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ABSTRACT

The tragic COVID-19 pandemic, while presenting numerous devastating consequences, has inadvertently
provided a unique opportunity for studying air pollution. In this study, we specifically evaluate the spatiotemporal
changes in aerosols before and during the COVID-19 lockdown from March to May 2020 over Northwest India, with
a particular focus on two subregions in the vicinity of Delhi: Delhi-West and Delhi-East. The assessment was
conducted using aerosol optical depth (AOD) data from the Moderate Resolution Imaging Spectroradiometer
(MODIS) mission, aerosol profiles from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation
(CALIPSO) mission, and ground-based measurements of PM2.5 and PM10. Results demonstrated evident reductions
in surface particulate matter and AOD during the lockdown. Approximately 40% of the contribution to the total AOD
was from aerosols below 1 km. Different rates of change in AOD were observed for the two subregions across
different lockdown phases, attributed to differences in emission sources: Delhi-East is more influenced by residential
emissions, while Delhi-West is more affected by natural sources. The surface concentration and variabilities of
PM2.5 and PM10 confirmed the differences between the two subregions, emphasizing the role of anthropogenic
activities in PM2.5 emissions over the study area.
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1. Introduction notable concentration of fine aerosols, such as
particulate matter that is 2.5 um or less in
diameter (PM2.5), varying spatially, with
suburban areas generally experiencing lower
levels of PM compared to megacities,
particularly in China and India (Lelieveld et
al., 2015).

The Delhi National Capital Region (now
referred to as Delhi-NCR) in India, which
includes Delhi and surrounding districts from
the states of Haryana, Uttar Pradesh, and
Rajasthan (Fig. 1), is home to over 46 million
inhabitants. Within Delhi-NCR, Delhi is
*Corresponding author, Email: ngo-duc.thanh@usth.edu.vn known as one of the top polluted cities in the

Aerosols play a critical role in the Earth's
atmosphere. The amount of aerosols decreases
with altitude and has the highest concentration
typically found near the surface (Liou, 2002).
In the troposphere, aerosol particles can act as
nuclei to form clouds and fog and
significantly  affect chemical reactions
occurring in the atmospheric layers (Brasseur
et al., 1999; Shiraiwa et al., 2011). The near-
surface layer of the atmosphere exhibits a
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world in terms of high PM concentrations. For
instance, in early November 2016, PM2.5
levels in Delhi reached 563 ug.m™ (Kanawade
et al., 2020), far exceeding the World Health
Organisation (WHO) recommended air
quality guideline (AQG) levels of 5 ug.m™ for
the annual average and 15 pg.m™ for the
24-hour average (WHO, 2021). The sources
of PM in the city include vehicular emissions,
industrial processes, construction activities,
and biomass burning (WHO, 2016). These
sources may originate locally due to rapid
urbanization and industrialization (Jethva et
al., 2018) or be transported from remote areas
through atmospheric circulation. The western
side of Delhi-NCR experiences the influence
of mineral dust transported from Southwest
Asia deserts during the pre-monsoon period
(Gautam et al., 2009). Pandithurai et al.
(2008) provided insights into the aerosol
radiative forcing during dust events over the
area, indicating that higher aerosol-induced
heating in the pre-monsoon period has an
impact on the regional monsoon climate.
Meanwhile, the eastern side of Delhi-NCR is
located near the central part of the Indo-
Gangetic Plains (IGP) region, receiving
aerosols transported from the highly
urbanized areas in the northwestern part of
Delhi-NCR by northwesterly wind in pre-
monsoon (Liu et al.,, 2018; Nirwan et al.,
2024). Furthermore, the eastern side of Delhi-
NCR has a higher population density than the
western side (Balk et al.,, 2019). Note that
high population density and vehicular traffic
can result in significant emissions of
pollutants and aerosol loading in the
atmosphere (Guttikunda and Mohan, 2014;
Sharma and Joshi, 2016).

The tragic COVID-19 pandemic, which
peaked during 2020-2022 while presenting
numerous devastating consequences, has
inadvertently provided a unique opportunity
for studying air pollution. Some prior studies
demonstrated that the cessation of many
anthropogenic activities in Delhi during some

lockdown periods, e.g., from March 22 to

May 31, 2020, led to air quality
improvements, i.e., a reduction in PM
concentrations (e.g., Mahato et al., 2020;
Dhaka et al., 2020). However, some other
studies reported contrasting findings, with
certain phases showing significant
improvement in air quality while others
observed an increase in aerosol optical depth
(AOD) during the lockdown periods (Mahato
et al., 2020; Pandey and Vinoj, 2021; Soni,
2021; Venkat-Ratnam et al., 2021; Sharma et
al., 2022). It is worth noting that the lockdown
periods, from March 22 to May 31, 2020, in
these studies above coincided with the pre-
monsoon time. On another note, the pre-
monsoon time corresponds to a high
frequency of air mass updrafts, 77% (Tripathi
et al.,, 2007), up to 45 km (Mishra and
Shibata, 2012). Hence, the changes in
pollutant concentration detected during the
COVID-19 lockdown periods might be
attributable to local emissions and those
originating from higher altitudes of the
atmosphere. However, information on aerosol
changes in different regional tropospheric
layers remains limited.

This study focuses on assessing aerosols'
horizontal and vertical changes above Delhi-
NCR in India during a COVID-19 lockdown
period in 2020. Specifically, we hypothesize
that aerosol changes in the two regions, Delhi-
West and Delhi-East, might differ based on
their sources, whether local or transported
from distant regions. To elucidate this
hypothesis, we describe the analysis using
different observational data sources of
aerosols: remote sensing satellite data and in
situ station data in the following sections.

The rest of this paper is composed of three
sections. Section 2 describes the study area,
period, datasets, and analysis methods. In
Section 3, we present the results, examining
the spatial change of aerosols and vertical
distribution of observed optical parameters in
the atmosphere above Delhi-NCR, as well as
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the changes of PM2.5 in the planetary
boundary layer. This section notably focuses
on the two distinct subregions, Delhi-West
and Delhi-East, with different climatic and
urbanized characteristics observed before and
during the lockdown period of the COVID-19
pandemic. Finally, conclusions are presented
in Section 4.

