237.0± 103.8 1261.46± 706.6 10,648.0± 121.28
CTH (m) 1714.0± 325 1745.0± 843.2 12,167.0± 174.0

LDR 0.32± 0.11 0.34± 0.16 0.64± 0.20
βa × 10−6 10.7± 6.69 50.9± 40.1 33.3± 22.1
(m−1sr−1)

αa × 10−4 (m−1) 8.5± 5.6 23.0± 11.5 1.57± 0.56
COD 0.36± 0.29 1.61± 0.95 0.27± 0.11

LR (sr) 61.9± 23.7 74.83± 67.11 10.5± 5.5

Let us first discuss the water and ice cloud. The water clouds were found to have a
base height of 1200 m and a top height of 1700 m, which were below 0 °C isotherm. Only
one event of ice cloud was observed in the present study. The CBH was around 10,000 m,
and CTH was around 12,000 m. This might be considered as the cirrus cloud by its position
and CTT. The deviations shown in Table 3 correspond to the median absolute deviation in
the temporal variation of the tabulated parameters.

It is shown in Table 3 that the LDR for the water cloud is lower than that for the ice
cloud. The water droplets are spherical, while ice crystals are of different shapes. Liquid
water cloud droplets are supposed to be almost spherical with LDR ranging from 0.03 to
0.07 [178]. However, in Table 3, the water phase cloud shows higher a LDR. This might
be due to multiple scattering of the incident beam by water droplets, which increases the
intensity of depolarized component and, in turn, increases LDR [179]. On the other hand,
the LDR is also sensitive to droplet size and cloud particle number concentration [180].

βa for water cloud is lower than ice cloud. The multiple scattering seemed to be
playing a major role here, as the ice crystals have narrower forward scattering but broader
backscattering peaks compared to water droplets. Backscattering of forward scattered light
is thus more effective for ice clouds [161].

The ice crystals are poor absorbers in this wavelength region [181]. Hence αa was
found to be lower for ice clouds than that for water clouds. Additionally, the Raman signal
was attenuated inside the water cloud by hydrometeors [182]. The COD followed a similar
trend as that of αa.

The LR for ice clouds was minimum in the present study. It was similar in magnitude
to the observation of air-borne Cloud Particle LIDAR [178]. The behavior of ice crystal as
the poor absorber and good scatterer made its LR minimum. In the case of the water cloud,
LR was higher due to higher αa [181].

Let us now discuss the mixed-phase cloud, which in the present case, showed a base
and top height similar to the water cloud. The αa for the mixed-phase cloud was found
to be higher than the ice and water cloud in the present study. The ice-to-water phase
transition inside the cloud increased αa. Since αa is inversely proportional to the droplet
effective radius, it increases due to the increase in droplet concentration compared to ice
crystals [183]. The LDR for the mixed phase was slightly higher than the water cloud
but lower than the ice cloud. Our observation indicates that the sphericity of melting ice
particles in the mixed phase lay in between those of water and ice clouds. On the other
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hand, βa for mixed-phase cloud was found to be higher compared to both water and ice
phase cloud. The highly reflective layer of supercooled water seems to increase the βa
values. The observation of mixed-phase cloud by Alex LIDAR [74] showed high βa values
for the supercooled layer. The LR for the mixed-phase cloud was also higher than the other
clouds, as in the case for αa. COD followed the same trend as well.

4.6. Atmospheric Dynamics

The RCS355 and the corresponding Normalized Standard Deviation (NSD) for
27 October 2017 1700 UT–1730 UT are shown in Figure 11a,c. There was no aerosol
layer on this day, and the RCS was found to decrease monotonically with altitude. The
same quantities are plotted for 13 September 2016 1900 UT–1930 UT in Figure 11b,d. The
effect of three consecutive aerosol layers, along with the turbulent atmosphere, can be seen
in the plots.

Figure 11a shows a monotonic decrease in RCS with altitude. There was no occurrence
of aerosol or cloud layers. So the temporal variation of the RCS structure was absent. The
corresponding NSD variation [Figure 11c] remained constant up to 2000 m. The increased
NSD above 0.02 was mainly due to the electronic noise fluctuations. On the other hand,
Figure 11b shows the presence of a layer during 0 to 4 min at 4000 m. Another layer became
visible after 2 min at 2750 m and existed there for 16 min. From 14 min to 28 min, two layers
at 4000 m and 1500 m were formed. The local maxima of the NSD plot can be identified
from Figure 11d by the high concentration of contours present for the first 16 min and the
last 14 min. It indicates the turbulent exchange between the two layers. The average value
of the NSD for the whole interval, found to be 0.22 with a maximum value of 1.45, was one
order of magnitude higher than the previous stratified day.

