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Abstract
A novel coronavirus disease (COVID-19) continues to challenge the whole world. The disease has claimed many fatalities as it
has transcended from one country to another since it was first discovered in China in late 2019. To prevent further morbidity and
mortality associated with COVID-19, most of the countries initiated a countrywide lockdown. While physical distancing and
lockdowns helped in curbing the spread of this novel coronavirus, it led to massive economic losses for the nations. Positive
impacts have been observed due to lockdown in terms of improved air quality of the nations. In the current research, ten tropical
and subtropical countries have been analysed from multiple angles, including air pollution, assessment and valuation of health
impacts and economic loss of countries during COVID-19 lockdown. Countries include Brazil, India, Iran, Kenya, Malaysia,
Mexico, Pakistan, Peru, Sri Lanka, and Thailand. Validated Simplified Aerosol Retrieval Algorithm (SARA) binning model is
used on data collated from moderate resolution imaging spectroradiometer (MODIS) for particulate matters with a diameter of
less than 2.5 μm (PM2.5) for all the countries for the month of January toMay 2019 and 2020. The concentration results of PM2.5

show that air pollution has drastically reduced in 2020 post lockdown for all countries. The highest average concentration
obtained by converting aerosol optical depth (AOD) for 2020 is observed for Thailand as 121.9 μg/m3 and the lowest for
Mexico as 36.27 μg/m3. As air pollution is found to decrease in the April and May months of 2020 for nearly all countries,
they are compared with respective previous year values for the same duration to calculate the reduced health burden due to
lockdown. The present study estimates that cumulative about 100.9 Billion US$ are saved due to reduced air pollution exter-
nalities, which are about 25% of the cumulative economic loss of 435.9 Billion US$.
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Introduction

Air pollution (AP) is a major problem in developing countries
mainly due to rapid industrialisation and urbanization (Rai
et al. 2011; Hossain and Easa 2012; Uttara et al. 2012;
Mannucci and Franchini 2017). Vehicular and industrial
sources seem to be a pivotal contributor to particulate pollu-
tion in urban areas (Petkova et al. 2013; Guttikunda et al.
2014; Sgrigna et al. 2015). Long-term exposure to particulate
matter (PM) affects human health causing diseases such as
chronic obstructive pulmonary disease (COPD), respiratory
diseases, cancer and cardiovascular morbidity/mortality
(Anderson et al. 2012; Kim et al. 2017; Bherwani et al.
2020a). Exposure to high PM concentrations with a diame-
ter ≤ 2.5 μm (PM2.5) for shorter duration augment the severity
of lung and heart conditions, notably affecting the quality of
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human life (Charron and Harrison 2005; Guarnieri and
Balmes 2014). Increased PM concentration in the air may lead
to poor visibility and compounded effects other than health
(Nair et al. 2020).

COVID-19 outbreak was first documented in the Hubei
Province’s Wuhan city, China, and it is considered as the main
epicentre of SARS-CoV-2 (WHO2020; Gautam 2020a;Gautam
2020b; Gautam and Hens 2020; Bherwani et al. 2020b; Kaur
et al. 2020). Due to the outbreak of COVID-19, World Health
Organization (WHO) initially declared a global public health
emergency (WHO 2020; Lau et al. 2020). Now it has grown into
a global pandemic and has resulted in 10million cases just within
6 months (WHO 2020). To control the spread and related fatal-
ities, an immediate lockdownwas imposed bymany countries to
minimize the movement of infected people and thereby to abate
the adverse health effects (Bherwani et al. 2020a, b; Wathore
et al. 2020; Gautam et al. 2021). The lockdown resulted in re-
duced vehicular movements, staunched construction activities
and halted industrial operations resulting in reduced air pollution
(Bao and Zhang 2020; Bherwani et al. 2020a; Gupta et. al.
2020; Shrestha et al. 2020; Muhammad et al. 2020; Rajput
et al. 2020; Ambade et al. 2021).

