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ABSTRACT

The COVID-19 pandemic, induced by the novel Coronavirus worldwide outbreak, is causing countries to intro-
duce different types of lockdown measures to curb the contagion. The implementation of strict lockdown policies
has had unprecedented impacts on air quality globally. This study is an attempt to assess the effects of COVID-19
induced lockdown measures on air quality in both regional, country, and city scales in the South and Southeast
Asian region using open-source satellite-based data and software frameworks. We performed a systematic re-
view of the national lockdown measures of 19 countries of the study area based on publicly available materials.
We considered two temporal settings over a period of 66 days to assess and compare the effects of lockdown
measures on air quality levels between standard business as usual and current situation COVID-19 lockdown. Re-
sults showed that compared to the same period of 2019, atmospheric NO,, SO, PM; 5, and CO levels decreased by
an average of 24.16%, 19.51%, 20.25%, and 6.88%, respectively during the lockdown, while O3 increased by a max-
imum of 4.52%. Among the 19 studied cities, Dhaka, Kathmandu, Jakarta, and Hanoi experienced the highest re-
duction of NO, (40%-47%) during the lockdown period compared to the corresponding period of 2019. The
methodological framework applied in this study can be used and extended to future research in the similar do-
main such as understanding long-term effects of COVID-19 mitigation measures on the atmospheric pollution at
continental-scale or assessing the effects of the domestic emissions during the stay-at-home; a standard and ef-
fective COVID-19 lockdown measure applied in most of the countries.
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1. Introduction

The severe acute respiratory syndrome Coronavirus 2 (SARS-CoV-2),
a novel coronavirus, caused a global health crisis with more than
760,774 deaths and almost 20.99 million confirmed cases as of August
15, 2020 (WHO, 2020a). The respiratory illness caused by this new co-
ronavirus, commonly known as COVID-19, was first reported in
Wauhan, China, in December 2019 (Acter et al., 2020; Ma et al., 2020;
Wang et al.,, 2020c; Wu et al., 2020). As the number of confirmed
cases increased in China and other parts of the world, on January 30,
2020, the World Health Organization (WHO) called for a global health
emergency (Saadat et al., 2020). The spread of this highly contagious
virus continued to increase, and the outbreak reported in 107 countries
by March 11, 2020, when it was declared as a pandemic by the WHO
(WHO, 2020b). The human-to-human transmissibility of the virus
through infected respiratory droplets was confirmed as the primary
way of contagion (Wang et al., 2020c; Wang et al., 2020b), and hence
most of the countries imposed different levels of lockdowns over
human activities ranging from local to nationwide to curb COVID-19
outbreak (Kaplan et al., 2020). The COVID-19 induced lockdown (C-19
lockdown) measures in most of the countries included social distancing,
suspension of road and air traffic except the transportation of goods and
emergency services, sealing of international borders, shutdown of in-
dustrial and commercial activities, and closure of educational institutes,
wet markets, and restaurants (Anwar et al., 2020; Arunachalam and
Halwai, 2020; Oxford Covid-19 Government Response Tracker, 2020;
The Diplomat, 2020). The stringent imposition of such lockdown mea-
sures by the countries resulted in an enormous economic slowdown
and social instability globally (Burke, 2020).

Though the COVID-19 pandemic has been considered as a significant
reason for the current fall of the global economy, it has brought bless-
ings to the environment. Already a number of studies showed unprece-
dented improvements in atmosphere and hydrosphere owing to a halt
in human movement and economic activities during lockdown (Li
et al.,, 2020; Muhammad et al., 2020; Mahato et al., 2020; Sharma
et al., 2020b; Yunus et al., 2020; Zambrano-Monserrate et al., 2020).
The reduction of pollutants in the atmospheres as an effect of C-19 lock-
down could be observed all over the globe (atmospheric CO, concentra-
tion reduced by 6% globally) (Carbon Brief, 2020, as cited in Dutheil
et al., 2020); however, there were marked differences noticed in differ-
ent geographic settings. For instance, strict COVID-19 mitigation mea-
sures including social distancing had been enforced in China's Hubei
Province at the end of 2019 to contain the spread of the virus, the eco-
nomic activities including industries and power plant had stalled,
resulting in a 40% and 20% drop in transportation and industrial emis-
sion, respectively (Wang et al., 2020c). Such measures also played sig-
nificant role in the reduction of nitrogen dioxide (NO,) and particulate
matter 2.5 (PM;5) in several cities of China (ESA, 2020). According to
CAMS (2020), several Chinese cities observed a 20-30% drop in the
monthly average PM, s concentrations in February 2020 compared to
the same month in three previous years i.e., 2017, 2018, and 2019.
Amid C-19 lockdown (in effect from January 23, 2020), Nichol et al.
(2020) observed 60% and 80% reductions of tropospheric NO, concen-
tration in Beijing-Tianjin-Hubei region in January and February 2020,
compared with the same months of 2019. Lian et al. (2020) also found
amarked reduction in NO, in most of Wuhan, China. In Spain, a decreas-
ing trend in air pollution was observed just after two weeks of the impo-
sition of lockdown measures -the average PM;, concentration
decreased by 28-31% (Tobias et al., 2020). The partial lockdown of Sao
Paulo, Brazil, resulted in 54.3% and 64.8% reduction in NO, and carbon
monoxide (CO) levels in the air compared to the previous five years'
monthly average values (Nakada and Urban, 2020). Likewise, the con-
centrations of PM; 5, NO,, and CO in the air decreased by 21%, 35%,
and 49%, respectively in Almaty, Kazakhstan during C-19 lock-down
(Kerimray et al., 2020). The Salé City of Morocco similarly experienced
a significant drop in atmospheric NO,, sulfur dioxide (SO,), and PM;q
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concentrations during lockdown compared to the pre-lockdown period
(Otmani et al., 2020). Satellite-based recent estimations of National
Aeronautics and Space Administration (NASA) and European Space
Agency (ESA) depicted at least 30% fall of air pollution in Spain, Italy,
and the USA during COVID-19 pandemic (Muhammad et al., 2020).

Whereas the concentrations of NO,, CO, SO,, and PM, 5 decreased in
many parts of the world amid C-19 lockdown, few recent studies re-
ported an unexpected increase in the atmospheric ozone (0Os) concen-
tration, especially in the volatile organic carbon-limited (VOC-limited)
regimes. For example, an approximately 50% increase in O3 concentra-
tion was recorded in the urban center of Barcelona (Spain) during the
lockdown (Tobias et al., 2020). Wang et al. (2020d) estimated around
145% and 46% increase in O; concentration in the urban and rural
areas of Hangzhou (China), respectively. In the VOC-limited region of
Rajasthan (India), a maximum 45% increase in O3 concentration was ob-
served during the lockdown (Sharma et al., 2020b). Likewise, Sicard
et al. (2020) estimated an approximately 17% increase in O; concentra-
tion in the four European cities (Nice, France; Rome and Turin, Italy; and
Valencia, Spain) and 36% in Wuhan, China during the lockdown (2020)
compared to the same period of 2017-2019. The exacerbation in O3
concentration during the restricted anthropogenic emission period (C-
19 lockdown) was also confirmed by Le et al. (2020). These studies
mainly highlighted the reduction in NO, emission, due to the limited
operations of the emission sources during the lockdown, as one of the
most important reasons for increasing Os concentration. In the tropo-
sphere, O3 mainly forms by the reaction between atmospheric nitrogen
oxides (NOy) and VOCs with the presence of effective solar radiation
(Seinfeld and Pandis, 1998). But the reduced NOy emissions during
the lockdown lowered the Os titration by NO and increased the
VOC-NOy ratio, which basically amplified O3 concentration in the
lower atmosphere during C-19 lockdown (Sicard et al., 2020). However,
this increase of Os in the lower atmosphere may cause serious health
problems to humans (Dang and Liao, 2019; Lefohn et al., 2018).