0 4 8 12 16 20 24 28

1000

2000

3000

4000

5000

Time (minutes)

Al
tit

ud
e 

(m
ag

l)

0.0

7.8x105

1.6x106

2.3x106

3.1x106

R
C

S(355 nm
)

(a)
0 4 8 12 16 20 24 28

1000

2000

3000

4000

5000

Time (minutes)

Al
tit

ud
e 

(m
ag

l)

0.0

7.8x106

1.6x107

2.3x107

3.1x107

3.9x107

4.7x107

5.5x107

6.2x107

R
C

S(355 nm
)

(b)

Figure 11. Cont.



Atmosphere 2023, 14, 1102 22 of 41

0 4 8 12 16 20 24 28

1000

2000

3000

4000

5000

Time (minutes)

Al
tit

ud
e 

(m
ag

l)

0.0

0.020

0.040

0.060

N
SD

(c)
0 4 8 12 16 20 24 28

1000

2000

3000

4000

5000

Time (minutes)

Al
tit

ud
e 

(m
ag

l)

0.0

0.20

0.40

0.60

0.80

1.0

1.2

1.4

N
SD

(d)

Figure 11. The figure shows RCS355 and NSD variation of two days. The color map beside each
figure corresponds to the RCS355 for (a,b), and NSD for (c,d). Figure (a,c) corresponds to 27 October
2016 1700–1730 UT, whereas figure (b,d) corresponds to 13 September 2016 1900–1930 UT.

4.7. The Cloud Life Cycle by LIDAR and MRR—A Case Study

We have studied the development of a precipitating cloud using the measurements
from colocated LIDAR and MRR. The time-height variation of RCS355 from 1900 UT to
2018 UT, plotted in Figure 12, shows the existence of all the aerosol and cloud layers within
this interval. The layer from 1900 UT to 2018 UT, at around 3000 m, is referred to as the
precipitation layer for further discussion. Other layers visible are at around 2000 m, from
1900 UT to 1905 UT, from 1910 UT to 1924 UT, and from 1940 UT to 2000 UT. The third layer
is visible from 1950 UT to 2010 UT around 1400 m. The full life cycle of the precipitation
layer is divided into three parts according to the RCS355 variation [Figure 12], which are
growth (from 1900 UT to 1920 UT), mature (from 1921 UT to 2000 UT) and dispersion (from
2000 UT to 2018 UT), respectively.

Figure 12. The variation of RCS355 on 4 October 2016 from 1900 UT to 2018 UT to show the precipita-
tion layer from the growth to dispersion stage of its total life cycle.

The optical depth of the precipitation layer varies from 0.1 to 2.16 in its whole lifetime.
For other layers, it varies from 0.12 to 0.21. The layers were visible by LIDAR only. The MRR
did not detect any cloud layer. Similar LIDAR-RADAR combined observation by [184]
showed that optically thin clouds (optical depth 0.25± 0.04), though detected by LIDAR,
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were frequently missed by RADAR. On the other hand, Figure 13a shows the increase
in RADAR reflectivity in the time interval 2018 to 2030 UT, indicating the initiation of
precipitation at 2700 m. Coincidentally, the LIDAR also detected the RCS355 increment
from 2018 UT, as can be seen in Figure 13b, from 2700 m.

19:00 19:30 20:00 20:30

1000

2000

3000

4000

5000

Time (UT)

Al
tit

ud
e 

in
 m

ag
l

-35.80

-28.80

-21.80

-14.80

-7.800

-0.8000

6.200

13.20

20.20

R
adar reflectivity (dBz)

(a)
20:00 20:05 20:10 20:15 20:20

1000

2000

3000

4000

5000

Time (UT)
Al

tit
ud

e 
(m

ag
l)

0.0

9.5x106

1.9x107

2.8x107

3.8x107

4.7x107

5.7x107

6.6x107

7.6x107

R
C

S 355 nm

(b)

Figure 13. (a) The variation of RADAR reflectivity with altitude and time on 4 October 2016 from
1900 UT to 2030 UT. The precipitation initiation time and height are indicated by the increase in
RADAR reflectivity at 2018 UT. (b) RCS of 355 nm is shown for 4 October 2016 from 2000 UT to 2026
UT to show the RCS increment and precipitation initiation time (2018 UT) clearly.

The variation of RCS355 (Figure 14 first row) and WVMR, which is normalized by
its maximum value in this time range (third row) with time-height along with the NSD
contour plot (second row) for the categories growth (0–20 min), mature (20–60 min) and
dispersion (60–78 min) (defined in Figure 12) are shown in the first, second, and third
column, respectively, where the time scale is in minutes taking 1900 UT as 0.

The RCS355 variation for the growth phase (Figure 14a) shows that the precipitation
layer grows at 2700 m from 0 to 8 min, while the subcloud layer disperses at 1500 m. Corre-
sponding NSD time-height variation (Figure 14d) shows increased values from 1800 m up
to 3000 m, indicating the increased turbulence in that region. The increased turbulence can
induce convective exchange between the precipitation and subcloud layer in the presence
of temperature gradient and instability. In the course of 9 to 18 min, the precipitation layer
decays while subcloud layer grows and the corresponding NSD increases.

