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ARTICLE INFO ABSTRACT

Keywords: COVID-19 cases surged in late 2019, leading to worldwide lockdowns that closed non-essential places and ac-
COVID lockdown tivities, industries, and businesses to halt the spread of the virus. Many studies suggested improved air quality
Air quality

during lockdowns. However, these findings often focused on core city limits and did not account for heavy
pollution sources outside cities (around the fringe areas), such as factories, power plants, and coal mines, which
operated continuously for energy needs even during lockdowns. Therefore, this study quantified and re-analyzed
the air quality data using a top-down approach. This study analyzed six major air quality parameters namely SOo,
03, NOy, PMy 5, AODs5qp, and UAL The time-averaged approach was adopted to analyze the data followed by
ground validation. High variability and anomalies in air quality parameters were observed at different levels of
observations (i.e. city level, country level, etc.). However, it was found that during the lockdown period, PM 5
and NO; significantly dropped at the country level with few exceptions. Changes were also observed in AODsq,
03, and UAI concentrations from city to country scale. Mixed behaviors among the atmospheric pollutants were
observed with changes in scale and time. This makes the claim about air quality improvements during COVID-19
lockdowns very relative to the scale of observation and the pollutant indicators being referred to. Multi-layered
analyses of pollutant concentrations extending beyond the city limits to the meso-regional levels with varying
space-time observations made the present work unique from existing literature that claimed a global air quality
improvement during the COVID-19 lockdown period.

Meso-regional
Remote sensing
Urban agglomeration

1. Introduction forced governments to impose large-scale restrictions on outdoor human

mobility and activities to protect public health (Kharroubi and Saleh,

The emergence and development of the COVID-19 pandemic has
pushed the world civilizations towards a ‘new normal’ over the years.
While many countries are still struggling to end this chapter of crisis, a
new concern is being put forward by the scientific community regarding
the contribution of past COVID-19 lockdowns on air quality improve-
ments (Ravindra et al., 2022). The fast-spreading nature of this virus

* Corresponding author.
** Corresponding author.

2020). These strict restrictions (also known as lockdowns or
stay-at-home orders) forced people to stay home, shutting down all
non-essential public places, industrial activities, and businesses to slow
down the transmission of the virus (Spiegel and Tookes, 2022). Some
researchers claimed that due to such restrictions, major human activities
were impaired over a significant time leading to improved air quality
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Table 1
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List of different studies that claimed improved air quality during COVID-19 lockdowns (as to the knowledge of the authors). The table also shows the study periods,
implemented methods, and important findings.

Study Location Type of study/method Period Findings/Remarks
Aman et al. (2020) Ahmedabad, India Air quality monitoring using 2015-2020 Decrease in Suspended Particulate Matter
remote sensing data
Adam et al. (2021) USA (cities from all states) Air quality monitoring using Beginning weeks in 2020 PM;5: 4-3.0
station data 03: -4.0
NO,: -30.0

Abdullah et al. (2020)

Barré et al. (2021)

Chen et al. (2020)

Dantas et al. (2020)

Gautam (2020)

Addas and Maghrabi
(2021)

Rana et al. (2021)

Duc et al. (2021)

Angom et al. (2021)

Kutralam-Muniasamy
et al. (2021)
Schiavo et al. (2022)

Behera et al. (2022)

Malaysia (over 16 states)

100 European cities

China (367 cities)
Brazil (Rio de Janeiro;
district-wise study)
India (city-based study)
World (237 papers)

China
Australia (Sydney region)

East Africa (Kampala,
Nairobi, and Dar es Salaam
cities of Uganda, Kenya and
Tanzania)

Mexico City

Monterrey city, Mexico

India

Air quality monitoring using
station data

Satellite data (TROPOMI), air
quality monitoring station
data, air quality model
simulations

Satellite observation
(Sentinel-5)

monitoring station data

Multi-sourced satellite-based
observations
Literature Review

Literature Review
Satellite observation and
station data monitoring
Multi-sourced satellite
observations

Multi-sourced satellite
observations
Multi-sourced satellite
observations

Multi-sourced satellite
observations

14-17 March 2020

February-April 2019

5th January — January 20, 2020
compared to the same period in
2019

March-April 2018, 2019, 2020

March April 2016-2020

Pre-lockdown and Post-
lockdown period

Before and after the lockdown
Pre and Post lockdown
(April-June 2020)
Comparison between Pre and
post-lockdown periods

Comparison between lockdown
and pre-lockdown period
Comparison among pre-
lockdown, lockdown, and
unlock period

Pre lockdown Vs post lock down
comparison based on NO,, SO,
HCHO, CHy4, CO, UVAL O3

PM; 5: -42.6 to -76.5

NO,: +6.05% to -60.5%

NO,: -12.9 pg/m>, PM, 5: -18.9 pg/m>

PM;o: +28.7 tol+9.4,

NO,: -24.1 to -32.9

CO: -37.0 to -43.6 O3: +22.5 to +63
About 50% improvement in air quality

Significant improvement in air quality all over the
world

Improvement of air quality with spatial variation
A small reduction in atmospheric pollutant
concentrations

Air quality improved during the lockdown; started
to deteriorate once the restrictions were lifted

Improvements in air quality parameters

Major improvement in Air Quality Index; Found
an association between air pollutants and
economic activity and suggests that it can be used
in future strategies to improve urban air quality.
Improvements in air quality during COVID-19
lockdowns

ohannesburg, South Africa g

!

, Coal Power Plants
, Nuclear Power Plants
@ Hydroelectric Power Plants

Fig. 1. Presence of 24 x 7 industrial and power plants and wastewater treatment plants located at the urban agglomerated zones of selected cities. Source: Goo-

gle Earth.
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Fig. 2. Conceptual framework showing sources of emissions at different scales.
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Fig. 3. Location of the global cities studied in this research.

across the world (Agarwal et al., 2021; Gautam, 2020; Jephcote et al.,
2021; Menut et al., 2020; Rodriguez-Urrego & Rodriguez-Urrego, 2020).
Air pollution has become a major matter of concern for mankind in past
few decades (Manisalidis et al., 2020). In the course of time, due to
heavy industrialization and increased vehicular use, a constant deteri-
oration of global air quality has been observed (Chen and Kan, 2008;
Molina and Molina, 2004) intensifying global warming and adversely
affecting human health. The primary pollutants responsible for
degrading air quality are Nitrogen Oxides (NO3), Carbon monoxide
(CO), Sulfur dioxide (SO3), Ozone (O3), particulate matters (PM) of
varying sizes (e.g., PMy 5 and PM;(), and various volatile organic com-
pounds (VOC) or hydrocarbons. The majority of these pollutants are
added to the atmosphere by various anthropogenic activities like
burning fossil fuel, emissions from motor vehicles, burning of tires, and
industrial and factory waste (Popescu and Ionel, 2010). However,

Red dots represent the population density of the cities.

during the COVID-19 pandemic lockdowns, emissions from human ac-
tivities were stalled and improvements in air quality in many cities have
been reported (Table 1). These studies monitoring the lockdown period
reported a significant decrease in transportation and industrial activities
causing a drop in air pollution indicators in many places around the
world (Gardiner, 2020). Citing the results, such case studies claimed that
air quality in general had significantly improved during the COVID-19
lockdown period.

