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from mid of April to early-June along the Indo-Gangetic 
Basin. Heavy loading of polluted aerosols was visible in 
CALIPSO data imageries. HYSPLIT cluster trajectories 
indicate that the study region is strongly influenced by 
the air mass transporting from the Gangetic Plain, Iran, 
Pakistan, Afghanistan, and Gulf region.
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Introduction

The warming properties of black carbon (BC) are 
known to accelerate climate change besides being 
responsible for serious health hazards (U.S. EPA (U.S. 
Environmental Protection Agency), 2012). However, 
recently BC has been identified as a potential agent 
for rapid transmission of microbes, especially coro-
navirus that has created health havoc globally during 
the year 2021 (Rathod & Beig, 2021). After the sus-
pected emergence of coronavirus (COVID-19) from 
the Wuhan city in China, it spreads rapidly all over the 
world. COVID-19 is an infectious viral disease, caus-
ing life-threatening acute respiratory syndrome and 
is capable of rapid human to human infection. Due to 
its severity and global transmission capability, World 
Health Organization (WHO) declared the COVID-19 
pandemic as an international public health emergency. 
Initially, social distancing was realized to be the safest 
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way of preventing this virus. The government of the 
Republic of India placed its 1.3 billion citizens under 
a complete lockdown as a mitigation strategy against 
COVID-19 and its health hazards. Unprecedented 
regulations were imposed on the general public to 
limit the virus spread and to save a life. The lock-
down was implemented in four different phases start-
ing from March 24 to May 31 2020 (Pathakoti et al., 
2020). Only emergency services, viz., medical, health 
care service providers, food supply, and police, were 
operative, and all the remaining organizations’ gov-
ernment/private institutions, industries, factories, 
school/ colleges/educational institutes, entertainment 
sector, etc., were completely closed and most of the 
population was restricted to stay at home, following 
the standard rules of social distancing. All kinds of 
public transport services, viz., international/ domes-
tic airlines, trains, buses, trucks, rickshaws, and auto-
rickshaws, except emergency and essential services, 
viz., an ambulance, police vehicles, trucks for essen-
tial services, and defense, were strictly restricted dur-
ing lockdown period. This pandemic is considered to 
be one of the biggest tragic events in known human 
history. As far as ambient air quality is concerned, it 
has been revealed through various recent publica-
tions (Ambade & Kurwadkar, 2021; Das et al., 2020; 
Dasgupta & Srikanth, 2020; Dhaka et  al., 2020; Fu 
et al., 2020; Goel et al., 2021; Jia & Evangeliou, 2021; 
Kumari & Toshniwal, 2020; Nigam et al., 2021; Sree 
et al., 2021; Zhang et al., 2020) by different research 
groups throughout the world that the air quality was 
drastically been improved due to limited emission 
of aerosols under restricted anthropogenic activities 
during lockdown period. BC atmospheric aerosols 
are short-lived climate forcing agents formed dur-
ing incomplete combustion of fossil fuel and biomass 
burning and remain in the atmosphere as a particulate 
matter (Bachmann, 2009; Bond et al., 2013; Colbeck 
& Lazaridis, 2013). BC belongs to the sub-category 
of particulate matter which is capable of strongly 
absorbing the tropospheric solar radiation in all wave-
length ranges and releasing heat to the atmosphere in 
the form of infrared waves (Liu et al., 2020). Mainly, 
BC aerosols reach the ambient atmosphere by natural 
ways (viz., wildfire, volcanic eruption) or by anthro-
pogenic activities (viz., crop/open burning, vehicular 
emission, industrial pollution) (Pandey et  al., 2020) 
and are always co-emitted along with gaseous pol-
lutants (Buseck et  al., 2012). Depending on particle 

morphology, source, and prevailing meteorology, BC 
particles can stay in the troposphere for a few days 
to a few weeks. Either by gravitational setting or wet 
deposition, these particles are removed from the ambi-
ent air (Hidy, 2019). Even during this relatively short 
lifetime, BC aerosols are capable to impact various 
atmospheric processes especially warming, precipita-
tion pattern, and cloud formation in a negative way. 
(Ramanathan & Carmichael, 2008; Shrestha et  al., 
2010). BC particles are also reported to create seri-
ous health hazards (Pöschl, 2005; U.S. EPA (U.S. 
Environmental Protection Agency), 2012; Yang et al., 
2021). Recently, aerosols have been identified as a 
mode of rapid air-borne transmission by the COVID-
19 virus (Jayaweera et al., 2020).