In the second column, RCS355 (Figure 14b) and NSD variation (Figure 14e) indicates
possible exchange between the precipitation and subcloud layer. The increased value of
NSD may be the result of the interlayer convection process, which uplifted the subcloud
layer to the precipitation layer and injected more nucleation centers. Since the aerosols,
along with water vapor, were also uplifted, the CCN and hence cloud particle formation is
favored. The multiple scattering by the cloud particles increased the RCS of the precipitation
layer. The precipitation layer started to decay from 38 min, and the subcloud layer regrows
due to the transfer of cloud particles to the subcloud layer by the interlayer exchange
process, which is indicated by the corresponding increase in NSD values within 1700 m
to 3000 m. This exchange process and the frequent growth and decay of the two layers
continued up to 58 min.
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Figure 14. Figure shows the variation of RCS355, NSD, normalized WVMR for the growth, maturation,
and dispersion phase of the cloud. (a) RCS355 of growth phase, (b) RCS355 of mature phase, (c) RCS355

of dispersion phase, (d) NSD of growth phase, (e) NSD of mature phase, (f) NSD of dispersion phase,
(g) WVMR of growth phase, (h) WVMR of mature phase, (i) WVMR of dispersion phase. The color
map at right to each figure corresponds to the RCS355 for (a–c), NSD for (d–f), WVMR for (g–i).

In the case of the dispersion phase, the RCS355 (Figure 14c) of the precipitation layer
decreased from the mature phase, and another subcloud layer formed at 2300 m around
63 to 69 min. The strong interlayer exchange among the layers, which is indicated by
increased NSD values (Figure 14f), distributes the cloud particles from the precipitation
layers to other subcloud layers. The layers were rich with liquid water droplets and with
plenty of CCN, where vapor to liquid phase transition reduced the WVMR amount at that
altitude. The formation of liquid water droplets and the acceleration of the process by
frequent interlayer exchange led the precipitation layer to shed rain at 2018 UT, which was
detected by MRR.

The normalized WVMR variation (Figure 14g–i) shows an overall decrease from
growth to mature (22%) and from mature to dispersion phase (12.3%) around 2700 m,
which is approximately the precipitation layer altitude. It indicates that the decrease in
WVMR in three phases is due to the vapor-to-liquid phase transition via CCN, which is
supplied by the existing aerosol layers.

4.8. Periodicity in LIDAR RCS and Derived Parameters

The periodic variation of aerosol columnar content over a region reflects the variation
in natural and anthropogenic local sources as well as long-range transportation. It can also
be modulated by synoptic meteorological conditions such as relative humidity, winds, and
rainfall variation [185]. The transported dust and sea salt from adjacent source regions in
different seasons also modulate the aerosol periodicity at various altitudes [186,187]. It
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was also found that the loading of aerosol over multiple regions undergoes multi-scale
variability associated with monsoon climate systems, as the aerosol emission, concentration,
and transport are dependent on large-scale atmospheric circulation [188].

The periodic study in the lower troposphere and the higher atmosphere is expected
to reveal the effect of planetary waves. They are mainly excited in the troposphere by
the topography of the region, convection, and shear, along with the transported energy
and momentum to the middle atmosphere [189]. Some of the main coupling agents of the
lower troposphere and the middle atmosphere are namely gravity waves, tides, mountain
waves, Kelvin waves, and Rossby waves [190–192]. In the present complex ridge-prone
topography, the mountain wave formation is quite natural for certain stability conditions
and air velocity direction [193].

The LIDAR RCS of 355 nm, 532 nm, and 1064 nm elastic channel and 408 nm Raman
channel, along with the WVMR, were used to study LSP in 120 m resolution. The hourly
data were used in the LSP, and the results of power spectral density were obtained with 2-h
resolution. Only the periods with significance levels 1% to 10% were used here for analysis
as tabulated in Table 4.

Table 4. Results of LSP for different parameters.

Parameters Altitude Significance Level Significant Strongest
Period

RCS of 355 nm channel 2280 m 10% 12 days
2400 m 10% 24 h
3600 m 10% 27 h
3720 m 1% 64 days

4080–4920 m 1% 64 days
RCS of 387 nm channel 1200–1680 m 10% 24 days

1800–2040 m 10% 27 days
2160–3000 m 10% 24 h
3120–3960 m 1% 64 days
4080–4920 m 1% 32 days

RCS of Raman 408 nm channel 600 m 10% 22 h
RCS of 532 nm channel 3720–4920 m 1% 64 days

WVMR 600 m 1% 7 weeks
720 m 1% 16 days

Zonal wind velocity 2000 m 1% 10 days
4000 m 1% 10 days

Meridonial wind velocity 2000 m 10% 27 h

In the case of RCS355, 12 days period at 2280 m with 10% significance may be caused
by the zonal wind periodicity at 2000 m. The 24–27 h periodicity observed in RCS355
around 2400 and 3600 m, respectively, may have some effect on the meridional wind
periodicity around 2000 m. The 64 days periodicities observed around 3720 m to 4920 m,
in both RCS355 and RCS532, with a significance of 1% may be related to the sea surface
wind velocity variation due to intra-seasonal oscillation of low-level jet [194]. The RCS387
also showed 64 days and 32 days periodicity for the altitude range 3120–3960 m and
4080–4920 m, respectively.