However, it should be noted that all these studies were focused on -

1. Geographical areas with a dense population (i.e. mega cities)

2. Places having the highest accessibility to public operations for goods
and services

3. Economic zones where industrial, residential, commercial, and
administrative activities are carried out.
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Table 2

Details of sample countries and cities (based on the total
number of infected COVID-19 cases and pollution

index).
Country City
USA Los Angeles
USA Salt Lake City
Brazil Sao Paulo
Brazil Rio De Janeiro
France Paris
France Marseille
Turkey Istanbul
Turkey Ankara
Spain Barcelona
Spain Madrid
Australia Sydney
Australia Melbourne
Germany Stuttgart
Germany Berlin
China Beijing
China Shanghai
China Wuhan
UK London
UK Manchester
Mexico Mexico City
Saudi Arabia Mecca
Saudi Arabia Riyadh
South Africa Pretoria
South Africa Johannesburg
Ghana Accra
Russia Moscow
India Mumbai
India NCR Delhi
Italy Milan
Italy Napoli
Iran Tabriz
Iran Tehran
Egypt Alexandria
Egypt Cairo
Chile Santiago
Canada Hamilton
Canada Toronto

Table 3
Properties of major air pollutants.

Physics and Chemistry of the Earth 132 (2023) 103452

During the lockdown periods, anthropogenic activities were
temporarily restricted in these areas. This restriction might have
improved air quality within city limits, as reported by studies (Table 1).
However, these studies may not have fully reflected the overall air
pollution levels beyond the city’s core boundaries, where major
polluting hotspots like factories, power plants, and coal mines are
located (Burke et al., 2019). These polluting hotspots are generally
located outside the proximity of the core city due to environmental
norms and public safety issues. However, they often contribute to the
main city’s pollution levels depending on meteorological factors like
wind speed, wind direction etc, and largely contribute to regional and
global pollution levels (Fig. 1).

Power plants, coal mines, and similar facilities are considered
essential services due to their role in ensuring a country’s energy secu-
rity. As a result, they operated continuously even during the lockdown
period. Because the existing studies did not adequately consider the
contributions from these areas, the authors suggest a re-analysis of the
situation from an urban agglomeration or urban archipelagos perspec-
tive (Shepherd et al., 2013). This approach would provide a better un-
derstanding of the claims regarding air quality improvements during
COVID-19 lockdowns. In simple terms, urban agglomerations are large
clusters of urban spaces where smaller towns have either merged or are
in the process of merging with a larger adjacent city due to inter-related
socio-economic activities (Fang and Yu, 2017). Hence, this encompasses
a larger geographical extent, collectively impacting the surrounding
environment in the vicinity. In this case, considering urban agglomer-
ations gave us an opportunity to include the emissions of out-of-the-city
power plants, coal mines etc along with city emissions, helping to
perform a robust analysis of a much bigger area. This paper systemati-
cally presents this new perspective that investigates the change in major
air quality parameters at different granularity to understand how air
quality responded during the COVID-19 lockdown period with
space-time variations (Fig. 2).

Periodic observations conducted from globally gridded atmospheric
reanalysis products (i.e. OMI, MERRA-2, TOMS etc.) developed from the
assimilation of earth observation satellites.

Pollutant

Source

End Product

Occurrence

Avg. Lifetime (approx.)

Nitrogen oxides (e.
g., NO)
Hydrocarbons

Carbon monoxide
(CO)

Ozone (O3)

Sulfur dioxide (SO5)

Particulate Matter
(PM)

Fossil fuel combustion (Tian et al., 2020)

Fossil fuel combustion, solvent, evaporation,
vegetation (Ravindra et al., 2008)

Incomplete fossil fuel combustion (Badr and
Probert, 1994)

Hydrocarbons, nitrogen oxides, and sunlight (Wang
et al., 2022)

Fossil fuel combustion, industrial emission (Smith
et al., 2011)

Combustion wear and tear, abrasion, dust (
Mukherjee and Agrawal, 2017)

NO,, HNO3
Oxygenated organic
compounds

CO,

Smog

H,S04

Urban environments under stable
atmospheric conditions
Urban environment

Urban environment, industrial areas

1-12 h (Lorente et al., 2019)
40 days (Gaur et al., 2022)

2 months (Khalil and

Rasmussen, 1990)

Suburban and rural areas

Urban environment, industrial and
mining areas
Urban, industrial, and mining area

23 days (The Royal Society,
2008)

13 h-48 h (Junkermann and
Roedel, 1983)

10-100 h (Esmen and Corn,
1971)

Table 4
Parameters and data sources.

Air Quality Parameter Unit Data Source Spatial Resolution Temporal Resolution

Nitrogen dioxide (NO2) molecules/cm? Ozone Monitoring Instrument (OMI) 0.25° Daily
(Kleipool et al., 2022)

Sulfur dioxide (SO5) kg/rn3 Modern-Era Retrospective Model (MERRA-2) 0.5° Hourly
(Global Modeling and Assimilation Office, 2015)

Particulate Matter (PMs s5) kg/m> Modern-Era Retrospective Model (MERRA-2) 0.5° Hourly
(Global Modeling and Assimilation Office, 2015)

Ozone (03) DU Meteor-3 Total Ozone Mapping Spectrometer (TOMS) 1.0° * 1.25° Daily
(TOMS Science Team, 1996)

Aerosol Optical Depth 500nm (AODsg) - Ozone Monitoring Instrument (OMI) 1.0° Daily
(TOMS Science Team, 1996)

Ultra-Violet Aerosol index (UAI) - Ozone Monitoring Instrument (OMI) 1.0° Daily

(TOMS Science Team, 1996)
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conclusion in section 5 and 6. The present research seeks to answer the

The study considers and observes the changes in major air quality
following research questions.

parameters such as SO, O3, NOy, PM; 5, aerosol optical depth (AOD) at
500 nm, and UV Aerosol index (UAI). We believe this research will help
validate the claims regarding improved air quality induced by COVID-19
lockdowns from a multi-scaled hierarchical viewpoint that is limited in
the available literature. Sections 2 of this article present the research
questions; section 3 describes the methodology and datasets used for the
analyses; section 4 presents the results followed by a brief discussion and

e How did COVID-19 lockdown impact regional and global air quality

at different levels?
e How effectively can the change in air quality be monitored using

spaceborne remote sensing systems?
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(Units are in molecules per cm?).

