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Since its first appearance in Wuhan, China at the end of 2019, the new coronavirus (COVID-19) has evolved a
global pandemic within three months, with more than 4.3 million confirmed cases worldwide until mid-May
2020. As many countries around the world, Malaysia and other southeast Asian (SEA) countries have also
enforced lockdown at different degrees to contain the spread of the disease, which has brought some positive ef-
fects on natural environment. Therefore, evaluating the reduction in anthropogenic emissions due to COVID-19
and the related governmental measures to restrict its expansion is crucial to assess its impacts on air pollution
and economic growth. In this study,we used aerosol optical depth (AOD) observations fromHimawari-8 satellite,
along with tropospheric NO2 column density from Aura-OMI over SEA, and ground-based pollution measure-
ments at several stations acrossMalaysia, in order to quantify the changes in aerosol and air pollutants associated
with the general shutdownof anthropogenic and industrial activities due to COVID-19. The lockdownhas led to a
notable decrease in AOD over SEA and in the pollution outflow over the oceanic regions, while a significant de-
crease (27% - 30%) in tropospheric NO2 was observed over areas not affected by seasonal biomass burning. Espe-
cially in Malaysia, PM10, PM2.5, NO2, SO2, and CO concentrations have been decreased by 26–31%, 23–32%,
63–64%, 9–20%, and 25–31%, respectively, in the urban areas during the lockdown phase, compared to the
same periods in 2018 and 2019. Notable reductions are also seen at industrial, suburban and rural sites across
the country. Quantifying the reductions inmajor and health harmful air pollutants is crucial for health-related re-
search and for air-quality and climate-change studies.

© 2020 Elsevier B.V. All rights reserved.
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1. Introduction
Coronavirus, the novel infectious disease, was first reported in the
Wuhan province, China in December 2019 (Huang et al., 2020; Chen
et al., 2020). This disease (SARS-CoV-2 or COVID-19) was later spread
to other countries in Asia, in Europe (mainly in Italy, Spain, France and
UK), in Africa and America (mainly in the United States), and became
a pandemic. COVID-19 is highly transmissible andmore than 4.3million
people (confirmed cases on 16 May 2020) in 209 countries have been
infected, with more than 296,000 reported deaths (16 May 2020;
http://webgiscovid19.beyond-eocenter.eu/index.php), while these
numbers are continuously increasing (Bai et al., 2020; Sohrabi et al.,
2020; Lai et al., 2020). Some studies claim that prolonged exposure to
high levels of air pollution may increase the vulnerability andmortality
rates due to COVID-19 (Contini and Costabile, 2020; Liu et al., 2020), al-
though the relative role of air pollution and aerosols to the spread of the
virus and mortality rates is still under debate from the global scientific
community (Conticini et al., 2020; Yao et al., 2020) and the influence
of several other factors has still to be determined. However, there are
some evidences, although not absolutely verified, that SARS-CoV-2
may have the potential to be transmitted via aerosols, so sanitization
of surfaces, good room ventilation and clean environments are benefi-
cial for limiting the spread of the virus (Liu et al., 2020).

Southeast Asia (SEA) was not an exception to the hit of the novel co-
ronavirus, and several SEA countries have been hit hard by the disease
since late February (WHO, 2020), but with much less deaths compared
to Europe and the Unites States. A total of 66,140 confirmed cases with
2078 deaths have been reported (as of May 16) with Singapore,
Indonesia, the Philippines, and Malaysia accounting for 94% of the
cases and 97% of the total deaths respectively (WHO, 2020). As one of
the most densely populated areas in the world, for constraining the
fast spread of the disease, the SEA countries implemented a series of
measures such as placing travel bans, closing international and inter-
state boarders, quarantine residential areas, restriction in large-scale so-
cial movement and social gatherings (including religious activities) and
implementing partial/full lockdown, which included suspension of op-
eration of public transportations, industries, shopping centres, worship
places, schools and other educational institutions.

In Malaysia, COVID-19 pandemic was first reported in January 2020
(Sipalan and Holmes, 2020). However, the localized clusters began to
emerge in March due to a massive religious gathering held near Kuala
Lumpur in late February. Since the mid of March, active COVID-19
cases increased significantly and till 16 May 2020, the country has re-
ported 6855 confirmed cases and 112 deaths (WHO, 2020). Conse-
quently, the Malaysian government implemented the Movement
Control Order (MCO) for two weeks starting from 18 March, which
was then extended to until 9 June. With the movement control order,
theMalaysian government shuts down public transport, educational in-
stitutes, busy central parks and other social interaction points in a way
to curtail the spread and transmission of COVID-19.

