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Supplementary Text

Text S1. Data Sources

We obtained data from WHO including PM2.5 mass concentration
(https://www.who.int/data/gho/data/indicators/indicator-details/GHO/concentrations-of-fine-
particulate-matter-(pm2-5)), deaths and death rates (deaths per 100000 population) due to indoor
(https://www.who.int/data/gho/data/themes/topics/indicator-groups/indicator-group-
details/GHO/household-air-pollution-burden-of-disease---deaths) and ambient
(https://www.who.int/data/gho/data/themes/topics/indicator-groups/indicator-group-
details/GHO/ambient-air-pollution---burden-of-disease---deaths) air pollution in 2016, and
prevalence of current tobacco use (https://www.who.int/data/gho/data/themes/theme-
details/GHO/tobacco-control). The PM2.5 concentration is the annual mean concentration of
particulate matter of less than 2.5 microns of diameter (PM2.5) in urban areas in 2016. The indoor air
pollution reported here is mainly due to solid fuel use for cooking. Taking into account the percentage
of people using the solid fuels and the annual mean concentration of PM2.5, WHO determined
Population Attributable Fraction (PAF), which is an indicator for increased risk of a disease resulting
from the exposure. Applying this fraction to the total deaths provides an estimate for the total number
of deaths that results from the use of solid fuels and from the ambient particulate matter pollution. As
an additional contributing factor, we obtained prevalence of current tobacco within the population as
a percentage of the population aged 15 years and over, who currently use any tobacco product. Here
“current” means either daily or non-daily (occasional) use at the time of the survey. The tobacco
products included cigarettes, pipes, cigars, cigarillos, waterpipes (hookah, shisha), bidis, kretek,
heated tobacco products, and all forms of smokeless (oral and nasal) tobacco.

We obtained the COVID-19 related data including population, population density, population median
age, hospital beds per 1000 capita, Gross domestic product (GDP) per capita, human development
index (HDI), stringency index (OSI), deaths and death rates (deaths per 100000 population) caused
by COVID-19 in 2020 from Our World in Data (https://ourworldindata.org/coronavirus). The HDI
was created to emphasize that people and their capabilities should be the ultimate criteria for assessing
the development of a country, not economic growth alone (https://ourworldindata.org/human-
development-index). The HDI is a summary measure of average achievement in key dimensions of
human development: a long and healthy life, being knowledgeable and have a decent standard of
living. The HDI is the geometric mean of normalized indices for each of the three dimensions. The
health dimension is assessed by life expectancy at birth, the education dimension is measured by
mean of years of schooling for adults aged 25 years and more and expected years of schooling for
children of school entering age. The standard of living dimension is measured by gross national
income (GNI) per capita. The scores for the three HDI dimension indices are then aggregated into a
composite index using geometric mean. OSI was calculated by the Oxford Coronavirus Government
Response Tracker (OxCGRT) -project by using nine metrics: school closures; workplace closures;
cancellation of public events; restrictions on public gatherings; closures of public transport; stay-at-
home requirements; public information campaigns; restrictions on internal movements; and
international travel controls (Hale et al. 2021). The index on any given day is calculated as the mean
score of the nine metrics, each taking a value between 0 and 100. A higher score indicates a stricter
response (i.e. 100 indicates the strictest response). If policies vary at the subnational level, the index
is shown as the response level of the strictest sub-region.

We also obtained deaths due to air pollution from 2015 to 2019 from Health Effects Institute (HEI)
to evaluate the change of deaths due to air pollution in recent years (HEI 2020). The Global Burden
of Disease (GBD) project of the Institute for Health Metrics and Evaluation (IHME) provides each



pollutant’s burden of disease in each country using mathematical functions, derived from
epidemiological studies from countries around the world that relate different levels of exposure to the
increased risk of death or disability from each cause, by age and sex, where applicable. The
calculations include estimates of population exposure to PM2.5, ozone, and household air pollution.
The data set contains country-specific data on underlying rates of disease and death for each pollution-
linked disease and links to a comprehensive set of population data, adjusted to match the UN2015
Population Prospectus and obtained from the Gridded Population of the World (GPW) database for
each of the country.

The national changes in fossil CO2 emissions during 2020 were obtained from Le Quéré, C. et al.
(2021). This estimation considers only the effect of the COVID-19 restrictions. The country
emissions exclude international transport (aviation and shipping) as in the United Framework
Convention on Climate Change (UNFCCC) guidelines. The changes in the emissions are based on
the changes in activity for six sectors of the economy as a function of the level of confinement and
uses emissions of CO2 in each sector for 71 countries representing 97% of the emissions and the
degree of confinement for each country and each day of 2020. To support the interpretations, we
obtained Gross Domestic Product (GDP) and GDP per capita in 2019 and 2020 from World Economic
Outlook (https://www.imf.org/external/datamapper/datasets/WEO).

Text S2. Deaths due to air pollution from 2015 to 2019

Figure S1 shows that air pollution attributable deaths in different countries estimated by HEI from
2015 to 2019 correlate very well (r2>=0.99) with that reported by WHO in 2016. Air pollution
attributable deaths estimated by HEI were 80% of that reported by WHO, which could be caused by
the different estimation methods (Landrigan et al. 2018). The slope remained stable (around 0.8) in
recent five years, suggesting that the air pollution is a long-term health problem and overall situation
was not improved.