2. Methodological framework

To understand the temporal trend of air quality parameters, changes
in five major atmospheric variables e.g. three major pollutant gases (i.e.
NOgy, SO, O3), and aerosols in terms of AOD 160 at 500 nm and UV

Physics and Chemistry of the Earth 132 (2023) 103452

Aerosol index along with PMj 5 were observed over 20 countries and 37
selected cities (Fig. 3, Table 2) using multiple spaceborne observation
techniques.

The detailed information of these spaceborne observations along
with their spatial and temporal resolutions are on Table 3. The selection
of countries and their cities are entirely based on three parameters: (1)
geographical size of the country, (2) number of COVID cases, and (3)
pollution index. The list of the countries and their number of COVID
cases were obtained from WHO Coronavirus (COVID-19) Dashboard
(https://covid19.who.int/) whereas the pollution index of that partic-
ular county was obtained from IQ Air quality ranking (https://www.

iqair.com/world-air-quality-ranking).

While delineating the city boundaries, special attention was given
towards the incorporation of any power plant, coal mine, water treat-
ment plant, etc that were present beyond the city’s administrative
boundaries since they also contribute largely to emitting pollutants.
Google Earth was referred for the detection of these sites (Fig. 1). Cloud
computing techniques were used to collect and process the required
datasets from NASA Giovanni (https://giovanni.gsfc.nasa.gov/gio
vanni/) and Google Earth Engine (https://earthengine.google.com/).
A global comparative analysis of pre-lockdown, during-lockdown, and
post-lockdown conditions was performed following a top-down

approach. In spatial analysis, the top-down approach refers to a meth-
odological perspective that starts with a broad-scale analysis and grad-
ually zooms in to examine finer details. This approach involves
analyzing and understanding spatial patterns and processes at larger
scales before focusing on smaller spatial units or individual objects. The
top-down approach is often used to gain a holistic understanding of
spatial phenomena and to identify general patterns or trends before

China

China

Fig. 7. Temporal change of six air quality parameters in China. The red vertical line indicates the lockdown date.
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India

India

India

India

Fig. 8. Temporal change of six air quality parameters in India. The red vertical line indicates the lockdown date.

delving into specific details (Eicken et al., 2021).

2.1. Dataset

To understand the temporal trend of air quality parameters (NOo,
SO,, PM, 5, O3, AODsq, UAI) of 37 cities in 20 countries (Table 2), this
study used multiple spaceborne remote sensing observations. The
detailed information of these spaceborne observations along with their
spatial and temporal resolutions are on Table 4.

Ozone Monitoring Instrument (OMI) was used to observe NO,
AODsp, and UAI level. OMI is a visual and ultraviolet spectrometer
aboard NASA’s Aura spacecraft (Ahmad et al., 2003). The Ozone
Monitoring Instrument (OMI) utilizes a hyperspectral imaging
push-broom system with 740 bands to observe the backscatter signal
from the Earth’s surface in the visible and ultraviolet spectrum. While it
provides a high spectral resolution, the spatial resolution is relatively
low at 13 km x 24 km, with the possibility of zooming or resampling for
higher spatial resolution (Levelt et al., 2006). However, the OMI’s
hyperspectral and high temporal capability makes it suitable for
observing urban pollution on a broader scale (Levelt et al., 2018).

In order to measure Os, Meteor-3 Total Ozone Mapping spectrometer
(TOMS) was used. Meteor-3 has been developed and launched by NASA
on board Earth Probe Satellite (TOMS-EP) providing long-term daily
mapping of the global distribution of the earth’s atmospheric ozone. In
this research, the authors used TOMS Level-3 data which contains daily
total ozone and reflectivity at 1° latitude by 1.25° longitude spatial grid.
To measure SO, and PMjy 5 concentration, Modern-Era Retrospective

analysis for Research and Applications, Version 2 (MERRA-2) observa-
tion was used. MERRA-2 is the latest atmospheric reanalysis of the
modern satellite era produced by NASA’s Global Modeling and Assimi-
lation Office (GMAO). MERRA-2 provides a long-term record of global
atmospheric analyses with a regular grid, homogeneous record of the
global atmosphere. It provides additional aspects of the climate system
including trace gas constituents. MERRA-2 provides information at a
low spatial resolution of 0.5° (approx. 50 km) along the latitudinal di-
rection (Ding et al., 2021).

2.2. Method of analysis

This study investigated the changes in air quality parameters under
observation during lockdown months in 2020 compared to the same
time frame in 2019 (October 2019-April 2020). It measured the con-
centrations of the air quality parameters and did a comparative analysis
between the before-lockdown and after-lockdown scenarios. In contrast
to the state-of-the-art technique that is mostly focused on the city level,
the study used a top-down approach to understand the responses of the
air quality parameters during pre and post-lockdown situations at a
varying spatial scale that starts from the city level and gradually goes up
to the country level. Once the data sets were selected, they were pro-
cessed in the NASA Giovanni open web environment (Acker and Lep-
toukh, 2007). For each parameter, a raster containing the satellite
observations of the given air quality parameter was selected from the
NASA Giovanni platform. Each raster contains the value of the given air
quality parameter at each grid averaged over the past 15 days. This
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Fig. 9. Temporal change of PM, s over Shanghai, Wuhan, Istanbul, Delhi NCR (Units are in kg/m3).

process is continued from October 1, 2019 to 30th April 2020. Then for
each country-level raster, the mean was calculated over the entire image
to study the trend at an interval of 15 days. The reason behind the se-
lection of 15 days intervals is due to the unavailability of daily or weekly
products from the NASA Giovanni archive. To investigate at a city level,
each country raster was clipped using the city and urban archipelago
shape files, and then mean values were calculated. During the city-level
processing, data gaps were observed mostly for SO5 and AODsqg pa-
rameters that have been filled with the nearest pixel values through
interpolation (Feizizadeh & Blaschke, 2013). The overall process
workflow is shown in Fig. 4. The investigation was broken down into
three phases. In the first phase, trends of air quality parameters were
measured for a continuous time period (i.e. October 1, 2019 to April 30,
2020) for both city and country scales; In the second phase, the same
parameters were compared between the months of March-April 2019

and March-April 2020 for all sample countries and the sample cities;
and in the last phase, city-level pollutant parameters of first and last 15
days of April 2020 were compared. Satellite-based measurements were
further validated in reference to ground-based air quality measurement
data published by IQAir. However, due to the unavailability of all
studied parameters (i.e. SO, O3, NOg, PM5 5, AODsgq, UAI) in the IQAir
portal, ground validation was performed for PM; 5 only.