As a result of the lockdown and the disruption in human and indus-
trial activities in numerous countries around the world, a significant re-
duction in air pollution, especially in the concentration of NO2, has been
noticed in China and several European and American countries
(Shrestha et al., 2020; Tobías et al., 2020; Wang and Su, 2020; Zhang
et al., 2020). Recent studies by Muhammad et al. (2020), Wang and Su
(2020) and Dutheil et al. (2020) have reported a NO2 reduction ranging
between 20 and 30% in China, USA, Italy, Spain and France. Data col-
lected by the Ozone Monitoring Instrument (OMI) on board the Aura
satellite (NASA) and TROPOspheric Monitoring Instrument (TROPOMI)
on board the Sentinel-5P satellite (ESA) have been widely used to dem-
onstrate the reduction of tropospheric trace gases related to pollution
after the imposing of restrictive measures (e.g. lockdown) in various
countries. In SEA, large cities like Bangkok, Quezon city and Kuala
Lumpur have recorded reductions in Particulate Matter less than
2.5 μm (PM2.5), emanating from vehicle exhaust and industrial
activities, up to 80% during the lockdown period (Arkin, 2020). Gases
and particles released frommotor vehicles and industries aremostly re-
sponsible for air pollution in the large SEA cities (e.g. Kim Oanh et al.,
2006; Lin et al., 2014; Pani et al., 2018, 2020), along with the seasonal
forest and agricultural fires during the pre-monsoon (March–May) sea-
son (Vadrevu et al., 2015, 2019). PM can affect human health by causing
respiratory problems and cardiovascular diseases, birth defects and pre-
mature death (Dominici et al., 2006; Ballester et al., 2010; Luong et al.,
2019). In the urban areas of SEA, the annual-mean air pollution levels
are far exceeding the limits set by WHO (20 and 10 μg m−3 for PM10

and PM2.5, respectively) or the European Union standards of 50 and
25 μg m−3, respectively, by 5–10 times and being responsible for
30–45 deaths per 100,000 capita (WHO, 2018). An increase of
10 μg m−3 in PM2.5 and PM1 is associated with 1–2% increase in risk of
wheeze-associated disorders (Luong et al., 2019). Despite the various
measures that have been undertaken locally to curb air pollution in
SEA, the problem still remains unsolved.

Aerosol optical depth (AOD) is a measure of the attenuation of solar
radiation due to light absorption and scattering by the atmospheric
aerosols. Over SEA, aerosols are mainly from urban and industrial emis-
sions (organics, sulfate, nitrate, ammonium), black carbon from fossil-
fuel combustion and biofuel burning, volcanic ash, sea salts and dust
transported by long distances, while during pre-monsoon extensive for-
est and vegetation fires occur (Chuersuwan et al., 2008; Hai and Kim
Oanh, 2013; Tsai et al., 2013; Kanniah, 2014; Kanniah et al., 2016;
Khan et al., 2016; Pani et al., 2018; Dahari et al., 2019). Therefore, aero-
sols are mixtures of various types creating hybrid particles and render-
ing their radiative effects highly uncertain (Pani et al., 2016). In
addition, trace gases such as sulfur dioxide (SO2), nitrogen oxides
(NOx), ammonia (NH3) and carbonmonoxide (CO) are precursors of in-
organic (sulfate, nitrate, ammonium and theirmixtures, NH4NO3, (NH4)
2SO4, NH4HSO4) and organic aerosols after complex homogeneous or
heterogeneous chemical reactions in the atmosphere (Pandolfi et al.,
2012; Henschel et al., 2015; Kharol et al., 2018; EPA, 2020).

Therefore, the use of AOD, although being a columnar quantity, may
also detect changes in the concentrations of pollutant particles in the
lower troposphere. Assessing the total amount of columnar aerosol is
critical not only for studying its impact on human health but also on
solar radiation, cloud condensation processes, and climate change over
South and Southeast Asia (e.g. Dumka et al., 2015; Pani et al., 2016,
2018; Singh et al., 2020). Since the high pollution levels is a major envi-
ronmental and health issue in SEA countries, it is essential to under-
stand the degree and the spatial extent of the decrease in air
pollutants and aerosols due to restriction measures during the COVID-
19 period in spring 2020. Such findings can assist in formulating more
stringent policies in the post COVID-19 period, in order to maintain an
acceptable air quality in this region. This study aims to investigate the
effect of MCO/lockdown measures on air quality in the SEA region
using satellite remote sensing and ground-based measurements with
special focus on Malaysia.

