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In this study, we investigate the temporal variations in columnar aerosol pollutants and their
possible association with the simultaneously measured black carbon (BC) aerosol mass
concentration and associated biomass burning (BB) over urban (Delhi) and rural
(Panchgaon) sites during the lockdown phases of the COVID-19 pandemic. We also
show the impact of lockdown measures on boundary layer ozone and its primary
precursors, NO2, and water vapor (H2O), potent greenhouse gases that destroy
protective ozone. For this purpose, we used multiple datasets, namely, black carbon
(BC) aerosol mass concentration and biomass burning (BB) aerosols using an
aethalometer at Amity University Haryana (AUH), Panchgaon, India, and satellite
retrievals from NASA’s MODIS and OMI at both the stations. The analysis was
conducted during the pre-lockdown period (1–25 March), lockdown 1st phase (25
March–14 April), lockdown 2nd phase (15 April–3 May), lockdown 3rd phase (4–17
May), lockdown 4th phase (18–31 May), and post-lockdown (1–30 June) period in 2020.
Our diagnostic analysis shows a substantial reduction in AOD (Delhi: −20% to −80%,
Panchgaon: −20% to −80%) and NO2 (Delhi: −10% to −42.03%, Panchgaon −10% to
−46.54%) in comparison with climatology (2010–2019) during all four phases of lockdown.
The reduction in AOD is attributed to lockdown measures and less transport of dust from
west Asia than climatology. Despite a reduction in NO2, there is an increase in the ozone
amount (Delhi: 1% to 8% and Panchgaon: 1% to 10%) during lockdown I, II, and III phases.
The observed enhancement in ozone may be resultant from the complex photochemical
processes that involve the presence of NO2, CO, volatile organic compounds (VOCs), and
water vapor. The reduction in AOD and NO2 and enhancement in ozone are stronger at the
rural site, Panchgaon than that at the urban site, Delhi.
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INTRODUCTION

The novel coronavirus first detected in late December 2019 in
Wuhan, China, has eventually become a deadly virus, which is
highly transmissible, along with a high mortality rate (Suresh
et al., 2020). Due to its rapid spread and deadly nature, several
people were affected within a month (Bull et al., 2020; He et al.,
2020); it is considered as one of the major disasters, which has
affected the whole world. In early March 2020, the World Health
Organization (WHO) named the coronavirus as COVID-19 and
declared this COVID-19 as a pandemic. After the outbreak of this
COVID-19, it affected the world in a gradual manner
(Raibhandari et al., 2020) mainly through cross-border travels.
As the numbers of COVID-19 cases were increasing, the Prime
Minister of India asked all citizens across the country to observe a
14-h public curfew on 22 March 2020. Following this, the
government of India ordered a complete nationwide lockdown
for 21 days, starting from midnight of 24 March 2020. To handle
the worsening of the pandemic in the country, the government
urged the Indian states and citizens to strictly follow the social
distancing measures as a preventive strategy (https://www.mha.
gov.in/).

After detecting the cases of COVID-19 in late January 2020
in India, the COVID-19 was found significantly spared in
various states of India. According to the Ministry of Health
and Family Welfare (MoHFW), present situation on 13 October
2020, total infected cases were 35,985,920, mortality was
450,963, and the recovery cases of 33,320,057 were reported
in entire India on https://www.mygov.in/covid-19/, translating
into a case fatality rate of 1.33% (MoHFW, 2020). Maharashtra,
Tamil Nadu, Delhi, and Gujarat reported 50% of India’s cases,
and the number of cases increased in the northeast states. In
order to respond to this novel threat and to limit the spread of a
virus, the Indian government has taken various precautionary
measures, such as large scale COVID-19 screening tests,
quarantine, social distancing, wearing of a mask, and
sanitization of hands. Furthermore, considering the
seriousness of the disease, the measures were taken to impose
a nationwide lockdown in entire India, which was not the case
for other countries (Rimesh and Urmila, 2020).