Despite improvements in ambient air quality as reported in
several studies (Kumari and Toshniwala 2020; Venter et al.
2020; Bherwani et al. 2020a), indoor air quality showed neg-
ligible improvement (Du and Wang 2020; Ravindra et al.
2021a; Beig et al. 2021) during the period of lockdown. In
rural areas, there triggered an additional requirement of fuel
woods to carter the needs of extra family members who
returned from their urban workplaces resulting in increased
emission from cooking (Pierre et al. 2020). Ravindra et al.
(2021b) reported that the transition of clean fuel cooking
was hindered due to the imposed lockdown in India and
households might have relapsed to traditional fuel wood
cooking. Globally, there emerged a subsequent issue with
biomedical waste management (BMW) due to the increased
disposal rate of personal protection equipment (PPE), gloves,
masks and other infectious waste beyond the installed treat-
ment capacity (Kumar et al. 2020). To target this issue, mod-
ified guidelines were adopted in handling COVID-19-infected
BMW across the globe. Bherwani et al. (2021a) in his study
has highlighted the impact on Sustainable Development Goals
(SDG: 1–8 & 11–17) by COVID-19 imposed lockdown. The
study observed considerable improvements in terms of envi-
ronmental sustainability and climate change. However, other
national concerns such as employment, health, economy and
social security were found to be at the highest threat.

The current research discusses the air quality improvement, in
terms of fine PM, for selected tropical and subtropical countries.
Remote sensing-based assessment of PM2.5 concentration is con-
ducted for 10 tropical and subtropical countries including Brazil,
India, Iran, Kenya, Malaysia, Mexico, Pakistan, Peru, Sri Lanka
and Thailand. A study by Mavridou et al. (2018) was used as a

reference in identifying tropical and subtropical countries.
Availability of data concerning satellite image, lockdown dura-
tion and national health information in addition to the Global
Burden of Diseases study (GBD, 2019) was referred to ensure
that selected countries covered a broader range of health risk rates
(high to low) as an effect of exposure to ambient particulate
matter. GBD (2019) reported mortality per 105 population for
Brazil (20.11), India (70.44), Iran (49.52), Kenya (10.93)
Malaysia (33.71), Mexico (29.28), Pakistan(50.88), Peru (26.2),
Sri Lanka (33.23) and Thailand (45.9) attributable to ambient air
particulate matter for the year 2019 (Anisah 2020; Arrieta et. al.
2014; Banjot 2019; Viscusi and Masterman 2017; Walker et. al.
2018; Yong and Shafie 2016; Subramanian et. al.
2018; Thanaviratananich et. al. 2016). Further assessment in
terms of reduction in health impacts is assessed in monetary
terms. The novelty of the work is that it uses satellite data to
assess the change in concentration of PM2.5 for the tropical and
subtropical countries from the year 2019 to 2020 during the
COVID-19 lockdown period and assesses the health benefits of
reduced air pollution in monetary terms. Such holistic studies are
seldom done which give a detailed analysis of air pollution re-
duction at the country level along with air pollution health bur-
den. Figure 1 shows the geographical locations of all the coun-
tries included in the study. To add to the originality, the air
pollution externalities (APE) reduction during the COVID-19
lockdown is compared with the economic damage suffered by
each country to highlight the environmental benefits of the lock-
down. Selecting countries limited to higher health risk rates (or
high PM2.5 concentration) may only result in environmental ben-
efit as a result of lockdown. To eliminate such biasness in the
current study, larger window of health risk rates was adopted
while finalizing the countries.

Methodology

Population (N)

The population of the above-mentioned countries in the years
2019 and 2020 is collected for evaluation of health damages
subjected to mortality/morbidity due to air pollution in a par-
ticular country. The population has increased in millions from
2019 to 2020 by 1.6 (211 to 212.6) in Brazil, 14 (1366 to
1380) in India, 1.3 (82.9 to 83.9) in Iran, 1.2 (52.6 to 53.8)
in Kenya, 1.0 (31.9 to 32.9) in Malaysia, 1.3 (127.6 to 128.9)
in Mexico, 4.3 (216.6 to 220.9) in Pakistan, 0.4 (32.5 to 32.9)
in Peru, 0.1 (21.3 to 21.4) in Sri Lanka and 0.2 (69.6 to 69.8)
in Thailand (Worldometer 2019, 2020).

Air quality

Satellite data has been prominent among the researchers in
carrying out the environment and climate change related
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studies due to its advanced spatial and temporal coverage
(Bherwani et al. 2020c). Moderate resolution imaging
spectroradiometer (MODIS) data is used for determining the
PM2.5 concentration of each country for January, February,
March, April and May 2019 and 2020. The acquisition details
are given in Table 1.