2. Data and methodology

Himawari 8 is a Japanese weather satellite operated by the Japan
Meteorological Agency. Itwas launched on 7October 2014 and it carries
the Advanced Himawari Imager (AHI) sensor, which operates at 16
bands from visible to infrared (Bessho et al., 2016). The Level 3 (L3)
product of Himawari-8 is an improved version of the L2 AOD product
thatminimized cloud contamination (Kikuchi et al., 2018). This L3 prod-
uct is reported every 1 h and it has a spatial resolution of 5 km. Aerosol
products (L2 V1.0, V2.1) from Himawari-8 have been compared and
evaluated against AERONET and MODIS C6.1 aerosol products over
Asia and the oceanic regions with satisfactory agreement (Yang et al.,
2020). Furthermore, Himawari-8 observations have been widely used
for aerosol studies and for estimations of solar radiation over East Asia
(Shi et al., 2018; Yan et al., 2018; Hou et al., 2020). In this study, the
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Himawari-8 merged L3 AOD product, covering the period 15 July 2015
to 31 December 2019, was downloaded from the Japan Aerospace Ex-
ploration Agency (JAXA) website (http://www.eorc.jaxa.jp/ptree/
index.html). Himawari-8 AODs were first evaluated against AERONET
AODs in order to assess their robustness to be used for studying the
aerosol patterns and spatial-temporal variability over the SEA region.

AERONET (Aerosol Robotic NETwork) is a global network for
ground-based aerosol monitoring using CIMEL sun photometer that
provides AOD data at 7 wavelengths with a temporal resolution of
15 min under cloudless skies (Holben et al., 1998). In this study, Level
2 (cloud screened and quality assured) data were used from 2 stations
in Malaysia i.e. University Science Malaysia, Penang (5.36°, 100.30°)
and Kuching (1.49°, 110.35°), 1 station (Songkhla) in southern
Thailand (7.18°, 100.60°) and 1 station in Singapore (1.30°, 103.78°),
in order to validate the Himawari-8 AODs during the period 15 July to
31 December 2019 for the Singapore station and from 15 July 2015 to
31 December 2018 for the rest.

The Himawari-8 L3 AOD at 500 nmwas directly compared with the
AERONET AODs. In order to collocate the Himawari-8 AOD, the
AERONET data were averaged for ±30min of the Himawari-8 overpass
time (Zhang et al., 2019). A single satellite pixel (fine scale AOD) that
lies over or closest to the AERONET stations was used for the validation,
a method similar to that adopted by Yang et al. (2020) and Emili et al.
(2011). Statistical measures such as the root mean square error
(RMSE), relative bias (RB) and mean absolute error (MAE) were used
to quantify the accuracy of the Himawari-8 L3 AOD against AERONET.

The tropospheric NO2 column density is systematicallymeasured by
the Dutch-Finnish OMI sensor on board Aura satellite, which follows a
sun-synchronous orbit with an equator crossing time near 13:45 local
time (NASA, 2020). OMI measures the backscattered radiation from
the sun using spectral bands ranging from the ultraviolet (UV) to infra-
red wavelengths (Levelt et al., 2018). In this study, NO2 concentrations
were obtained from the NASA website (https://so2.gsfc.nasa.gov/no2/
no2_index.html). The NO2 maps over SEA were produced using high
resolution daily gridded at 0.1° x 0.1° spatial resolution, which is then
averaged over a 15-day window. Therefore, we produced maps that
represent 1 March, 31 March, and 17 April (the latest available data at
the time of writing the original manuscript). We also used NO2 data av-
eraged over 2015–2019 (baseline), in order to detect the absolute dif-
ferences between 2020 and the baseline data. We did not use the NO2

data from TROPOMI because data prior to 2020 is limited.
Furthermore, ground-based measurements of PM10 and PM2.5 con-

centrations, along with other pollution gases, such as SO2, NO2, CO and
Ozone (O3), were obtained from several monitoring stations across
Malaysia operated by the Department of Environment (DOE)
(Kanniah et al., 2016; Kamarul Zaman et al., 2017). A total of 65 Contin-
uous Air Quality Monitoring (CAQM) stations that are strategically lo-
cated at residential, industrial, busy-traffic and rural areas provide
systematic measurements of air pollution. The instruments and proce-
dures used to regularly monitor the near-surface atmospheric aerosols
and pollutants in Malaysia are described in Kanniah et al. (2016).

3. Results

3.1. Himawari-8 AOD

Initially, the Himawari-8 AODs were validated against AERONET
AODs from three stations in the SEA region. The validation results
show a good consistency between Himawari-8 L3 and AERONET AODs
with R2=0.81, RMSE=0.13,MAE=0.09, a bias of 1.38% and an overall
overestimation of 1% (Suppl. Fig. 1). The excellent agreement between
Himawari-8 AOD and AERONET data allows for using the satellite AOD
to investigate the aerosol levels and variability in the SEA region before
and during the COVID-19 period.