Tocontrol the transmission of COVID-19 and to measure the
outcome from the precautionary measures, initially, on 22 March
2020 a 1-day Janata (people’s) curfew, followed by a 21-day
nationwide lockdown (25 March 2020 to 14 April 2020:
lockdown phase (LDP)-1) was announced and thereafter in
succession LDP-II: 15 April to 3 May 2020, LDP-II: 4 May to
17 May 2020, and LDP-IV: 18 May to 31 May 2020 have been
imposed. As a result, many industries, transport, economic, and
social activity were shut down. After that, to restart the economy,
two unlock phases have also been announced, respectively, on
ULP-I: 1 June 2020 to 30 June 2020, and ULP-II: 1 July 2020 to 31
July 2020. These various lockdown phases reduced the mortality
rate of COVID-19, improved the environment and air quality in
the country. Various researchers from the world have focused on
finding the effects of COVID-19 lockdown on the atmosphere.
Recent studies have reported the improvement in air quality due
to restrictions placed during the lockdown.

Research from other countries, namely, Germany, France,
Italy, and Spain, reported a drastic decrease in concentration
levels of GHGs, NO2, PM2.5, and PM10 but spikes in ozone
concentration. The researchers, all over the world, have
indicated a significant reduction in greenhouse gases, PM10,
PM2.5, CO, NO, NO2, NH3, NOx, and SO2 concentrations
dropped during the lockdown period (for example, Devara
et al., 2020). Ghosh and Ghosh (2020), Srivastava (2020)
reviewed various studies and concluded the improvement in
the air quality due to lockdown. Gautam (2020a), Fadnavis
et al. (2021) analyzed NO2 data, derived from the satellite
(Sentinel–5P) and reported a significant reduction in Asian
(Kanniah et al., 2020) and European countries. In another
study, Gautam (2020b) analyzed the data from the National
Aeronautics and Space Administration (NASA) and reported a
50% reduction in the air quality of the Indian region. Gupta et al.
(2020) reported a reduction in the concentration of that
influenced the a in 40 μg/m3 in particulate matter (PM2.5 and
10 ppm in CO over New Delhi, India. Mahato et al. (2020)
reported a 40–50% improvement in the air quality over New
Delhi. Jain and Sharma (2020) reported a ~30–80% reduction in
pollutants levels in all the major cities of India. Bera et al. (2020)
found a positive correlation between PM2.5 and the lethality
related to COVID-19 in Kolkata. Ranjan et al. (2020), Ranjan
et al. (2021) reported from their studies of aerosol optical depth
(AOD) using MODIS data, a 45% reduction in AOD during the
lockdown period as compared to 19-year (2000–2019) AOD
long-term mean.

The northern part of India normally experiences a poor air
quality and high levels of atmospheric pollution due to various
reasons, such as vehicular emissions, industrial activity, brick-
kilns, and crop-residue burning (Singh et al., 2004; Prasad et al.,
2006; Srivastava et al., 2021). Correlations between deviations in
different pollutant mass concentrations, the spread of COVID-
19, social distancing, indoor pollution, trends in morbidity, and
mortality during 2020 have been derived from studies of air
pollution and synchronous local and long-range meteorological
parameters (Devara et al., 2020, 2021).

During this complete lockdown, there was an improvement in
the air quality and a reduction in pollutant parameters in this area
too (Sonbawne et al., 2021). The present study deals with such
pollution scenarios, lockdown episodes in Panchgaon (Manesar)
and New Delhi (Noida), situated about 50 km apart in the
northern part of India.

DATA AND METHODOLOGY

MODIS Satellite Measurements
The moderate-resolution imaging spectroradiometer (MODIS) is
a scientific instrument (radiometer) onboarded the NASA Terra
and Aqua satellite platforms. Both Terra and Aqua satellite
platforms were launched in 1999 and 2002, respectively. These
instruments offer a look at terrestrial, atmospheric, and ocean
phenomenology for a wide and various communities of users
throughout the world. Terra and Aqua satellites with MODIS
instruments attached fly on the sun-synchronous orbits at
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705 km altitude and pass over the same spot of the Earth at
about the same local time every day, that is, 10:30 a.m. in the
case of Terra and 1:30 p.m. for Aqua. MODIS measures reflected
solar and emitted thermal radiation in a total of 36 bands
ranging at a wavelength from 0.4 to 14.4 µm and at varying
spatial resolutions (2 bands at 250 m, 5 bands at 500 m, and 29
bands at 1 km).