Several studies using complex chemical transport model
(CTM) (Liu 2004; Van Donkelaar et al. 2012; Krishna et al.
2019; Srivastava 2020), machine learning regression models
(Xu and Zhang 2020; Ma et al. 2014; Lai et al. 2014; Gupta
and Christopher 2008) and combination of both (Van
Donkelaar et al. 2016) exist which configure a relation be-
tween AOD and PM2.5. Since there exists no such model as
the best model, we relied on model simplicity and perfor-
mance accuracy in selecting the most suitable model for the
current study. CTM was eliminated as it requires larger time,
energy and resources in collecting relevant data corresponding
to PM2.5 (Van Donkelaar et al. 2010). Chu et al. (2016) in his
study mentioned that PM2.5 prediction improves while incor-
porating meteorological parameters with AOD when

compared to simple linear AOD to PM2.5model. To retrieve
the PM2.5 from aerosol optical depth (AOD) by MODIS
(MOD08_M3), a newly developed algorithm is used in
ArcGIS. This advanced method comprises of validated
Simplified Aerosol Retrieval Algorithm (SARA) and retrieves
PM2.5 concentration from AOD data through binning of me-
teorological variables (Bilal et al. 2013, 2017). This model is
based on meteorological variables which can be used to
achieve a higher correlation between AOD and PM2.5.

The details of the retrieval mechanism is given in Fig. 2.

Exposure assessment

Health effects such as respiratory effects, chronic obstructive
pulmonary diseases, cardiovascular diseases and mortality at-
tributable to ambient air pollution specific to PM2.5 during the
period of lockdown in 2020 and for the same period in 2019
were estimated using the linear exposure-response curve
method. This method was assessed by considering relative
risk due to the mean concentration of PM2.5 pollutant, baseline

Fig. 1 Geographical locations of
the study area

Table 1 Acquisition details for each month by using MODIS

Sr. no Acquisition months Year Platform Type of data Resolution (°) Source

1 January 2019 and 2020 MODIS Terra Monthly 1°×1° LAADS DAAC

2 February 2019 and 2020 MODIS Terra Monthly 1°×1° LAADS DAAC

3 March 2019 and 2020 MODIS Terra Monthly 1°×1° LAADS DAAC

4 April 2019 and 2020 MODIS Terra Monthly 1°×1° LAADS DAAC

5 May (1–16 days) 2019 and 2020 MODIS Terra 8 Days 1°×1° LAADS DAAC
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incidence cases per 105 population, pollution attributable to
risk (PAR) corresponding to mortality and morbidity health
effects and the total population in 2019 and 2020 for the coun-
tries (N). Eqs. (1)–(4) were used for estimating the mortality
and morbidity cases for the study period and countries
(Bherwani et al. 2020a).

Rrc ¼ 1þ Cm−Cp
� �

* Rr−1ð Þ=10 ð1Þ

PAR ¼ Rrc−1½ �*ρ Cð Þ= Rrc−1½ �*ρ cð Þ þ 1

! 

ð2Þ

Ie ¼ PAR*Iw ð3Þ
Ine ¼ Ie*N ð4Þ
where Rrc is the relative risk for exposed concentration, Cmis the
monitored ambient mean air quality concentration of pollutant
PM2.5. Cpis the ambient air quality standards from WHO guide-
lines for PM2.5 pollutant. Rr and Ieare the relative risk and base-
line incidence for the pollutant PM2.5 and are shown in Table 2.
ρ(c) proportion of pollution exposure to the pollutant (100% is

being exposed to the pollutant concentration is considered in our
study). Ine is the number of people affected due to air pollution.

Valuation of air pollution externalities

Improved health effects assed in monetary terms can raise
awareness among policy and decision makers regarding
the need in identifying strategies to curb growing air pol-
lution in the countries (Bherwani et al. 2020d). To calcu-
late the monetary burden of health risk for morbidity and
mortality, cost of illness (COI), disability-adjusted life
years (DALY) and value of statistical life (VSL) methods
are used. COI and DALY are used for monetising morbid-
ity endpoint, and the VSL method was used for mortality
endpoint for all above-mentioned countries (Bherwani
2020a, b). VSL of each country assessment was done
based on the insurance settlements and the values are given
as Supplementary Table-1. These VSL values are inflated
to 2019 (The World Bank 2019). Eq. (5) shows the calcu-
lation of monetary damages due to mortality following
(Bherwani et al. 2020a).