As mentioned earlier that during the lockdown, 
phase anthropogenic activities, vehicular emission, 
and industrial pollutions were at their minimal level. 
EBC mass concentration was measured during this 
period along the foothills of Himalaya in Doon Val-
ley. It is worth mentioning that according to the stand-
ard terminology used in aerosol science, the term 
“EBC” (equivalent black carbon) must be used in the 
case when optical measurement technique is applied 
for the quantitative description of black carbon and 
“BC” (black carbon) can preferably be used only for 
the qualitative (Bond et  al., 1999; Lack et  al., 2014; 
Petzold et al., 2013).

In the present study, in situ recordings of EBC mass 
concentration and meteorological parameters observed 
during the COVID-19 lockdown period were investi-
gated. Observations were performed in Doon Valley at 
Dehradun city, India, which has already been listed in 
past years as one of the most polluted cities in India 
(Deep et  al., 2019). This study site may be consid-
ered as the representative for the Himalayan foothills 
in north-western Indian Himalaya. Apart from optical 
properties, SEM–EDX (scanning electron microscope 
coupled with energy-dispersive X-ray) analysis was 
also performed for the morphological understand-
ing and elemental identification of aerosols. Satellite 
recordings of fire anomaly from MODIS (MODerate 
resolution Imaging Spectroradiometer) and CALIPSO 
(Cloud Aerosol Lidar and Infrared Pathfinder Satel-
lite Observation) data images were also analyzed. 
To investigate the influence of air parcel pathways 
towards this region, HYSPLIT (Hybrid Single Particle 
Lagrangian Integrated Trajectory) cluster trajectory 
model was utilized.
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Site description and regional meteorology

During different stages of the COVID-19 lockdown 
period, EBC measurements were performed in Doon 
Valley along the Himalayan foothills. The word Doon 
is of Indian linguistic origin and is used to describe 
broad longitudinal intermontane depressions in the 
frontal parts of the Himalaya. Doon basins are circum-
scribed by the outer Siwalik Hills in the South and the 
Lesser-Himalaya towards the North (Sinha & Sinha, 
2016). Due to the capacity of these depressions for 
the storage of fertile sediments and hydrological flow, 
these valleys provide a suitable environment for human 
settlements with the developed industrial townships. 
Dehradun, which is the capital city of the state Utta-
rakhand, India, is situated in one of the Doon valleys 
along the Himalayan foothills. Dehradun is located 
between 29°58°N to 31°20°N latitude and 77°34°E to 
78°18°E longitude at an average altitude of 640 m amsl 
in Doon Valley (Panikkar & Subramanyan, 1996). The 
high hills in the eastern and northern sides and Siwa-
liks in the south, River Song in the east, and river Tons 
on the west offer a unique and interesting synclinal 
trough-shaped topographical setting to the city Fig. 1a, 
b. The observing site is within the campus of Wadia 
Institute of Himalayan Geology (WIHG), located at 
GMS road, which is one of the busy roadways in Deh-
radun City (Fig. 1c).

After the creation of Uttarakhand as a separate 
state in the year 2000, the capital city Dehradun has 
emerged as an important business, educational and 
cultural destination, and wholesale trading center 
for the entire hill region of the Uttarakhand state. 
According to the last census in 2011, the resident 
population of the city has already crossed half a mil-
lion mark and registered a fast growth rate in past 
decades. More than a million Indian and foreign tour-
ists visit the city every year in the form of a floating 
population (Government of Uttarakhand, 2018). With 
a sensitive and fragile ecosystem, this valley region is 
facing a serious crisis due to unscrupulous develop-
ment especially urban growth, rapid industrialization, 
unplanned development, increased vehicular density, 
and random encroaching on the land use/land cover 
of the area (Bhat et al., 2017).

The climatic conditions of any region are directly 
related to the topographical conditions of that region and  

vice-versa. The weather/climatic conditions not only 
influence the physical characteristics but also social, 
economic, and cultural activities. The climate of Deh-
radun is temperate; winter months are colder with 
the maximum and minimum temperatures touching 
23.4  °C and 5.2  °C, respectively. The summer in the 
valley is in general pleasant, but heat is often intense 
and summer temperatures can reach up to 44 °C for a 
few days. Singh et al. (2013) discussed in detail the ris-
ing trend of temperature in Doon Valley in the last few 
decades. Most of the annual rainfall is received during 
the monsoon season (June–September), with July and 
August being the rainiest months of the year. Due to 
altitude variation, local orography, and the influence of 
high Mussoorie hills, the rainfall and temperature vari-
ations within the city are quite considerable (Piyoosh 
& Ghosh, 2016).