The MODIS radiance data are inverted into nearly 40
different products having applications in various fields of
considerable interest and importance in the Earth’s system to
study global dynamics of the Earth’s atmosphere, land, ice,
clouds, and oceans (for example, King et al., 1999; Devara,
2017; Zambrano-Monserrate et al., 2020). In this study, a deep
blue product of AOD at 550 nm and water vapor observations
were used.

OMI Satellite Measurements
The ozone monitoring instrument (OMI) was launched in 2004
on a 705 km sun-synchronous polar orbit on the AURA satellite
with an ascending node equator crossing time of 1:45 p.m. The
OMI measures the solar radiation backscattered by the Earth’s
atmosphere and surface over the entire wavelength range from
270 to 500 nm with a spectral resolution of about 0.5 nm. The
wavelength ranges (ultraviolet: 270–365 nm and visible:
365–500 nm) are used to retrieve total column gases such as
O3 and NO2. Furthermore, OMI gives ultraviolet aerosol index
(AI) parameters (Torres et al., 2007). NO2, ozone, and AI data
were used for OMI version 3 data, which has daily temporal with
a minimum grid of 0.25 × 0.25 spatial resolution. However, for
the anomaly study, we have considered a grid of 1 × 1. The details
of the OMI data and retrieval methods can be found in Krotkov
et al. (2019). The data are downloaded using the NASA Giovanni
portal (https://giovanni.gsfc.nasa.gov/).

Aethalometer Measurements
The aethalometer used in the present study is an advanced (next-
generation) multi-beam instrument, being operated at AUH,
Panchgaon, in collaboration with IITM, Pune, for the 24 × 7
measurement of black carbon (BC) aerosol mass concentration
and biomass burning (Sonbawne et al., 2021). This instrument
uses the latest “Dual Spot” technology that eliminates data
contamination due to filter loading (Drinovec et al., 2015) A
unique feature of this instrument is that it provides a
simultaneous measurement of biomass burning (BB)
contribution (in percentage) to the measured BC mass
concentration (µgm−3). The seven operating wavelengths
permit the identification of biomass emissions. More details of
the instrument and its wide applications to the studies of
carbonaceous (most absorbing) aerosol influence on human
health and climate have been reported in the literature (for
example, Bond et al., 2013; Devara et al., 2017; Dumka et al.,
2019; Sonbawne et al., 2021).

The total column aerosol optical depth (AOD), from MODIS,
and columnar AI (aerosol index, representative of columnar
aerosol size distribution) and water vapor; total column ozone
(TCO) and total column nitrogen dioxide from OMI during the
period from 01 March to 30 June 2020, which encompasses the

pre-lockdown (1–24 March), phase I (25 March–14 April), phase
II (15 April–3May), phase III (4–17May), phase IV (18–31May),
and post-lockdown (1–30 June) periods have been retrieved. The
simultaneous ground-based data using an aethalometer at
370 nm (brown carbon or wood-burning aerosol emissions)
and at 880 nm (black carbon emissions from the burning of
fossil fuel) have also been archived. These datasets have been
analyzed to examine the inter-relationship between the pollutant
variations and their resultant influence at two contrasting
locations, one situated in the urban and the other in the rural
environment, during different lockdown phases of COVID-19. It
may be noted here that the norms introduced by the government
during different phases affected the pollution levels in different
manners (Chen et al., 2020). During phase I, nearly all the
industrial and mass transportation were suspended
immediately except for some of the essential services. During
phase II, conditional relaxation was imposed in the regions where
the spread of COVID-19 had been slowed down. During phase
III, conditional relaxation continued, and the entire country has
been split into three zones as red zone (higher cases), orange zone
(lower cases than the red zone), and green zone (no case in the
past 21 days). Normal public movement is permitted in the green
zones. Red zones were further divided into the “containment” and
“buffer” zones and the local bodies were given the authority for
this demarcation.