Mortality damages USÞ ¼ VSL*Ine*Inflation Rate IRð Þð
ð5ÞMorbidity is monetised by using the COI and DALY and

the sum of both methods were carried out to assess total mor-
bidity damage value. Morbidity by COI method included
treatment cost of each disease in the country. It includes hos-
pital admission, medical cost, travelling cost and lost day. COI
of each disease in each country is given in Supplementary
Table-2 and are converted to US$ and inflated to 2019 for
uniformity. The benefit transfer method was used to estimate
COI value for countries such as Sri Lanka, Brazil and Pakistan
employing exchange rate (ER) and inflation rate (IR) on
existing illness cost value for a country using Eq. (6)
(Bherwani et al. 2020a).

Morbidity damages COI in USÞ ¼ Ine*COI*ER*IRð ð6Þ

DALY method was used to estimate the years of life op-
portunity lost due to morbidity and mortality. DALY data of
each country was taken from the WHO database (WHO
2016). The details are highlighted in Supplementary Table-

Fig. 2 Retrieval of PM2.5 from MODIS AOD data

Table 2 Relative risk and
baseline incidence of mortality/
morbidity for PM2.5 pollutant

Mortality/morbidity Relative risk Baseline incidence References

Total mortality 1.011–1.019 543.5 Kermani et al. (2018)
Respiratory disease 1.013–1.032 550.9 Foo et. al. 2016; Ghoshal et. al. 2016; Maji et al.

2018, 2017; Rezvanfar et. al. 2013
COPD 1.0022–1.0094 101.04 Miri et al. (2016); Gheorghe et. al. 2018; Koul et.

al. 2019; Torabipour et. al. 2016
Cardiovascular 1.014–1.019 546 Maji et al. (2018), Brouwer et. al. 2015: Farahani

et. al. 2018: Figueroa-Lara et. al. 2016
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3. DALY method for morbidity indicates the number of years
of life lost for an individual due to illness. It can be calculated
using the annual per capita income of each individual. Per
capita income (PCI) of each country was taken from the ref-
erenced literature and inflated in 2019 as shown in the
Supplementary Table-4 (The World bank 2019; Observer
Research Foundation (ORF) 2020; Statista 2020). Eq. (7) is
used to calculate the morbidity damage estimation by DALY
method (Bherwani et al. 2020a).

Morbidity damages DALYð Þ ¼ Ine*PCI*DALY*IR ð7Þ

Based on Eqs. (1)–(7), mortality and morbidity attributable to
air pollution were evaluated. It was observed that countries have
suffered huge losses due to COVID-19 which was reflected in
the reduced gross domestic product (GDP). This loss was com-
pared with the reduced health burden of the countries. The losses
in GDP was calculated using the International Monetary Fund
(IMF 2020) GDP percentage change values and assuming that
the growth rate would have remained the same for 2020 as well,
except for Iran where the last positive change was referred to as
the base value. The GDP erosion was reported in 2019 values
considering average inflation of 3.56%.

Results and discussion

Air quality

In many countries, the lockdown was imposed due to the
outbreak of unrestrained growth of COVID-19. In this study,
SARA-derived MODIS data was used for PM2.5 concentra-
tion determination using the methodologies as explained
above. The MODIS data obtained is shown as averaged maps
for 2019 and 2020 in Fig. 3 for each of the ten countries.