The periodicity of 22 h at 600 m with a significance level of 10% in the Raman RCS408
may be due to the boundary layer activity, the average SBL height being around 600 m in
the present study.

At 600 m, WVMR had a periodicity of 7 weeks. This period with significance up to
1% and may be related to the long-term transportation of the water vapor in this region. It
was reported that the periods centered at 10 weeks for the aerosol columnar content and
meteorological parameters indicate the interrelation in long-term trends present among the
parameters [195]. Another observed period of nearly 16 days at 720 m may be related to the
tropical cyclone activity [196]. It was reported earlier that the quasi-biweekly oscillation,
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associated with the convectively coupled equatorial Rossby wave, has a major influence on
the active and break of the Indian monsoon [197].

In addition to the above, we also observed 24 and 27 h periodicities at 2400 m and
3600 m, respectively, in RCS355 (10% significance) along with the 24 hours, 24 days, and
27 days periodicities at around 2100–3000 m, 1200–1680 m and 1800–2040 m, respectively
in RCS387.

5. Summary and Conclusions

In this paper, we have studied the vertically range-resolved aerosol and cloud layers
along with their optical properties at Darjeeling, a high-altitude station in Eastern Hi-
malayas. There were a total 34 h of measurements spanning over 7 nights. LIDAR gives the
output in 1 min intervals with 7.5 m height resolution. We have averaged LIDAR-measured
range corrected signal (RCS) for vertical and temporal resolution of 120 m and 30 min,
respectively, for our analysis. So we obtained 68 RCS profiles for the entire analysis.

The above RCS were used to calculate αa, βa, LIDAR ratio (LR), and linear depolariza-
tion ratio (LDR) to study the general optical characteristics of the atmosphere. The analog
mode has been used for analysis below 5 km. On the other hand, photon counting mode
has been used for the observation of cirrus clouds.

The aerosol and cloud layers were identified, and their optical properties were studied
along with the source identification for aerosols and phase detection for clouds. The water
vapor mixing ratio (WVMR) was retrieved and calibrated. The WVMR, along with the
normalized standard deviation (NSD), was used to understand the effects of atmospheric
dynamics. The changes detected in the RCS, NSD, and WVMR in the cloud lifetime
until precipitation was used to comment on the underlying processes inside the cloud.
The periodicity of LIDAR RCS and derived quantities were analyzed to understand the
atmospheric variabilities due to different factors such as topography, long-range transport,
and planetary waves in this region.

The contribution of scattering and absorption by aerosols as quantified by αa is sen-
sitive to the method used for its evaluation. In our case averaging over the altitude bin
had minimum fluctuation and hence produced better results. αa was found to be negative
in some cases, which may be due to the effect of aerosols sensitive to the 387 nm Raman
return from N2.

The average αa though similar in magnitude to that observed at Palampur, the high
altitude station in the western Himalayas measured in post-monsoon, is higher than the
land station Gawl Pahari near New Delhi [89,95]. Our results indicate that the abundance
of long-range transported anthropogenic plumes and marine aerosols in different mixing
states may be responsible for the increase in αa. The average βa observed here is found to be
of the same order of magnitude as the land station Gwal Pahari as well as Palampur [89,95].

The averaged LR profile was calculated with LR ranges from 0 to 200 sr with 360 m
(overlap height) to 2000 m altitude range. The mean and standard deviation of LR
(61± 20 sr) is calculated by averaging over the 360–2000 m altitude range. Such an LR
value suggests the dominant contribution from anthropogenic aerosols from NE India
and biomass-burning aerosols from Bihar (via Nepal). It is lower in magnitude than Gawl
Pahari (77 sr for biomass burning) but higher compared to Palampur (35 sr for urban
aerosols) [89,95]. A stable aerosol layer from 500 m to 1500 m has been observed at Manora
peak in the central Himalayan region along with the elevated aerosol layers within 2000 m
to 4000 m above ground [108]. No such stable layer was found in the present eastern
Himalayan site. On the other hand, here, multiple elevated aerosol layers were observed
in the altitude range of 1300 m to 3500 m. The βa was found to be of the same order of
magnitude as the high altitude study at Jungfraujoch (3580 masl) in Switzerland [198]. The
ABL characteristics, along with residual layer height, were found to be similar to Sofia in
Bulgaria [152,156].
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The LR was found to be varying by a large amount within the aerosol and cloud layers,
yielding very large values. In addition, the LDR values above 3000 m were also found to be
unusually higher. These aspects need to be investigated further.