2. Data and Methodology
2.1. Study area: geographical setting

We conduct the analysis over Northwest
India and then focus on the Delhi-NCR area
(Fig. 1). Additionally, we examine two
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distinct subregions characterized by different
climatic and urbanized features: the west side
(hereinafter referred to as Delhi-West) and the
east side of Delhi-NCR (hereinafter referred
to as Delhi-East), which encompass the areas
of [27.9°N-29.3°N, 75.9°E-77.2°E] and
[27.9°N-29.3°N, 77.7°E-79°E], respectively
(Fig. 1). It is worth noting that Delhi-West
belongs to the humid subtropical climate
zone, while Delhi-East is in the arid zone
(Dimitrova and Bora, 2020). Therefore, we
expect different types of acrosols and different
sources to be present in these two suburban
regions.
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Figure 1. Map of Northwest India (left) with Delhi-NCR (black box) and map of the study area (right),
including Delhi (thick black contour), the districts of Haryana state (green contour), Uttar-Pradesh state
(gray contour), and Rajasthan state (yellow contour). Two distinct subregions, Delhi-West and Delhi-
East, are delineated by the red and blue squares, respectively. The CALIPSO footprints over Delhi-West
(blue lines) and Delhi-East (red lines) from March to May 2020, the fraction of cropland area (shaded),
the locations of monitoring stations (black dots), along with corresponding population density at those
stations (black circles, with the size indicating the density), are also displayed. Data on cropland areas
were downloaded from the Harvard Dataverse (Fujimori et al., 2018). The administrative boundaries are
plotted using shape files from Esri India Technologies Private Limited (2023)
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2.2. Study period

The study period is from March 1 to May
31, 2006-2020. This March to May period
coincides with the pre-monsoon season in the
region (Tripathi et al., 2007; Mishra and
Shibata, 2012; Mehta et al., 2021). Our focus
is on 2020, during which COVID-19 spread,
leading to multiple lockdown phases from
March to May. The March-May period in
2020 includes a Business as Usual Phase
(BAU) and four consecutive lockdown phases
(Ministry of Home Affairs, 2020; Misra et al.,
2021), respectively referred to as LDOI1-
LDO04. Below, we provide further details of
each phase in 2020:

- Business as Usual (BAU, March 1-
March 22): there were no COVID-19
restrictions in place;

- Phase 1 (LDO1, March 23 - April 14): all
non-essential services and factories are halted;

- Phase 2 (LDO02, April 15 - May 3):
following the designated date of April 20,
agricultural businesses, public work programs,
cargo transportation services, and banking
institutions resumed operations;

- Phase 3 (LDO03, May 4 - May 17): The
zoning lockdown area was shaded as "red,"
denoting some infection, and "green,"
denoting no restrictions. Red zones were
further divided into containment and buffer
zones. Construction activities remained
restricted in the red zone, while traffic flow
was eased in the green and orange zones;

- Phase 4 (LD04, May 18-May 31): except
for places where large crowds congregated,
such as shopping centers, colleges, schools,
and airplanes, all other activities were
allowed.

In section 3 (Results), we compared the
aerosol data for the lockdown phases in 2020
with corresponding data from different years
spanning 2006-2019, highlighting the sources
of aerosols over the region.

2.3. Data
2.3.1. Satellite data

This study used Moderate Resolution
Imaging Spectroradiometer (MODIS) data to
obtain total aerosol loading throughout the
entire atmospheric column. In contrast,
Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observation (CALIPSO) data were
used to measure aerosols at different altitudes.

The MODIS mission, launched in 1999,
provides AOD information, among other
variables (Levy et al., 2018). AOD information
is obtained using the Dark Target (DT)
algorithm, which relies on the contrast between
the dark surface (land or ocean) and the
aerosols in the atmosphere to estimate AOD at
0.55 pm. The Deep Blue (DB) algorithm
complements the DT by providing better AOD
over bright surfaces (Sayer et al., 2013). Since
the merged DT and DB products generally
offer better coverage and quality compared to
using DT or DB alone (Levy et al., 2013; Sayer
et al.,, 2014), we employed in this study the
merged daily MODIS AOD product, version
6.1 (Platnick et al., 2015). The data have a
resolution of 1° % 1° and were downloaded
from https://giovanni.gsfc.nasa.gov/.

Regarding CALIPSO, launched in 2006,
its Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) instrument measures
the vertical profile of aerosols and clouds
using backscattering and depolarization
techniques. The vertical resolutions of the
profiles are 30 m and 60 m at 532 nm and
1064 nm, respectively, at altitudes below
8.2 km (Winker et al., 2009).

CALIPSO provides both daytime and
nighttime data. The selected CALIPSO
variables in our analysis include (1) the
Attenuated Total Backscatter (ATB) at
532 nm; (2) the aerosol sub-types; (3) the total
backscatter coefficient at 532 nm; (4) the
color ratio (CR), defined as the ratio of the
backscatter coefficient of particles at the
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wavelength 1064 nm to that at 532 nm; and
(5) the particulate depolarization ratio (PDR),
defined as the ratio of the perpendicular
backscatter component to the parallel
backscatter component at the wavelength
532 nm.

All the above variables are Level 2 data
obtained from the CALIOP Version 4.51 data
with a horizontal resolution of 5 km, except
for the ATB, which is Level 1 data with a
horizontal resolution of 333 m.

In this study, we selected CALIPSO orbits
that passed over Delhi-NCR on the most
clear-sky days from March to May 2020. Due
to high solar background noise during the day
(Liu et al., 2008), nighttime data (descending

orbit) were considered. We obtained 10 orbits
(Fig. 1), with 5 profiles over Delhi-West and 5
profiles over Delhi-East. The overpass time
for the orbit tracks was from 20:00 to 21:00
UTC.