For all 10 countries, the PM2.5 data from January to May
for the years 2019 and 2020 is retrieved from MODIS using
SARA binning model and is presented (Fig. 3). From the
figure, it can be observed that the pollution increased in
2020 in some countries while decreased in others as compared
to 2019. The monthly variation in PM2.5 (January–May) ob-
tained from MODIS for each of the countries for the years
2019 and 2020 was shown in Fig. 4. Overall, it was clear from
Fig. 4 that the concentration of PM2.5 dropped after the lock-
down in 2020 sooner or later. The detailed monthly PM2.5

average was shown in Supplementary Table-5.
It is evident from the figure, since the starting of lockdown, in

March 2020 for most of the countries, the PM2.5 levels dropped
resulting in lower health burden and corresponding externalities.
Lockdown across the globe has strictly restricted various anthro-
pogenic activities which were the primary sources of pollution
and hencewould have improved the air quality. Themean values
are averaged for the months in which the PM2.5 concentration of

2020 has fallen below the mean value in 2020. The averaged
values thus generated are shown in Table 3. An overall reduction
of the range 5.0–34% in PM2.5 concentrationwas observed in the
study areas during the lockdown when compared to the same
period last year. The highest reduction was observed for Sri
Lanka (34.1%). followed by Mexico (27.3%), India (16.4%),
Malaysia (15.4%), Iran (14.3%), Pakistan (13.6%), Brazil
(12.0%), Kenya (10.2%), Thailand (5.2%) and Peru (5.0%).
Satellite-based global studies were limited for comparison.
Comparison with previous studies can result in a mismatch as
the studies were limited to specific cities in the country using
ground-based air quality stations and for various timescale
(lockdown and pre-lockdown) durations.

Studies reported that there existed a fair reduction in PM2.5

during lockdown compared to pre-lockdown situation.
Colombo, in Sri Lanka, showed 8% improvement in overall air
quality compared to the previous years (Kandari and Kumar
2021). Kutralam-Muniasamy et al. (2020) reported that Mexico
exhibited a reduction of 19% during lockdownmonths (April and
May 2020) when compared to the historic trend (2015–2019).
These values reported in the previous studies mismatch with the
current study as we have analysed using the satellite data having
robust spatial coverage as compared to ambient air quality mon-
itoring stations. For India,Venter et al. (2020) reported a reduction
of 15 μg/m3 for the year 2020 (Jan–May) compared to the pre-
vious 3 years for the same period. Sharma et al. (2020) reported a
reduction up to 43% in PM2.5 as recorded by the Continuous
Ambient Air Quality Monitoring Stations (CAAQMS) across
various cities in India during the days of stringent lockdown (16
March to 14April 2020). Singh et al. (2020) reported an improve-
ment up to 60% as the lockdown extended until May 3, 2020.
The increase observed duringMarch 2020 as shown in Fig. 4was
well captured in the study conducted by Kumar et al. (2020)
reporting an increase of 20–100% in aerosol loading at northern
regions of India. For Brazil, Pakistan, Malaysia, Iran and Peru,
there existed very limited studies on PM2.5 levels during lock-
down. Tello-Leal et al. (2020) reported a reduction of 44.52%
for Victoria City, Brazil, during lockdown compared to the pre-
lockdown period. For Thailand, no larger difference in PM2.5

concentration was observed due to the wildfire episode causing
smoke loading (Venter et al. 2020). However, just considering the
lockdown period (March–May 2020), 26–55% reduction in
PM2.5 was reported by Kaewrat and Janta (2021) compared to
pre-lockdown.

Valuation of air pollution health impacts

Emissions of pollutants beyond the threshold limits result in
adverse impacts on human health and other natural environ-
ments (Bherwani et al. 2020a, b). In the current study, we are
focusing mainly on human health damages attributable to
PM2.5. Air quality guidelines of 10 μg/m3 as recommended
by World Health Organization (WHO) for PM2.5 pollutant as
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Fig. 3 MODIS obtained images
for tropical and subtropical
countries considered in the study
for the months of January–May
2019 and 2020
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Fig. 3 (continued)
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Fig. 3 (continued)
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Fig. 3 (continued)
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the lower end of the range of concentration over which ad-
verse health effects were observed (https://datacatalog.
worldbank.org/pm25-pollution-population-exposed-levels-
exceeding-who-interim-target-1-value-total-1) and was taken
as reference concentration for health risk assessment. From
Table 3, PM2.5 concentration was found beyond the
minimum threshold limits of 10 μg/m3 in 2019 and 2020.
By using this PM2.5 data, the total number of cases subjected
to mortality and morbidity was calculated using Eqs. (1)–(4).
Morbidity and mortality parameters are considered in the
study is detailed in Table 2.