Methodology

EBC and meteorological data

In the present study, EBC observations were per-
formed by microAeth AE-51 aethalometer (Cheng 
& Lin, 2013). MicroAeth AE-51 is a real-time, port-
able, self-contained instrument with a built-in pump, 
flow control, data storage, and battery. The air sample 
is collected on Teflon coated glass fiber filter media 
(T60) which is housed in an easy to replace filter strip. 
The internal pump is set at 99 ml/min mass flow meter 
and stabilized by closed-loop control. This instrument 
performs real-time analysis by measuring the rate of 
change in absorption of transmitted light due to the 
continuous collection of aerosol deposits on the filter. 
Data recorded at 880 nm wavelength is interpreted as 
mass concentration of EBC. The measurement time 
base is 60 s, measurement resolution is 0.001 μg  m−3, 
and measurement precision is ± 0.1 μg  m−3 for 1 min 
average and 150 ml/min flow rate. The recording was 
started from April 7 till July 30, 2020, and discontin-
ued while charging the instrument.

Furthermore, meteorological parameters, viz, wind 
direction and wind speed, were acquired using an auto-
matic weather station (AWS) (Campbell scientific) 
(Kesarwani et al., 2012) located at WIHG, campus.
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SEM–EDX analysis

To understand morphological and compositional attrib-
utes of airborne particles, a scanning electron micro-
scope (SEM-Zeiss EVO-40 EP) coupled with energy 
dispersive X-ray spectrometer (EDX-Bruker LN2 free 
X Flash 4010 SDD X-ray detector) facility available 
at the Central laboratory of Wadia Institute of Himala-
yan Geology was utilized. The quartz filter strips were 
coated with gold to prepare the samples for further 
analysis. Images of the sample were taken at differ-
ent magnifications. EDX analysis was performed after 
scanning an electron beam with an accelerating voltage 

of 15 kV for the determination of bulk particle elemen-
tal composition of aerosol particles trapped in the fiber 
filter.

Cluster analysis

The Hybrid Single-Particle Lagrangian Integrated Tra-
jectory model (HYSPLIT), developed by NOAA’s Air 
Resources Laboratory, is one of the most widely used 
models for atmospheric trajectory and dispersion cal-
culations (Stein et al., 2015). HYSPLIT back air trajec-
tory was computed for 500 m amsl for the study area. 
Since a large number of trajectories were retrieved, a 

Fig. 1  (a) Elevation map 
indicating the topographi-
cal setting of Dehra Doon 
Valley. Lesser Himalaya 
towards North, outer Shiva-
lik Hills, and Indo-Gangetic 
basin towards South. (b) 
Satellite Image indicating 
growth of Dehradun city 
along with inset image 
pointing the site in southern 
Asia. (c) Cityscape, where 
the study site is indicated by 
a red arrow
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clustering procedure was used to determine representa-
tive pathways for the trajectories based on an angle-
based distance statistics method.

MODIS

For the detection of active fire events, satellite obser-
vations of fire radiative power (FRP) recorded by 
Moderate Resolution Imaging SpectroRadiometer 
(MODIS) instruments, aboard NASA’s Terra, and 
Aqua satellites were used (Kaiser et al., 2012). In the 
present study, MODIS Collection 6 (C6) active fire 
product is used for the active fire locations which is 
the latest version based on the advanced fire detection 
algorithm and the best available active thermal anom-
alies product, especially for Himalayan foothill area.

CALIPSO

The Cloud-Aerosol Lidar with Orthogonal Polarization 
(CALIOP) instrument on the Cloud-Aerosol Lidar and 
Infrared Pathfinder Satellite Observations (CALIPSO) 
spacecraft provide global, high-resolution vertical pro-
files of aerosols and clouds after it became operational 
in 2006 (Winker et al., 2009). The CALIPSO satellite 
data has been used to support the study as it provides 
new insight into the essential role played by clouds and 
atmospheric aerosols in regulating Earth’s weather, cli-
mate, and air quality (Rogers et al., 2011).