3. Results
3.1. Phase I city to country level relative observations of the air quality
parameters for the continuous timeframe- October 1, 2019 to April 30,

2020

In this phase, the trend in air quality parameters at both the city level
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Fig. 10. Temporal change of NO, in Shanghai, Wuhan, Delhi NCR, Istanbul (Units are in molecules per cm?).

and country level over a continuous time period (from October 1, 2019
to April 30, 2020) has been analyzed.

3.1.1. Australia and oceania

Based on the analysis the Oceania region and Australia showed a
mixed pattern for UAI and a gradual declining pattern for NO,, Os,
PM; 5, AODs (Fig. 5). The country-wide lockdown was initiated from
around March 23, 2020. From October 2019, NO, showed an increasing
pattern till December 15, 2020 and reached above 3.4 molecules per
cm?. The UAI profile of Australia as a country shows an increasing
pattern with the highest peak at 0.55 on January 1, 2020 followed by a
decline below 0.30 on March 1, 2020. It was observed that in Sydney,
Australia, the PMs 5 level was less than 1 ug/m3 except for the month of
January 2020 when the PMj 5 level reached approximately 2.45 pg/m?>.
On the other hand, Melbourne, Australia showed an overall mixed
pattern with PM, 5 ranging from 0.73 pg/m3 to 2.45 pg/m> with two
prominent peaks on November 1, 2019-November 30, 2019 and
January 15, 2020-January 31, 2020.

3.1.2. Africa

In Pretoria, the NO; profile showed a mixed pattern ranging from 4.5
molecules per cm? to 7.0 molecules per cm? with a peak above 7.0
molecules per cm? (Fig. 6). South Africa overall showed a mixed trend
for PMy 5, SO, and UAI, whereas a drop in AODsgg, NO2, and O3 from
March 15, 2020 which is 11 days before the lockdown was imposed
there.

3.1.3. Asia

In Asia, China showed a drop in PM; 5 from November 15, 2019 to
January 31, 2020. Similar (short-term) declining trend can be seen for
AODs00 and NO; from January 1, 2020 to February 29, 2020, whereas
SO, shows an increasing pattern after March 15, 2020 (Fig. 7).

In terms of PMy 5, Shanghai and Wuhan show a declining trend from
November 1, 2019 (Fig. 9) while UAI shows a mixed pattern ranging
between 0.50 and 0.65. The NO2 profile of Wuhan shows a mixed
pattern, reaching up to 0.6 molecules per cm? on January 1, 2020 fol-
lowed by a sudden drop thereafter. This can be justified as the major
travel restriction was imposed on 23rd January in Wuhan which reduced
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Fig. 11. Temporal change of PM; 5 over Milan, Marseille, and London (Units are in kg/m3).

NOg3, AODs, and UAL India exhibited a prominent declining trend for
AODsqo from November 15, 2019-January 31, 2020 ranging between
0.175 and 0.350, UAI from November 15, 2019-March 31, 2020, and
PM, 5 from November 1, 2019 to December 30, 2019. It showed a mixed
trend for SO, O3, and NO;, (Fig. 8).

The nationwide lockdown started here on March 25, 2020. In India,
the change in air quality was observed in two metro cities- NCR Capital
(Delhi) and Mumbai. NCR Capital showed a declining trend in PMs s
over the study period from October 15, 2019-December 30, 2019 with
the least concentration (<5 pg/m3) from December 15, 2019-December
30, 2019 (Fig. 9). Mumbai showed (relatively) overall low concentration
of PMy 5 (<10 pg/m3) with a peak from March 1, 2020-March 15, 2020.
The NOj, profile of Delhi NCR showed a decreasing trend from December
15, 2020 (Fig. 10). In Mumbai, initially, an increased pattern was
observed reaching up to 0.7 molecules per cm?, however, gradually the
trend declined and reached below 0.4 molecules per cm? in the mid-
March 2020 during the lockdown period. Iran overall showed a
declining trend in AODsgg, UAI, and NO,, whereas a mixed trend for
PMs 5, SO, and Os. The same increasing pattern in PM, 5 was observed
in Istanbul from March 1, 2020 (Fig. 9).
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3.1.4. Europe

In Europe, Germany showed a declining trend in AODsgg and NO»
from October 1, 2019. UAI shows a mixed pattern ranging from 0.2 to
0.6 with a prominent drop on December 1, 2020, with a trough below
0.20. During the study period, PMy 5 in Germany was within 2 pg/m?>.
There is a distinct drop in SO, concentration from November 1,
2019-March 31, 2020, whereas O3 shows an increasing trend till March
15, 2020. Stuttgart in Germany showed an overall low PM; 5 concen-
tration (<3 pg/m®) throughout the study period. Spain and France show
a mixed trend for all the parameters. France showed a similar pattern for
UAI with the same range from 0.20 to 0.60. However, in France, Mar-
seille showed a distinct declining trend in PM3 5 from October 15, 2019
with a concentration <2 pg/m® mostly during January 2020 (Fig. 11).
London also showed a decrease in PM; 5 after October 15, 2019 and
reported an overall increase mostly during winter (December
2019-January 2020) and early spring (February 2020-April 2020).

When investigated in Spain, Madrid showed a similar trend with an
overall low concentration of PMys (<6 pg/m3) from October 1,
2019-March 15, 2020. The NO;, profile of Berlin and Barcelona shows a
mixed pattern, ranging from 3.75 molecules per cm? to 5.50 molecules
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Fig. 12. Temporal change of six air quality parameters in Italy. The red vertical line indicates the lockdown date.

per cm? and 4.5 molecules per cm? to 8.0 molecules per cm?. Similar to
Spain and France, Italy also shows a mixed pattern (Fig. 12). However,
there was a decreasing trend in NOy, SO, and UAI from March 15, 2020
in Italy (just after the lockdown on March 9, 2020). Two cities in Italy, i.
e. Milan and Napoli showed mixed trends in PM; 5 concentration typi-
cally <7 pg/m> (Fig. 11). A country-wide mixed pattern for Italy was
observed for the NO;, profile from October 1, 2019 with a peak reaching
5.0 molecules per cm? on December 1, 2019 (Fig. 12). During the
lockdown period in Italy, the national NO, profile showed a gradual
decreasing trend reaching approximately 4.0 molecules per cm? on April
15, 2020. In both Marseille and London, NO,, profile readings went up in
March 2020 while Milan recorded a decreasing trend during the same
period (Fig. 13).