We estimate anomalies (daily values in 2020 minus daily
climatology) of AOD, AI, H2O, NO2, and O3. The daily
climatology is obtained for the period 2010–2019 for all the
species. Since biases are the same in observations in 2020 and
climatology, the anomaly is benefited by the removal of
systematic biases and examining the variations in relative
NO2, O3, AI, H2O, and AOD in 2020. The anomalies of NO2,
O3, AI, and AOD represent reduction due to anthropogenic
activities during the COVID-19 lockdown period, while
anomalies of H2O are mainly due to meteorology.

Trajectory Analysis
An approach to merge trajectories (driven by HYSPLIT) that are
near each other and represent those groups, called clusters, by
their mean trajectory (Su et al., 2015). Differences between
trajectories within a cluster are minimized, while differences
between clusters are maximized (Srivastava et al., 2021).
Computationally, trajectories are combined until the total
variance of the individual trajectories about their cluster mean
starts to increase. Cluster analysis is a multivariate statistical
technique increasingly used in air pollution research. This
method involves splitting the data set into a number of groups
that need to be as homogenous and as distinctly different from
each other as possible. Generally, the result of the application of
the cluster analysis technique to air trajectories is similar to a flow
climatology in which trajectories are classified into groups
according to certain criteria, but cluster analysis is more
objective, and it accounts for variation in transport speed and
direction simultaneously, yielding clusters of trajectories, which
have similar length and curvature (Harris and Kahl, 1990).

In order to examine the sources that are responsible for the air
masses at the study location (Panchgaon, a rural site in the
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present case), cluster mean backward trajectories at the optimum
level and the associated TSV (total spatial variance, in percent)
during each phase of lockdown were calculated for the pre-
lockdown, phases I, II, III, and IV, and post-lockdown periods.
When the clustering is completed, the program calculates the
total spatial variance (TSV) as the trajectories are merged into one
cluster. In this study, the TSV is a measure of the degree to which
the chosen clusters fit the data (Harris and Kahl, 1990; Draxler
et al., 2020). In the present case, the change in TSV variance for
only the last 30 clusters is considered. The maximum number of
clusters in each case varied from two to three, and they are
marked by red, dark blue, and green, respectively, for 1st, 2nd,
and 3rd clusters. A Supplementary File, covering the details of
the experimental location and the results of TSV analysis, is given
separately.

RESULTS AND DISCUSSION

Variations in NO2 in Delhi and Panchgaon
The daily variation of total column nitrogen dioxide (expressed in
1015 molecules/square centimeter) during the pre-lockdown;
phases I, II, III, and IV; and post-lockdown periods over New
Delhi and Panchgaon is plotted in Figure 1A. The most striking
feature that can be seen from Figure 1A is that the NO2 values
over the urban station, New Delhi, are almost the double of the
rural station, Panchgaon, throughout the study period. Figure 1B
shows anomalies in NO2 at these two stations during the study
period. It shows a reduction in NO2 column during phase I
compared to the pre-lockdown period by −54% (5.4–2.5 ×
1015 mol/cm2) in Delhi and −59% (9.2–3.2 × 1015 mol/cm2) at
Panchgaon. This indicates a clear signal of reduced
anthropogenic activity during the lockdown that has reduced
the NO2 column at both stations. The reduction at Panchgaon is
higher than that at New Delhi by 3–10%.

Figure 1B shows an increasing trend in NOx during lockdown
to the post-lockdown period at both stations. This could be due to
relaxing the strict measures and slowly opening of the economy.

However, an average reduction in NOx is by 42.03% in Delhi and
by 46.54% at Panchgaon during phase I to IV lockdown periods.
The positive anomaly in the pre-lockdown and post-lockdown
period suggests the contribution from the anthropogenic activity
that was restricted in the COVID lockdown. Previous studies
have also reported a reduction in NO2 over North India (in Delhi:
−52.68% during phase I–II, by Mahato et al., 2020, at Lucknow:
−54% during phase I, by Karuppasamy et al., 2020). These results
agree with our findings. More importantly, New Delhi, the capital
of India, showed less decrease in NOx compared to Panchgaon.
Other stations in India also showed a reduction in NO2 (Mumbai-
43.08%, Gandhinagar- 45.64%, Bangalore- 48.25%, and Nagpur
46.13%) (Vedrevu et al., 2020; Singh and Chauhan, 2020).