Results and discussion

Diurnal and monthly variation of EBC

Diurnal variation of surface EBC aerosols during the 
period of lockdown, i.e., April–July 2020, is shown 
in Fig. 2. The typical diurnal variations of EBC with 
prominent two peaks (one in the morning and another 
in the late evening) as well as a relatively flat pattern 
during noon is depicted in Fig. 2. During the month 
of April, the average concentration of EBC starts 
increasing at about 6:00 IST (Indian Standard Time), 
attaining its peak nearly around 8:00 IST which starts 
drastically decreasing between 9:00 to 9:30 IST and 
reaches its minimum level during 10:00–17:00 IST. 
Again, the average EBC concentration starts increas-
ing around 17:00 IST, reaches its maximum at 22:00 
IST, and finally drops down to a minimum at 23:00 

IST. The month of May also depicts a similar pat-
tern. During the months of June and July, the promi-
nent morning and evening peak was not present in the 
diurnal variation of EBC concentration.

Interestingly, the occurrences of morning peak 
were observed nearly 1 h earlier and evening peak was 
observed nearly one hour advanced in comparison 
to other progressive months. These critical patterns/
phenomena are directly related to the boundary layer 
dynamics of EBC aerosols in the region. In general, 
morning EBC peak occurs mainly due to the combined 
effect of radiative cooling at the surface, low planetary 
boundary layer height, and local level of EBC pollut-
ant. During noon hours, boundary layer height increas-
ing (air expands with surface heating by solar radiation 
intensity) results in proper mixing of pollutants. This 
expansion of boundary layer and rise in tropospheric 
temperature allow proper mixing of pollutants which 
in turn results in a low level of EBC concentration. 
In general, the peak during the evening hours occurs 
due to boundary layer dynamics, vehicular rush (in 
cities), and other increased local anthropogenic activi-
ties. But during the period of the present study, i.e., 
April–May, the region was under complete lockdown 
state, therefore, hardly any vehicular emission and 
industrial pollutants contributed to the ambient air 
composition. Moreover, the monthly mean and stand-
ard deviation of EBC mass concentration recorded 
was (2.12 ± 1.14  μg   m−3), (2.58 ± 1.46  μg   m−3), 
(2.74 ± 1.49 μg  m−3), and (2.12 ± 1.32 μg  m−3) during 
April, May, June, and July, respectively.

The diurnal pattern of the EBC mass concentration 
during this unique situation of lockdown was also 
compared with earlier studies (during 2011–2017) 
performed by other authors over the Doon Valley 
region by using the same optical attenuation tech-
nique of data recording as in the present article. 
Kant et al. (2020) observed that the EBC distribution 
shows a well-defined diurnal variation with two max-
ima peaks in the morning and evening hours. Com-
paring the diurnal variation pattern of the present 
study shown in Fig. 2, with the earlier study, it is very 
interesting to observe that the present study follows 
the same diurnal pattern but less prominent morning 
peaks and evening peaks with significantly reduced 
EBS mass concentration levels (Kant et  al., 2012, 
2015). The reason for this significant reduction is 
due to the relatively less anthropogenic activities and 
associated emissions during the complete lockdown 
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period. Furthermore, the relationship of EBC with 
meteorological parameters and the effect of EBC 
transport was recently investigated and discussed 
besides the transport pathways and associated health 
risks especially respirable suspended particulate mat-
ter in Dehradun city (Prabhu et  al., 2020; Prabhu & 
Shridhar, 2019).

Bipolar NWR analysis

Wind speed and direction have a paramount influence 
on the aerosol mass concentration, therefore represent a 
statistically significant effect on the background levels of 
air pollutants. Both of these meteorological parameters 
when simultaneously analyzed with the concentration 

of a pollutant species can lead to the identification of 
source locations and source characteristics (Grange 
et al., 2016). One of the potential and widespread meth-
ods for source characterization of atmospheric pol-
lutants is the bipolar non-parametric wind regression 
(NWR) analysis (Henry et al., 2002). NWR is a source-
to-receptor source apportionment model that uses non-
parametric kernel smoothing methods to apportion the 
observed average concentration of pollutants (Kim & 
Guldmann, 2011). This method can also help in quan-
tifying the effects of local wind direction on background 
levels of EBC concentration (Carslaw & Beevers, 2013). 
Bipolar non-parametric wind regression plots, by calcu-
lating the mean EBC concentration for wind speed and 
direction, are presented in Fig. 3. Figure 3a suggests that 