3.1.5. North America

In North America, the United States (USA) showed a gradual
declining pattern for UAI, and a mixed pattern for PMy 5, AODs59, and
0. (Fig. 14).

The trend of SO shows a relatively constant pattern up to March 15,
2020 followed by a sudden increase afterward. AODsgy showed a
noticeable drop on April 1, 2020. It was observed that in New York City,
PM, 5 level ranged from 0.6 to 1.3 pg/m3 except for January 1, 2020
when PMj 5 level reached below 0.6 pg/m>. Los Angeles showed an
overall mixed pattern with PM, 5 ranging from 1.25 pg/m® to 3.00 pg/
m? except on November 15, 2019, when the value reached below 1.25
pg/mS. In Salt Lake City, PMy 5 trend showed a mixed pattern, ranging
from 1.5 pg/m° to 4.0 pg/m® (Fig. 15). Canada as a country showed a
decreasing trend for UAI and a gradual increasing pattern for PM 2.5,
NO,, and O3 whereas the city of Toronto showed a mixed pattern for
UAL PMy5 and NO,, and an increasing trend for Os (Fig. 15). In
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Toronto, NO, ranged from 6.0 molecules per cm? to 9.5 molecules per
cm? with a sudden drop noticed from March 1, 2020 to April 1, 2020.

3.1.6. South America

In South America, a lockdown was initiated in Brazil on March 24,
2020. Brazil showed a mixed pattern for AODsgp, PM2 5, and Os. NO;
profile showed a gradually decreasing trend and reached below 2.3
molecules per cm? after April 1, 2020. In Brazil, PMy 5 typically varied
from 1 pg/m?> to 5 pg/m> with the highest peak on March 1, 2020 when
it reached more than 5.5 pg/m3. Almost a similar mixed trend of PMy 5
was noticed over Rio De Janeiro and Sao Paulo cities. In Rio De Janeiro,
PM;, 5 value varied from 0.2 pg/m3 to 1.2 pg/m3 whereas in Sao Paulo
the level ranged between 0.4 pg/m® to 1.6 pg/m> (Fig. 11). In Chile, a
mixed trend could be seen for AODsgp and UAI with a decreasing trend
for O3. PM; 5 also showed a mixed trend with a sudden notable drop
below 0.8 pg/m? on January 15, 2020 and a peak reach of above 1.2 pg/
m® on February 1, 2020. Initially, the NO, profile showed an increasing
trend up to December 1, 2020 but gradually it declined and reached
below 2.6 molecules per cm? In Santiago, PM; 5 levels showed mixed
patterns ranging from 0.8 pg/m?® to 1.6 pg/m> (Fig. 11).

3.2. Phase II: all-level comparison of PMz 5 and NOy responses between
March-April 2019 and March-April 2020

As per available reports and online sources (https://www.bbc.co.uk/
news/world-52103747), the majority of the countries imposed their
lockdown during mid to late March 2020, which continued till April
2020, except for a few countries. For example, in Wuhan (in China) the
lockdown took place during 3rd February — February 24, 2020. In Rome
(in Italy) lockdown period was during 9th March — March 30, 2020
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Fig. 13. Temporal change of NO5 over Milan, Marseille, and London (Units are in molecules per cm?).

(IQAir). In some countries, however, the lockdown period continued
beyond April 2020. Hence, to analyze pre-lockdown and post-lockdown
impacts on air quality, the response of two of the most important pol-
lutants i.e. particulate matter (PMys), and nitrogen dioxide were
measured for the months of March—April 2019 and March-April 2020.

3.2.1. Response of PM3 5

The study observed the mean national concentration of PMy 5 for
some randomly selected countries and cities that fall within and
observed the range of PM; 5 within the timeframe of 15th March — 30th
April, both in 2019 and 2020. Following this, the percentage change in
their mean, minimum, and maximum value were calculated (Table 5).
Although in the previous analysis (Phase I), many of the cities showed a
mixed trend when observed over a continuous time interval from
October 2019 to April 2020, however, when compared with the lock-
down period in 2020 with the same period in 2019, most of the cities
showed a declining pattern in mean PM; 5 concentration except Rome,
Madrid, and Los Angeles. Los Angeles initially showed a drop in PM3 5
during March 2020 in comparison to 2019, however, it increases in
April. Rome showed a noticeable increasing pattern in PMy5 in 2020

from the previous year. Although in March 2020 Madrid shows an
increasing pattern in PMy s, but gradually in April 2020, the concen-
tration of PMj; 5 declined in comparison to 2019 (Table 5).

The global distribution of PMy 5 from April 15, 2019 to April 30,
2019 in selected 20 countries is shown in Fig. 16a. The value of PMs 5
ranges from 0.74 pg/m° to 54.7 pg/m>, wherein many countries have
their PMy 5 values within the permissible limit mentioned by WHO
(<10 pg/m3), namely Canada, Russia, USA, South Africa, Brazil, Chile,
France, Mexico, Spain, and Australia.

In Asia, Iran, China, India, and Turkey had higher PM, 5 concentra-
tions with respect to the permissible limit in the last 15 days in April
2019. In Africa, Ghana, and Egypt show the maximum concentration of
PMg.5, 33.30 pg/m> and 54.70 pg/m?® respectively.

In contrast to 2019, it is observed that many countries which have
previously high PMy s concentrations have shown reduced levels of
PM, 5 in 2020 (Fig. 16b).

The value of PMys ranges from 0.73 to 49.13 pg/m®. Italy and
Turkey have entered the permissible limit, with a reduced PM; 5 value of
5.15 and 5.62 pg/m>, whereas Ghana has a PM, 5 value of 44.03 pg/m>,
which has increased from the previous year. Changes in averaged PM; 5
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Fig. 14. Temporal change of six air quality parameters in the USA. The red vertical line indicates the lockdown date.

from 2019 to 2020 are shown in Fig. 17.

Results show that due to constrained human activities and dropped
anthropogenic emissions (Li et al., 2020a), PMy 5 concentration has
reduced by 56% in 2020 compared to the previous year. A maximum
reduction of PM, 5 concentration by 6.46 ng/m?® is observed in Italy with
a relative reduction of 56%. On the contrary, some cities recorded
increased PM; 5 concentrations ranging from 4 to 110%. A maximum
increase of PMy 5 concentration by 10.73 pg/m3 is observed in Ghana,
although a maximum relative PM; 5 increase of 110% is observed in
Russia.