The cloud top temperature (CTT) was used to determine the thermodynamic phase
of the cloud. The calculated parameters manifest the characteristics of different phases of
clouds observed in the present study. The colocated measurement of LIDAR and MRR was
used to study the life cycle of the cloud from its development to precipitation. The interlayer
exchange injects more aerosols and leads to cloud droplets formation and precipitation,
which can be explained by RCS, NSD, and WVMR variation. The major findings of the
present study can be summarized below.

• The atmospheric boundary layer (ABL) height shows a maximum of around 1140 m
altitude. The 7-day average SBL height is 576 m. The multilayered structure of the
residual layer and its infrequent appearance may be indicative of destruction by
mountain valley circulation and topography-induced wind patterns.

• The LR and LDR correlation within and above the ABL differs with and without
aerosol or cloud layers. In the presence of layers, the LR-LDR relation becomes sig-
nificantly negative within ABL. However, above the ABL, LR-LDR shows a positive
significant correlation.

• The cloud condensation nuclei (CCN) susceptibility of aerosols makes them more
spherical and hence may be responsible for an increase in βa. The core-shell combi-
nation of anthropogenic and marine aerosols may increase αa compared to pure
anthropogenic aerosols. The presence of multiple aerosol/cloud layers induces
non-monotonic behavior with altitude in case of WVMR, Angstrom exponent (AE)
and LDR.

• The layered structures are prominent in αa variation as it is directly related to RCS
change with altitude. The dominating coarse mode aerosols are prominent Mie scat-
terers. The interference of scattered radiation from the scatterers might be responsible
for the faster decrease of βa compared to αa. It results in the increase in LR m

• The αa is found to be maximum for mixed-phase compared to both water and ice
phase clouds. LDR is found to be maximum for the ice phase and minimum for the
water phase cloud. On the other hand, both LR and cloud optical depth (COD) are
found to be maximum for mixed-phase and minimum for ice-phase clouds.

• The major periodicities in Lomb–Scargle periodogram (LSP) studies of RCS corre-
sponding to 355 nm, 387 nm, and 532 nm show 64-day periodicity at different alti-
tudes. The periodicity in WVMR is found to be of 7 weeks and 16 days at 600 m
and 720 m, respectively, related to the periodicity of long-range transportation and
cyclonic activities.

The present findings are indicative of the complex dynamic features of the atmosphere
and its layered structure over the present site. A more detailed range-resolved study of
aerosol, cloud, and precipitation interaction with both day and nighttime data would
enlighten the impact of aerosols on Earth’s radiation budget at the surface and hence
hydrological cycle. In addition, the availability of radiosonde data would help us to have a
more rigorous calibration. The detailed knowledge of the storeyed structure of atmospheric
processes along with boundary layer dynamics, wind flow patterns, and meteorological
conditions along with their interrelations may induce a deeper understanding of the global
warming and climate change scenario in the eastern Himalayan region, facing a great threat
of glacier retreat and fragility.
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Abbreviations
The following abbreviations are used in this manuscript:

αa aerosol extinction coefficient
ABL Atmospheric Boundary layer
AOD Aerosol optical depth
AE Angstrom Exponent
βa backscattering coefficient
BC Black carbon
CA Cluster Analysis
CBH Cloud base height
CCN Cloud condensation nuclei
COD Cloud optical depth
CTT Cloud top temperature
CTH Cloud top height
ECMWF European Center for medium-range weather forecast
HYSPLIT hybrid single particle lagrangian integrated trajectories
LIDAR light detection and ranging
LDR Linear depolarization ratio
LR LIDAR ratio
LSP Lomb–Scargle periodogram
MLD Mixed layer depth
MRR Micro rain radar
NSD Normalized standard deviation
RCS Range corrected signal
RCSx Range corrected signal for x wavelength channel
Rat ratio
SBL Stable boundary layer
SSA Single scattering albedo
SNR Signal to noise ratio
WVMR Water vapor mixing ratio

Appendix A. Interactions of Optical Radiation with Atmospheric Constituents

In the present section, we will be discussing some of the important aspects of the inter-
action of optical radiation with aerosol and molecules. This would help us to understand
the observational results discussed in the main body of the paper.

Appendix A.1. Elastic Scattering and Absorption

Energy transfer in the atmosphere is accomplished by the electromagnetic interaction
with atmospheric constituents such as molecules, aerosols, trace gases, etc., mainly by
absorption and scattering, which depend on the perturbing wavelength (λ), the radius of
the scatterer (a), and the refractive index (m) of the medium. The real part of complex m is
related to the phase shift of the wave traveling through the medium, whereas the imaginary
part is related to the absorption coefficient.

