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Abstract: The novel coronavirus disease 2019 (COVID-19) has caused significantly changes in
worldwide environmental and socioeconomics, especially in the early stage. Previous research has
found that air pollution is potentially affected by these unprecedented changes and it affects COVID-
19 infections. This study aims to explore the non-linear association between yearly and daily global
air pollution and the confirmed cases of COVID-19. The concentrations of tropospheric air pollution
(CO, NO2, O3, and SO2) and the daily confirmed cases between 23 January 2020 and 31 May 2020
were collected at the global scale. The yearly discrepancies of air pollutions and daily air pollution
are associated with total and daily confirmed cases, respectively, based on the generalized additive
model. We observed that there are significant spatially and temporally non-stationary variations
between air pollution and confirmed cases of COVID-19. For the yearly assessment, the number of
confirmed cases is associated with the positive fluctuation of CO, O3, and SO2 discrepancies, while
the increasing NO2 discrepancies leads to the significant peak of confirmed cases variation. For the
daily assessment, among the selected countries, positive linear or non-linear relationships are found
between CO and SO2 concentrations and the daily confirmed cases, whereas NO2 concentrations
are negatively correlated with the daily confirmed cases; variations in the ascending/declining
associations are identified from the relationship of the O3-confirmed cases. The findings indicate that
the non-linear relationships between global air pollution and the confirmed cases of COVID-19 are
varied, which implicates the needs as well as the incorporation of our findings in the risk monitoring
of public health on local, regional, and global scales.

Keywords: COVID-19; confirmed cases; air pollution; generalized additive model

1. Introduction

The novel coronavirus disease, known as COVID-19, is caused by severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2), and the first confirmed case was found in
Wuhan, China in December 2019 [1,2]. In the following months, COVID-19 spread across
the country, and eventually the disease was transmitted rapidly on a global scale and
evaluated as a global pandemic [3,4]. The World Health Organization (WHO) reported
1,610,909 global confirmed cases and 99,690 deaths, as of April 2020 [5]. To control the
spread of COVID-19, measures such as government-enforced lockdowns and public gath-
ering prohibitions have been implemented in many countries [6,7]. These strict measures
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have brought about substantial environmental and socioeconomic changes, which in turn
exert a great influence on human health [8,9].

These environmental and socioeconomic changes have led to alterations in energy uses
in traffic, industries, and residences, and have further caused both short- and long-term
changes in air pollutants such as Carbon Monoxide (CO), Nitrogen Dioxide (NO2), Ozone
(O3), and Sulphur Dioxide (SO2) [10,11]. Research has demonstrated that socioeconomic
growth has been exacerbating anthropogenic emissions in the past decades, which suggests
that there is an association between different uses of energy caused by economic activity
and air pollution changes [12,13]. Previous studies have also found that air pollution
is a risk factor for respiratory infection, which is associated with people’s systematic
immunity [14,15]. Therefore, it is important to evaluate the effect of COVID-19 related
policies on air pollution changes and its relationship with human health.

Existing studies have investigated the impact of restriction policies for personal
mobility and economic activity on air pollution trends, and the relationship between air
pollutants and COVID-19 transmission [16,17] in the early stage. For instance, He et al. [18]
evaluated the influence of the lockdown policy in China on Air Quality Index (AQI) and
the concentrations of particulate matter with a diameter of less than 2.5 µm (PM2.5), and
the results reveal that the lockdown effect is greater in highly industrialized and developed
cities. Venter et al. [19] further extended the research to lockdown policies at the global scale
and found a relationship between the decline in global vehicle transportation and reduction
in NO2. On this basis, the research emphasis has focused on the effects of changes of air
pollution trends on COVID-19 infection, and the results showed that there was a positive
relationship between daily PM2.5, PM2.5, NO2, and O3 and daily confirmed cases and a
negative between SO2 and daily confirmed cases in China [20]. In addition, Wu et al. [21]
found that an increase of 1 µg/m3 in PM2.5 is associated with an 8% increase in the death
rate of COVID-19 in the U.S.