2.3.2. Monitoring station data

To obtain information at the surface, this
study utilized continuous ground PM2.5 and
PM10 measurement data from six monitoring
stations within 100 km of the CALIPSO
footprints (Table 1, Fig. 1). All six stations are
certified by the Ministry  of
Environment, Forest and Climate Change
(MoEFCC).

Indian

Table 1. List of stations, their names, and the distances (in km) to the CALIPSO footprints. The symbol
"-" indicates distances exceeding 100 km. HSPCB stands for Haryana State Pollution Control Board, and
UPPCB stands for Uttar Pradesh Pollution Control Board

Station 1 Station 2 Station 3 Ya:ltl?l::];lllllim- Station 5 Pasllt;\z)(:lr;a?n-
Date H.B. Colony- |Police-Lines-Jind-| Shastri-Nagar- Ganga-Nagar-
Bhiwani-HSPCB HSPCB  |[Narmaul-HSPCB| Dulandshahr- iy,  cuppcp| Phase2-Meerut-
UPPCB UPPCB

13-Mar 30.1 23.5 14.8 - - -

18-Mar - - - 42.8 59.6 69.7
31-Mar - - - 50.3 67.0 77.2
08-Apr 45.3 38.6 30.0 - - 97.3
13-Apr - - - 59.3 76.0 86.1
21-Apr 55.2 48.6 40.1 - 97.5 48.6
26-Apr - - - 70.0 86.7 96.8
04-May 66.8 60.1 51.7 - 86.0 75.9
09-May - - - 82.3 98.9 -

17-May 79.8 73.1 64.9 90.7 73.1 62.9

Stations 1 to 3 in Delhi-West are operated
by the Haryana State Pollution Control Board
(HSPCB) and stations 4 to 6 in Delhi-East are
operated by the Uttar Pradesh Pollution
Control Board (UPPCB). These stations are
equipped with instruments to monitor air
pollutants at 15-minute intervals. The
15-minute average value of each parameter is
reported to the Central Pollution Control
Board (CPCB), which subsequently shares
data from these stations at intervals of 15
minutes, 30 minutes, 45 minutes, and 1 hour.
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These stations are maintained following strict
procedures, including daily checks (power
supply, data transmission), weekly, monthly,
and annual inspections, and instrument zero-
point calibration.

The station data and related information in
this study were obtained from the CPCB
(https://cpcb.nic.in/). The CPCB

ensures data quality through adherence to

website

rigorous protocols for sampling, analysis, and
calibration (Dhaka et al., 2020).
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2.4. Methodology for assessing aerosol
changes
We first examined the horizontal

distributions of total aerosol loading, i.e.,
MODIS-AOD, over the study region during
the different lockdown phases to assess
variations in aerosol levels and their potential
sources. The trend of MODIS-AOD for each
year in each study phase during 2006-2019
was assessed using the nonparametric Mann-
Kendall test (Kendall, 1938; Mann, 1945)
with a statistically significant level of 0.05.
The Mann-Kendall test, which has the
advantage of not assuming any specific
distribution for the data and being robust
against outliers and missing values, is widely
used for assessing long-term trends in various
environmental and climatic variables (e.g.
Hamed et al., 2008; Vu-Thanh et al., 2014;
Salerno et al., 2023; Kliengchuay et al., 2024),
including AOD (Habib et al., 2019).

Subsequently, we calculated the difference
in AOD for each year compared to 2020 for
the five selected study phases using the
Wilcoxon Rank-Sum test (Wilcoxon, 1945).
This nonparametric statistical test compares
two independent datasets to determine if one
tends to have higher or lower values than the
other. It ranks all values from both datasets
together and then compares the sum of the
ranks between them. Like the Mann-Kendall
test, the Wilcoxon test assumes no specific
data distribution.

Next, we examined aerosol characteristics'
vertical distribution using CALIPSO and
ground measurement data. Among the
CALIPSO variables, the ATB 1is used to
differentiate =~ between  different cloud
conditions, such as overcast and partly cloudy,
and to provide quick information about the
aerosol layer extending upwards from the
ground (Liu et al., 2009; Hayes et al., 2010).
The seven aerosol sub-types provided by the
CALIOP profiles give insights into aerosol
sources, including clean marine, dust, polluted

continental/smoke, clean continental, polluted
dust, elevated smoke, and dusty marine (Kim
et al., 2018). The total backscatter coefficient
indicates aerosol concentration in the
atmosphere, while CR values depict particle
size. CR values for smoke and polluted urban
aerosols are generally less than 0.4, much
smaller compared to fresh dust (>0.7)
(Wandinger et al., 2011). Small CR values
indicate fine particles, whereas large CR
values indicate coarse particles. Finally, PDR
values reveal additional information on
particle sources and shapes. PDR values for
fresh and aged dust are generally greater than
0.15, those for aged biomass-burning smoke
are less than 0.1, and those for urban aerosols
(polluted and fresh) are less than 0.05
(Wandinger et al., 2011). Small PDR values
suggest the spherical shape of particles.

Notably, the aerosol information below
~300 m is often missing in CALIPSO data.
Therefore, additional  surface  aerosol
information is obtained from monitoring
stations. We computed PM2.5/PM10 ratios
using data from six monitoring stations within
100km of the CALIPSO footprints. A high
PM2.5/PM10 ratio typically indicates the
prevalence of fine particles primarily emitted
from anthropogenic sources. In contrast, a low
PM2.5/PM10 ratio suggests the dominance of
coarse particles, often from natural sources
such as road dust suspension and natural dust
storms (Eeftens et al., 2012; Khodeir et al.,
2012; Sugimoto et al., 2016; Fan et al., 2021;
Bamola et al., 2024).