The outbreak of the coronavirus in South (SA) and Southeast Asian
(SEA) region was confirmed on mid-January 2020. Since then, the con-
firmed cases began to increase swiftly in SA and SEA countries. Surpris-
ingly, the case fatality in this region is much lower than in Europe and
North America (BI, 2020). From the date of the first record, a total of
3,516,456 confirmed cases with 68,995 deaths were recorded in this re-
gion as of August 15, 2020, while only five countries such as India,
Pakistan, Bangladesh, Philippines, and Indonesia together accounted
for 95.97% of confirmed cases and 97.47% of total deaths (WHO,
2020a). Restraining the rapid spread of COVID-19 was a major concern
for the SA and SEA countries, and thereby numerous mitigation mea-
sures such as restricting public gathering, social distancing, closing in-
ternational borders, limiting people's movement, quarantine affected
areas, etc. were adopted.

Along with these common measures, most of the SA and SEA coun-
tries enforced community-wise to nationwide lockdown measures. The
effects of the implementation of such measures on air quality in a few
SA and SEA countries have been studied so far, which showed a substan-
tial decrease in NO,, SO,, PM, and CO concentrations and an unexpected
increase in O3 concentration during the C-19 lockdown. For example,
Kanniah et al. (2020) found a 27-34% reduction in tropospheric NO,
column density in the urban agglomerations of SEA with a notable de-
crease in PM;g, PM, 5, CO, and SO, levels in the urban areas of
Malaysia during COVID-19 period of 2020 compared to the mean of
2015-2019. During the lockdown phase, Delhi, the capital city of India
observed 60%, 30%, 52.68%, and 30.35% reductions in PM; o, PM5 5, NO,,
and CO concentrations, respectively, compared to the same period of
2019 (Mahato et al., 2020). Likewise, Mandal and Pal (2020) found
three to four times a reduction in the concentration of PM;q at the
stone quarrying and crushing locations in the Dwarka river basin of
Eastern India after the imposition of lockdown. The cutbacks in PM, s,
PMj, CO, and NO levels during lockdown were also proven in six mega-
cities of India (Jain and Sharma, 2020). On the other hand, a study



S. Roy, M. Saha, B. Dhar et al.

conducted over 22 cities of India identified a significant rise in O con-
centration during the lockdown period (CES, 2020). Although these
studies provided quantitative information about the changes of air qual-
ity amid C-19 lockdown in India, Malaysia, and few urban areas of SEA,
the effects of lockdown on regional-scale air quality are still inadequate.
Being one of the most populated and industrialized areas in the
world, improvements in air quality across the SA and SEA regions during
the COVID-19 lockdown period ought to be explored to consider the
possible ways of mitigation of air pollution at the regional level. There-
fore, this study aims to assess the effects of COVID-19 induced lockdown
measures on five different air pollutants across 19 countries of the SA
and SEA regions. To our knowledge, this is the first regional-scale as-
sessment that also explored the change of air quality at country and
city scales to provide a comprehensive overview of the effects of
COVID-19 lockdown on regional air quality in the study area.

2. Material and methods
2.1. Description of the study area

Being one of the higher air polluted regions in the world, all 19 coun-
tries of South Asia (8 countries) and Southeast Asia (11 countries) were
selected to perform a regional scale assessment of the effects of COVID-
19 lockdown on air quality (Fig. 1). The study area covers 11 million km?,
which is 24.84% of entire Asia. It contains almost one-third of the
world's population (32.55%) with a density of 225.54/km?, where the
population density of SA (288/km?) is twice that of Southeast Asia
(SEA) (140.82/km?; The World Bank, 2019). According to the World
Bank, 2019 Indicator List, all 17 countries of the study area fall in the
lower to upper-middle-income groups except Brunei Darussalam and
Singapore (Annex I). The World Development Indicators List (2019)
shows a growing economy in these countries with positive annual
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growth of GDP (Annex II) aided by rapid industrial and infrastructural
development. With the increasing economic development, this region
has been experiencing severe air pollution since the last decades. In
many countries, the emission of several pollutants induced from burn-
ing of biomass in the crop fields, combustion of fuels in power plants
and vehicles, industries operations, and domestic consumptions ex-
ceeds the limits set by the World Health Organization (WHO) (WHO,
2006; Bhattacharya, et al., 2000; John et al., 1999, Hopke et al., 2008).
For example, the annual average PM; o concentrations in Lahore and Ra-
walpindi were estimated as 368 ug/m> and 276 pg/m?, respectively,
which are excessively higher than the WHO standard (20 pg/m?)
(Ghauri et al., 2007). According to Ilyas et al. (2010), suspended partic-
ulate matter (SPM), respirable particulate matter (RPM), SO,, NOy, lead
(Pb), and CO, in the atmosphere of Pakistan are consistently higher than
the tolerable range. In Bangladesh, the concentration of several pollut-
ants notoriously exceed the standard levels in the dry seasons of the
year (Motalib et al., 2015; Rahman and Al-Muyeed, 2005; Zahangir
et al.,, 2001). The level of air pollution in India is so high that it has
been identified as one of the primary reasons for premature death
(WHO, 2014). Similarly, in SEA countries, the level of air pollution is ob-
served above the standard level, where the Air Quality Index (AQI) in
the major cities remains unhealthy in most of the days of the year
(Luong et al., 2019). Few SEA cities such as Bandung, Manila, and
Hanoi have been experiencing high concentrations of PM; 5 and PM;q
(Oanh et al., 2006). In the SEA region, Myanmar, Vietnam, Indonesia,
and Laos have been facing tremendous air pollution compared to
other countries (IQAir, 2019). However, few countries such as
Malaysia, Singapore, Thailand, Philippines, and Cambodia have set sev-
eral national guidelines, which are effective in maintaining good air
quality status (Southeast Asia air quality regional report, UNEP).
COVID-19 contagion in the study area was first recorded on January
13, 2020 in Thailand (WHO, 2020c). In the SA region, it was first
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DoF: 24 February 2020

LDT: Province-wise '(
LM: Suspended social gathering, public
transportation and praying in mosques;

Closed shopping malls, markets, restau-

rants, and hotels; Restricted public move-

ments.

DoF: 07 March 2020

LDT: Imposed island wise quarantine
LM: Quarantined islands resorts;
Closed down schools; Restricted entry
of tourists.
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MDV

DoF: 23 January 2020

LDT: Nationwide

LM: Postponed all academic examina-
tions; Closed all offices; Closed land
borders; Cancelled all mountain climb-
ing expeditions; Suspended all interna-
tional flights; Limited vehicular move-
ment.

NPL

DoF: 23 March 2020

LDT: Imposed community lockdown
LM: Suspended on-arrival and e-visas
for all countries; Closed down restau-
rants and markets in affected cities;
Quarantined affected villages; Closed
beaches.

MMR

DoF: 23 January 2020

LDT: Nationwide isolation

LM: Suspended entry of all foreigners
from 22 March 2020.

DoF: 30 January 2020

LDT: Nationwide V
LM: Closed inter-state borders; Restrict-

ing land borders; Suspending internation-

al flights; Closed offices, industries, educa-
tional institutes, shopping malls, and all

public places; Restricted public move-

ment.

DoF: 27 January 2020

LDT: No strict nationwide lockdown '
LM: Closed down educational institutes;
Suspended entries from Italy, Germany, "

Spain, France, USA, and Iran; Forbid
religious and social gathering, Closed
down clubs and cinema halls; Sealed
borders with Thailand; Restricted travels
to the country.

VNM

KHM

DoF: 06 March 2020

LDT: No lockdown was imposed
LM: Closed all international borders and

schools from 23 March henceforth;
Suspended all international flights;
Banned importing fruits, vegetables, and
meats.