Composite AODs are examined and compared between three pe-
riods, covering 18 March to 30 April of the years 2018, 2019 and 2020,
in order to reveal possible changes over the SEA region during the
COVID-19 period in spring 2020 (Fig. 1). It should be noted that for a de-
tailed analysis and quantification of the impact of COVID-19 on the co-
lumnar AOD over SEA, climatological and meteorological factors
should be taken into consideration as well as the effect of the extensive
biomass burning in this season that are independent from the restric-
tion measures and the general lockdown. A qualitative overview
shows that the SEA pollution outflow (Wang et al., 2015) over the oce-
anic regions has been reduced during 2020, compared to the previous
years, as also observed over the southern China Sea due to restriction
measures and the general lockdown in China (Zhang et al., 2020;
Wang and Su, 2020). Lower AODs are also seen over the northern Bay
of Bengal, which is highly affected by the Ganges valley pollution out-
flow (Kharol et al., 2011; Srinivas and Sarin, 2014). However, higher
AODs over the northern parts of the peninsular SEA (northern
Thailand and Laos) are seen in 2020, despite the restriction measures
in anthropogenic activities and malfunction in industries. These high
AODs, which are characteristic for the pre-monsoon season, are attrib-
uted to forest and vegetation fires (Biswas et al., 2015; Pani et al.,
2018; Vadrevu et al., 2019), being responsible for the haze conditions
usually covering the whole Indochina (Gautam et al., 2013; Kanniah
et al., 2016).

Besides the large spatio-temporal variability in AODover SEA, a close
inspection into themajor cities in the region (Fig. 2) shows reduction in
AOD values around Kuala Lumpur (0.23, 0.34 and 0.17 in 2018, 2019
and 2020, respectively), Brunei (0.22, 0.24, 0.18), Singapore (0.48,
0.38 and 0.23) and Manila (0.22, 0.32 and 0.25). These cities are not af-
fected by biomass-burning plumes from the northern part of the penin-
sular SEA and the AOD is mainly due to anthropogenic and local
emissions. Meanwhile, other parts of SEA continue to facemajor air pol-
lution problems in spring 2020 despite the lockdowns. For instance, in
Bangkok, Thailand the mean AOD values in 2018, 2019 and 2020 are
0.33, 0.39 and 0.46, respectively. In Vientiane, Laos the increase in
AOD was very high in 2020, with an average value of 0.99 compared
to those in 2019 (0.44) and 2018 (0.78), indicating significant inter-
annual variability, strongly linked to biomass-burning activities, local
and regionalmeteorology. The seasonal (pre-monsoon)haze conditions
in north Thailand, north Laos and Myanmar, have been getting worse
under dry conditions, common at this time of the year. Therefore,
inter-annual variability in meteorological conditions strongly affects
the outbreak of forest fires, onset and duration of the agricultural burn-
ing practices, while the wind regime plays a major role in the accumu-
lation and/or expansion of the emitted plumes, often leading to
extreme haze conditions with serious health issues, as occurred in
June 2013 (Betha et al., 2014; Gaveau et al., 2014; Vadrevu et al., 2014).

Among the SEA countries, Malaysia enforced the movement control
order (MCO) for a longer period, starting from 18 March until 6 June
2020. In addition, for a more detailed analysis over Malaysia, which is
only marginally affected by the forest and vegetation fires in the north-
ern part of SEA, the AOD values were extracted for a single pixel (Yang
et al., 2020; Emili et al., 2011) that is located over or closest to the 65
monitoring stations including industrial (7), urban (10), suburban
(36) and rural sites (12). The Himawari-8 L3 AODs over these sites
were temporally averaged during a period of 44 days, starting from
March 18 to April 30 for the years 2018, 2019 and 2020. The AOD pat-
terns averaged for each group of sites are shown in Fig. 3. Average
AOD displays a large decrease, ranging between 57% and 72% in 2020
(mean of 0.18 ± 0.08) compared to the same period in 2019 (0.64 ±
0.86) and 2018 (0.42 ± 0.37), at the industrial sites. Urban centres
also show a sharp decrease (40–60%) in AOD values in 2020 (0.25 ±
0.08) compared to 2019 (0.58 ± 0.59) and 2018 (0.43 ± 0.38), while
similar reductions in AOD were recorded at the suburban and rural
sites. Although AODs over the rural sites may be highly influenced by
farming activities, cultivation, biogenic emissions, dust, peat and vege-
tation fires, which explain the comparable or even higher AODs than
the urban sites, a large part of the significant AOD decrease at all sites

http://www.eorc.jaxa.jp/ptree/index.html
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Fig. 1. AOD composite maps (March 18–April 30) for 2018 (a), 2019 (b) and 2020 (c) over the SEA region from Himawari-8 (spatial resolution of 5 km × 5 km) observations.
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Fig. 2. Changes in the columnar AOD around Kuala Lumpur (a-c), Brunei (d-f), Singapore (g-i) and Manila (j-l) between 18 March - 30 April in the years 2018, 2019 and 2020.
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is attributed to the general shutdown of the anthropogenic activities in
order to restrict the expansion of COVID-19. In a previous study, it was
shown that the PM10 concentrations alone can explain about 60% of
the variation in AOD over Malaysia (Kamarul Zaman et al., 2017) and,
therefore, notable reductions in the near-surface aerosols are also de-
tected in the columnar.