Although research has linked air pollution trends with COVID-19 transmission in the
early stages, the estimations are mainly focused on linear relationships, either increasing or
decreasing, between air pollution and the growing number of confirmed cases or death toll
in individual countries. The non-linear association between air pollution and COVID-19
transmission and the comparison of non-linear associations in different countries at the
global scale have not yet been discussed. Moreover, the emphasis was on the short-term
impact of air pollution during a short period in previous studies, while the impact of
long-term air pollution, i.e., yearly changes, on early-stage COVID-19 transmission was
seldom discussed. In fact, the spread of COVID-19 in the early stage can not only reflect the
process of the epidemic from the outbreak to containment but also be quantified without
the control of vaccination.

To fill this gap, the association between yearly and daily air pollution, including CO,
NO2, O3, and SO2 and confirmed cases of COVID-19 at the global scale is investigated based
on the generalized additive models (GAMs). For the yearly air pollution, discrepancies
between different air pollution trends during four months in 2020 (during COVID-19)
and the same period in 2019 (without COVID-19) are quantified through the Dynamic
Time Warping (DTW) approach, and their association with the total confirmed cases of
COVID-19 are analyzed. For daily air pollution, the non-linear relationships between daily
air pollution concentrations and the daily confirmed cases of each country are analyzed.

The remainder of this paper is organized as follows. In Section 2, the materials and
methods used in this research are introduced. In Section 3, the relationship between long-term
and short-term air pollution and confirmed cases of COVID-19 is studied. In Section 4, the
relationships between air pollution and the confirmed cases are analyzed and the limitations
of this study are discussed. Finally, the conclusion is drawn in Section 5.
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2. Materials and Methods
2.1. Study Area and Data

• Study area

231 countries and regions on a global scale have been selected for the yearly and daily
relationship assessment of air pollution and confirmed cases of COVID-19. Due to the
significant differences in environmental and socioeconomic conditions among countries,
only the differences of air pollution between 2019 and 2020 were quantified in the yearly
analysis, whereas the daily relationship analysis was proposed based on each country
independently. Nine countries with the most confirmed cases of COVID-19 within this
period were further selected as examples to illustrate the daily relationship in detail.

• Air pollution data

Four types of pollutants were obtained, including CO, NO2, O3, and SO2 from TROPO-
spheric Monitoring Instrument (TROPOMI) in Sentinel-5 Precursor satellite [22]. Previous
research has evaluated the quality of data on CO, NO2, O3, and SO2 in different places, and
confirmed their usability [23–25]. Air pollution data between 23 January 2019 and 31 May
2019 and between 23 January 2020 and 31 May 2020 were collected and processed on the
Google Earth Engine platform, with global mean column concentration calculated each
day at the country level. It is worth noting that missing values of data on air pollution time
series were further processed.

• Meteorological data

Meteorological data including temperature, precipitation, and wind speed were col-
lected from Global Surface Summary of the Day—GSOD in the Integrated Surface Hourly
(ISH) dataset as the controlling variables. The collected data were aggregated into country
level and further processed as daily data during 23 January 2020—31 May 2020. In addition,
the missing values were processed using KalmanSmoother based on an autoregressive
integrated moving average (ARIMA) model [26].

• COVID-19 confirmed cases

Confirmed cases of COVID-19 in each country between 23 January 2020 and 31 May
2020 were obtained from the dashboard established by the Johns Hopkins University Center
for Systems Science and Engineering (JHU CCSE) (https://github.com/CSSEGISandData/
COVID-19, accessed on: 30 June 2020) [27]. Specifically, data from the dashboard are mainly
collected from the World Health Organization, regional health department, and online
news services, and are updated every 15 min. From 22 January 2020, daily case reports,
including the counts of confirmed, deaths, and recovered cases in each country/region are
provided. To investigate the association between air pollution and the confirmed cases of
COVID-19 at different temporal scales, both new daily confirmed cases and total confirmed
cases as of May 2020 were collected at the country-level.