In brief, combining the three data sources
allows us to obtain a comprehensive view of
aerosol changes in both horizontal and vertical
directions over the study region. Each data
source complements the others: MODIS data
provide information on total aerosols in the
atmospheric column, CALIPSO exhibits
aerosol characteristics across various vertical
layers generally above 300 m, and monitoring
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stations complete the information of surface-
level aerosols.

3. Results and Discussions

3.1. Spatial distribution of AOD values in
Northwest India

Figure 2 presents the long-term annual
AOD average over Northwest India. AOD
values around 20°N along the IGP are higher
than those in the surrounding areas, ranging
from 0.6 to 1, consistent with findings in other
studies (Babu et al., 2013; David et al., 2018).
Over the highland areas of India where snow
exists, AOD retrievals break down, as
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indicated in white, showing results similar to
previous studies (Gouda et al., 2022; Rani and
Kumar al., 2022). The AOD trend during
2006-2019 generally indicates insignificant
changes over the region, with notable
exceptions over the IGP, where a significant
decreasing trend was noted. This decline can
be primarily attributed to dust transport and
the wet removal of aerosols by monsoon rain
(Babu et al., 2013). Additionally, small areas
in the bottom right of Fig. 2b, which belong to
the central part of India, exhibit significant
increasing trends, in line with the findings of

Tariq (2022).
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Figure 2. a) Annual average of AOD observed by MODIS and b) trend, spanning 2006-2019 across
Northwest India. Hatched patterns indicate regions with statistically significant trends at the 0.05
significance level, while white areas denote missing data

Figure 3 displays the average AOD values
of 2020 and 2006-2019 across the different
study phases. Similar to the long-term annual
AQOD average shown in Fig. 2, AOD values
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along the IGP for each phase are relatively
high compared to those in the surrounding
areas in Fig. 3b. During 2006-2019, AOD in
Phase 3 and Phase 4 tended to be higher than
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in BAU, Phase 1, and Phase 2, possibly due to
increased dust storm activity. In 2020, the
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AOD in the BAU phase was the highest
compared to the other phases.
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Figure 3. Distribution of AOD observed by MODIS over the different study phases: a) in 2020 and
b) the average for the period 2006-2020. White areas denote missing data

Figure 4 further illustrates the differences
in AOD between BAU and LD0O1-LD04 for
the year 2020, and that for the period of 2006—
2020. Notably, 2020 stands out as a particular
year wherein a large area within the study
domain, including the IGP and the southern
part of Northwest India, experienced a
significant decrease in AOD during the
lockdown phases compared to BAU, with
differences ranging from -0.2 to -0.5. Our
findings are consistent with the previous
study's results (Pandey and Vinoj, 2021; Soni,
2021; Venkat-Ratnam et al., 2021).

For a closer and more detailed analysis of
the sources and variability of aerosols over the
region, Fig. 5 zooms into the Delhi-NCR
region to examine the distribution of AOD
over the different study phases in 2020.
Before the lockdown, i.e., during BAU,
MODIS observations revealed high aerosol
loading over the northwest, southeast, and
central areas of Delhi-NCR compared to
surrounding areas. Subsequently, during
Phase 1, AOD decreased sharply compared to
BAU but increased during Phase 2, especially
downstream of Delhi in the southeastern part
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of Delhi-NCR. Aerosol loading was slightly 4 was found in the northwestern part of Delhi-

higher in later phases than in the BAU phase.
Notably, the maximum level of AOD in Phase

NCR, attributed to the influence of dust
storms during this period (Prijith et al., 2021).
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Figure 4. Difference between AOD during Phase 1 to 4 and that during BAU for 2020 and the average for
2006-2020 (shading). Hatched patterns indicate statistically significant differences at the 0.05 level using

the Wilcoxon test. White areas denote missing data

In the central area of Delhi-NCR, which
includes two regions marked by solid
rectangles, Delhi-West and  Delhi-East
(Fig. 5), during the BAU phase, AOD ranged
from 0.5 to 0.6 in the western region (Delhi-
West) and 0.45 to 0.5 in the eastern region
(Delhi-East). In Phase 1, AOD ranged from 0.3
to 0.4 (Delhi-West) and 0.2 to 0.3 (Delhi-East).
Compared to BAU, AOD decreased by
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approximately 50% in Delhi-West and 44—50%
in Delhi-East. In Phase 2, AOD ranged from
0.5 to 0.6 (Delhi-West) and 0.6 to 0.7 (Delhi-
East). Compared to BAU, AOD decreased by
25-50% in Delhi-West and 10-20% in Delhi-
East. This result implies the effect of aerosols
from residential consumption, given the higher
population of the Eastern part compared to the
Western part of Delhi-NCR, leading to a less
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effective reduction in AOD due to local
emission activities, such as increased cooking
when people stayed home (Sharma and Joshi,
2016). In Phase 3, AOD ranged from 0.35 to
0.4 (Delhi-West) and 0.55 to 0.6 (Delhi-East).
In this phase, the decreasing trend of the two

regions continued, resulting in a decrease in
AOD by 45-55% in Delhi-West and 13-20%
in Delhi-East. In Phase 4, AOD ranged from
0.3 to 0.4 in Delhi-West and 0.5 to 0.6 in
Delhi-East, indicating decreases of 20-45%
and 6-20% in these regions, respectively.
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Figure 5. AOD average for the study phases 2020 (above) and the percentage differences between Phases
1 to 4 and BAU (below) over Delhi-NCR

3.2. Vertical changes in aerosols

Figure 6 displays the AOD values
provided by MODIS and CALIOP and the
average surface PM concentrations provided
by monitoring stations during the different
lockdown phases in 2020 for the two regions,
Delhi-West and Delhi-East. The AOD values
were  derived from  the  afternoon
measurements by MODIS and nighttime
measurements by CALIOP. It is worth noting
that CALIOP provides limited data, with a
repetitive cycle of about 15-16 days, due to its
narrow footprints. it has the
advantage of a high horizontal resolution,
around 333 m.