Fig. 2  Diurnal variation box plots of EBC for the months of 
April, May, June, and July, respectively. The upper and lower 
boundaries of boxes indicate the 75th and 25th percentiles; the 
line within the box marks the median; the whiskers above and 

below boxes indicate the maxima and minima respectively; the 
red dot represent the means; and the blue line is connecting the 
mean value
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for the months of April and May, locally sourced EBC 
was present as indicated by the low wind speed. How-
ever, a relatively higher concentration was observed with 
south-easterly winds when wind speed was near 3 m/s. 
Figure 3b, c, however, represent bipolar-NWR plots for 
daylight hours (i.e., 06:00–18:00 IST) and night-time 
hours (i.e., 18:00–06:00 IST), respectively; daylight 
and nighttime hours are separated according to sunrise 
(06:00 IST) and sunset (18:00 IST). After comparison 

of Fig. 3b with Fig. 3c, we observed that the EBC con-
centration level during daytime hours was higher than 
the concerning nighttime hours. Figure 3c depicts that 
the concentration level was less in the month of April 
during night hours, while in the month of May, it was 
relatively high with the prominent winds in the south-
eastern direction. During the present computation and 
visualization of bipolar NWR, R open-source software 
has been used (Carslaw, 2019).

Fig. 3  Biopolar non-
parametric wind regression 
(NWR) plot of EBC for the 
months of April and May of 
complete lockdown period. 
(a) Bipolar-NWR plots of 
EBC mass concentration for 
April and May; (b) bipolar-
NWR plots for daylight 
hours (i.e., 06:00–18:00 
IST) for April and May; 
(c) bipolar-NWR plot for 
night-time hours (i.e., 
18:00–06:00 IST) for April 
and May
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Elemental analysis (SEM–EDX)

Morphological observations and compositional anal-
ysis for bulk particles were performed using scanning 
electron micrographs coupled with EDX-spectra. The 
recording of particulate matter for SEM–EDX analy-
sis was performed from May 17 to 20, 2020. A typi-
cal identification map of individual aerosol particles 
in an electron micrograph is represented in Fig. 4. C, 
O, Na, F, Al, Si, K, Ca, and Ti elements were identi-
fied in that particular micrograph.

The preliminary inspection of scanning micro-
graphs indicates the presence of variable morphologi-
cal structures like spherical, irregular, layered, aggre-
gated, flaky, and fractal as shown in the sample image 
(Fig.  5). Many such micrographs were randomly 
selected for EDX analysis. The EDX spectra infer that 
the carbon (C) and oxygen (O) content are relatively 

high with respect to other trace elements viz. (C and 
O) > 90% and remaining elements are Si > Na > Al > 
K > Ca > Mg > Ti. It is worth mentioning that a strong 
peak of Au in the EDX spectrograph (Fig. 5) is due 
to gold sputter coating over samples. Also, quartz 
microfiber consists of  SiO2; thus, a bulk analysis of 
aerosol particles may bias the percentage of Si and O 
in the sample.

The high percentage of C in the ambient air contributed 
due to the carbonaceous material coming from anthropo-
genic activities (Srivastava et al., 2009). Although during 
the lockdown period vehicular emissions were at their 
minimum; however, other anthropogenic activities, viz, 
diesel generator and biomass burning, might be the con-
tributor. The group of elements, viz., Si, Mg, Al, Ca, and 
Ti elements, present in the sample are mainly from wind-
blown dust, re-suspended crustal material, soil dust, con-
struction dust, industrial combustion, biomass burning, 

Fig. 4  Identification map of scanning electron micrograph. Different elements are shown in different colors
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etc. (Chung et al., 2008; Iordanidis et al., 2008; Jianhua 
et al., 2006; Pachauri et al., 2013; Sobanska et al., 2000; 
Srivastava et  al., 2009). Soil-derived mineral dust sig-
nificantly contributes to the global aerosol load (Piazzola 
et al., 2012) (Jacques Adon et al., 2020). Fine microme-
ter size windblown soil particles can travel thousands of 
kilometers through the atmosphere, and dust plumes are 
predominantly seen in satellite retrievals of global aerosol 
patterns (Husar et al., 1997).