DoF: 09 March 2020

LDT: No lockdown was imposed

LM: Restricted entry for travelers from
China; Barred all citizens and foreigners
leaving the country; Closed mosques and
suspended mass prayers at mosques for a
certain period.

DoF: 02 March 2020

LDT: Imposed large-scale social dist
ing by declaring COVID-19 as national
disaster through signing Presidential
Decision 11/2020

LM: Suspended visa for China, Italy, South
Korea, and Iran; Prohibited public gather-
ing and closed down restaurants; Restricted
people movement and academic institutes.
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DoF: 08 March 2020

LDT: Nationwide
LM: Closed offices, industries, restaurants, shop-

ping malls, and educational institutes; Limited
public transportation and public movement,

Suspended national and international flights;

Taken precautions in cargo handling at sea ports.

DoF: 23 January 2020
" LDT: Nationwide lockdown titled “2020 Singapore
S Circuit Breaker’
LM: Implemented stay-at-home; Closed all
- non-essential workplaces; Restricted entry to wet
- markets; Initiated home-based learning; Restau-
. ﬁ rants were only allowed for take-away service.
h
|

DokF: 26 February 2020

LDT: Both province-wise and nationwide

LM: Sealed land borders; Closed down all public
and religious places along with educational
institutes; Suspended inter provincial public
transports; Suspended international flights and
trains; Prohibited public gathering.

2

DoF: 27 January 2020

LDT: Nationwide curfew

LM: Suspended arrival of tourists and landing
of aircrafts; Banned all incoming passenger
ships and planes.

&

LKA

DoF: 13 January 2020

LDT: Nationwide curfew at varying degree

LM: Bangkok was partially lockdown; Suspended
all commercial international flights.

DoF: 30 January 2020
LDT: Province/City-wise lockdown
LM: Imposed partial lockdown on Metro Manila
- A5 through declaring ‘Code Red Sub-Level 2’;

/ ,0* Imposed ‘enhanced community quarantine

: (ECQ)’ on several cities and provinces by the

local governments; Declared a state of calamity
for a six months through a proclamation No. 929;
Applied ‘general community quarantine (GCQ)’
on moderate-risk areas and ‘modified general
community quarantine (MGCQ)’ on low-risk
areas; Suspended all commercial international
flights.

!

; DoF: 21 March 2020
LDT: Nationwide lockdown
LM: Closed borders with Indonesia; Closed
schools and catholic church; Restricted public
gathering to maximum 5 people; Imposed 14
days’ quarantine for all international arrivals.

L~
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DoF: 25 January 2020

LDT: Imposed nationwide ‘Movement Control
Order’

LM: Imposed social distancing and prohibited
mass gathering; Restricted travelling COVID-19
affected areas; Prohibited leaving and entering
the country; Closed down educational institutes,
govt. and private premises.

L S

i LM: Provincial authorities sealed borders with
Vietnam and Cambodia on 13 March 2020.

Q.
DoF: 24 March 2020
LDT: No lockdown was imposed

Legend

DoF: Date of first patient identified
LDT: Lockdown type
LM: Lockdown measures

4@ Complete lockdown period defined
®--> Lockdown ending date not available
@ Period of analysis
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reported on January 23,2020 in Nepal (Shrestha et al., 2020). Afterward,
all other countries of SA reported COVID-19 infections by March 8, 2020
(BI, 2020; WHO, 2020a). After the first case was reported in Thailand,
the contagion spread in all other SEA countries by March 24, 2020. To
contain the spread of the virus, all the countries of the study area im-
posed several types and levels of lockdown measures, mostly on differ-
ent dates of March 2020, which included nationwide shut down of
economic activities, restrictions in social gathering, suspension of vehic-
ular movements, etc.

2.2. Review of country-based COVID-19 lockdown measures with effects on
air quality

A systematic review of the national lockdown measures was per-
formed for all the countries based on their national health directorate
resolutions, ministerial declarations, published literature, and national
and international newspapers (Annex III). Since several countries pub-
lished COVID-19 guidelines and contingency measures in their official
language other than English, we had to rely mostly on the English news-
papers for collecting and collating information. The review was per-
formed from the day of the first reported case for an individual
country to the May 31, 2020. After compilation of country-based lock-
down measures, these were filtered, and the most relevant measures
were considered, which can affect the levels of pollutants in the atmo-
sphere (Fig. 2). Except for Singapore (SGP), all other countries of the
study area imposed lockdown on different dates of March 2020. A sig-
nificant variation in lockdown type was observed from country to coun-
try in the study. In SA, all the countries except Afghanistan (AFG) and
Maldives (MDV) imposed nationwide lockdown from the fourth week
of March to the end of May. AFG followed province-wise lockdown
based on the number of contagions. MDV quarantined different islands,
especially the most touristic ones where the infections were reported.
Bhutan (BTN) didn't follow stringent lockdown rather restricted mass
gathering and postponed all international flights. In SEA, Laos (LAO),
Cambodia (KHM), and Brunei Darussalam (BRN) didn't apply any sort
of lockdown but restricted social gathering, closed educational insti-
tutes, suspended entry of travelers from the COVID-19 affected coun-
tries, and sealed borders with the neighboring states. The other eight
countries applied different types of lockdown, ranging from community
lockdown (Myanmar-MMR) to nationwide curfew (Thailand-THA).

Indonesia (IDN) declared the pandemic as a national disaster and
thereby imposed large-scale social distancing through a presidential de-
cision 11/2020. Under this type of contingency measure, IDN suspended
international flights with profoundly affected countries, restricted ve-
hicular movements for controlling human movement, and closed res-
taurants. Similar measures were imposed in Malaysia (MYS) and
Vietnam (VNM) under the titles ‘Movement Control Order’ and ‘Nation-
wide Isolation’, respectively. SGP officially imposed lockdown measures
a bit later than the date of the first record (January 23, 2020) compared
to the other SEA countries. On April 7, 2020, SGP imposed a nationwide
lockdown with the title 2020 Singapore Circuit Breaker’ under which it
closed down all non-essential workplaces and tightly implemented
stay-at-home order for the residents. Timor-Leste (TSL) additionally im-
plemented a 14-days mandatory quarantine for the international ar-
rivals with other standard measures under the nationwide lockdown.
On the other hand, Philippines (PHL) imposed three different types of
community quarantines depending on the COVID-19 risk levels of the
cities or areas.
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Along with the partial lockdown of the Metro Manila, PHL declared
the pandemic as a state calamity under Proclamation No. 929 and
suspended all national and international flights. From Fig. 2 it can be
summarized that most of the countries imposed similar lockdown mea-
sures for containing the spread of SARS-CoV-2 virus in the study region.
Among all the measures, most of the countries suspended road and air
transports, closed down industrial and processing activities, and limited
construction works, which are considered as the primary point sources
of air pollution in the study area.