3.2. Satellite observations of NO2

Nitrogen oxides (NOx) are primarily emitted asNO from combustion
sources i.e., vehicle exhausts, industries, power plants, residential
heating (e.g. Dumka et al., 2019) and is converted to NO2 after fast oxi-
dation processes, which is recognized as a tracer of anthropogenic com-
bustion activities and precursor of nitrate aerosol and ozone (Zhang
et al., 2020). As a major pollutant, NO2 can cause respiratory diseases,
asthma and cellular inflammation and is considered highly lethal to
human health (Faustini et al., 2014; He et al., 2020) and harmful for
the total environment through the formation of nitric acid (HNO3) and
acid rain (Kouvarakis et al., 2001; Zhang et al., 2020). Observations
from Aura-OMI satellite sensor generally show a decrease in the con-
centrations of columnar NO2 over the most parts of the SEA region in
March and April 2020 compared to the mean 2015–2019 (Fig. 4). The
largest reductions are detected over and around major urban centres
like Manila, Bangkok, Kuala Lumpur, Singapore, while over low-dense
populated and forested areas in Sumatra and Borneo, changes in NO2

are rather marginal. On contrary, the large increase in NO2 concentra-
tions over the northern part of SEA in March 2020 is characteristic for
the high intensity of the forest and agricultural fires.

A more detailed visualization for the Aura-OMI tropospheric NO2

concentrations over major cities in SEA is shown in Suppl. Fig. 2. In gen-
eral similarity to the AOD patterns observed over Manila, Kuala Lumpur
and Singapore (Fig. 2), the NO2 concentrations recorded a large reduc-
tion during spring 2020 compared to the previous years. This decrease
approached −34%, −27% and −30% over Manila, Kuala Lumpur and
Singapore, respectively, on 17 April (15-day averages) compared to
NO2 baseline data (averaged over 2015–2019) (Table 1), which is as-
cribed to shutting down of businesses and factories and restriction in
traffic due to partial/general lockdown (Muhammad et al., 2020;
Tosepu et al., 2020; Zhang et al., 2020). Note that in the strait of
Singapore, the reduction in NO2 was much lower due to continuous
emissions from shipping for the international trade (Suppl. Fig. 2).
Other cities that also documented reduction in NO2 levels during the



Fig. 3. Averaged AOD values from Himawari-8 L3 retrievals over industrial, urban, sub-
urban and rural sites in Malaysia during the period 15 March – 30 April for the years
2018, 2019 and 2020. Vertical bars correspond to one standard deviation from the
group-average AOD value.

Table 1
Reduction inAura-OMINO2 levels in 2020 as compared to 5-years average values. Data av-
eraged over a window of 15-days on 1 March, 31 March and 17 April.

Cities Changes in NO2 as compared to baseline (2015–2019)
levels (%)

March 1, 2020 March 31, 2020 April 17, 2020

Kuala Lumpur -6 −33 −27
Singapore −16 −27 −30
Bangkok −1 −21 −22
Hanoi +25 Not enough data Not enough data
Ho Chi Minh city +3 −9 +1
Jakarta −13 −10 −34
Manila +5 −31 −34
Phnom Penh +10 −4 −6
Vientiane −5 −0 −9
Yangon +1 −4 +3
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same time period are Bangkok (−22%), Jakarta (−34%) and Phnom
Penh (−6%) (Table 1). In Ho Chi Minh city, Vietnam, and Yangon,
Myanmar NO2 concentrations increased by about 1% and 3%, respec-
tively compared to their long term (2015–2019) average values, justify-
ing the larger impact from non-fossil combustion sources like biomass
burning and forest wildfires (Pani et al., 2018; Bukowiecki et al., 2019;
Nguyen et al., 2019). This is also supported by the large inter-annual
and intra-seasonal variability in NO2 levels around Vientiane, Laos due
to severe biomass burning on certain periods, like 15–31 March 2020
(Suppl. Fig. 2), which prevents the extraction of robust results regarding
the impact of lockdown on atmospheric pollution. Tropospheric NO2

levels are highly associated with biomass-burning activity over the
SEA region (Itahashi et al., 2018; Ul-Haq et al., 2016, 2018) and can be
influenced by several other factors, including meteorology (such as in-
solation, precipitation, advection) and other pollution emissions. How-
ever, at local level, above and around the urban areas, NO2 levels seem
to be significantly lower in 2020 (Suppl. Fig. 2; Table 1).