2.2. Measures of Variables

• Yearly changes of air pollution

To quantify yearly changes of CO, NO2, O3, and SO2 between 2019 and 2020, we sum-
marize daily CO, NO2, O3, and SO2 among each country within 2 years (that is, between 23
January 2019 and 31 May 2019 and between 23 January 2020 and 31 May 2020, respectively)
separately, and calculate the discrepancies of the time-series air pollution using DTW [28,29].
Specifically, the main purpose of identifying air pollution discrepancies using DTW is to
find the optimal warping path, which refers to the series distances between the neighboring
air pollution values and the minimum cumulative values. With the optimal path, the

https://github.com/CSSEGISandData/COVID-19
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warping cost between time series is minimized—S2019 = s2019,1, . . . , s2019,i, . . . , s2019,n and
S2020 = s2020,1, . . . , s2020,i, . . . , s2020,n:

DTW(S2019, S2020) = argmin
W=w1 ...wk ...wK

√√√√ K

∑
k=1,wk=(i,j)

(
s2019,i − s2020,j

)2 (1)

where W = w1 . . . wk . . . wK indicates the warping path aligned by time series S2019 and
S2020. The alignment of the minimum warping path is accomplished using a dynamic
programming algorithm [30], and it is calculated as:

c(i, j) = d
(
s2019,i, s2020,j

)
+ min{c(i− 1, j− 1), c(i− 1, j), c(i, j− 1)} (2)

where c(i, j) indicate the cumulative distance between s2019 and s2020. d
(
s2019,i, s2020,j

)
represents the distance between s2019,i and s2020,j. In particular, higher values of cumulative
distances indicate higher discrepancy between the two time-series.

Moreover, the average daily temperature, total precipitation, and wind speed during
23 January 2020—31 May 2020 were calculated as the controlling variables to reduce the
biases in yearly air pollution COVID-19 confirmed cases estimation.

• Daily air pollution

Daily air pollution of CO, NO2, O3, and SO2 are calculated based on the data on the
TROPOMI platform within each country during 23 January 2020–31 May 2020, which are
considered as independent variables in analyzing the relationship with confirmed cases of
COVID-19. For the meteorological data as controlling variables, daily temperature, total
precipitation, and wind speed in 2020 during 23 January 2020—31 May 2020 were adopted.

• Confirmed cases of COVID-19

To analyze the impact of yearly air pollution changes on the COVID-19 epidemic, the
total confirmed cases during 23 January 2020−31 May 2020 are calculated within each
country separately. Moreover, daily new confirmed cases at the country-level are also
calculated to investigate how confirmed cases vary with air pollution changes.

2.3. Statistical Models

The non-linear relationship between both yearly and daily air pollution and confirmed
cases of COVID-19 are analyzed. In particular, the GAMs are effective in quantifying the
non-linear relationships between air pollution and the confirmed cases of COVID-19, and
significant advantages of these models in association modelling compared with linear
models are observed in past studies [31,32]. Thus, GAM with a Gaussian distribution is
utilized to analyze the relationship between air pollution (including CO, NO2, O3 and SO2)
and confirmed cases of COVID-19 [33].

To investigate how yearly air pollution changes affect COVID-19 epidemic, the relation-
ship between the yearly air pollution and the total confirmed cases of COVID-19 is analyzed
with each country as samples. The discrepancies between air pollution on 23 January 2019
to 31 May 2019 and on 23 January 2020 to 31 May 2020 calculated in Section 2.2 are the
independent variables, with average daily temperature, total precipitation, and wind speed
as the controlling variables, and the total confirmed cases of COVID-19 in each country serve
as the dependent variables. On this basis, the non-linear relationship analysis is conducted
based on each independent variable separately using GAMs.

For daily analysis, the non-linear relationship between daily air pollution and daily
confirmed cases of COVID-19 during 23 January 2020—31 May 2020 is estimated indepen-
dently in each country. For the ith country, GAM is proposed as follows:

log E(Yi) = s(COi) + s(NO2i) + s(O3i) + s(SO2i) + PRCPi + TEMPi + WDSPi (3)
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where log E(Yi) denotes the log-transformed expected values of the number of confirmed
cases of COVID-19. s(·) denotes the penalized smoothing spline. COi, NO2i, O3i and SO2i
represent the summed column concentration of CO, NO2, O3 and SO2 of the ith country.
PRCPi, TEMPi and WDSPi refer to the average daily precipitation, temperature, and wind
speed in the ith country.