2.3. Satellite-based estimations of air pollutants used in the study

Satellite-based measurements of air pollutants are widely used by
researchers, policymakers, and environmentally conscious private and
public entities (Duncan et al., 2014, Fioletov, et al., 2011). The insuffi-
ciency of ground stations around the world is a major reason for the in-
creasing popularity of satellite-based estimations usage in monitoring
air quality (Zou et al., 2017). In this study, satellite observation-based
reanalysis data and satellite-based measurements were used to monitor
the effect of COVID-19 lockdown measures on the levels of NO,, SO,, CO,
PM, s, and Os in the atmosphere. For extracting the geospatial dataset,
we used the Goddard Interactive Online Visualization and Analysis In-
frastructure (GIOVANNI) (https://giovanni.gsfc.nasa.gov/giovanni/),
which provides both reanalyzed model outputs and surface observa-
tions on the several air quality parameters (Prados et al., 2010). The
time average of SO, (column mass density), CO (surface concentration
and near-source emission), and PM, s (dust column mass density)
gridded dataset of the Modern-Era Retrospective Analysis for Research
and Applications Version 2 (MERRA-2) model with 0.5° x 0.625° spatial
and hourly (SO, and PM, 5)/monthly (CO) temporal resolutions were
extracted for two-time frames (March 27-April 30 and May 1-May
31) 0of 2019 and 2020. The MERRA-2 model is an atmospheric reanalysis
which uses the Goddard Earth Observing System Model v.5 (GEOS-5)
coupled with the Atmospheric Data Assimilation System (ADAS)
(GMAQO, 2015). The time average of NO, (tropospheric column density)
and Os (total column concentration) along with weekly average of NO,
(tropospheric column density) having 0.25° x 0.25° spatial and hourly
(NO,)/daily (0Os) daily temporal resolutions for the same time frames
of the respective years were extracted from the Ozone Monitoring In-
strument of the NASA Aura satellite (OMI/Aura) level-3 daily global
gridded product (Nickolay et al., 2019). Furthermore, we used the
monthly average (March to May) of surface wind speed (m/s)
geospatial dataset with 2.5° x 2.5° spatial and monthly temporal resolu-
tions for the years of 2019 and 2020 extracted from the NCEP/NCAR Re-
analysis (https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.html)
(Kalnay et al., 1996) for understanding the variation of surface wind
speed between the study periods which could affect the vertical move-
ment of emissions. The specific properties of the dataset used in the
study are provided in Table 1.

2.4. Temporal settings used in the study

The air pollutants were compared between two temporal frames
over a period of 66 days (March 27 to May 31). This time period was
considered because the lockdown was in effect during this period in
most of the countries of the study area.

Fig. 2. Country-based COVID-19 reported dates and lockdown measures with effects on air pollution in the study area. The ISO Alpha-3 country code (https://www.iso.org/) for the
respective countries were used instead of their full names. This figure was developed through a comprehensive review of country-based COVID-19 induced lockdown measures, as
presented in Annex IIl. Lockdown periods for respective countries were presented on a time axes with solid lines of different colors corresponding to the colors of the country names.
The numeric values on the time axes lines represented the starting and ending dates of lockdown of the individual countries. Note: AFG — Afghanistan; BGD — Bangladesh; IND —
India; PAK — Pakistan; NPL — Nepal; BTN — Bhutan; LKA — Sri Lanka; MDV — Maldives; MMR — Myanmar; THA — Thailand; IDN — Indonesia; MYS — Malaysia; VNM — Vietnam;
KHM — Cambodia; LAO — Laos (Lao PDR); BRN — Brunei Darussalam; SGP — Singapore; TSL — Timor-Leste; PHL — Philippines.
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Table 1
Geospatial dataset with their different attributes used in the study.
Data used Data type Spatial resolution Temporal resolution Unit Sensor/model Source
Nitrogen dioxide (NO,) Tropospheric column density 0.25° x 0.25° Hourly molecule/cm? AURA OMI https://earthdata.nasa.gov/
Sulfur dioxide (SO,) Column mass density 0.5° x 0.625° Hourly kg/m? MERRA-2 Model
Particulate matter (PM,5) Dust column mass density 0.5° x 0.625° Hourly kg/m? MERRA-2 Model
Carbon monoxide (CO) Surface concentration 0.5° x 0.625° Monthly ppbv MERRA-2 Model
Carbon monoxide (CO) Near source emission 0.5° x 0.625° Monthly kg/m? s MERRA-2 Model
Ozone (03) Total column concentration ~ 0.25° x 0.25° Daily Dobson Unit (DU) AURA OMI
Wind speed Surface wind 2.5° x 2.5° Monthly m/s NCEP/NCAR Reanalysis https://psl.noaa.gov/

1) Business as usual (BAU) setting: The period between March 27 and
May 31, 2019 was considered as the business as usual (BAU) with
the normal setting of economic activities.

2) COVID-19 lockdown (C-19) setting: The period between March 27
and May 31, 2020 was considered as the COVID-19 lockdown (C-
19), attributed by a new-normal setting of economic activities.

The analysis period (March 27 to May 31) was further divided into
two sub-periods: Phase-1 (P1 — March 27 to April 30) and Phase-2
(P2 —May 1 to May 31), for understanding the changes in air pollutant
levels between these phases as few countries relaxed the lockdown
measures and resumed transportation and few economic activities dur-
ing phase-2. This phasing scheme can be applied independently for
most of the countries in the study area except those which had no lock-
down ending dates available.

2.5. Data processing and analysis

The geospatial datasets extracted from the GIOVANNI and the NCEP/
NCAR Reanalysis were initially projected to the WGS1984 geographic
coordinates, which were re-projected to the WGS1984-World Mercator
for facilitating spatial analysis. The spatial resolution of the datasets was
resampled to 1 km using the nearest neighbor resampling method and
clipped to the study area boundary. The analysis was performed at the
following three spatial scales.

1) Regional-scale: In the regional-scale analysis, each pollutant dataset
of C-19 lockdown phases was compared with that of the BAU phases
using left-tailed t-test. The t-test was performed to confirm if the re-
gional mean of an individual pollutant during the C-19 lockdown
setting was lower than the regional mean of the same pollutant in
BAU setting. In the t-test procedure, the statement ‘regional mean
of X-pollutant in C-19 < regional mean of X-pollutant in BAU was con-
sidered as the alternative hypothesis and the P-value for each com-
parison was calculated at 95% confidence interval. Additionally, the
temporal difference maps were generated to quantify the area and
level of changes of the pollutants at each phase.

Country-scale: In the country-scale analysis, the comparisons of the
pollutants were performed for each country between C-19 and
BAU settings at the respective phases.

City-scale: For city-scale analysis, 19 highly air polluted cities were
selected from the study area based on the World Air Quality Report,
2019 (IQAir, 2019). The weekly average datasets of the NO, were
used to extract the mean values for the cities. Finally, the weekly
NO, mean values of the cities were compared between C-19 and
BAU settings.

2

—
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3. Results and discussion
3.1. Effects on air quality across South and Southeast Asian region

The geospatial distribution of atmospheric NO,, SO, PM, 5 CO, and
O3 levels during BAU and C-19 lockdown settings are presented in
Figs. 3 and 4 (column 1 and column 2). The right-side columns (column
3) in both figures (Figs. 3 and 4) represent the change of the pollutants
between C-19 and BAU temporal settings at two different phases. The

comparison of the regional mean values of air pollutants between C-
19 and BAU settings using left-tailed t-test confirmed that the average
levels of NO,, SO,, and PM; 5 in the atmosphere of the study area re-
duced during the C-19 lockdown compared to the average levels of
the corresponding BAU (p < 0.05) (Annex [V). But the average CO and
03 concentrations increased in the study area during the C-19 lockdown
setting (p > 0.05) despite different lockdown measures were
implemented.

Results obtained from the map difference showed varying percent-
ages of the reduction of pollutants in the atmosphere at both spatial ex-
tents and temporal frames. Within the study periods, a minimum of
23.73% to a maximum of 86.28% of the entire study area experienced
an overall decrease in NO,, SO, CO, and PM, 5 levels during the C-19
lockdown period compared to the same period of BAU (Table 2). The de-
cline was noticed for all three estimates (minimum, maximum, and
mean) of the pollutants with the progression of the enforcement of C-
19 lockdown measures. As shown in Table 2, the maximum spatial ex-
tent of reduction was observed in PM; 5 (75.77% area in P1 and 86.28%
area in P2), followed by NO, (62.18% area in P1 and 72.89% area in P2)
and SO, (74% area in P1 and 56.35% area in P2). The NO, showed the
highest average reduction (21.86% to 24.16%) (Fig. 3¢ and f) by value,
followed by PM, 5 (17.94% to 20.25%) (Fig. 30 and r) and SO, (14% to
19.51%) (Fig. 3iand 1) in the C-19 lockdown period compared to the cor-
responding BAU period.