Maxwell’s equations are solved to evaluate the internal and outgoing fields assuming
homogeneous solid spheres. The internal and outgoing scalar solutions contain associ-
ated Legendre polynomials and spherical Bessel functions, which depend mainly on two
variables, namely, the size parameters of the scatterers x = 2πa/λ with radius a and
y = mx [199].
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In general, for practical applications in the atmosphere, observations using light
scattering are carried out at the large distances from a particle or in the far-field zone.

Now for Mie scattering, the scattering- angle dependent amplitude function can be
retrieved from the outgoing scattered wave solution of Maxwell’s equation for the sphere
of arbitrary size in terms of an and bn, which are usually given in terms of Bessel functions
with arguments x and y. The scattering coefficient can be calculated as Qsca from the
amplitude function for the required direction.

The total amount of radiation absorbed and scattered is called extinction. The extinc-
tion coefficient Qext can be evaluated from

Qext = Qsca + γ (A1)

where γ is the absorption coefficient of the single particle system.
The scattering processes and the corresponding scattering coefficients are fundamen-

tally different depending on the values of x, m and the phase shift 2x(m− 1). Here x varies
from 0 to inf, and m varies from 1 to inf.

If x and phase shifts are both small, the only one term in Qsca, i.e., an for n = 1 is
predominant and corresponds to electric dipole scattering. This is known as Rayleigh
scattering and the scattering coefficient (Qray) can be expressed as

Qray =
32
27

x4|m− 1|2 (A2)

A typical example of such a scenario is presented by the air molecules of diameter
around 0.3 nm which interact with 355 nm incident wavelength (x << 1, m ≈ 1) via
Rayleigh scattering. If x increases keeping m along with phase shift small, the geometrical
interference effect due to simultaneous Rayleigh scattering by all volume elements of the
sphere produces direction dependent intensity distribution, which is known as Rayleigh-
Gans scattering.

In the case of small x, if m increases then in Qsca, bn, along with an, with higher
n values become important. For favorable y = mx, one of these terms may give large
contribution, indicating a resonance phenomenon. For example, if m = 9 and x = 0.346, the
resonance peak of the extinction curve appears from the contribution of only the magnetic
dipole term bn for n = 1 [199].

At 355 nm wavelength, Mie scattering is the dominant component for sub-micrometer
(0.001–1 µm) particles or aerosols. On the other hand, for super-micrometer (say 1–10 µm)
particles the geometrical optics approximation may become important.

Appendix A.2. Effect of Particle Shape

In general, for Mie scattering calculation the scatterers are usually assumed to be
spherical for simplicity. So in case of the non-spherical scatterers, the dependence of
scattered fields on their shape and orientation result in the observed scattering-angle
dependent scattered field intensity and polarization distribution from the Mie scatterers.

The variation in the shapes of atmospheric aerosols can be taken into account by the

measurement of the depolarization ratio (LDR =
βa⊥
βa‖

). A case study with LIDAR showed

that the particle depolarization ratio varies from 15% to 17% inside the layer at 3–10 km
height, indicating the presence of non spherical aerosols [133,200]. The relatively high
depolarization ratio event in lower atmosphere is associated to crystallized sea salt and
dust particles. The numerical calculation of depolarization ratio of cubic particles also
yields 8–22% variation in depolarization ratio for effective size larger than 0.8 µm at 532 nm
wavelength [201].

The shape-specific scattering properties of non-spherical cloud ice crystals was studied
theoretically using averaging over size and orientation [202–208]. The non-sphericity of
Saharan desert dust was detected by LIDAR and the effect of their non-sphericity and
fine mode dominance on the extinction to backscatter ratio was observed [133]. The soil
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particles can be considered as a mixture of prolate and oblate spheroids with an aspect
ratio close to 2 [209]. The rigorous T-matrix calculation for randomly oriented prolate and
oblate spheroids, using accumulation mode size distributions was performed as well [168].
It was found that the backscattering phase function for spheroidal particles is lower than
the surface equivalent polydisperse spheres. This phase function reduction also lowers the
backscattering coefficients. The extinction coefficient is sensitive to cross-section and hence
less affected by particle shape.

Appendix A.3. Many-Particle System

For many-particle systems, the extinction and scattering coefficient can be determined
by folding it over the size distribution.

Qsca,ext =
∫ amax

amin

Csca,ext(θ, λ, a)n(a)da (A3)

here Csca,ext denotes the scattering cross section for the many-particle system, which can
be considered as the collection of homogeneous spheres of different diameter, n(a) being
the particle size distribution of the collection considered. For further details can be found
in [210].

Inelastic Scattering

In the case of Raman scattering, the induced dipole with rotational and vibrational
motion (frequency Ω) radiates with a frequency shifted from incident one. For a given
incident frequency ν, the Raman bands are observed at frequencies ν±Ω, where ν−Ω
and ν + Ω correspond to Stokes and anti-Stokes lines, respectively.