Fire anomaly, trajectory analysis, and CALIPSO 
imageries

For the investigation of possible source apportionment, 
satellite recorded active fire events were also analyzed. 
Figure 6 represents the active fire anomaly acquired by 

MODerate resolution Infrared Spectrometer (MODIS) 
on-board Aqua and Terra satellites during April–July 
2020. In India, the complete lockdown was imple-
mented from March 24 to May 31 in different steps 
followed by a gradual unlock process in various stages 
of relaxation. Under essential services, farming activi-
ties were permitted in India. Starting from the mid of 
April, wheat stubble burning incidents were recorded 
in the north-western agricultural region along the Indo-
Gangetic Basin (Fig. 6).

To elucidate the possibility of local and regional trans-
portation pathways of air parcels towards the study area, 
cluster analysis using Hybrid Single-Particle Lagrangian 
Integrated Trajectory (HYSPLIT) analysis was performed 
for the study period viz. April, May, June, and July (Stein 
et al., 2015). As depicted in Fig. 7, during the month of 

Fig. 5  (a, b) Two examples of a randomly selected unique section of scanning electron micrograph at different resolutions along 
with the corresponding bulk EDX-spectrum of aerosols at the study site
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April, nearly 50–60% of air mass was transported from 
the north-western IGP region of India, Pakistan, and 
Afghanistan and the rest from the gulf region. In the 
month of May, up to 80% of the air mass reaching the 
study area was transported from the pathways including 
Iran, Afghanistan, Pakistan, and northwestern parts of 
India. During the month of June, nearly 50% of air mass 
reaching towards the study area is from the north-western 
IGP region, 7.5% from the eastern region, and 20 to 40% 
from long-range travel crossing Pakistan, Afghanistan, 
and Iran.

In the month of July, the study region was under 
the influence of monsoonal winds and nearly 50% of 
air mass seemed to be transported from the south-
ern part, 40% was of local origin, and relatively little 
fraction was coming from the intercontinental distant 
source.

Furthermore, lidar profiles from CALIPSO space-
craft transiting over the north-western Indian region 
were analyzed.

Figure  8a represents the browse image of total 
attenuated backscatter profiles  (km−1 sr −1) at 532 nm 
transited over the study region on May 17, 2020, 
21:02:17.5–21:15:46.2 UTC. Figure  8b depicts the 
depolarization ratio, Fig.  8c gives a vertical feature 
mask, and Fig.  8d denotes the loading of different 
types of aerosols over the study region. The visual 
inspection of these imageries provides valuable infor-
mation regarding the aerosol loading over the region 
(Giles et  al., 2011). The depolarization ratio signi-
fies the degree of particle irregularity (Tian et  al., 
2020). It has been reported that the depolarization 
ratio of dust and anthropogenic aerosol ranges from 
0 to 0.3 (Sugimoto et al., 2002). In the present study, 

Fig. 6  MODIS detected active fire events (red, purple, and blue dots representing confidence level greater than 80%, between 30 and 
80% and less than 30%, respectively) plotted over elevation map
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it is observed that the depolarization ratio is less 
than < 0.25 (Fig. 8b). It signifies that a large number 
of non-spherical particles dominate the ambient aero-
sol over the region mainly during the premonsoon 
season of recording. Figure  8c, d indicate that dust 
and polluted dust dominate the background aerosol 
constituent of the region. The complex interaction of 
Asian dust with anthropogenic pollutants plays a vital 

role in modifying regional and global climate (Tian 
et  al., 2020). Various uncertainties involved regard-
ing the optical, physicochemical, morphological, and 
hygroscopic properties of complex aerosol mixture 
further challenge the accurate estimation of radia-
tive effects (Misra et al., 2014; Schwartz & Andreae, 
1996; Zhuang et al., 2019). Mixed dust plumes with 
air pollutants may lead to brownish haze having a 