While investigating at the city level, the change of PM3 5 during 2019
and 2020 for the same period has been analyzed and presented in
Table 5. Brazil observed a reduction in PMy 5 concentration up to
62.74% and 14.94% during 15 March — 31 March and 15th April - 30th
April at a country level. During 23rd March - 13th April and 1st April —
15th April there was an increase in PMj 5 concentration was noticed. In
China, during 1st February — 15th February, there was a reduction in
PM, 5 by 26.42%, however, it slightly increased from 3rd February to
24th February by 1.02% and 46.63% during 15th February — 28th
February. In India, PM3 5 has reduced significantly from 15th March —
31st March by 34.09%. It is further observed there is a change in PMj 5
in 2020 in comparison to 2019 from 23rd March - 13th April (-24.83%),
1st April — 15th April (-12.55%), and 15th April-30th April (-13.55%).
Italy overall showed a sudden increase in PMjy 5 during 9th March —
March 30, 2020 by as high as 539.34% in comparison to the same time
period in 2019. Similarly in Spain, when comparing with 2019, a posi-
tive change in PMy 5 concentration in 2020 from 15th March - 31st
March (344.64%), 23rd March — 13th April (72.18%), and 1st April —
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15th April (147.23%), 15th April — 30th April (-5.08%) was observed.
The study also showed an overall drop in PM3 5 in the UK in 2020 when
compared with 2019. The change in PM; 5 observed in the UK from 15th
March - 31st March was lower by -0.61%, and that of 15th April — 30th
April was lowered by -47.19%. In the USA no such reduction in PM; 5
was noticed in comparison to 2019 except from 15th March - 31st
March with a reduction rate of 5.68%.

3.2.2. Response of NOy

Similar to PMj3 5, the mean national percent change and the max-min
range of NO, for the same randomly selected countries and cities were
observed for the same timeframe. The date-wise and location-wise de-
tails of NOy concentration change between 2019 and 2020 have been
illustrated in Table 6.

Fig. 18 shows the global distribution of NO; for the duration of 15th
April - 30th April for the years 2019 and 2020.

Overall, the value of NO5 ranges from 0.24 x 10'® cm ™2 t0 0.66 x
10'® ¢m~2. In 2019, Brazil had the minimum NO, concentration (0.24 x
1016 cm’z), whereas Germany had the maximum NO, concentration
(0.66 x 10'® cm™2). In 2020, while there was no significant change in
the (global) lower limit of NO, concentration, a drop in the global upper
limit of NOy was seen. In 2020, the NO; concentration ranged from 0.22
x 10 cm™2 to 0.51 x 10'® cm™2. It is observed that most of the coun-
tries had shown a decreasing pattern in the NO, profile during the
lockdown period. Fig. 19 showed the global change in NO, concentra-
tion in 20 selected countries.

Results showed that due to the constrained vehicle movement, in-
dustrial emissions, power plants, construction works, and agricultural
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Percentage change in PM, s in randomly selected countries and cities from 2019 to 2020.

Country City Interval Mean change (%) Minimum change (%) Maximum change (%)
Brazil Sao Paulo 15 Mar-31 Mar 7.56 9.34 36.79
23 Mar-13 Apr -28.06 -24.2 -13.03
01 Apr-15 Apr -20.05 -16.68 -5.28
15 Apr-30 Apr -11.23 -11.38 4.65
China Shanghai 01 Feb-15 Feb -49.76 -50.45 -45.88
03 Feb-24 Feb -36.63 -39.81 -29.77
15 Feb-28 Feb 5.28 3.55 14.85
Wuhan 01 Feb-15 Feb -55.11 -46.87 -29.64
03 Feb-24 Feb -38.91 -32.05 -18.08
15 Feb-28 Feb 21.58 33.75 33.2
India Mumbai 15 Mar-31 Mar -40.7 -39.62 -29.91
23 Mar-13 Apr -4.64 -296 1.93
01 Apr-15 Apr 27.29 24.74 33.19
15 Apr-30 Apr -12.9 -11.24 -1.38
NCR Capital 15 Mar-31 Mar -14.96 -14.86 -7.39
23 Mar-13 Apr -31.6 -32.64 -28.38
01 Apr-15 Apr -26.3 -25.68 -22.12
15 Apr-30 Apr -25.52 -26.71 -19.81
Italy Rome 09 Mar-30 Mar 494.72 494.72 494.72
Spain Madrid 15 Mar-31 Mar 568.24 616.51 549.18
23 Mar-13 Apr 91.81 106.79 108.66
01 Apr-15 Apr 157.06 133.51 197.83
15 Apr-30 Apr -25.84 -21.3 0.46
UK London 15 Mar-31 Mar 19.17 19.17 19.17
23 Mar-13 Apr 66.45 66.45 66.45
01 Apr-15 Apr 7.53 7.53 7.53
15 Apr-30 Apr -31 -31 -31
Manchester 15 Mar-31 Mar -21.11 -21.13 -8.2
23 Mar-13 Apr 87.64 77.92 98.56
01 Apr-15 Apr 23.18 21.65 26.07
15 Apr-30 Apr -53.34 -51.73 -46.23
USA Los Angeles 15 Mar-31 Mar -35.57 -6.88 19.42
23 Mar-13 Apr 9.13 36.86 47.22
01 Apr-15 Apr 42.76 64.03 70.89
15 Apr-30 Apr 20 36.81 74.44 81.54

activities, the level of NOy had decreased significantly by 31% compared
to 2019 (Li et al., 2020b).

A maximum reduction of NO, concentration of 0.31 x 10'® cm™2 was
observed in the UK with a relative reduction of 32% from the previous
year (2019). On the contrary, South Africa had shown a slight increase in
NO, concentration of 0.005 x 106 cm 2 (1.35%).

3.3. Phase III: city-level comparison of air quality parameters during the
first 15 days of April 2020 and the last 15 days of April 2020

In this phase, changes in AOD5(p, NO», and O3 concentrations over
the selected cities in the last 15 days of April 2020 (15th April — April 30,
2020) were compared to the first 15 days of the same month (1st April —
April 15, 2020).

Out of 37 selected cities, 13 cities showed a declining trend in
AODsqg. The highest decline in AODs5(o was observed in Johannesburg.
Other cities that showed noticeable decreases in AODsg are Pretoria,
Riyadh, Mecca, London, Wuhan, Santiago, Berlin, Mumbai, and
Istanbul.

Salt Lake City and Los Angeles showed an increasing trend in AODsqg
followed by Cairo and NCR Capital (Delhi), Milan, Shanghai, Beijing,
Stuttgart, Sydney, Mexico City, and Tehran (Fig. 20).