Appendix A.4. Effect of Multiple Scattering

Multiple scattering makes observational studies more complicated. Usually, one con-
siders the radiation scattered once from the scatterers and received back in the receiver.
However, the receiver’s field of view is wide enough so that the rescattered radiation is
always present in the return signal and may contribute significantly up to five scatter-
ings [161,211,212]. Multiple scattering always increases the return signal strength, and
it depends on the particle size as well as density. For larger particles, more photons are
scattered in the forward direction. They remain in the receiver’s field of view and can
become further backscattered. It results in an increase in the backscattering coefficient
and a decrease in the extinction coefficient. On the other hand, the multiple scattering
affects the state of polarization of the scattered radiation. The multiply scattered light
increases the depolarized component of the return beam in the case of spherical cloud
water droplets [146].

The effect of multiple scattering on extinction coefficients of mineral dust on space
borne LIDAR was studied earlier. The presence of large non-spherical particles makes
multiple scattering an important parameter in atmospheric observations [213].

Appendix B. Retrieval of Aerosol and Cloud Optical Properties from the LIDAR Signal

The LIDAR return signal for the elastic channel can be written as [214]

P(r) = KG(r)[βm(r) + βa(r)]Tr(r) (A4)

here P(r) denotes the power received from distance r. The system constant K includes initial
laser power, temporal pulse length, area of the primary receiver optics, and overall system
efficiency. The geometric factor G(r) = O(r)/r2 includes the laser beam and receiver field
of view overlap function O(r) along the quadratic decrease of the signal intensity with
distance. In the present study, overlap distance was taken to be up to 300 m, above which
we have taken O(r) = 1. βm(r) denotes the backscattering coefficient of the molecules, and
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βa(r) stands for the aerosol backscattering coefficient. Tr(r) denotes the transmission term
which corresponds to the fraction of incident radiation absorbed or scattered in the entire
pathway and can be written as

Tr(r) = exp[−2
∫ r

0
(αm(r) + αa(r))dr] (A5)

here the αm(r) and αa(r) stand for molecular and aerosol extinction coefficient.
In order to retrieve the optical properties of the atmospheric aerosols using the Raman

technique, we used the elastic channel of 355 nm and the N2 Raman channel of 387 nm.
The RCS of 387 nm of Raman channel, denoted by RCS387, may be written as [126],

RCS387 = CsysNN
dσ

dω
exp[−

∫ r

0
(αm(λL, r) + αa(λL, r) + αm(λN , r) + αa(λN , r))dr] (A6)

where Csys is the system constant, NN corresponds to the nitrogen number concentration
and dσ

dω is the Raman scattering cross-section of N2. The raw signals of 355 nm and 387 nm
are denoted in the above equation by L and N subscripts, respectively. It may be noted that
total molecular concentration was used as NN , nitrogen being the dominant component in
the atmosphere.

The αa and βa, which were calculated for every aerosol and cloud layer detected, can
be written as [15,35,126],

αa(λL, r) =

d ln( Nm(r)
P(λN ,r)r2 )

dr − [αm(λL, r) + αm(λN , r)]

1 + λL
λN

(A7)

βa(r) =
P(λL, r)P(λN , re f )Nm(r)

P(λL, re f )P(λN , r)Nm(re f )
βm(λL, re f )

e−
∫ r

re f (αa(λN ,r′)+αm(λN ,r′))dr′

e−
∫ r

re f (αa(λL ,r′)+αm(λL ,r′))dr′
− βm(λL, r) (A8)

here P(λ, r) denotes the power received corresponding to wavelength λ from distance r.
The reference altitude (ref in the equation) for βa and αa calculation was taken as

5000 m, where it is practically zero. Here Nm denotes the number concentration of the
molecules. The molecular number density can be calculated, in the ideal gas approximation,
using the equation,

Nm(r) = Ns
T0

P0

P(r)
T(r)

(A9)

where Ns is the molecular number density for standard atmospheric conditions at the
present ground level. We used Ns = 2.54× 1019 cm−3, P0 = 780 hPa and T0 = 15 °C for
the present discussion. Below tropopause, the temperature T(r) and pressure P(r) at a
distance r were calculated from the assumption of hydrostatic equilibrium and uniform
lapse rate approximation. The exponentially decreasing molecular density from the ground
was used here for the calculation of βm and αm by Rayleigh theory [215–219]. The LR for
aerosols was calculated as LR = αa/βa and the molecular LR was taken as 8π/3.

Appendix B.1. Negative Values of αa

Equation (A7) indicates that the αa may become negative for two cases. Firstly, the
derivative of the first term can be negative under the condition

dNm

dr
<

Nm

RCS387

d(RCS387)

dr
(A10)

here left-hand side is negative as Nm decreases with altitude. In the right-hand side,
Nm

RCS387
> 0, but the RCS387 showed a sharp increase with altitude at some narrow range

satisfying the condition. This may be due to the low SNR and statistical fluctuations of the
signal. Gong et. al. observed the αa to be negative above 10,000 m because of low SNR [15].
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On the other hand, αa can also be negative under the following condition

d ln Nm
RCS387

dr
< (αm355 + αm387) (A11)

⇒ Nm <
RCS387

e−
∫
(αm355+αm387)dr

(A12)

here dr is 120 m and Nm is the total molecular concentration. Now in the Equation (A12),
measured RCS387 may have a contribution due to elastic scattering from aerosols suscepti-
ble to 387 nm, thereby increasing the right-hand side and yielding a negative αa [132].