Table 4 shows the morbidity and mortality attributable to
air pollution aggregated for April and May of 2019 and

2020. Total morbidity (respiratory diseases, cardiovascular
diseases and COPD) cases showed a reduction of the range
4.7–38.4% over the study areas. Total mortality cases re-
duction was observed to be of range 5.2–40%. The highest
and lowest reduction in morbidity and mortality cases was
observed for Sri Lanka and Thailand respectively. Country-
wise, VSL for mortality and COI for each disease were tak-
en from the data collated in Supplementary Table 2 (Aljunid
et al. 2013; Alvis-Guzmán et al. 2015). The damages were
assessed using Eq. (6). Further, the damages are not restrict-
ed to treatment costs, but the disability of a person results in
inability to work which is valued using DALY. This inabil-
ity of working is reflected in income loss which can be

Fig. 4 a Variation in monthly mean, maximum and minimum PM2.5

concentration for the years 2019 and 2020 (Jan–May) in the countries;
b Monthly difference in PM2.5 concentration for the countries between
2020 and 2019 (2020 minus 2019)

Table 3 Mean and reduction
percentage in PM2.5 concentration
for countries during lockdown
period in 2020 and 2019

Sr. no. Countries Mean of PM2.5 concentration (μg/m
3) Percentage reduction in PM2.5

concentration due to lockdown (%)
2020 2019

1 Brazil 34.32 38.99 12.0

2 India 67 80.18 16.4

3 Iran 43.78 51.09 14.3

4 Kenya 27.36 30.5 10.3

5 Malaysia 46.59 55.08 15.4

6 Mexico 39.61 54.49 27.3

7 Pakistan 44.23 51.23 13.7

8 Peru 29.18 30.71 5.0

9 Sri Lanka 35.98 54.66 34.2

10 Thailand 80.69 85.19 5.3
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valued using per capita income as given in Supplementary
Table 4 and solved using Eq. (7).

The economic burden due to mortality and morbidity at-
tributable to air pollution is assessed. Tables 5 and 6 shows the
damages in terms of Million US$ due to morbidity and mor-
tality respectively. Average economic loss in morbidity was
estimated to be 638.7 Million US$ for the year 2020 and was
21.3% lower than the previous year. For the year 2020,
Mexico showed the highest economic loss due to morbidity
at 2725. 8 Million US$ followed by India at 1546.6 Million
US$. The lowest being recorded at 5.18 Million US$ for Sri
Lanka. The overall morbidity damage cost assessed is not just
dependent on PM2.5 concentration and population but also on
country specific DALY values as detailed in Supplementary
Table-3. Hence, it is obvious that despite having a lower mor-
bidity case recorded at Mexico than India (as in Table 4),
higher DALY value for the country has resulted in larger
economic loss. Mortality damage was assessed by total mor-
tality cases which is cumulative of respiratory and

cardiovascular disease mortality. Average economic loss esti-
mated for the study areas due to total mortality in the year
2020 was 46.89 Billion US$ and was 17.4% lower than the
previous year. For 2020, India showed highest damage of
195.7 Billion U$ and lowest being Kenya at 2.2 Billion U$.
Despite, Thailand being at higher end of Pollution level than
India, total economic loss due mortality was lower than India
due to larger difference (14.1 Million) in population.

Economic loss due to lockdown in the above-mentioned
countries due to outbreak of COVID-19 is shown in Table 7.

Table 7 indicates that each of the countries analysed recov-
ered some of the value of GDP lost due to the reduced health
burden of PM2.5. The recovery in terms of loss of GDP varies
between as low as 3% for Peru to as high as 79% for Sri
Lanka. The average recovery is about 25%which is enormous
given that the reduced footprint of humans is also saving them
from deadly COVID-19. The overall improvement in air qual-
ity and associated APE also depends on lockdown strategies
within the countries having widely distributed urban