3.3. Ground-based measurements of aerosol and air pollutants in Malaysia

This section investigates the changes in PM10 and PM2.5 concentra-
tions and in air pollutant (NO2, SO2, CO, O3) levels at 65 air-pollution
monitoring stations located all over Malaysia and include industrial
(7), urban (10), suburban (36) and rural (12) sites. This analysis
Fig. 4. Absolute differences of Aura-OMI tropospheric NO2 concentrations in March
would help in evaluating the contribution of each source
(e.g., industry, power plants, transportation, residential cooking and
heating, agricultural activities) to the general reduction in aerosol and
pollutant levels over the whole Malaysia during the COVID-19 period.
The comparison was performed between the periods 18 March–30
April of the years 2018, 2019 and 2020 (Fig. 5). In general, the compar-
ison shows a notable decrease in PM10, PM2.5 and NO2 concentrations at
the industrial and urban sites during the MCO period. The PM10 levels
are much lower than the limit of 50 μg m−3 and in 2020 they are close
to the 20 μgm−3 recommended by theWHO, indicating good air quality
conditions across the country, with PM2.5 levels below 25 μgm−3. More
specifically, the PM10 concentrations reduced by 28–39% (statistically
significant at 95% confidence level) at the industrial sites and by
26–31% in the urban areas (statistically significant at 95% confidence
level) in 2020 compared to 2019 and 2018, respectively (Fig. 5a). The
respective reductions for PM2.5 were found to be 19–42% at industrial
and 23–32% at the urban sites (Fig. 5b). Even larger decreases occurred
in NO2 levels, which have been reduced by 33–46% in the industrial
areas and by 63–64% in the urban centres relative to 2018 and 2019
(Fig. 5c). The respective decreases at the suburban and rural sites, not
directly or less affected by anthropogenic emissions, were found to be
slightly lower, since PM10 revealed a decrease of 22–27% at suburban
and 10–24% at rural sites, PM2.5 a decrease of 15–28% (suburban) and
4–27% (rural areas), while reductions in the range of 55–56% was
found for NO2 in the suburban areas and much lower (26–34%) at the
rural background sites. During daytime, NO2 reacts with OH radicals
for the formation of HNO3, while at night-time, reactions with NO3 rad-
icals are an important source of HNO3, which is the precursor for nitrate
aerosol (NO3

−) formation (Sheinfeld and Pandis, 2016). Therefore, the
large reduction in NO2 levels during the COVID-19 period may limit
(a) and April (b) 2020 from the 2015–2019 period mean over Southeast Asia.



Fig. 5. Mean concentrations of aerosols (PM10 and PM2.5) and pollutant gases at different stations in Malaysia during 18 March – 22 April for the years 2018, 2019 and 2020.
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the built-up of HNO3 and NO3
− aerosols (Bardouki et al., 2003; Cuccia

et al., 2013; Titos et al., 2014).
In addition, the limitation in combustion activities resulted in a de-

crease in CO levels, a direct pollutant from incomplete combustion
sources (vehicular traffic and biomass burning). The reduction in CO is
higher (25–32%) at the urban and suburban (25–27%) sites, whereas
the rural background sites do not display any significant variability be-
tween the three years (6–7%), implying rather different sources of CO,
most likely agricultural burning or even a rather stable background
(Fig. 5d). Sulfur dioxide (SO2) is directly emitted from anthropogenic
emissions related to fossil-fuel burning and it's the predominant an-
thropogenic sulfur-containing air pollutant. The average lifetime of
SO2 is of the order of one day within the planetary boundary layer and
up to about 15 days in the free troposphere, so it presents mostly re-
gional characteristics (Ealo et al., 2018). As a major emission pollutant
from stationary sources (industries and power plants), SO2 displays re-
duction at the urban (9–20%) and suburban (17–19%) sites in 2020
compared to 2019 and 2018, but not at industrial ones, since major
power plants and industries were continuously operating for reasons
of commongood andwelfare (Fig. 5e). At the rural areas, SO2 concentra-
tions aremore variable between the years andmay be highly influenced
by local/regional meteorology and downwind impact from nearby
urban areas or industrial units (Collivignarelli et al., 2020). In contrast,
O3 did not record significant changes in the examined periods between
the years, since it's a secondary pollutant formatted by NO titration in
the presence of UV light or via volatile organic compounds (VOCs)
(Reche et al., 2018) and its levels are kept mostly unchanged in
Malaysia over a certain period of the year. However, a small increase
(3–7%) was observed at the urban sites during 2020 (Fig. 5f) due to re-
duction in NO levels, similarly to other urban environments (Dantas
et al., 2020; Kerimray et al., 2020; Li et al., 2020; Nakada and Urban,
2020; Tobías et al., 2020).