Appendix C. Water Vapor Mixing Ratio (WVMR)

The ratio of mass of water vapor and mass of dry air, for a given range in the atmo-
sphere, is known as WVMR. So it may be written as [132–134]

W(R) =
NH2O(R)
NN2(R)

MH2O

MN2

(A13)

where N and M denotes the number density and molecular weight of water vapor and
nitrogen as denoted by the suffixes H2O and N2, respectively. Here dry air component is
represented by the nitrogen as it is the major constituent of the atmosphere. One can obtain
the number density ratio, in the above equation, from the LIDAR returns of the Raman
water vapor (408 nm) and nitrogen (387 nm) channels. If one assumes range independent
Raman backscatter cross section and same overlap factors for both the water vapor and
nitrogen signals, then the ratio of number densities may be written as

NH2O(R)
NN2(R)

=
P(λH2O, R)
P(λN2 , R)

CN2 σN2

CH2OσH2O
exp
{∫ R

0

[
α(λH2O, r)− α(λN2 , r)

]}
(A14)

here CN2 and CH2O are range independent calibration constants, σN2 and σH2O are range
independent Raman backscatter cross sections, whereas, α(λH2O, r) and α(λN2 , r) are the
total extinction at λH2O and λN2 , respectively. So one may write W(R) as

W(R) =
P(λH2O, R)
P(λN2 , R)

K (A15)

here K may be taken as the overall system calibration constant consisting of all the factors
denoting the fractional volume of N2, molecular mass ratio, range independent calibration
constants for the two channels and range independent backscatter cross section.

Appendix D. Cluster Analysis—Non-Hierarchical K-Mean Method

In cluster analysis (CA), set of objects (or observables) are arranged in different clusters,
such that, similar objects belong to the same cluster. Clusters are formed using a char-
acteristic distance based on single or multiple dimensions. Each dimension corresponds
to a condition (or a variable) for grouping the objects. The choice of these dimension or
variables would depend on the system under consideration [65,153].

In order to estimate the atmospheric boundary layer height , one may define, between
two given observations i and j, a euclidean distance D(i, j) such that

D(i, j) =
[
(heighti − heightj)

2 + (RCSi − RCSj)
2 + (vari − varj)

2
]1/2

(A16)
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here, heighti/j corresponds to the altitude of the observations i or j, RCSi/j are RCS for
these observations, vari/j are the corresponding variance function defined as

var(z) =
1

N − 1

N

∑
k=1

[
RCS(Z, ti)− RCS(Z)

]2 (A17)

here RCS(Z, ti) is the RCS at hight Z at time ti, RCS(Z) being the average RCS at Z over N
profiles.

In the non-hierarchical K-mean method, an optimal number (K) clusters are estimated
a priori using different techniques. In the present case we have used internal measures for
cluster validation, namely, Davies–Bouldin (DB) and Dunn (D) index.

DB =
1
n

n

∑
i=1

maxi 6=j

[
dn(Ci) + dn(Cj)

d(Ci, Cj)

]
(A18)

where n is the number of clusters, dn(Ci) is the average distance of members of a cluster
i from its center Ci and d(Ci, Cj) is the distance between the centers Ci and Cj. DB index
is the measure of the similarity between each cluster. Hence a lower DB index indicates
better clustering.

D = min1≤i≤n

(
min1≤i≤ni 6=j

[ d(ci, cj)

max1≤k≤n[d′(ck)]

])
(A19)

Here d(ci, cj) corresponds to the distance between the ci and cj clusters and d′(ck)
represents the intracluster distance of cluster ck, n being the number of clusters. The large
value of D index corresponds to the compact and well separated clusters.

The calculation proceeds as follows. K centroids are initially selected. then the K
clusters are formed by picking points closest to a centroid. Then the centroid of each cluster
is calculated. The steps are repeated till the centroids remain same. At each step, both D
and DB indices are evaluated. An optimal clustering is indicated by both the decrease of D
and increase of DB indices compared to their values in earlier steps.

The objective of K-Means is to have observation points with similar characteristics in
the same cluster. This may be achieved by minimizing the sum of the squared errors (SSE).
It is defined as the sum of the squared distance between the average point or centroid and
each point of the cluster, as given below

SSE =
K

∑
i=1

∑
x∈ci

dis(ci, x)2 (A20)

here first sum is over total number of clusters and second sum is over the points in a given
cluster, ci and x corresponds to the centroid of ith cluster and x is a point in this cluster. dis
corresponds to the euclidean distance.
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