Table 4 Country-wise morbidity
and mortality cases for the years
2019 and 2020

Countries Respiratory diseases COPD Cardiovascular disease Total mortality

2019 2020 2019 2020 2019 2020 2019 2020

Brazil 70,475 60,219 3504 2972 87,665 75,200 47,673 40,562

India 1,004,862 848,625 53,214 44,089 1,213,772 1,033,832 702,943 587,717

Iran 38,121 32,302 1933 1619 46,971 40,026 26,060 21,943

Kenya 12,674 11,064 621 540 15,879 13,900 8506 7404

Malaysia 15,966 13,393 814 674 19,615 16,558 10,951 9120

Mexico 63,007 43,902 3211 2185 77,437 54,582 43,196 29,713

Pakistan 99,876 85,989 5062 4312 123,049 106,513 68,286 58,438

Peru 7913 7461 388 365 9913 9359 5312 5002

Sri Lanka 10,567 6454 539 319 12,986 8048 7245 4354

Thailand 54,272 51,594 2894 2734 65,335 62,304 38,105 36,104

Table 5 Total damages due to
morbidity (COI + DALY) in
Million US$

Countries Respiratory diseases COPD Cardiovascular
disease

Total morbidity in Million
US$

2019 2020 2019 2020 2019 2020 2019 2020

Brazil 320.25 273.64 3.31 2.81 566.69 486.11 890.25 762.56

India 732.27 618.42 89.24 73.94 1003.00 854.3 1824.51 1546.66

Iran 144.66 122.58 14.53 12.17 125.23 106.72 284.42 241.47

Kenya 23.31 20.35 0.99 0.87 154.826 135.53 179.126 156.75

Malaysia 24.22 20.32 0.58 0.48 52.24 44.10 77.04 64.9

Mexico 3669.57 2556.88 4.41 3.00 235.42 165.94 3909.4 2725.82

Pakistan 25.91 22.31 10.02 8.53 151.91 131.49 187.84 162.33

Peru 28.06 26.46 0.26 0.25 52.07 49.16 80.39 75.87

Sri Lanka 3.38 2.06 0.46 0.28 4.59 2.84 8.43 5.18

Thailand 259.21 246.42 7.93 7.49 411.00 391.8 678.14 645.71
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agglomeration and degree of implementation by the con-
cerned local governments. The varying meteorological factors
and natural source contributions across topographies have a
substantial role in influencing the ambient air quality
(Bherwani et al. 2021b). Since these factors are subjective,
there exists huge scope of investigating their impacts during
lockdown scenarios across the globe.

Conclusion

The novel coronavirus has spread almost in all countries and
has taken many casualties through this deadly disease
COVID-19, as it has spread from continent to continent. The
reproduction number of SARS-CoV-2 is also very high, and

hence it penetrates among the population very fast. The first
line of defence against such troublesome pandemics has al-
ways been physical hygiene. For this virus, physical distanc-
ing has been one of the most effective ways to control its
spread. Most countries implemented countrywide lockdown
strategies to strictly implement physical distancing as soon as
the cases started rising. Similar is the case of countries includ-
ing Brazil, India, Iran, Kenya, Malaysia, Mexico, Pakistan,
Peru, Sri Lanka and Thailand. The lockdowns in these coun-
tries were implemented in March 2020.

With COVID-19 lockdowns, the state of the environment
seemed to improve due to reduced anthropogenic activities.
Similar is the case with air pollution. AOD is retrieved from
MODIS for ten countries from January to May for the years
2019 and 2020 to analyse the data in detail concerning air
pollution. The AOD data is converted into PM2.5 concentra-
tion using SARA binning model. On an average, after the
lockdown, the difference between PM2.5 concentration from
2019 to 2020 started dropping for all countries, from 53.3 μg/
m3 in March to 6.9 μg/m3 in April to −9.8 μg/m3 in May
(negative sign indicates lower concentration in 2020 as com-
pared to 2019). This suggests that anthropogenic activities are
mainly responsible for air pollution in these countries, and
with its reduction, the air pollution was drastically reduced.

Another critical aspect explored is linked with the reduced
health burden of air pollution due to this lockdown. The base-
line incidence and relative risk values are used for various
morbidity and mortality-related aspects of air pollution.
Respiratory disorder, cardiovascular diseases and COPD are
evaluated for these countries. Furthermore, the valuation of
this reduced health burden is carried out using econometric
methods including COI, VSL and PCI. Figure 5 shows the
reduced APE.