Fig. 7  The 4-cluster solutions to monthly resolved HYSPLIT backward trajectories arriving above Dehradun at 500 m agl, for the 
months of April, May, June, and July 2020, respectively
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Fig. 8  CALIPSO lidar cur-
tains on 17 May 2020 dur-
ing 21:02:17.5–21:15:46.2 
UTC over north-western 
Indo-Gangetic Basin in 
close vicinity of Dehradun 
valley region. Latitude and 
longitudes of locations 
along the CALIPSO ground 
track are given below the 
image and altitude (km) 
is indicated as the vertical 
axis. (a) 532 nm attenuated 
backscatter  (km−1  sr−1). (b) 
Depolarization ratio and 
inset image indicate the 
satellite track. (c) Vertical 
feature mask. (d) Load-
ing of different types of 
aerosols. The white circle 
indicates the IGB region 
closely associated with the 
study site
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cooling effect by absorbing and scattering solar radia-
tion reaching the surface of the Earth (Kaufman & 
Tanré, 2003). However, carbonaceous components 
attach to the surface of the dust; the mixture of pol-
luted dust can have a strong heating impact on the 
atmosphere (Seinfeld et al., 2004). Dust particles can 
also provide reactive surfaces for the gaseous pollut-
ants viz  SO2, hence largely increasing the heteroge-
neous chemical reaction in the atmosphere (Li et al., 
2016). These contradicting findings emphasize the 
importance of characterizing the aerosols in diverse 
contexts as these tiny particles play a huge role in 
almost all weather and climate phenomena happen-
ing in the atmosphere of the Earth (McMurry, 2002; 
Prather et al., 2008).

Limitations, summary, and concluding remarks

Characteristics of EBC aerosols during the limited 
period (April–July 2020) of complete lockdown of 
2 months and partial lockdown of next 2 months due to 
COVID-19 pandemic were analyzed. Observations of 
EBC mass concentration and meteorological parameters 
were performed at a clean suburban area of Wadia Insti-
tute of Himalayan Geology, a campus located in Doon 
Valley in north-western Indian Himalaya. SEM–EDX 
analysis was also performed for morphological visuali-
zation and elemental identification. Apart from ground 
observations MODIS satellite-based fire anomaly and 
CALIPSO data imageries are also included in the analy-
sis to better understand the aerosol characteristics in the 
study area. Besides the limitation of not getting a very 
fine resolution at a particular observing site, CALIPSO 
images are still an excellent tool to understand the over-
all loading of aerosols on a regional scale. At present, 
CALIPSO is the only way to provide the 3D perspec-
tive of aerosol distribution in the region, thus contribut-
ing to source apportionment analysis. Satellite observa-
tions are independent of geographical boundaries which 
is an important advantage that is not available (Li et al., 
2009). HYSPLIT air trajectory model is considered to 
be one of the most extensively used atmospheric trans-
port and dispersion models in the atmospheric science 
community. Within limitations, this model is capable to 
provide an essential glance regarding the pollutant trans-
port pathways towards the region of interest.

The main conclusions drawn from the present study 
are summarized as follows:

1. The monthly mean and standard deviation of EBC 
mass concentration was (2.12 ± 1.14  μg   m−3), 
(2.58 ± 1.46  μg   m−3), (2.74 ± 1.49  μg   m−3), and 
(2.12 ± 1.32 μg  m−3) during April, May, June, and 
July, respectively.

2. Comparison of diurnal variation pattern with 
previous studies indicates that the present data-
set follows the same diurnal pattern but less 
prominent morning and evening peaks with sig-
nificantly reduced EBC mass concentration levels 
which might be due to drastically reduced anthro-
pogenic activities during the study period.

3. Bipolar NWR analysis for the months of April and 
May depicts that relatively high EBC concentra-
tion was experienced with prominent south-easterly 
winds. It was also realized that the concentration 
level during daytime hours was relatively high con-
cerning nighttime hours.

4. Preliminary study of scanning electron micrographs 
indicates variable morphology of aerosols, viz, 
spherical, irregular, layered, aggregated, flaky, frac-
tal, and grapes-like structures. Bulk particles EDX 
spectra show the presence of C, O, Na, F, Al, Si, K, 
Ca, and Ti elements with a dominance of C and O. 
Windblown dust seems to be the major contributor 
to the EBC aerosols in the present investigation.

5. Wheat stubble burning incidents starting from 
mid of April to early-June were recorded by the 
satellite observations (MODIS). This might be 
the reason behind the heavy loading of polluted 
aerosols over the region. The heavy load is also 
visible in CALIPSO data imageries recorded dur-
ing the same period.

6. HYSPLIT cluster trajectories indicate that the 
region of study is strongly influenced by the air 
mass approaching from the western direction.

Furthermore, the present study opens a possibility 
for future long-term multi-seasonal optical and phys-
icochemical characterization of aerosol pollutants in 
the foothill Himalayan region.
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