Though CO showed an overall increase throughout the study area
during the C-19 lockdown period as compared with the BAU period, it
still exhibited a 5.45% to 6.88% reduction (Table 2) of surface concentra-
tion in 23.73% to 51.02% area of the entire study area (Fig. 4c and f). The
near-source emission data also represented a reduction of CO emission
from the sources during the lockdown (Fig. 4i and 1). On the contrary,
53% (Fig. 4r) to 80% (Fig. 40) of the study area exhibited an exacerbation
in O3 concentration during the same comparison period, where a max-
imum of 4.5% mean increase (270.16 DU to 282.37 DU) was noticed in
P1 in the entire study area (Table 2). The spatial extent of elevated O3
concentration gradually decreased over time, yet there was an increase
in 53% of the study area in P2. However, with the exception of CO and
03, the regional average reduction of all other pollutants accelerated
during the P2 compared to the P1.

The suspension of public transportation, shut down of industries
and other emission sources, and standstill of construction activities
during C-19 lockdown are the significant causes behind such reduc-
tion of NO,, SO,, CO, and PM, 5 in the atmosphere of the study area.
For example, more than 50% of textile production declined in India
(84.26%), Malaysia (52.08%), Singapore (82.67%), and Sri Lanka
(84.52%) during C-19 lockdown (April 1 to May 31, 2020) compared
to the same BAU period (2019). Similarly, food production and pro-
cessing, chemicals, and manufacturing industries of these countries
exhibited a significant reduction in production as affected by the ex-
ecution of C-19 mitigation measures (Annex V). Google-based data
on human mobility in the public transport hubs, as a proxy of road
traffic, showed a decreasing trend of human movement in the coun-
tries of the study area in March, April, and May of 2020 with compar-
ison to the corresponding months of 2019. The countries exhibited
the highest reduction of human mobility in April, as most of the
countries imposed firm nationwide suspension over vehicular
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Business as usual (2019) COVID-19 lockdown (2020) Comparison (C19 vs BAU)
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Fig. 3. Geospatial distribution of atmospheric NO,, SO,, and PM, 5 column densities in the study area at two phases (Phase-1 and Phase-2) during BAU (March 27-May 31, 2019) and C-19
lockdown (March 27-May 31, 2020) settings (column 1 and column 2). Column 3 represents the comparison of the pollutants between C-19 lockdown and BAU temporal frames.
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Table 2
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Regional statistics of the pollutants and their mean differences during the C-19 lockdown setting (2020) compared to the BAU setting (2019). Min and max are the representations of

minimum and maximum values of the pollutants throughout the study area.

Pollutants Phases Change by area (%) BAU C-19 Mean difference (%)
Min Max Mean Min Max Mean

CcOo P1 —23.73 54.17 580.01 129.98 53.95 478.89 121.04 —6.88
P2 —52.05 48.82 531.13 92.23 4837 476.58 87.2 —5.45

NO, P1 —62.18 0 12.98 1.83 0 11.25 143 —21.86
P2 —72.89 0 13.97 1.78 0 11.38 135 —24.16

SO, P1 —74 0.01 3.93 0.5 0.01 3.54 043 —14.00
P2 —56.35 0.02 433 0.41 0.02 3.59 0.33 —19.51

PM, 5 P1 —75.77 0.07 17.42 4.85 0.05 16.09 3.98 —17.94
P2 —86.28 0.02 19.71 4.89 0.02 19.66 3.9 —20.25

03 P1 80 239.55 314.42 270.16 237.13 330.23 282.37 4.52
P2 53 243.52 323.07 275.51 234.02 306.10 276.03 0.19

movement by the end of March 2020 to contain the spread of the
virus. For example, Bangladesh, Laos, Malaysia, Nepal, Philippines,
and Sri Lanka experienced an above 60% reduction of human move-
ment through public transports in April 2020 compared to April
2019 (Annex VI). Global air traffic frequency has been worst affected
due to the suspension of national and international flights by the
countries as one of the vital measures to restrain the contagion of
the new Coronavirus. Amid COVID-19 pandemic, global scheduled
flights reduced 65.9% and 68.9% in April and May of C-19 lockdown
compared to the same months of BAU (OAG Schedules Analyser,
2020). In South Asian flights, 30% and 35% scheduled seats reduced
in April and May 2020, respectively, compared to the same months
of 2019. On the other hand, Southeast Asian flights faced a fall of
scheduled seats by 50% in April and 55% in May 2020 compared to
the corresponding months of the previous year (Annex VII).

While atmospheric NO,, PM, 5, SO,, and CO exhibited some degree
of decrease in both spatial extent and concentration when compared
to BAU at both phases of lockdown, an opposite scenario was noticed
in atmospheric O; concentration as explained earlier in this section.
This finding from our research is aligned with other recent literature
published on different study areas (CSE, 2020; Le et al., 2020; Lian
et al., 2020; Sicard et al., 2020; Sharma et al., 2020b; Wang et al.,
2020d). While all these studies recorded an increase in O3 concentra-
tions during the lockdown period, the reason for this increase was at-
tributed differently. Le et al. (2020) explained this increase as a result
of the alleviated titration of O3 by NO during the lockdown over the
VOC-limited regime. A similar explanation was given by Tobias et al.
(2020), which further added the decreased emission of NO, in the
VOC-limited environment during the lockdown as a factor for increased
03 in the lower atmosphere. Other studies also concluded that the tem-
porarily shut down of the major sources of PM; 5 and NO, emission dur-
ing the lockdown period accelerated the photochemical reaction
producing extra Os in the lower atmosphere under increased solar
radiation due to decreased PM, 5 and in addition to decreased NO,
concentration (CSE, 2020; Hu et al., 2017; Jhun et al., 2014; Sharma
et al., 2020b). Our study also confirmed a considerable reduction of
NO, and PM5 5 levels in the C-19 lockdown, which might enhance
the photochemical reaction due to increased solar radiation in the
clean atmosphere and thereby have resulted in increased production
of O3 concentration in our study area during this lockdown.
However, meteorological factors such as temperature, wind speed,
relative humidity, and water vapor pressure may affect the exacer-
bation of O3 concentration in the atmosphere (Kovac¢-Andric et al.,
2013). Therefore, we conclude that the reasons behind increased
03 during the C-19 lockdown situation need to be investigated

further involving meteorological factors to reach a conclusion
about the attributing mechanism.

3.2. Effects on air quality in SA and SEA countries

We estimated the country-wise changes in air pollution levels
during C-19 lockdown (2020) compared to BAU (2019) at two analyti-
cal phases. The findings revealed significant improvement of air quality
in most of the countries during the C-19 lockdown as they exhibited a
considerable decline in the levels of air pollutants at both phases com-
pared to the corresponding phases of BAU (Fig. 5).