Variations in Total Column Ozone (TCO) at
New Delhi and Panchgaon
The daily mean variations in total column ozone (TCO) in
Dobson Unit (DU), over New Delhi and Panchgaon during
the pre-lockdown; lockdown phases I, II, III, and IV; and
post-lockdown periods are compared in Figure 2. It shows
that most of the time the TCO values over New Delhi are
larger than Panchgaon during the study periods.

Figure 2A shows a decrease in ozone amounts during
lockdown periods in comparison to pre-lockdown phase I by
342 to 270 DU in Delhi and 334 to 274 DU at Panchgaon. The
ozone concentration shows a decreasing trend over the period
covering pre-lockdown to post-lockdown. Furthermore, we show
ozone anomalies during the study period in Figure 2B. Its shows,
positive anomalies during pre-lockdown to phase III with the
range of ~+12% to +1%, this indicates that ozone concentrations
at both stations are higher than the climatology, while ozone
anomalies are negative anomalies during phase IV and in the
post-lockdown period. This indicates that ozone amounts are less
than the climatology during phase IV and in the post-lockdown
period.

The positive anomalies of ozone during the pre-lockdown
period may be due to a reduction in NO2 (negative anomalies in

FIGURE 1 | (A) Daily variation in total column nitrogen dioxide (NO2) (*10
15 molecule/cm2) obtained from OMI satellite retrievals at New Delhi and Panchgaon, (B)

same as (A) but for anomalies (2020 minus climatology). Climatology is obtained for the period 2010–2019.
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for phase–IV and post-lockdown) during the same time at New
Delhi and Panchgaon stations. A decrease in NO2 has reduced O3

destruction via the NO titration cycle that led to more ozone
amounts. Ozone photochemistry is also affected by solar
radiation. The reduction of aerosol pollution during the
lockdown has increased the solar radiation reaching the
ground (Devara et al., 2019; Fadnavis et al., 2019) that might
have accelerated ozone formation. A feature of increase in ozone
emphasizes the complex O3 chemistry. The variation in other
ozone precursors, for example, CO, volatile organic compounds
and meteorological variability and solar irradiance (cloudiness)
plays an important role in ozone heterogeneous chemistry
(Sillman et al., 1990) under significant aerosol reduction
conditions (Shi and Brasseur, 2020). Our results are also in
agreement with the reported reduction in ozone by 36%
during phase-I by Girach et al. (2021) and also with the other
studies (Mahato et al., 2020; Soni et al., 2021; Dhaka et al., 2020;
Singh et al., 2020).

Variations in Total Column Water Vapor
(TCW) at New Delhi and Panchgaon
The daily mean variations in total column water vapor (TCW, in
cm), derived from MODIS over New Delhi and Panchgaon are
compared in Figure 3A. It is clear from the figure that TCW
shows an increasing trend at both study sites. Furthermore, TCW
values over New Delhi exhibit almost close to those over
Panchgaon during the study period, while it varied from 1.10
to 6.62 cm for NewDelhi and from 1.13 to 5.96 cm for Panchgaon
during the pre-lockdown period. Phase II, III, and IV periods
show the TCW values are slightly higher than those in phase I.
However, these values are higher than those of the pre-lockdown
period. The increase in the total column water content could also
partly be due to the increase in ground-level temperature and
change in local meteorological conditions. Increasing water vapor
leads to a cooling of the stratosphere and modifies stratospheric
chemical processes. Thus, the cooling of the stratosphere leads to
stratospheric ozone depletion processes (Tian et al., 2009).

FIGURE 2 | (A) Daily variation in total column ozone (O3) (DU) obtained from OMI satellite retrievals at New Delhi and Panchgaon, (B) same as (A) but for anomalies
(2020 minus climatology). Climatology is obtained for the period 2010–2019.