The biggest loss in terms of absolute numbers of GDP ap-
pears to be for Brazil with a loss of 140.95 Bn US$ followed by
Mexico and India with a loss of 80.23 Bn US$ and 65.38 Bn

Table 6 Total damages due to
mortality for PM2.5 in Bn US$ Countries Total number of cases due total mortality Total mortality in Bn US$

2019 2020 2019 2020

Brazil 47,673 40,562 115.3 98.1

India 702.943 587,717 234.1 195.7

Iran 26,060 21,943 46.1 38.8

Kenya 8506 7404 2.5 2.2

Malaysia 10,951 9120 21.6 18.0

Mexico 43,196 29,714 80.4 55.3

Pakistan 68,286 58,438 20.2 17.3

Peru 5312 5002 6.4 6.1

Sri Lanka 7245 4354 5.2 3.1

Thailand 38,105 36,104 36.2 34.3

Table 7 Comparing economic damage vis-à-vis reduced health burden

Countries Total APE in
the years
2019 and
2020 in Bn
US$

APE saved
in 2020 in
Bn US$

Total
economic
damage in Bn
US$

%recovery due
to reduced
health burden

2019 2020 2019–2020

Brazil 116.2 98.9 17.3 140.95 12%

India 235.9 197.3 38.6 65.38 59%

Iran 46.4 39.0 7.3 47.23 16%

Kenya 2.7 2.4 0.4 3.91 9%

Malaysia 21.7 18.1 3.6 20.25 18%

Mexico 84.3 58.0 26.3 80.23 33%

Pakistan 20.4 17.5 2.9 15.70 19%

Peru 6.5 6.1 0.4 15.19 3%

Sri Lanka 5.2 3.1 2.1 2.62 79%

Thailand 36.8 34.9 1.9 44.44 4%
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US$ due to lockdown respectively (France 24 2020; Financial
Express 2020; Financial Tribune 2020).While the health burden
reduction is highest for India in terms of absolute numbers i.e.
38.6 BnUS$ followed byMexico andBrazil. However, percent-
age recovery due to reduced health burden is highest for Sri
Lanka with 79% while India is second highest with 59%.

Given the above conclusions, following aspects need ur-
gent attention and form the scope of future research:

1. Lockdown and losses: It is true that lockdown had created
enormous losses and has impacted GDP of the countries;
however, there are benefits in terms of improvement of
the environment, which is demonstrated in terms of AP
reduction in this paper. Similarly, exploration should be
done for other environmental factors such as water pollu-
tion, solid waste generation, climate change etc.

2. Country’s response and local meteorology: Although the
lockdowns were initiated in similar timeframes, the re-
sponse of each country was different as evident by the
time taken by each country to show a reduction in air
pollution. This indicates that countries local conditions
play a significant role when it comes to assimilating the
pollution. Some of the factors which should be researched
in detail including, but not limited to, are meteorology,
sources of pollution, land use etc. to actually understand
and forecast, as the need be.

3. Air pollution and health damage: It is clear that air pollu-
tion is associated with substantial health burden and the
paper clearly demonstrates that a slight reduction in air
pollution can lead to enormous savings. This creates a
doorway for policymakers to put forth the agenda of en-
vironmental prevention and restoration on a concrete foot
with evidence of monetary benefits.

4. Background concentration: The pandemic and lockdown
have presented a distinctive opening for researches to un-
derstand the baseline and background concentration of
pollutants in their respective countries and the world over-
all. While the current paper restricts itself to air pollution-
related analysis, the research can be extended to other
types of pollution as well as discussed above.

5. Possible next steps: The proposed future directions in
terms of background concentration studies, economic
evaluation of impacts and the study of local parameters
can be used in overall holistic researches such as environ-
mental impact assessments and carrying capacity analy-
sis. These areas will also contribute to policy and decision
making when developmental scenarios are weighed
against environmental conservation and restoration.

Conclusively, it can be inferred that that air pollution increase
is mostly because of anthropogenic activities, and it leads to
economic losses due to associated health damages. In summary,
the current research demonstrates that there is a bright side of the
lockdown in terms of an improved environment. The current
study focuses on specific countries, which are less explored in
terms of conjugate effects of COVID-19; going forward, the
approach can be applied to other countries as well. Further, the
research concludes that there is a lot to explore on similar lines
and that this pandemic although has created devastation but has
also presented a unique opportunity to study the environment in
detail and from a different lens.
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