The countries that enforced tight nationwide lockdown measures for
an extended period, exhibited a higher reduction of atmospheric NO,
levels in both phases of C-19 lockdown compared to the same phases of
the previous year. For example, SGP, NPL, BGD, IND, and PAK imposed a
stringent nationwide lockdown for the entire study period under which
they postponed all national and international flights, shut down industrial
and processing sectors, restricted road traffic, and suspended construction
activities (Fig. 2). Therefore, these countries observed 8.63% (PAK) to
48.71% (SGP) fall in average NO, column density during lockdown as
compared to BAU. Some other countries, which implemented province-
wise to city-wise lockdown measures also experienced a reduction in av-
erage NO, such as VNM, MDV, and PHL. The countries that didn't impose
strict lockdown over emission activities instead moved towards the im-
plementation of more common measures such as restricted social gather-
ing, sealed borders with neighbors, and closed down academic institutes,
observed the least reduction in atmospheric NO, level. Results obtained
from the analysis of 19 countries showed that the average NO, column
density reduced in 16 countries during the phase-1 (27 March to 30
April) of C-19 lockdown, when the maximum reduction was observed
in SGP (48.71%, —2.63 x 10" molecules/cm?) followed by NPL (—18%,
—0.29 x 10" molecules/cm?), IND (—17.41%, —0.39 x 10'> molecules/
cm?), BGD (—11.40%, —0.31 x 10" molecules/cm?), and MDV
(—10.25%, —0.02 x 10'> molecules/cm?) (Fig. 5a). A similar scenario
was observed in phase-2 with an accelerated trend of reduction in few
countries, particularly the countries that continued an uninterrupted
lockdown for a prolonged period. Such countries include NPL (—41.93%,
—0.94 x 10" molecules/cm?), BGD (—33.45%, —0.78 x 10'> molecules/
cm?), SGP (—23.44%, —1.24 x 10" molecules/cm?), and IND (—22.16%,
—0.54 x 10" molecules/cm?), which strictly maintained nationwide
lockdown throughout the study period (Fig. 5b). In both phases, TSL
observed an increase in the average NO, levels (31.75% to 76%) amid na-
tionwide C-19 lockdown because the duration of the lockdown was very
short (March 19 to April 19, 2020), which was probably not enough to
affect the atmospheric NO, density.

Fig. 4. Geospatial distribution of atmospheric CO surface concentration, CO near-source emission, and Os total column concentration in the study area at two phases during BAU and C-19
lockdown settings (column 1 and column 2). The geospatial data of C-19 lockdown (column 2) was compared with the same period of the previous year (BAU) (column 1) and presented

in Column 3.
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Fig. 5. Comparison of NO, (a and b), SO, (cand d), PM; 5 (e and f), CO (g and h), and Os (i and j) between C-19 lockdown and BAU settings over selected cities in the study area. Statistical

analysis was performed using R 4.0.2 (R Core Team, 2019).

Despite enforcement of several lockdown measures by the countries
of the study area during the COVID-19 pandemic, they didn't observe
the same trend of change in atmospheric SO, average column density
during lockdown compared to the BAU of the previous year. Similar to
the scenario of NO,, the countries that implemented nationwide to a
region-wise halt in several economic activities, especially the

10

transportation and industrial activities, the major sources of SO, emis-
sion to the atmosphere, experienced a reduction of atmospheric SO, col-
umn density during lockdown. For example, compared to the same
period of 2019, TSL, MYS, SGP, LKA, and NPL overserved 39.32%,
21.92%,16.32%,10.04%, and 7.34%, respectively, reduction in the average
column density of the atmospheric SO, during lockdown. In phase-1,
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highest reduction was observed in TSL (—57.96%, —3.07 x 10~° kg/m?),
followed by MYS (—35%, —4.92 x 10> kg/m?), LKA (—28.60%,
—4.87 x 107> kg/m?), and SGP (—27.68%, —57.93 x 10~ kg/m?)
(Fig. 5¢). On the other hand, MMR exhibited the highest reduction
(—36.47%, —2.66 x 10~° kg/m?) of atmospheric SO, average column
density in phase-2 (Fig. 5d). However, four countries such as PAK,
IDN, BGD, and IND didn't experience any reduction in atmospheric
SO, column density, rather represented a modest increase in both
phases with an average increase of 19.73%, 5.88%, 5.60%, and 4.32%, re-
spectively, compared to the previous corresponding phases of BAU.
The plausible causes behind this could be: constant intra-city vehicular
movement was in practice due to poor implementation of lockdown
measures at field level (i.e., in India, a huge number of migrant worker's
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movement using private and public transportation was carried out amid
lockdown), late lockdown enforcement as seen in the case of IND
(Fig. 2), and no suspension of industrial activities (IDN). Additionally,
lifting lockdown measures before May 31, 2020 in few countries
(i.e., Pakistan and Thailand took out lockdown measures before May
31, 2020 (Fig. 2)) might be contributed to the increase of SO, emission
through resuming industries and public transports.

The average PM, s markedly reduced in virtually all countries except
for AFG in both phases and BRN and PHL in phase-1. All these three
countries did not enforce rigid national lockdowns instead moved to
region-wise lockdowns (AFG) or city-wise lockdowns (PHL), while
BRN did not impose any lockdown. In phase-1 of C-19 lockdown, max-
imum reduction of average PM,s was observed in MDV (—54%,
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Fig. 6. Comparison of tropospheric NO, mean column density between C-19 lockdown and BAU settings over selected cities in the study area. The vertical black colored solid and dashed
lines indicate the dates at which the COVID-19 induced strict lockdown measures and nation-wide isolation, respectively, were imposed at the cities. Statistical analysis was performed

using R 4.0.2 (R Core Team, 2019).
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—0.96 x 107> kg/m?), followed by LKA (—46.12%, —0.73 x 107> kg/
m?) and SGP (—33.58%, —0.08 x 10> kg/m?), compared to phase-1
of BAU (Fig. 5e). In phase-2 of C-19 lockdown, the reduction was inten-
sified compared to the same phase of BAU, and a maximum 71% fall of
average PM, 5 was noticed in KHM (—0.92 x 10> l<g/m2). During this
phase other countries which observed significant decline in average
PM, 5 include THA (—66.72%, —1.60 x 107> kg/m?), LAO (—58.42%,
—1.38 x 107> kg/m?), VNM (—55.55%, —1.00 x 10~> kg/m?), SGP
(—53.94%, —0.14 x 107> kg/m?), and MYS (—53.34%,
—0.16 x 107> kg/m?) (Fig. 5f). Compared to BAU, the countries that ob-
served less reduction in average PM, s column density during lockdown
include PAK (—8.21%), IND (—14.22%), IDN (—14.95%), TSL (—19.92%),
and BGD (—25.81%). The less fall of atmospheric particulate matter, es-
pecially in BGD, PAK, and IND, maybe a consequence of large-scale burn-
ing of post-harvested agricultural wastes and exorbitant burning of coal
in brick kilns throughout the year (Bhuvaneshwari et al., 2019; Kumar
and Joshi, 2013; Rahman et al., 2020).

The C-19 induced lockdown measures as imposed by the countries
also affected the atmospheric concentration of the CO, which is consid-
ered as one of the major greenhouses gases. Though the lifetime of this
gas is very short in the atmosphere, the rise of its concentration induced
from the burning of hydrocarbons and biofuels can be toxic to human
health. In spite of an overall increase of CO concentration during lock-
down compared to the previous year, few countries consistently repre-
sented a decrease in both phases during lockdown. In the study area,
seven countries showed a reduction in phase-1, where TSL exhibited
the highest 5% reduction (—3.11 ppbv), followed by SGP (—4.82%),
NPL (—4.74%), and LKA (—4.37%) (Fig. 5g). The fall of atmospheric CO
concentration was escalated in phase-2, while 12 countries showed an
average reduction in CO concentration during lockdown compared to
the corresponding BAU of 2019. Among these countries, NPL exhibited
highest reduction (—10.12%, —10.22 ppbv) in phase-2, followed by
VNM (—5.43%, —6.66 ppbv), BTN (—5.07%, —4.85 ppbv), and PHL
(—4.95%, —3.63 ppbv) though BTN, PHL, and VNM showed an increase
in the first phase (Fig. 5h). Similar to the case of SO, three countries
such as BGD, PAK, and IND consistently reported an increase of atmo-
spheric CO concentration amid C-19 lockdown. In both analysis phases,
Cambodia (KHM), which didn't impose hard lockdown over CO emis-
sion sources (i.e., vehicles movement, industrial and processing activi-
ties, etc.) (Fig. 2), showed the highest rise of CO concentration (23.89%
in phase-1 and 11.16% in phase-2) during C-19 lockdown compared to
the previous BAU.