In terms of NOy, 16 cities showed a declining trend with the highest
decline in Beijing followed by Stuttgart, Melbourne, Wuhan, Mexico
City, Napoli, and Tabriz. However, Johannesburg and Pretoria showed
an increasing NO3 trend in the last 15 days in April followed by Tehran,
Toronto, Hamilton, NCR Capital (Delhi), Madrid, and Sao Paulo. Both
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the UK cities, London and Manchester show an increasing trend in NO,.

Out of 37 cities, 22 cities showed a prominent drop in O3 concen-
tration from 15th April — April 30, 2020 with the highest drop in Salt
Lake City, Los Angeles followed by Ankara, Istanbul, Beijing, Napoli,
NCR Capital (Delhi), Barcelona, Sydney, Melbourne. On the other hand,
Manchester, London, Paris, Berlin, Stuttgart, Johannesburg, Toronto,
and Hamilton showed increasing trends in Os.

3.4. Validation

It is important to validate the results derived from remote sensing
observations to ensure the reliability of the collected data and the ac-
curacy of the results. Hence, as mentioned in the methodology section,
we study compared the remotely sensed PMj s mean percent change
between 2019 and 2020 with IQAir ground-based monitoring data for
the period of 15th March to 30th April (Table 7).

The common dates of both ground-based and satellite observations
have been statistically compared with Pearson correlation (Pearson’s
Correlation Coefficient, 2008). The common observation dates were
found between 23rd March to 13th April for the cities like Sao Paulo,
Mumbai, NCR Capital, and Los Angeles. For Wuhan, the common
observation date was from 3rd February to 24th February. The dates
were chosen as they fall within the lockdown periods in the respective
cities based on IQAir published report (IQAir). The Pearson correlation
test showed good agreement between ground and satellite-based
observation with R? = 0.55, R = 0.75 for the cities like Wuhan, Mum-
bai, NCR Capital, Sao Paulo, and Los Angeles (Fig. 21). All these cities
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Fig. 16. Global maps of PM, 5 concentration in (a) April 2019 and (b) April 2020.

showed a significant reduction in PMs 5 using both ground-based and
spaceborne observations. However, cities like London, New York, and
Madrid have shown the opposite measurements from these two data
sources. They had shown increasing numbers in the PMy 5 level for s
satellite observation while reducing numbers for ground-based mea-
surements (Table 7). The reasoning behind this discrepancy can be
justified as spaceborne measurements have coarser spatial resolution
and are not as precise as ground-based measurements, introducing some
spatial and spectral uncertainties. Due to a lack of ground-based coun-
try-level data, it was not possible to compare the change in country-level
observations from satellite data with the ground-based measurements.

4. Discussion

This research successfully carried out detailed monitoring and
analysis of global air quality through five major air quality parameters, i.
e. NO2, PM; 5, 03, AODs00, UAL and in some cases SO, for pre, post, and
during COVID-19 lockdown situations. It adopted a top-down approach
from country to city level (urban agglomeration) and showed how
dynamically the air quality parameters had changed at various spatial
levels. Countries like China, India, Mexico, South Africa, Italy, Spain,
and Australia have shown decreasing trends for PMys in 2020 as
compared to 2019, whereas countries like Canada, the USA, and Russia
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have shown increasing trends for PMy s in 2020 compared to 2019.
Similarly, NO; decreased in 2020 in most of the countries, for example,
in Italy, Spain, Germany, UK, the USA, Russia, India, Mexico, China,
Australia, Brazil, whereas South Africa showed an increasing NO trend.

European cities like Rome, Madrid, London, and Manchester had
experienced an increasing trend of PMj 5 mostly from 15 March to 15™
April probably due to the reliance on residential heating systems which
generally work till mid of April, coupled with cool air inversions that
trap particulate pollution in the atmosphere. This may explain PMy 5
gains in some of the cities when observing through spaceborne remote
sensing systems. Studies also reported that in most European cities
people have been exposed to higher levels of PMjy 5 pollution indoors
because more time spent cooking at home executes higher emissions of
PMys. In the UK, pollutants from northern Europe through easterly
winds added to UK emissions along with higher temperatures in UK
cities leads higher PMj 5 concentrations during the lockdown period.
However, the reduction in NO; levels in Germany, the UK, Italy, and
Spain can be justified by less usage of vehicles and lower activities in
industrial and manufacturing plants.

Chinese cities like Wuhan and Shanghai exhibited a reduced trend of
PM, 5 in 2020 compared to 2019 due to lockdown measures. However,
after the post-lockdown period at the end of February 2020, there had
been an increase in PMj 5 in China. Though road traffic emissions may
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Fig. 17. Global change of PM, 5 concentration between April 2019 and April 2020.
Table 6

Percentage change in NO; in selected countries from 2019 to 2020.

Country Interval % Mean Change % Minimum Change % Maximum Change
Brazil 15 Mar-31 Mar -62.74 -33.44 33.72
23 Mar-13 Apr 4.57 -26.82 84.79
01 Apr-15 Apr 57.59 -13.17 100.58
15 Apr-30 Apr -14.94 -2.89 83.77
China 01 Feb-15 Feb -26.42 126.83 104.37
03 Feb-24 Feb 1.02 157.04 98.13
15 Feb-28 Feb 46.63 62.66 130.35
India 15 Mar-31 Mar -34.09 -38.76 62.01
23 Mar-13 Apr -24.83 -9.3 71.05
01 Apr-15 Apr -12.55 -6.28 83.24
15 Apr-30 Apr -13.35 -68.18 94.22
Ttaly 09 Mar-30 Mar 539.34 190.04 283.79
Spain 15 Mar-31 Mar 344.64 470.99 193.47
23 Mar-13 Apr 72.18 197.42 70.93
01 Apr-15 Apr 147.23 292.68 195.48
15 Apr-30 Apr -5.08 67.09 84.67
UK 15 Mar-31 Mar -0.61 28.96 106.73
23 Mar-13 Apr 84.21 76.49 108.18
01 Apr-15 Apr 24.69 46.25 62.33
15 Apr-30 Apr -47.19 -53.3 7.48
USA 15 Mar-31 Mar -5.68 -22.85 57.03
23 Mar-13 Apr 15.2 13.04 60.99
01 Apr-15 Apr 28.05 28.86 66.29
15 Apr-30 Apr 23.63 52.2 75.83

not have contributed to the sudden increase of PMs s, but industrial
emissions outside the cities could have added to the emission levels.