Finally, the lockdown effect on the daily PM10, PM2.5 and NO2 con-
centrations, averaged at the urban and industrial sites in Malaysia, dur-
ing the period 1 March–22 April for the years 2018, 2019 and 2020 is
shown in Fig. 6. The MCO day (18 March 2020) is also determined,
which defines a period of decreasing PM and NO2 levels at both urban
and industrial sites in 2020. At the industrial sites, the mean ratio of
PM10 for periods after and before the MCO was found to be 0.80 in
2020, compared to 0.98 in 2019 and 1.15 in 2018. At the urban sites,
the respective PM10 ratios were 0.79 in 2020, 0.87 in 2019 and
1.052018. PM2.5 levels in 2018 and 2019 were notably higher than
those in 2020, while theMCO further reduced the PM2.5 concentrations,
with themean ratios for after/before theMCO to be 0.9 at the industrial
sites and 0.85 at the urban ones. As PM10 and PM2.5 may have various
sources, apart from the anthropogenic ones, theMCOhad a larger effect
on the NO2 levels. Therefore, in 2020, NO2 has been reduced by 34%
(54%) after the MCO compared to the period before at industrial
(urban) sites, whilst the NO2 ratios in 2019 were found to be 1.04 and
1.06, and those in 2018 were 1.17 and 1.00 for the industrial and
urban sites, respectively. This analysis further highlights the significant
decrease in NO2 emissions at the industrial and urban areas in
Malaysia, as a result of the restriction measures for preventing the dis-
persion of COVID-19.



Fig. 6. Daily variability of the PM10 (a, b) PM2.5 (c, d) and NO2 (e-f) concentrations at industrial and urban sites in Malaysia for the period 1 March – 22 April of the years 2018, 2019 and
2020. The dashed line defines the beginning of the movement control order (MCO) onMarch 18, 2020 due to COVID-19 pandemic. The average and standard deviation values before and
after MCO in each year are provided in the graphs.
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4. Discussion

During the last 1–2 months, several studies have been published
dealing with the impact of the lockdown on air quality at several cities
in developed and developing countries around the world. Nearly all
these studies revealed large declining trends in PM concentrations and
in a series of air pollutants, with these trends being strongly related to
the specific characteristics of each site, the relative influence from traffic
and industrial sources, the impact of natural emissions (forest fires, de-
sert dust) and the proximity to major power plants that are under con-
tinuous operation. This section discusses results from recent studies
dealing with the decreasing trends in aerosols and air pollutants due
to COVID-19 lockdown at several places around the world.
According to the Ministry of Ecology and Environment of China
(2020), the concentrations of six major air pollutants during the
COVID-19 period (January–March 2020), have been drastically reduced
compared to previous year(s), recording a mean reduction of−20% for
PM10, −15% for PM2.5, −25% for NO2, −6% for CO, and −21% for SO2,
while O3 remained rather steady from year-to-year (Wang and Su,
2020). Especially in Wuhan, where the general lockdown first
established on 23 January 2020, the NO2 levels have reduced by about
50% compared to the previous year (Wang and Su, 2020). Another
study (Zhang et al., 2020), reported an average reduction of 52% in
NOx emissions in east China during the period after the lockdown com-
pared to the levels before. Average decreases of 24.7%, 13.7%, 6.8%, 5.9%,
and 4.6%, for NO2, PM10, SO2, PM2.5 and CO, respectively were reported
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in 44 cities in northern China (Bao and Zhang, 2020), while significant
reductions in air pollutants due to lockdown were also observed at the
Yangtze River Delta, also captured by the WRF-CAMx model (Li et al.,
2020). However, nowadays, the NOx levels have been gradually
regained in someChinese provinces after the termination of the quaran-
tine period and return-to-work day (Zhang et al., 2020). Continuous
monitoring of the pollution levels and future studies will reveal the de-
gree of the pollution re-appearance over major urban areas in Malaysia
as well, after the re-opening on the economy.

In India, PM10, PM2.5, NO2 and CO concentrations analyzed during 16
March–14April from2017 to 2020 in 22 cities over the country revealed
reductions by 43%, 31%, 18% and 10%, respectively during the lockdown
period compared to previous years. On contrary, SO2 exhibitedmarginal
changes, whereas an increase of 17% was seen for O3 (Sharma et al.,
2020). Other studies in Delhi, revealed maximum reductions for PM10

and PM2.5 concentrations (50%) compared to the pre-lockdown period
(Mahato et al., 2020), while compared to 2019, PM10 and PM2.5 de-
creased by about 60% and 35–39%, respectively (Chauhan and Singh,
2020; Mahato et al., 2020). In addition, NO2 decreased by 52.7% and
CO by 30.4% during the lockdown period (Mahato et al., 2020). Large re-
ductions in CO (37.0% - 64.8%) and NO2 (24.1% - 54.3%) levels were also
observed in megacities in south America, like Rio de Janeiro (Dantas
et al., 2020) and Sao Paolo (Nakada and Urban, 2020), during the lock-
downphase compared to the period before or previous years. In Almaty,
Kazakhstan, CO and NO2 levels reduced by 49% and 35%, respectively
during the lockdown compared to the 2018–2019 averages of the
same period, while PM2.5 reduced by 21% (Kerimray et al., 2020).