Text S3. Deaths due to COVID-19 and population age structure

Low death rates from COVID-19 were associated with the countries that have a young age population
(Fig. S4). This is because risk for severe illness with COVID-19 increases with age, with older adults
at the highest risk. COVID-19 mortality is generally high when the median population age is higher
than 35. However, there are counties with high median population age showing low COVID-19
mortality, e.g. New Zealand (0.52), Singapore (0.50), China (0.33), Thailand (0.09). At the same
time, these countries had relatively stronger government stringency index.



Text S4. Deaths due to COVID-19 and government policy

There is a considerable temporal variability and cycling in the COVID-19 associated deaths in
different countries reflecting the dynamical nature of the virus dispersion, which is influenced by
human behavior and government control measures. To limit the deaths associated with COVID-19,
governments implemented national restriction measures in 2020. As a measure for these, we utilized
governmental control index (OSI). Figure S5 shows the scatter plot of the death rates from COVID-
19 in 2020 versus OSI in different stages of COVID-19.

In general, the death rates from COVID-19 were low in the countries with higher OSItc1. However,
this correlation is not present between the death rates from COVID-19 and OSId1, meaning that the
death rates from COVID-19 were high even when some countries implemented the strictest policies
after the first COVID-19 deaths. In general, the date when the total cases reached 1 per million capita
in the country occurred earlier than that when the country has the first COVID-19 associated death.
Thus, the earlier and more strict policies seem to be an effective strategy to reduce the number of
deaths from COVID-19. We further use the parameter P to evaluate the correlation between COVID-
19 deaths and government policies in the early stage of COVID-19. Overall, the countries with low
P values, indicating low government stringency index and high dispersion rate of COVID-19 in the
early stage, resulted in a high COVID-19 death rate in 2020.

Text S5. Dependency of the deaths associated with air pollution and COVID-19 on tobacco use

The results show that the increased tobacco use is associated with increased the risk of air pollution
related death. In the case that the population is exposed to the same PM2.5 level, the countries with
higher prevalence of tobacco use had higher death rates from the air pollution (Fig. S8). When
prevalence of current tobacco use was higher than 30%, the death rates due to air pollution in
countries with PM2.5 value of 20 µg m-3 reached 100 per 100 000 capita, which is comparable to that
in countries with PM2.5 higher than 40 µg m-3. In addition, a positive correlation was observed
between the death rates from air pollution and the tobacco use in the countries with HDI higher than
0.7.  An increase of 10% prevalence of the tobacco use seems to increase the death rates due to air
pollution by approximately 20 per 100 000 capita. A positive correlation between the COVID-19
mortality and tobacco use was detected when HDI was lower than 0.7. In these countries, an increase
of 10% prevalence of the tobacco use elevated the death rates due to COVID-19 by some 2 per 100
000 capita. However, the value of R decreased with the increasing tobacco use.



Supplementary Figures

Fig. S1. (a) Scatter plot of deaths due to air pollution in 2015, 2016, 2017, 2018, and 2019 from
Health Effects Institute versus deaths due to air pollution in 2016 from WHO. (b) the change
percentage of air pollution attributable deaths from 2015 to 2019 for individual countries.

Fig. S2. Scatter plot of deaths from COVID-19 versus death rates from COVID-19.
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Fig. S3. Scatter plot of (a) deaths due to air pollution versus PM2.5 colored by death rates from air
pollution, (b) death rates from air pollution versus PM2.5 colored by tobacco use, (c) deaths due to
COVID-19 versus PM2.5 colored by death rates from COVID-19, (d) death rates from COVID-19
versus PM2.5 colored by median age.

Fig. S4. Scatter plot of (a) deaths due to air pollution versus HDI colored by death rates from air
pollution, (b) death rates from air pollution versus HDI colored by tobacco use, (c) deaths due to
COVID-19 versus HDI colored by death rates from COVID-19, (d) death rates from COVID-19
versus HDI colored by tobacco use.



Fig. S5. Scatter plot of (a) deaths due to air pollution versus median colored by death rates from air
pollution, (b) death rates from air pollution versus median age colored by tobacco use, (c) deaths due
to COVID-19 versus median age colored by death rates from COVID-19, (d) death rates from
COVID-19 versus median age colored by tobacco use.

Fig. S6. Scatter plot of death rates from COVID-19 versus (a) government stringency index when the
given country has the first death due to COVID-19 (OSId1), (b) government stringency index when
the total COVID-19 case reached 1 per million capita in the given country (OSItc1), and (c) P value
(= OSItc10*(Datetc10-Datetc1)). Datetc10 and Datetc1 are the dates, when the total COVID-19 cases
reached 10 and 1 per million capita in a given country, respectively. (Datetc10-Datetc1) indicated the
spread speed of COVID-19 in this country in the early stage. OSItc10 was the government stringency
index when the total case reached 10 per million capita in the country. The dots are colored by human
development index (HDI).



Fig. S7. The scatter plot of PM2.5 exposure versus GDP per capita colored by rates between deaths
from air pollution and COVID-19 (R).

Fig. S8. The scatter plot of median population age versus human development index colored by rates
between deaths from air pollution and COVID-19 (R).
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Fig. S9. Scatter plot of (a) deaths due to air pollution versus Tobacco use colored by death rates from
air pollution, (b) death rates from air pollution versus Tobacco use colored by HDI, (c) deaths due to
COVID-19 versus Tobacco use colored by death rates from COVID-19, (d) death rates from COVID-
19 versus Tobacco use colored by government stringency index when the total COVID-19 case
reached 1 per million capita in the given country (OSItc1), (e) rates between deaths due to air pollution
and COVID-19 (R) versus Tobacco use colored by median age.

Fig. S10. The scatter plot of death rates from COVID-19 versus annual CO2 reduction percentage in
2020 compared to 2019. The dots are colored by HDI.
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