The country-scale assessment of O3 concentration showed an overall
increase in 13 countries in phase-1 and seven countries in phase-2
when compared to the BAU in the corresponding phases. From this
analysis, it was evidenced that the countries that implemented strict
C-19 lockdown protocols experienced increased Os level in the lock-
down phases. The highest increase in concentration of O3 in phase-1
was observed in NPL (8.95%), PAK (8.85%), and AFG (7.73%) when com-
pared to BAU (Fig. 5i). In phase-2 however, this increase decelerated
while the maximum increase was estimated in BTN (5.79%) and NPL
(4.98%) (Fig. 5j). Conversely, a significant reduction in O3 concentration
was observed in LKA (4.49%), IDN (4.40%), MYS (4.20%), and BRN
(4.20%) in phase-2 compared to the corresponding phase of BAU
(Fig. 5j). Therefore, it is evident that this sudden rise in ozone in
phase-1 and subsequent sharp fall in phase-2 may be attributed to the
strict lockdown in phase-1 and gradual relaxing of the measures in
phase-2. It is established that there is an inverse relationship between
the concentration of NO, and O3 despite the fact that NO, is a major pre-
cursor of O3 formation along with VOCs (Jhun et al., 2014). Analyzing
the NO, concentrations in the same period, we found that the same
countries that exhibited highest increase in Os; concentrations in
phase-1 (i.e. NPL, PAK, and AFG) also observed high decrease in NO,
concentrations (i.e., NPL, PAK, and AFG). However, there are exceptions,
such as SGP showed drastic decreases in both NO, and O3 as well. This
phenomenon was not consistent in phase-2, where countries that had
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decreasing levels of NO, (i.e., BGD and NPL) hadn't observed propor-
tionate increase in Os. This might be a consequence of gradual opening
of NO, emission sources in these countries during phase-1. A good asso-
ciation between PM, 5 decreasing and Os increasing was observed in our
study, which is aligned with the recent studies such as MMR, VNM, THA,
BGD, and IND showed marked reduction in PM, 5 (—28.65%, —23.69%,
—22.93%, —22.36%, and —14.83%, respectively) during phase-1 of C-
19 lockdown, which also represented increased O3 concentration in
that phase. These countries showed a further drop in the PM, 5 level
with a moderate increase in O3 concentration in phase-2. However,
country to country variation of the fluctuation of O3 concentration
might be affected by the varying types of lockdown measures with dif-
ferent lengths of implementation period in the study area. In addition,
meteorological factors might have influenced the production of O3 in
the study area, which requires further study to understand.

3.3. Effects on air quality (NO,) over 19 selected cities

Fig. 6 represents the temporal comparison of tropospheric NO,
mean column density (molecules/cm?) over 19 cities of the SA and
SEA between C-19 lockdown (March 27-May 31, 2020) and BAU
(March 27-May 31, 2019) settings. As presented in Fig. 2, most of the
countries in the study area imposed tight nationwide lockdown initia-
tives except few countries which followed a relaxed and other types
of contingency measures such as partial lockdown of the affected cities,
social distancing, and different degrees of community quarantines. The
lockdown measures were imposed with the aim to contain the new co-
ronavirus contagion by limiting human movements and mass gather-
ing. Among various measures the suspension of air traffic, limiting
road traffic, and shutting down of industries are the major ones that af-
fected NO, emission to the atmosphere. As shown in Fig. 6, the effect of
C-19 lockdown measures on the atmospheric NO, density was highly
distinguished in the studied cities between C-19 lockdown and BAU set-
tings. Furthermore, all the cities represented certain scales of reduction
in NO, density in the lower atmosphere throughout the C-19 lockdown
period (March 27-May 31, 2020).

The intra-period (C-19 lockdown- March 27 to May 31, 2020) anal-
ysis of weekly average data represented a sharp fall of NO, density right
after the imposition of C-19 lockdown measures in most of the cities
though it didn't continue with the same reduction trend on the follow-
ing weeks (Table 3). For example, the highest 87.45% (from 2.55 x

Table 3

Changes of tropospheric NO, column density between C-19 lockdown and BAU settings
(column 3) and changes of weekly mean NO, (column 4) during lockdown compared to
the date of C-19 lockdown implementation in the corresponding city. The negative values
indicate a decrease in tropospheric NO, density in the respective analysis periods.

Region City C-19 vs BAU setting During C-19 setting
(overall change in %) (overall change in %)

SA Delhi —36.79 —19.74
Kolkata —21.64 —41.07
Mumbai —29.33 —48.88
Kabul —11.2 —20.33
Lahore —3435 —4.7
Islamabad —27.32 —19.13
Karachi —23.7 —59.29
Dhaka —40.56 —65.25
Kathmandu —40.99 —43.11
Colombo —30.73 —46.79

SEA Jakarta —46.87 —22.61
Hanoi —45.79 —72.03
Yangon —23.85 0.78
Vientiane —5.07 —46.52
Bangkok Metropolis —11.28 —25.37
Kuala Lumpur —2345 1.91
Phnom Penh —23.25 2.42
Singapore —38.25 38.1
Manila —24.02 140.2
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10" molecules/cm? to 3.2 x 10'* molecules/cm?) reduction was ob-
served in Islamabad on the first week after the imposition of the C-19
lockdown on May 24, 2020 (Fig. 6g). Similarly, Hanoi recorded 83.90%
(from 7.95 x 10> molecules/cm? to 1.28 x 10'> molecules/cm?) fall,
the second highest fall in atmospheric NO, density among the studied
cities on the first week after the nationwide isolation was executed on
April 1, 2020 (Fig. 6i). On the same first week, 50%-70% reduction was
observed in four other cities such as Kathmandu (69.96%, Fig. 6i), Kara-
chi (58.61%, Fig. 6h), Delhi (57.26%, Fig. 6a), and Lahore (55.89%, Fig. 6f),
which imposed nationwide C-19 lockdown from March 24 to 25, 2020.
Besides, Mumbai (38.94%, Fig. 6d) and Colombo (42.19%, Fig. 6j) experi-
enced around 40% reduction in the first week after the enforcement of
nationwide C-19 lookdown measures (March 20 to 25, 2020). In few cit-
ies, a significant fall in NO, density was observed from the second week
(April 1 to 7, 2020) after the imposition of lockdown measures which
included Jakarta (12.55%, Fig. 6k), Bangkok Metropolis (30.50%,
Fig. 60), and Phnom Penh (26.92%, Fig. 6q). However, there were no re-
ductions observed in Manila (Fig. 6r) and Singapore (Fig. 6s) during the
C-19 lockdown setting as their contingency measures were hardly im-
posed over the emission sources. In the entire C-19 lockdown period,
a maximum overall reduction in NO, density in the atmosphere was es-
timated in Hanoi (72%) followed by Dhaka (65.25%), Karachi (59.29%),
Mumbai (48.88%), and Colombo (46.78%) compared to the pre-C-19
lockdown setting. In the intra-period of assessment, the least overall de-
crease was observed in Lahore (4.70%) whereas Kuala Lumpur, Phnom
Penh, Manila, and Singapore showed an overall increase in NO, density
in the atmosphere though the levels were below than the weekly aver-
age values of BAU setting of 2019 (Fig. 6p-s).