3. Results
3.1. Yearly Relationship Analysis
3.1.1. Yearly Air Pollution Discrepancies

Figure 1 displays the discrepancies between the air pollutions of CO, NO2, O3, and
SO2 during these two time-series between 23 January 2019 and 31 May 2019 and between
23 January 2020 and 31 May 2020. Higher values indicate larger distances and a higher
degree of discrepancies. In specific, compared with CO column concentration in 2019, most
significant changes in CO during the pandemic of COVID-19 are observed in Canada, Russia
and China, followed by the U.S., India, Brazil, Australia, and Kazakhstan (Figure 1a). With
regard to NO2 column concentration, Figure 1b shows that China experienced the greatest
changes during 2019–2020 followed by Russia, the U.S., and India, whereas most of the
countries in Europe and Africa share lower discrepancies in terms of NO2 trends. For the
O3 column concentration in Figure 1c, Russia presents the greatest difference between
2019–2020, followed by Canada, the U.S., and China. Figure 1c displays the discrepancy
patterns of SO2, in which the U.S., Russia, and China underwent the greatest changes
during 2019–2020. It is worth noting that, as the air pollution trends are calculated based
on the countries, the variety of country areas can affect the discrepancy patterns. However,
because the confirmed cases of COVID-19 are analyzed based on the total number in each
country, the biases caused in different country areas can be ignored.
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3.1.2. Relationship Analysis

Figure 2 demonstrates the non-linear relationship between the yearly air pollution
discrepancies and the confirmed cases of COVID-19. The confirmed cases are quantified as
the total number of cases on 31 May 2020 in each country and region. With each country
as an independent sample, through the four GAM models, the relationship between CO,
NO2, O3, SO2, and total confirmed cases are revealed with the R square values of 0.541,
0.536, 0.367 and 0.82, respectively. The results indicate that the number of confirmed cases
is rising with fluctuation with the increasing CO and O3 discrepancies, while a significant
peak is observed in the NO2 discrepancies-confirmed cases relationship. A sharp increasing
trend is shown in the SO2 discrepancies-confirmed cases relationship.
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3.2. Daily Relationship Analysis
3.2.1. Model Evaluation

Before analyzing the relationship between daily air pollution and the confirmed cases
of COVID-19, the study performed a comparison between the linear regression model (LM)
with the GAM to assess the modelling accuracies. Figure 3a,b show the R2 values of LM
and GAM, respectively. In particular, R2 values of the LM range from 0–0.812, whereas R2

values of GAM range from 0–0.948. Compared with the LM, through which only a few of
countries, including the U.S., Canada, and Russia, show higher R2 values greater than 0.5,
more countries with higher R2 values such as Germany, Brazil, India, and Mexico were
obtained based on GAM and higher modelling accuracies are found.
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Based on the GAMs, the effective degrees of freedom (EDF) in each country were calculated.
Specifically, EDF is considered as a proxy to quantify the degree of non-linearity among the
independent and dependent variables. EDF = 1 indicates a completely linear relationship,
EDF≥ 1 and≤ 2 indicate a weakly non-linear relationship, while EDF≥ 2 represents a highly
non-linear relationship [34]. Figure 4a–d indicates the EDF of each country in the CO, NO2, O3,
SO2—confirmed cases of COVID-19 relationships. For the CO column concentration, countries
such as Canada, Russia, and Australia show significantly non-linear patterns, while linear
regressions are performed for countries such as Canada, China, Germany, and India in picturing
the relationship of the CO-confirmed cases (Figure 4a). The relationship between NO2 and
confirmed cases reveals different patterns. A highly non-linear relationship is only found
in a few countries and regions such as Russia, Canada, and Greenland, whereas a linear
relationship is found in countries including Mexico, Australia, and several countries in
South America, Europe, and Africa (Figure 4b). For the EDF of O3, most of the countries
represent highly or weakly O3-confirmed cases relationship, while several countries and
regions such as Greenland, U.S., Mexico, and Germany still show significant linear patterns
(Figure 4c). The distribution of EDF of SO2 indicates a highly non-linear relationship in
North America, Europe, as well as several countries in Africa and Asia. In addition, weak
non-linear relationships are found in Greenland, Argentina, and several countries in Africa
(Figure 4d). The variations in EDF of CO, NO2, O3, and SO2 reveal the non-stationary
patterns of the air relationship between pollution and the confirmed cases of COVID-19.
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3.2.2. Relationship Analysis

The variation in the confirmed cases of COVID-19 relative to the air pollution trends
were further investigated based on the GAM. Specifically, countries with the most con-
firmed cases (calculated until May 2020) were selected for detailed analysis, including the
U.S., Brazil, Russia, the U.K., Spain, Italy, India, France, and Germany.