FIGURE 3 | (A) Daily variation in total column water vapor (TCW) obtained from MODIS satellite retrievals at New Delhi and Panchgaon, (B) same as (A) but for
anomalies (2020 minus climatology). Climatology is obtained for the period 2010–2019.
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On the whole, the variations in ozone/water vapor over both
locations are found to be well correlated throughout the study
period; and they exhibited a monotonic decreasing/increasing
trend, which coincides with the fact that the increase in the water
vapor content reduces the ozone content, as mentioned before.
The variations in TCW during different phases of lockdown are
attributed to the relaxations imposed by the government. Thus,
the variations in TCW (affected by net radiation) are found to be
unique as compared to those of other pollutants at both study
regions.

The anomalies computed for MODIS-derived TCW over
both study regions are also plotted in Figure 3B. Although
the scatter is more in the anomaly, the values are almost
coincident, except at the end-stage of the transition between
pre-COVID and lockdown phase I over both study regions.
Moreover, the TCW anomaly values are larger and positive
during the pre-COVID than those in the post-COVID period.
Overall, positive values during pre-, II, IV, and post-lockdown,
and negative during I and III lockdown periods were shown.
These variations could partly be due to the heterogeneous
lockdown policy, involving strict and relaxed structures.
During the lockdown period, because of the absence of
anthropogenic activity, most of the solar radiation reaches
the Earth’s surface and hence there was an increase in
ground level temperature which in turn causes warmer
climate (Vargas et al., 2019). The warmer climate at the
surface enhances the stratospheric water vapor. It may be
mentioned here that, as explained before, the reduction in
AOD during the phase I may be due to the combination of
unusual rain and also due to the restrictions imposed by the
government.

Variations in AOD in Delhi and Panchgaon
The daily mean variations in aerosol optical depth (AOD) from
MODIS during pre-, I, II, III, and IV, and post-lockdown
periods at New Delhi (28.35 N, 77.12 E, ~ 215 m amsl), and
Panchgaon (28.32 N, 76.92 E, 285 m amsl) stations are shown in
Figure 4. In general, Figure 4A shows higher AODs at New

Delhi than Panchgaon during the study period. There is a
reduction in AOD during lockdown phase I in Delhi (by 0.54
to 0.15) and Panchgaon (by 0.65 to 0.42) due to the lockdown
restrictions imposed by the government. The AOD increase
during phase I to the post-lockdown period indicates an
increasing trend. The observed increase in AOD at these
stations is associated with the partial opening of the
economy during phases II, III, and IV. During these phases,
the transportation continued to play a significant role since
industrial, construction, and economical activities were active.
During the post-lockdown phase, AOD values at New Delhi
shoot up to 0.50 to 1.50 and at Panchgaon 0.1 to 1.50. These
nearly doubled as compared to that during the pre-lockdown
period.

Furthermore, we show anomalies of MODIS AOD in
Figure 4B, over the New Delhi and Panchgaon obtained as
the difference between the daily values of March to June 2020
with respect to climatology. It shows a sharp reduction in AOD by
the same amount over New Delhi and Panchgaon (−20% to
−80%) during phase I. But in phase II MODIS AOD shows a
positive anomaly (5% to 30%). The increase in AOD compared to
climatology is due to the higher amount of fires in the vicinity of
both the stations. Furthermore, in phase III, IV AOD anomaly is
negative over New Delhi (−10% to −40%) and Panchgaon (−10%
to −40%). Earlier studies also showed that there is a reduction in
AOD during the COVID-19 period over North India (e.g., Ranjan
et al., 2020; Fadnavis et al., 2021; Ranjan et al., 2021), which agree
with the present work.