However,

There are significant differences between
the AOD products provided by MODIS and
CALIOP. For instance, AOD from CALIOP
was significantly higher than AOD from
MODIS on March 13 and May 17 in Delhi-
West and May 9 in Delhi-East. Additionally,
CALIOP provides a broader range of AOD
values compared to MODIS, potentially due
in part to the higher horizontal resolution of
CALIOP. AOD from both subregions tended
to decrease in Phase 1 and slightly increase in
Phase 2 when less strict lockdown measures
were applied. Interestingly, the surface PM
concentrations, particularly those of PM10,
display similar fluctuations to the AOD

variations in Delhi-West. However, these
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similar patterns are not always observed in
Delhi-East, such as during Phase 4, where
there is a noticeable discrepancy between the
surface data and MODIS observations. This

suggests that the contributions to the AOD
values of the total atmospheric column are not
solely from surface emissions but also from
distant sources and other vertical layers.
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Figure 6. Variation of AOD values during the different lockdown phases in 2020 provided by MODIS
and CALIOP and average surface PM concentration provided by monitoring stations for Delhi-West (left)
and Delhi-East (right)

It is noted that pollutants' characteristics
vary across different vertical layers. For
instance, pollutants may have longer mixing
time at higher altitudes than at lower altitudes,
whereas the most robust mixing rates occur
within the boundary layer, usually less than
1 km (Chandra et al., 2014; Sathyanadh et al.,
2017; Jethva et al.,, 2018; Nakoudi et al.,
2019). In the upper part of the atmosphere,
i.e., the free troposphere, pollutants have a
longer lifetime, ranging from several days to
weeks. Therefore, it is interesting to compute
the AOD in different layers to quantify each
layer's contribution to the total AOD.
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We separate the vertical CALIPSO profiles
into 5 bins: below 1 km, 1-2 km, 2-3 km,
3—4 km, and 4-6 km, as referenced in the
study by Mishra and Shibata (2012). Figure 7
presents the percentage of aerosols in each bin
that contribute to the total AOD. During the
lockdown phases, more than 60% of the
contribution to the total AOD was from
aerosols above 1 km. On some days, such as
April 13, April 21, April 26, May 4, and May
9, the proportion of AOD contribution in the
upper layer accounted for more than 70% of
the total.
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Figure 8 further details the vertical aerosol
profiles over Delhi-West by illustrating
corresponding observations from MODIS
(Aqua + Terra), CALIOP, and the monitoring
stations on March 13 (i.e.,, before the
lockdown) and on April 8, April 21, May 4,
and May 17 (i.e., during the lockdown).

On March 13, the AOD provided by
MODIS was relatively high, at about 0.5-0.8,
compared to other dates. The CALIPSO
profiles indicate a thick aerosol layer up to
4 km, as observed from the ATB Level 1
signal (2" row in Fig. 8) and the total
backscatter coefficient (4™ row in Fig. 8). The
total backscatter coefficient was more
extensive at lower altitudes, indicating

significant aerosol loading. Most aerosols
were identified as dust (3™ row in Fig. 8).
High CR (> 0.9) and PDR (> 0.25) (5" and 6™
rows in Fig. 8, respectively) were found in
most of the layers, consistent with the patterns
of aerosols described by Mishra and Shibata
(2012). This suggests the presence of coarse
mode and non-spherical particles (e.g., dust)
in the ambient air of the IGP region. These
particles can be locally originated or
transported from desert areas such as Pakistan
and Afghanistan (Dey et al., 2004; Singh et
al., 2005; Kumar et al., 2018).

Additionally, Fig. 8 (7" row) shows the
ratio of PM2.5/PM10, which provides
information about the origin of particulate
matter at the three monitoring stations in
Delhi-West. Among the monitoring stations,
Station 2 (at a higher latitude) shows a
relatively high PM2.5/PM10 ratio of 0.52,
indicating a dominance of fine-sized particles
with an important contribution from
anthropogenic emissions. In contrast, Stations
1 and 3 (at lower latitudes) have relatively low
PM2.5/PM10 ratios of 0.24 and 0.2,
suggesting that these particles might be
primarily transported from nearby desert areas
such as the Thar Desert in India or Pakistan.

During the lockdown on April 8, the AOD
provided by MODIS was 0.1-0.2. The
CALIPSO profiles indicate a relatively low
ATB intensity. There are two main aerosol
layers over the region: the upper layer consists
of dust aerosols. In contrast, the bottom layer
includes dust and polluted dust (polluted dust
is found over the northern part of the region at
an altitude of 1-2 km). The total backscatter
coefficient (4™ row in Fig. 8) recorded
shallow values at different altitudes, much
lower than March 13, before the lockdown. In
the two aerosol layers, the CR (typically
> 0.7) and PDR (typically > 0.25) values
indicate the dominance of coarse mode and
non-spherical particles.

The PM2.5/PM10 ratios observed at the
stations in Delhi-West on April 8 display a
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similar pattern to those on March 13:
relatively low ratios of 0.34 at Station 1 and
0.43 at Station 3 and a high ratio of 0.63 at
Station 2. Notably, this day is considered one
of the pristine days at the surface level during
the lockdown (Dhaka et al., 2020), with the
main contribution to aerosols coming from
natural sources and almost no contribution
from primary anthropogenic sources such as
transportation and industry.

On April 21 (Phase 2), the AOD provided
by MODIS was 0.4-0.6. The CALIPSO
profiles also exhibit a low intensity of
attenuated backscatter compared to the pre-
lockdown period (March 13) but higher than
on April 8 (Phase 1). There is still an apparent
reduction of over 80% in aerosol
concentrations at different altitudes, as
observed from the vertical profile of the total
backscatter coefficient (4™ row in Fig. 8)
compared to March 13, before the lockdown.
The aerosol types are mainly polluted dust
and dust. The CR is higher than 0.8,
indicating coarse-size particles (5" row in
Fig. 8). The PDR across different altitudes
ranges from 0.1 to 0.45, with most values
around 0.15, indicating more spherical
particles. These values are lower than those
recorded on March 13 and April 8. This
reduction in PDR can be explained by
external mixing with spherical aerosols,
leading to a dilution of dust concentration, or
internal mixing (coating) (Sugimoto et al.,
2002; Dey et al., 2008). At the surface level,
the PM2.5/PM10 ratios are low across the
three stations, ranging from 0.3 to 0.5,
indicating a minor contribution to aerosols
from anthropogenic sources.