In India, a significant reduction in PM; 5 and NO; can be noticed due
to strict lockdown measures and stay-at-home orders for the 1.3 billion
population. Measures like shuttered businesses, no traffic congestion,
paused construction projects, closed non-essential industries, vehicle
free roads accelerated the process of reduction in PMy 5 and NO,. The
major Indian cities, for example, Mumbai, NCR Capital (Delhi) had also
experienced reduced PMy s levels during lockdown situations, that
started on March 25, 2020.

In the USA, during the lockdown, the Federal government rolled
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back emissions standards and relaxed certain environmental policies
(Holden, 2020). This may be a reason behind the increasing trend of
PM, 5 (Barret, 2020). Besides, the continuous operation of power plants
during lockdown might also be a reason for increased PMy s in USA
(Schiermeier, 2020).

In Brazil, local meteorology and seasonal forest fire in the Amazon
might be a reason behind the national increasing trend of PMj 5. Low
traffic flow in the overall country might have helped reduce the NO,
concentration of the country.

The power plants, and waste treatment plants around the cities, and
their continuous emission may also have varyingly impacted the
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Fig. 19. Global change of NO, concentration between April 2019 and April 2020.

pollution level of the cities since these remained operational even during
lockdowns.

This study observed that there is spatial variability in air quality even
within a country. Some parts of a country show good air quality (low
concentration of pollutants) whereas some parts had comparatively poor
air quality, especially in the industrial zones. For example, from 15%
April - April 30, 2020, while most part of Italy shows a low concentration
of NOy, the northern part, e.g., Milan, Veneto, and Emilia-Romagna,
which involves large industrial activities, shows a higher concentra-
tion of NOy (Fig. 22b). The same pattern can be observed for PM; 5
during late March 2020 as well (Fig. 22a).

In Germany, Ruhr and the surrounding region in North Rhine-
Westphalia, the center of different industrial activities (e.g., automo-
bile, coal, and steel plants), show higher concentrations of NOy. The
eastern part of Germany shows comparatively low NO, concentration in
April 2020. Fig. 23 shows a gradual decline in NO; in Germany from
February to April 2020.

Likewise, in South Africa, since the major industries are located in its
eastern part, a very prominent NO5 concentration in that region was
observed (Fig. 24) that increased in 2020.

Due to such spatial variability, there may be cases when a given city
showed a drop in a few air quality parameters whereas the entire
country measured an increase in air pollution levels.

5. Conclusion

As mentioned earlier, most of the published studies investigating air
quality change during the COVID-19 lockdown period are city-based
studies, considering administrative city boundaries. Their analysis did
not include the power plants, coal mines, water treatment plants, and
other essential and active services beyond the city limits which contin-
uously emitted PMys, NO2, and other pollutants. These sites were
operated 24/7 to ensure normalcy for citizens lives who were all staying
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indoors during the lockdown period. Given the enormous impacts these
establishments have on local as well as regional air pollution levels and
dispersion, it is imperative to take them into consideration while
assessing the air quality of any region. As to the knowledge of the au-
thors, this study is the first to address as well as rectify that oversight.
This study also highlights the unjustified generalization of concluding
that overall global air pollution decreased during the COVID-19 lock-
down since not every part of the world responded the same way to the
situation. In fact, dynamic response variations and mixed patterns were
observed among different cities within the same country. With multi-
layered top-down analysis, this study was able to access the variability
in the global air quality at different levels of spatial granularity and
busted the common belief that the overall global air quality had
improved during the COVID-19 lockdown period. The study showed that
local conditions have uniquely influenced the concentration of atmo-
spheric pollutants. Hence, it is very difficult to generate an overall global
air quality report for the COVID-19 regime since the conditions varied
with space, time, and scale of observation. During the lockdown period,
PM, 5 concentrations had reduced by 56% in 2020 compared to 2019 in
most countries except Ghana and Russia which showed increasing
trends. The NO5 concentration had also decreased by 3%-31% in most of
the countries but some of them like Turkey and Spain showed a mixed
pattern, whereas the UK and South Africa exhibited increasing trends.
The region covered by NCR Capital (Delhi) in India showed a prominent
declining trend in PM; 5 value whereas in most parts, SO3, AODsq, and
UAI presented a mixed pattern fluctuating over the study period. O3
increased in most of the countries (with some city-level variations).
Reduced emissions from secondary industries and motor vehicles are
most likely the cause behind the observed decrease in PMy 5 and NO,
during the lockdown period. The increased Og is probably due to lower
particle loading that led to less foraging of hydroperoxyl radicals (HO5)
suggested by Wang (Wang et al., 2020). Ghana registered an overall
increase of PM, 5 but a decrease in NO; at the same time. These results
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Fig. 20. Absolute change in AODsg, NO2, O3 concentration in selected cities between 1st April — 15th April, 2020 and 15th April — 30th April, 2020.

Table 7

Comparison between satellite observation and ground observation (mean

percent change of PMj 5).

Country  City Interval Ground observation Satellite
(IQAir) % Mean Observation %
Change Mean Change
Brazil Sao 23 Mar- -54 -28.06
Paulo 13 Apr
China Wuhan 03Feb-24  -44 -38.91
Feb
India Mumbai 23 Mar- -34 -4.64
13 Apr
NCR 23 Mar- -60 -31.6
Capital 13 Apr
Italy Rome 09 Mar- 30 494.72
30 Mar
Spain Madrid 23 Mar- -11 91.81
13 Apr
UK London 23 Mar- -9 66.45
13 Apr
USA Los 23 Mar- -31 9.13
Angeles 13 Apr
New 23 Mar- -25 46.05
York 13 Apr
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Fig. 21. Correlation between satellite observation and ground measurement.

clearly indicate that since there are many atmospheric pollutants or
parameters that influence the quality of air, it is completely subjective to
the scale of observation and what pollution parameters are being
referred to when assessing the air quality standards. Air quality is also
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Fig. 23. Spatiotemporal variation in NO, over Germany from February to April 2020.

significantly controlled by weather phenomena, e.g., excessive rainfall,
low temperature, wind speed, and solar influx (Borge et al., 2019).
Hence, further study is required to understand the contribution of
weather factors on air quality change during the COVID-19 lockdown.
Future studies in this regard can also incorporate spaceborne and
ground-based observations and develop a more comprehensive hybrid
model to investigate changes in the air quality at different spatial and
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temporal scales over different land use and land cover type. The limi-
tations of the present study are low spatial resolution, data gaps, and
mixed pixel impurity problems (Hsieh et al., 2001). Therefore, a finer
spatial resolution with a source-based study of air quality parameters is
recommended to get a further detailed explanation of the lockdown on
air quality scenario. However, even with the limitations mentioned
above, the wide-scale satellite observation proved to have provided the
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advantage of getting a synoptic view of air quality at any location where
ground-based observation is not available.
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