Variations in Aerosol Index (AI) in Delhi and
Panchgaon
The OMI aerosol index (AI) is an indicator of aerosol size
distribution that has been deduced from the spectral
dependence of AOD observations on each day. We
analyzed the OMI aerosol index (AI) over New Delhi and
Panchgaon during the pre-lockdown, lockdown phase I, II,
III, and IV, and post-lockdown period. Figure 5A shows day-

FIGURE 4 | (A)Daily variation in total column aerosol optical depth (AOD) obtained fromMODIS satellite retrievals at New Delhi and Panchgaon, (B) same as (A) but
for anomalies (2020 minus climatology). Climatology is obtained for the period 2010–2019.
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to-day variation and Figure 5B anomaly of AI. It is clear from
the figure that, overall, the AI values for Panchgaon (rural
station) are larger (smaller size particles) and smaller (bigger
particles) at New Delhi (Urban station). In general AI values
are less than 1 at both stations indicating the presence of
anthropogenic aerosols. The anomalies in AI (Figure 5B)
show positive anomalies in the pre-lockdown and post-
lockdown period. This is due to higher anthropogenic
emissions. The negative anomalies of AI during lockdown
phases are due to limited anthropogenic activity. The large
grid of OMI (1 × 1) covers both Delhi and Panchgaon
stations. Hence, variations in anomalies are the same at
both stations. It also suggests the transport of dust is less
than during the rest of the normal year (year not associated
with any major ocean-atmospheric coupled phenomenon like
El Nino, IOD etc.)., which is also shown by Fadnavis et al.
(2021). The time-series patterns of AI at New Delhi and
Panchgaon have been studied. The results show a substantial
reduction in AOD (Delhi: −20% to −80%, and Panchgaon:
−20% to −80%) in comparison with climatology (2010–2019)
during all the four phases of lockdown. The observed

reduction in AOD at both stations is attributed to
lockdown measures and less transport of dust from west
Asia than climatology.

Variations in BC and BB Over Panchgaon
Both black carbon (BC) aerosols and biomass burning (BB) have
received particular attention around the world due to their impact
on air quality and public health. Due to its fine size (size-mode
2.5 μm), large specific surface area, and irregular morphology, it is
easily inhaled and can affect human health, causing
cardiovascular, respiratory, and other diseases (Highwood and
Kinnersley, 2006; Suglia et al., 2008; Cunha-Lopes et al., 2019).
BC mass concentrations, measured using an aethalometer at 370
and 880 nm wavelengths during the pre-, phase I, II, III, IV, and
post-lockdown periods are plotted in Figures 6A,B. The daily
mean variation in black carbon (BC) mass concentration
observed using a multi-spectral aethalometer at 370 and
880 nm wavelengths during the pre-, phase I, II, III, IV and
post-lockdown periods is plotted in Figures 6A,B. The daily
variation of the percentile of biomass burning (BB) aerosol
contribution to BC is also plotted in

FIGURE 5 | (A)Daily variation in aerosol index (AI) obtained fromOMI satellite retrievals at NewDelhi and Panchgaon, (B) same as (A) but for anomalies (2020minus
climatology). Climatology is obtained for the period 2010–2019.

FIGURE 6 | Day-to-day marching of BCmass concentration and BB% obtained using multi-spectral aethalometer measurements (A) at 370 nm, (B) 880 nm, and
(C) BB%.
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Figure 6B. As explained in Dumka et al. (2019), the major
contribution to BC at 370 nm comes from the vehicular
exhaust, while the contribution at 880 nm comes from

industrial emissions. Since these estimations are mainly
made by the property of absorption, the effects due to
wavelength dependence are normalized in the calculations.

FIGURE 7 | Air mass backward trajectory (Source at 28.37N, 76.91E) cluster for the BC data of pre-, I, II, III, IV, and post-lockdown phases during 1March–30 June
2020.
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Figure 6A shows a reduction in the BC mass concentration
during phase I as compared to the pre-lockdown period
(370 nm: 8,241-1,510 ng/m3; 880 nm:6,293-912 ng/m3) at
Panchgaon, The observed reduction is due to the total
restriction on transportation and industrial operations. BC
at 370 and 880 nm (Figure 6B) increases during phase I to IV,
whereas the contribution of BB % shows a decline (Figure 6C)
during lockdown phases. However, these observations are not
available at New Delhi.