On the first day of Phase 3, i.e., May 4,
when more construction and traffic activities
were allowed, the AOD values ranged from
0.1 to 0.4. The CALIPSO profiles show strong
convection forming clouds up to a height of
5 km. On this day, there is a clear presence of
smoke and elevated smoke with polluted dust
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and dust (3" row in Fig. 8). The presence of
elevated smoke combined with dust at high
altitudes during this period provides insights
into the ‘elevated heat pump' hypothesis
concerning the aerosol-monsoon link for the
Asian summer monsoon (Lau and Kim, 2006;
Lau et al., 2006; Nigam and Bollasina, 2010).
Specifically, dust and black carbon have been
identified as the primary absorbing
components of aerosols over the IGP (Lau and
Kim, 2006; Gautam et al., 2010). These
components heat the air, causing it to rise to
high altitudes, thereby influencing the Asian
summer monsoon by enhancing moist low-
level inflow from the northern Indian Ocean
(Lau and Kim, 2006; Lau et al., 2006). The
dust and smoke mixture generally results in a
low intensity of the vertical backscatter
coefficient, a high CR, and a wide range of
PDR. The PM2.5/PM10 ratios from Station 1
(belonging to the orange zone), being 0.27,
and Station 2 (belonging to the red zone),
being 0.08, indicate small contributions of
anthropogenic emission. Meanwhile, Station 3
(belonging to the green zone) exhibits a fairly
high PM2.5/PM10 ratio, 0.52, indicating more
anthropogenic emissions where construction
and traffic activities are relaxed.

On May 17, the final day of Phase 3, the
AQOD obtained from MODIS ranged from 0.3
to 0.8. The CALIPSO profiles revealed strong
aerosol convection, including dust and
polluted dust, reaching altitudes exceeding
4 km (2" and 3" rows in Fig. 8). While the
vertical structure of the total backscatter
coefficient (4™ row) resembled that of March
13, more significant CR and smaller PDR
values were observed at altitudes higher than
1 km on May 17 compared to March 13. At
altitudes less than 1 km, smaller CR and PDR
values were observed, indicating a mix of fine
and spherical particles. Data from surface
stations indicate PM2.5/PM10 ratios ranging
from 0.2 to 0.37, suggesting a minor impact
from human activities.
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Figure 9 is similar to Fig. 8 but focuses on  March 18 (BAU), March 31 (Phase 1), April
the Delhi-East subregion for the dates when 13 (Phase 1), April 26 (Phase 2), and May 9
CALIPSO had footprints over the region: (Phase 3).

Mar—18 Mar—31 Apr—13 Apr—26 May—09

| - N ~ '1
0.8
L=}
! L
o
: 1 ; 76F TBE 60

T S
0.1
205

W 0.00a

.o_oa 55 (29

0.003

-0.00 ful:}

Eo.0003

altitudelkm)

27.3°H  28.0°N

7
. .
S

-
o
=

F
‘- 3)
3
2- H2
: [ n
o- 1 1 . ' 1 1 1 1 T T
8 28°N 25N 28°0 25N 2E°N 29°N ZHYN 259°N ZB°H 25°N
’E‘E
B (4)
B ! |
0 001002 003 0 001 002 003 0 001 002 003 & 00170034 0 001 0.02 0.03 {/km/=r)
Total Backscatter Coefficient 532nm
B
™ .| - z|w
= . : c|a
g e % H (5)
% : 44 2=
1 £y
pipd f . . T :H.!E?T .
g 05 1 15 15 2 1.2 9405 1 15 2
B
Th n
= = - 3
RS i . ‘ (5)
£ 1 - =
N — I T — L o - IS —
0 625050751 0025050751 0025050751 0 025050751 0 02505075 1
Particulate Depolarization Ratic
VEAD 1D01 LOoZ LDOZE LDO4
: ; : : — PM2.5/PM1G
o Mot (7]
x  MNoh
s Mob

) : . : :
MAR 1 MAR 16 APR 1 APR 18 Mat 1 MAY 16
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On March 18 (BAU), the AOD provided
by MODIS was about 0.3-0.5. The CALIPSO
profiles indicate an aerosol layer up to 3.5 km,
as seen from the ATB Level 1 data. The
aerosol types were categorized as dust and
polluted dust. The vertical structure of the
total backscatter coefficient (~0.01 km™sr™)
shows slight differences across different
altitudes. CR values are small at high
altitudes, and the wide range of PDR values
indicates fine particles with various shapes. At
low altitudes, the low CR values combined
with relatively small PDR values (< 0.25)
indicate the dominance of fine mode and
spherical particles. The PM2.5/PM10 ratios
obtained from the monitoring stations are
pretty stable, around 0.43, indicating a fair
contribution  from  both natural and
anthropogenic sources.

On March 31 (Phase 1), MODIS detected
AQOD values ranging from 0.2 to 0.4 over part
of the Delhi-East subregion. The CALIPSO
profiles show the presence of aerosols
extending up to an altitude of 6 km (2", 3",
and 4™ rows in Fig. 9). Interestingly, there is
almost no reduction in aerosols compared to
March 13, with an increase observed at some
altitudes (4" row in Fig. 9). This result may be
explained by the effect of the non-local
sources or the increase in household cooking
emissions due to this region's high population.
There are two main types of aerosols: polluted
dust in the bottom layer and a mix of polluted
dust and dust at the top of the aerosol layer
(3" row in Fig. 9). The CR and PDR values
indicate two distinct aerosol layers: spherical
and moderate size mode below 2 km and a
mix of non-spherical and spherical coarse
aerosols above 2 km (5" and 6™ rows in
Fig. 9). The PM2.5/PM10 ratios at the three
monitoring stations are approximately 0.45.