The large atmospheric impact of COVID-19 in Barcelona, Spain was
detected with a reduction of −45.4% in the BC concentrations and of
−47.0% and −51.4% of the NO2 levels at urban-background and traffic
sites, respectively (Tobías et al., 2020). Lower reductions in the PM10

concentrations were recorded, in the range of 27.8% and 31.0% at
urban-background and traffic sites, respectively, since PM10 is related
to several other sources like regional recirculation, dust resuspension
or long-range transport, secondary aerosol formation, constructions,
biogenic and marine emissions. This is in agreement with the lower
(%) reductions in PM10 and PM2.5 concentrations in Malaysia compared
to those of NO2. The daily O3 levels in Barcelona increased by 29% to 58%
at the urban-background and traffic sites (Tobías et al., 2020), while at
the urban sites in Malaysia, the average increase was much lower
(7.3%). The increase in O3 is mostly attributed to the large decrease in
NOx levels within a VOCs limited urban environment, and to reduction
in primary NO emissions that lower down the O3 consumption via titra-
tion (Kerimray et al., 2020; Tobías et al., 2020). However, changes in O3

may be also related to changes in insolation that facilitates its produc-
tion. In Milan, Italy, which has been severely affected by SARS-CoV2
(Conticini et al., 2020), lockdown determined a periodwith a significant
reduction in PM10, PM2.5, NOx, CO, black carbon and benzene levels,
while SO2 remained rather unchanged and O3 increased due to lower
NO concentrations (Collivignarelli et al., 2020).

A new unpublished research at the timewriting this article (Shrestha
et al., 2020), analyzed the changes in concentrations of six air pollutants
(PM10, PM2.5, NO2, SO2, CO and O3) in 40 cities all over the world in
February–March 2019 and 2020. In the majority of the cities, the 2020
levels were lower than those in 2019, while after lockdown, significant
reductions in NO2, CO, PM2.5 and PM10 levels were found in 19, 9, 8 and
7 cities, respectively. Summarizing, the worldwide lockdown due to
COVID-19 pandemic drastically reduced the anthropogenic emissions
and air pollution, which, however, is diachronically responsible for
acute health issues like chronic obstructive pulmonary disease, which in-
creased significantly the mortality risk due to COVID-19.

5. Conclusions

In this study, the impact of the lockdown due to COVID-19 on the
spatio-temporal variation of main atmospheric pollutants over SEA,
and particularly inMalaysia, was investigated. A combination of aerosol
(AOD, PM10 and PM2.5) and gases (NO2, SO2, CO and O3) data obtained
from the Himawari-8 satellite, Aura-OMI and ground stations in
Malaysia was used. A reduction in AOD values obtained from
Himawari-8 was observed over the southern SEA region, in Singapore,
Brunei, Malaysia and the Philippines. In Malaysia, the AOD values over
industrial and urban sites displayed a large decrease (~40% and ~70%)
in March–April 2020 compared to the same period in 2019 and 2018.
In contrast, in the northern part of the peninsular SEA, AODs remained
at very high levels (maximum values of around 2.0) even during the
lockdown period, due to extensive forest fires and agricultural burning
in this area. This was also supported by the highest NO2 concentrations
(between 4 and 5 × 10−15 mol cm−2). In addition, NO2 levels exhibited
large reductions (~27%–34%) during the COVID-19 period atmost of the
cities in SEA, except for Ho Chi Minh and Yangon. This reduction in NO2

levels was strongly linked with the countries' efforts to restrict the
movement of people within and across countries and control the indus-
trial/business activities. Countries like Brunei, Malaysia, and Singapore
enacted aggressive measures, including border closures, prohibiting
mass gatherings, restricting religious activities and partial lockdowns
enforced by the military. Other countries like Cambodia, Indonesia,
Laos, Myanmar, Thailand and the Philippines only enacted limitedmea-
sures or belated steps. Especially in Malaysia, these strict measures and
the MCO established on 18 March resulted in a significant decrease in
PM10 (by 28–39% in the industrial and by 26–31% in the urban areas)
and PM2.5 (20–42% at industrial and 23–32% at urban sites) compared
to previous years. A larger decrease occurred in NO2 levels, which re-
duced by 33–46% in the industrial sites and by 64% in the urban centres.
Lower reductionswere observed for SO2 andCO,while O3 did not record
significant changes over the years. The results of this study are indica-
tive of the degree that the restriction measures and the regional lock-
down due to COVID-19 affected the air pollution over a region with
high levels of aerosols and pollutants from non-traffic and non-
industrial activities. Therefore, aiming to evaluate the COVID-19 impact
on air quality over the SEA region is a real challenge, especially during
the pre-monsoon (March–April) period with extensive forest, vegeta-
tion and peat fires. Moreover, the role of meteorology has neither
been evaluated nor quantified in this study and more detailed analysis
is needed in the future. The beneficial for air quality restriction mea-
sures due to COVID-19 seem to be a unique opportunity for pollution-
control policies and mitigating strategies against climate change over
the SEA countries, although this is a very difficult and challenging task.
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