Variations in Transport Characteristics
During Lockdown
During the pre-monsoon season when the lockdown was
imposed over India, variation in aerosols is influenced by
long-range transport of dust from west Asia (Lau, 2006;
Fadnavis et al., 2017). However, the transport pattern may be
different in spring 2020 due to variation in dynamics (Fadnavis
et al., 2019). Hence, we show trajectory analysis during the
lockdown period. While forward trajectories describe where a
particle will go, backward trajectories indicate where it came
from. Air trajectories are frequently used for the interpretation of
individual flow situations for several decades, but statistical
methods for large sets of trajectories have been developed
more recently (Stohla et al., 2002; IPCC, 2017).

To examine the sources of air mass concentrations at the study
location (New Delhi), we have shown cluster mean backward
trajectories and the associated total spatial variance (TSV, in
percent) during the pre-lockdown; phases I, II, III, and IV; and
post-lockdown periods in Figure 7. It is to note that the number
of trajectories available for forming the clusters during each phase
of lockdown is different for different phases.

In the case of pre-lockdown (1st to 25th March 2020) the 54
backward trajectories of air masses come at the study location
(New Delhi) from the Mediterranean Sea and desert region.
However, cluster 2 contributes 30% of the air mass, which
comes from the desert region. In the case of phase I lockdown
(25th March–14th April 2020), 34 backward trajectories of air
masses come from the Mediterranean Sea and desert region,
however, maximum contribution (65%) by 1st cluster. 44
backward trajectories were averaged in the case of the phase II
lockdown and formed three clusters; the 1st cluster contributed
32% of air mass from the desert region. In the case of the phase III
lockdown period, 35 backward trajectories were averaged, and
two clusters were formed. The 1st cluster contributed a maximum
of 80% of air mass from the desert region. Similarly, in the case of
the phase IV lockdown phase, a total of 29 backward air mass
trajectories participated the formation of clusters; and two
clusters were formed. The 2nd cluster contributed a maximum
of 69% of air mass from the desert region. On the other hand, in
the case of post-lockdown, a total of 38 backward trajectories have
participated in the formation of clusters; and three clusters were
formed. The 1st cluster contributed 68% to the air mass from a
local transport and the 2nd cluster contributed 24% of air mass
coming from the Arabian Sea. This trajectory analysis indicates a
transport of dust from the Mediterranean Sea and desert region
(Fadnavis et al., 2021).

SUMMARY AND CONCLUSION

The impact of lockdown concept of COVID-19 on the
synchronous near-surface carbonaceous aerosols and
satellite-derived columnar aerosol optical depth, size
distribution, water vapor, ozone, and nitrogen peroxide over
two contrasting environmental (urban and rural) conditions
during 2020 has been reported in this study. The analysis of
OMI NO2 shows a substantial reduction in Delhi (−10% to
−42.03%) and Panchgaon (−10% to −46.54%), while ozone
amounts show enhancement in Delhi (1% to 8%) and
Panchgaon (1% to 10%) than climatology during lockdown
I—III phases. The observed enhancement in ozone, despite a
reduction in NO2, may be a resultant of the complex
photochemical processes related to the ozone formation
mechanisms that involve the presence of NO2, CO, volatile
organic carbon (VOC), and water vapor. The columnar density
of pollutants over the urban station (New Delhi), especially in
the case of columnar NO2, is found to be higher than that over
the rural (Panchgaon) station.

The variation of pollutant levels showed a positive trend in
tropospheric column NO2 and H2O and a negative trend in
tropospheric column ozone. The behavior of pollutant
concentrations during both lockdown versus no-lockdown
phase, and their comparison within the lockdown periods
also exhibited interesting results. It is observed that the
pollutant concentration scenarios are different not only
between pre- and post-lockdown periods due to local
meteorology and long-range transport processes but also
within the four lockdown phases implemented by the
government. The significant differences observed between
certain phases are considered to be due to the nature of
lockdown, imposed by the government. Overall, the
concentration of pollutants is found to be lower during the
lockdown phases than those observed either during the pre-
lockdown or post-lockdown period. This aspect clearly
indicates the positive impact of the lockdown concept, and
it is found more helpful not only for curbing the regional
pollution but also for improving the other requirements of
maintaining the social distance to minimize the health hazards
leading to morbidity and mortality during the COVID-19
period.
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