On April 13 (late Phase 1), the AOD
values provided by MODIS ranged from 0.2
to 0.4. The CALIPSO profiles show the
existence of clouds and aerosols (2™ row in

Fig. 9). There are two types of aerosols: dust
above 1 km and polluted dust below 1 km.
Like March 31, the total backscatter
coefficient indicates no reduction in aerosols
at all altitudes but rather a slight increase. The
wide-ranged CR and high PDR wvalues
indicate various-sized and non-spherical
particles. The PM2.5/PM10 ratios at the three
monitoring stations are approximately 0.38,
suggesting the relative dominance of coarse-
mode dust particles over the stations. It is
important to note that during this time, a mild
dust storm carrying dust particles from the
Thar Desert in Rajasthan and Gulf countries
hit the Delhi region (CPCB, 2020), which
contributed to the increase in aerosols at high
altitudes and the decrease in the PM2.5/PM10
ratios in the region.

On April 26 (Phase 2), MODIS could not
provide AOD information over the region.
The CALIPSO profiles show a thick aerosol
layer up to 4.5 km. On that day, polluted dust
is dominant over dust at different altitudes.
Notably, there was a mix of clean continental
air, polluted dust, and polluted continental
air/smoke below 1 km. The total backscatter
coefficient indicates a substantial increase in
aerosols at high altitudes, from 1 to 3 km.
Like March 31 and April 13, the CR and PDR
values indicate two distinct aerosol layers:
spherical and moderate-mode aerosols below
2 km and spherical and coarse-sized aerosols
above 2 km. The PM2.5/PM10 ratios at the
three monitoring stations are approximately
0.3, indicating a small contribution from
anthropogenic sources. Hence, the increase in
aerosols at high altitudes can be attributed to
non-local sources.

On May 9 (Phase 3), the AOD values
provided by MODIS ranged from 0.4 to 0.6,
showing a slight increase compared to March
18. The CALIPSO profiles indicate the
vertical development of aerosols up to 6 km.
At the top of the layer, dust covers about
1-2 km, and below that, polluted dust extends
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from 1 to 5 km. Below 1 km, polluted
continent/smoke appears around 28.7°N. The
vertical total backscatter profile indicates a
more substantial aerosol increase at different
altitudes compared to March 18. A pair of
relatively high CR (>0.8) and low PDR
(mostly >0.2) values indicate the presence of
coarse and spherical aerosols above 1 km.
Below 1 km, CR exhibited both relatively
high (>0.7), 0.4-0.7, and low values (<0.4),
while PDR remained low (<0.15), indicating a
mix of fine and coarse spherical aerosols near
the surface. The PM2.5/PM10 ratios at the
three monitoring stations are about 0.4,
suggesting small contributions from local
anthropogenic  sources, which can be
explained by the fact that the three stations
were in the red zone on May 9. Therefore, the
increase in aerosols at higher altitudes can be
attributed to non-local sources.

3.3. Changes in surface aerosols

It is crucial to quantify aerosol values close
to the surface to understand the severity of
pollution and its potential negative impact on
human health and other societal activities.
However, aerosol information below
approximately 300 m is often missing in
CALIPSO data. Therefore, we analyze
variations in PM2.5 and PM10 for the surface
layer, which are often classified as fine
aerosols due to their small size and ability to
remain suspended in the air. These PM values
were observed at the six monitoring stations,
with Stations 1-3 located in Delhi-West and
Stations 4-6 in Delhi-East (Fig. 10). The
advantage of using these monitoring stations
is the continuity of the data, which provides
much better temporal coverage than satellite
information. In Figs. 8 and 9, we already
discussed the PM2.5/PM10 ratios, which can
indicate whether pollutants were primarily
emitted from anthropogenic or natural
sources. In Fig. 10, we focus on the variations
of PM2.5 and PMI10 concentrations rather
than their ratios.
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Before the lockdown, Delhi-East exhibited
higher PM concentrations and more
considerable variations than Delhi-West. The
lockdown imposed on March 23 induced a
remarkable reduction in PM concentration in
both Delhi-West and Delhi-East, with daily
PM2.5 (PM10) values dropping by up to
10-15 (25-45) ug.m™ in Delhi-West and
1020 (30) ug.m> in Delhi-East. These
reductions were slightly lower than those
reported for Delhi-Central (Dhaka et al., 2020;
Sathe et al., 2021).

The decrease in PM2.5 concentrations
during Phase 1 resulted from the combined
effect of the lockdown and heavy rainfall in
northern India during the first week of the
lockdown. PM levels in both subregions
remained low for about a week after that.
These PM concentration values and their
variability can be considered as the natural
characteristics of PMs without anthropogenic
emissions in the regions, as Dhaka et al.
(2020) suggested. From the second week of
April 2020, increases in PM levels were
observed, except at Station 1. It is noted that
PM10 levels at Station 1 remain pretty stable
during the lockdown phases with lower values
compared to the BAU period. Notably, PM2.5
levels are generally higher in Delhi-East
compared to Delhi-West. This difference is
exciting given Delhi-East's higher population
density, suggesting the significant role of
anthropogenic activities in PM2.5 emission,
even during the lockdown period: as people
spent more time indoors, there was an
increase in household coal combustion, likely
due to cooking activities. Regarding PM10,
there was a significant rise at almost all
stations between the 13™ and 16™ of April
2020 due to the impact of a minor dust storm
transporting particulate matter from the Thar
Desert in Rajasthan and Gulf countries to the
Delhi-NCR region (CPCB, 2020).



Huong Nguyen-Thuy et al.