The inter-period (between C-19 and BAU settings) comparison rep-
resented that eight cities experienced 30%-46.87% (Jakarta — 46.87%,
Hanoi — 45.79%, Kathmandu — 40.99%, Dhaka — 40.56%, Singapore —
38.25%, Delhi — 36.79%, Lahore — 34.35%, and Colombo — 30.73%) max-
imum overall reduction in mean tropospheric NO, density during the C-
19 lockdown setting compared to the BAU setting (Table 3). Among
these cities, five cities are from SA and three are from SEA countries,
which included the closing of industrial and processing activities, sus-
pension of all modes of international and inter-district transportations,
and imposition of stay-at-home in their C-19 lockdown measures. The

Science of the Total Environment 756 (2021) 144009

other ten cities exhibited an 11% to 30% fall in overall NO, density,
where Vientiane of Laos showed the least reduction (5.07%) in the C-
19 lockdown setting compared to the BAU setting over the study period.
The overall analysis revealed that the COVID-19 induced lockdown
measures exerted an immediate effect on the reduction of pollutants
level, except 03, in the atmosphere compared to the business as usual
of 2019. However, these changes were seemed ephemeral and started
to return to the previous state upon the gradual lifting of those mea-
sures. For example, the level of NO, began to increase in the atmosphere
from the end of April 2020 in most of the cities of Bangladesh, India, and
Pakistan, although strict lockdown measures were being officially con-
tinued in those countries till the end of May 2020 following several ex-
tensions. A similar increasing trend in NO, density was also observed in
other cities (i.e., Manila, Singapore, Bangkok Metropolis, Kuala Lumpur,
Phnom Penh, and Colombo) in the study area after certain dates. This in-
creasing trend of certain pollutants was probably the result of the weak-
ening of the lockdown measures or reopening of emission sources in
those cities. However, few cities such as Kolkata, Karachi, Mumbai,
and Jakarta experienced a long-lasting reduction of NO2 which could
be the result of effective implementation of the lockdown measures
throughout the period and its extension till the end of June to July
(i.e., In Kolkata and Mumbai the lockdown was extended till July 31,
2020). Finally, it can be concluded that the local variations in COVID-
19 induced lockdown policies, measures, timelines, and effectiveness
in implementation were the major factors that worked behind the dra-
matic changes of pollutants in the atmosphere during this pandemic.
Since the horizontal and vertical movements of pollutants in the air
are controlled by the air circulation, the NCEP/NCAR reanalysis of mean
surface wind speed (m/s) was investigated for the months of BAU and
C-19 settings (Fig. 7). The spatial distribution of surface wind speed
for the studied months reflected the persistence of similar clam to
light breeze (0.5-3.3 m/s) on the Beaufort scale in the study area, char-
acterized by the vertical rise of smokes (clam), the direction shown by
the smoke drift (light air) to wind vane moved by wind (light breeze).
In Fig. 7, the comparison of the surface wind speed of C-19 lockdown
months with the corresponding months of BAU, 2019 showed a very
similar surface wind pattern in the corresponding months with negligi-
ble inter-period differences. Hence, it can be concluded that the
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Fig. 7. Spatial distribution of average surface wind speed (m/s) in the months of BAU (a, b, and c¢) and C-19 lockdown periods (d, e, and f).
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comparison of air pollutants distribution between BAU and C-19 lock-
down was logical as the similar air circulation patterns were persisted
in both BAU and C-19 lockdown periods, and thus the distribution of
pollutants in the atmosphere during these two periods was similarly af-
fected by the large scale air circulation.

3.4. Limitations and future studies

This assessment was conducted wholly based on the open-source
data and freely available documentation on COVID-19 mitigation mea-
sures. Hence, the limitations of this study are mostly associated with
the characteristics of geospatial data and accessibility to the COVID-19
related resources. The limitation in the review of the lockdown mea-
sures induced by the language barrier, which did not allow us to include
more detailed lockdown measures imposed by the countries on the cit-
ies or on the specific economic sectors. Moreover, the changes that hap-
pened in the emission sectors such as industrial production,
transportation, agriculture, etc. of the countries during the lockdown
period were not included in the analysis due to the lacking of freely
available information resources. Since we extracted global gridded
data of pollutants from the Giovanni, these were with different spatial
resolutions ranging from 27.75 km (0.25°) to 70 km (0.625°), approxi-
mately. These coarse spatial resolution datasets hardly allowed us to in-
clude relatively smaller cities in the assessment, despite with higher
pollution level. We resampled the dataset to 1 km spatial resolution
for performing city-scale assessment. Though the resampling method
didn't affect the values of the centered pixels, it still affected the values
of the edge pixels at a negligible level.

In this assessment, we considered a common lockdown period
(March 27-May 31, 2020) that was operational in all the countries al-
most at the same time, though few countries like India, Bangladesh,
and Pakistan extended the lockdown measures in their several districts
or regions till the end of June. Therefore, the future study can address
these data limitations and extend the assessment period to understand
the long term effects of the enforcement of COVID-19 induced lockdown
measures on air pollution level. The distribution and changes of the
levels of air pollutants may also be influenced by meteorological factors
such as air temperature, relative humidity, large-scale wind pattern, air
pressure, etc. (Huang et al., 2020). This current research only addressed
the scenario of large-scale surface wind patterns in both BAU and C-19
lockdown periods. Other meteorological factors can be investigated in
further research to understand their effects on the fluctuation of air pol-
lutants during the C-19 lockdown period.

4. Conclusion

COVID-19 pandemic has brought an unprecedented effect on global
air quality. Several countries have reported a significant reduction in
certain air pollutants due to a suspension of economic activities, espe-
cially the temporary shutdown of industrial and manufacturing opera-
tions, suspension of road and air traffic (except goods and emergency
services), and halt in construction activities during C-19 lockdown
periods. The systematic review of lockdown measures and the spatio-
temporal analysis applied in this study together has presented a meth-
odological framework for analyzing the effect of this pandemic mitiga-
tion measures on the regional-scale air quality. The results showed
that overall air quality in the study area was improved significantly dur-
ing the lockdown as at least 50% of the study area went through a nota-
ble reduction of atmospheric NO,, SO,, and PM, 5 column densities due
to the implementation of several COVID-19 induced lockdown mea-
sures. However, the O3 concentration increased unexpectedly in 80%
of the study area, approximately when compared to BAU. This ozone
amplification was most likely due to the decrease in NO, and PM, 5 con-
centrations during the lockdown.

The country-scale analysis represented the change of the pollutants
in different countries, which varied country to country based on the
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type and duration of the imposition of C-19 lockdown measures.
While most of the countries experienced a reduction in certain pollut-
ants, few countries observed a contrasting scenario such as LAO, MYS,
MMR, BRN, and MDV, which showed a rise of the atmospheric NO,
level during the C-19 lockdown setting compared to the same BAU set-
ting. Such exceptions were noticed for the countries which didn't im-
pose nationwide stringent lockdown measures or lifted the lockdown
after a short period of implementation. The city-scale analysis also rep-
resented a similar scenario where the trends of pollutant (NO2) in the
air started to increase with the gradual lifting of the lockdown mea-
sures. This fluctuation of air pollutants during the COVID-19 period indi-
cates that the improvement of air quality is an immediate consequence
of the reduction of emissions owing to the enforcement of C-19 lock-
down measures, which is not sustainable for a long time. This finding
is aligned with Wang et al. (2020a), who mentioned that the effect of
the temporary shutdown in China on lowering air pollution is transient.
Furthermore, the amplification of secondary pollutants, especially 03, in
many countries during the lockdown, as explored in this research,
makes the improvement of air quality questionable.

However, the findings of this study, including the structured review
of country-based C-19 mitigation measures, can strengthen future re-
search by providing an information base. Our proposed analytical
framework using open-source software packages and freely available
model/satellite-based estimations offers a flexible approach, which
can be replicated to any other study area. The change in air quality dur-
ing this pandemic may be impermanent, but the effects of C-19 lock-
down measures on air pollution explored in this research have shown
that it is possible to improve air quality for the long term if a joint-
emission-control plan is strictly implemented by the governments in
the study region rather than sporadic and abrupt interventions.
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