Delhi—West Delhi—East
" PMZ.5 "
150 - - , - 150 - - " ,
Bau Loot Looz LDo3 ioo4 BAU Loot iooz 1003 LDo4
100 H H H H 100 H H H H
£0 L}
Wik 1 HAR 18 AR 1 AFA 16 WA 1 WAl 16 WA 1 WER T8 APR 1 APF 16 WAV 1 HAY 16

2)

= Lpoi LDoz LD03 LDo4

a N N N N
Mek 1 MAR 18 APR 1 aPR 1B MaY 1 Med 18

= Lpoi Lboz LD03 LDo4

a N N N N
wek 1 Mo 1s ARR 1 aPR 1E MY 1 MaY 18

LDD3  LOO4

Mat 1 MAY 18

150

Bal 1D03  1Dg4

100

0,

a N N N N
MaR 1 MeR 18 APR 1 APR 18 MAY 1 MAY 18

FM10
b 4)
pau Loot Looz 1003 i004 BaL LD Lon2 LDD3  LOio4
H H H 300 H H H H
piesl E

WAE T MAH 16 AFR 1 AFH 16 M&Y 1 WA 18

(Cancentration.pg. m™)
B

2}
400 n n
o Looi Looz
pind] H H
200

WAE T MAH 16 AFR 1 AFH 16 M&Y 1 WA 18

3)

= oo Looz Loo3 Loo4

Mat 1 Mad 18

WA T MEH 16 AFR 1 AFH 16

WEE T WER 16 ZPR 1 AP 16 WAF 1 MAT 16

5)
400 n n D .
BaL tood Looz 1Do3  LDo4
30a H H H H
200
10

WEE T WER 16 2PR 1 AP 16 WAF 1 MAT 16

6)

Bal oo ooz 1D03  LDo4

1

WEE T WER 16 ZPR 1 AP 16 WAF 1 MAT 16

— PMZ.5
— FM10

Figure 10. Temporal evolution of daily mean PM2.5 and PM10 concentration (unit is pg.m™) at
6 stations before and during the lockdown period

We further investigate the diurnal
variability of PM to understand the link
between the footprint of human activities and
air pollution. Figure 11 illustrates the changes
in PM diurnal variations under BAU and
during different phases of the lockdown. It
should be noted that meteorological

conditions, daytime and nighttime chemistry,
and local emissions generally influence PM
diurnal variations. The closures of non-
essential services and offices and restrictions
on the movement of people result in a
reduction of anthropogenic emissions, leading
to alterations in the levels of PM at various
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times during the day. Singh et al. (2020b)
demonstrated significant changes in fuel
consumption during the lockdown period
across various sectors: a reduction of 50-60%
in transport, 90% in aviation, 40% in industry,
and 70% in construction activities, along with

household fuel consumption. The minimum
PM concentration was noted during the late
afternoon period, specifically between 15:00
and 16:00, across all monitoring stations
(Fig. 11). For the Delhi-East stations, two
distinct peaks were observed during the day:

an increase of approximately 12% in morning and evening.
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Conversely, Delhi-West experienced a
single peak in the morning hours. The morning
peak, observed between 08:00 and 10:00, can
be attributed to the combined effects of
fumigation and traffic-related emissions.

On the other hand, the rise in pollution
levels during the evening and night is linked
to traffic activities and household emissions
(Yadav et al.,, 2017; Ravindra et al., 2019;
Kaur-Sidhu et al., 2020; Singh et al., 2020a)
and lower dispersion due to reduced planetary
boundary level height (Schnell et al., 2018).
The secondary peak detected at the Delhi-East
stations during late night hours from 20:00 to
23:00 local time may be partially attributed to
evening traffic congestion, predominantly
caused by heavy diesel vehicles. This
phenomenon is exacerbated by the shallow
nocturnal boundary layer conditions and
reduced wind speeds characteristic of
nighttime (Srivastava et al., 2021).

An apparent decrease in PM2.5 levels at
the monitoring station indicates reduced
emissions during the lockdown phases. PMs
were at notably lower levels during Phase 1
than subsequent phases. Singh et al. (2021)
suggested that the more significant decrease in
PM10 levels compared to PM2.5 levels during
the initial phase of the lockdown can be
attributed to the decrease in construction
activities and the decrease in dust
resuspension due to reduced vehicular
movement. Regarding PM10, it is worth
noting that the presence of dust storms,
combined with the partial easing of lockdown
measures during LD02-4, increases PM10
concentration during these phases (Fig. 11).

4. Conclusions

Our study utilized three different data
sources, including MODIS, CALIPSO, and
station data, to assess aerosol changes,
focusing on two specific regions: Delhi-West
and Delhi-East.

We observed a remarkable decrease in
AOD across a large area of Delhi-NCR during
the lockdown phases. Particularly noteworthy
is Phase 1, which exhibited the largest
significant decrease compared to the other
phases. The higher AOD in Delhi-East during
the early lockdown phases, compared to
Delhi-West, is attributed to its higher
population  density. Conversely,  the
intensification of AOD in Delhi-West from
Phase 3 onwards can be attributed to natural
sources such as dust storms. Using CALIOP
data, the contribution of aerosols across
different vertical layers during the lockdown
phases was assessed for the first time.
Generally, aerosols are concentrated in the
lower layer, with approximately 40% of the
total AOD attributed to aerosols below 1 km.
The surface observations revealed that PM2.5
levels in Delhi-East are generally higher
compared to Delhi-West due to its higher
population density. This disparity underscores
the significant impact of anthropogenic
activities on PM2.5 emissions, even during
the lockdown period. Additionally, there was
a notable increase in PM10 levels on some
lockdown dates, attributed to minor dust
storms from long-range transportation.

It is worth noting that higher-resolution
MODIS products may yield different results,
especially when comparing MODIS and
CALIOP data. In the present study, the three
data sources were used complementarily to
assess aerosol changes over Delhi-NCR
during the lockdown period. In further
research, conducting a more detailed analysis
using these datasets across different regions
would be of great interest. Furthermore,
investigating the sensitivity of the results to
the choice of datasets and exploring the
association between aerosol quantities and
local and distant meteorological factors
should also be considered.
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