Figure 5a shows the marginal effects of the CO column concentration on the daily
confirmed cases of COVID-19 in nine countries. A significant trend of increasing daily
confirmed cases is observed as the CO column concentration in the U.S. increases, whereas
Brazil and India show trends of slightly declining daily confirmed cases. A positive CO-
daily confirmed cases relationship is also found in Spain, Italy, and France, showing a stable
tendency followed by a slightly growing trend of daily confirmed cases with the rising CO
column concentration, respectively. Moreover, significantly non-linear variation is observed
in Russia, indicating alternatively increasing and decreasing and finally ascending trends
of daily confirmed cases under the ascending of CO column concentration. In addition, no
significant changes in CO column concentration are observed in the U.K. and Germany.

The marginal effects of NO2 column concentration on the confirmed cases of the
selected countries are shown in Figure 5b. Only India represents a positive trend in NO2-
daily confirmed cases relationship. Six countries including the U.S., Russia, Spain, and Italy
show significant trends of declining daily confirmed cases with the rising NO2 column
concentration. In particular, with the greater values of NO2 column concentration, a slightly
descending trend followed by a trend of dramatically decreasing daily confirmed cases
are observed in the U.S., whereas a substantially decrease followed by a steady tendency
are presented in Russia and Spain. In addition, a linear-decreasing relationship indicating
lower NO2 column concentration concerning increasing daily confirmed cases in Italy.
The other four countries including Brazil, U.K., France, and Germany represent relatively
unchanging trends with NO2 column concentration changing.

Figure 5c displays the margin effects of the O3 column concentration on the confirmed
cases. Specifically, linear relationship is shown in the U.S., with stabilized trends of
descending daily confirmed cases corresponding to rising O3 column concentration. Six
countries including Brazil, Russia, the U.K., Spain, Italy, India, and France represent
non-linear variation patterns in terms of O3-confirmed cases relationship. In particular,
alternative increasing and decreasing variations combined with declining trends of daily
confirmed cases with increasing O3 column concentration are shown in Brazil and the U.K.,



ISPRS Int. J. Geo-Inf. 2021, 10, 401 9 of 16

whereas irregular variation followed by significant non-linear increasing patterns of daily
confirmed cases are observed in Russia, Spain, Italy, India, and France. In addition, the
non-significant variation of daily confirmed cases is shown in Germany.
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Compared with CO, NO2, and O3, similar variation patterns among selected countries
are shown in the margin effects of SO2 column concentration on confirmed cases. As
shown in Figure 5d, the U.K. presents the trend of dramatically increasing cases followed
by relatively unvarying tendencies in SO2-confirmed cases relationship. The margin effects
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are showing stable raising trends in Brazil, Russia, Italy, France, and Germany. In particular,
only slight changes are observed in the daily confirmed cases with the increasing SO2
column concentration in the U.S. The daily confirmed cases are rising and then declining at
a relatively small scale with higher SO2 column concentration in Spain, whereas opposite
patterns are revealed in India with significant declining variation, followed by a trend of
growing daily confirmed cases.

Based on CO, NO2, O3, and SO2 column concentrations, the daily confirmed cases in
each selected country between 23 January 2020 and 31 May 2020 are predicted through
the generalized additive model. Figure 6 displays the comparison between the observed
and the predicted numbers of daily confirmed cases, and the period can be divided into
two phrases, that is, non-case period and emerging-cases period, respectively. Among
the selected countries, the observed and predicted number of daily confirmed cases are
generally consistent between the non-case period and emerging-cases period in Russia and
Germany. However, in other countries, the relatively satisfactory prediction is realized
only during the non-case period, while abnormal cases exist in the predicted trends in
the emerging-cases period. Considering the visualization of the observed-predicted cases
plotting, several extreme abnormal cases in France, India, Italy, Spain, US, and Brazil are
removed from Figure 6. It should be noted that the removal of the extreme abnormal cases
does not change the overall comparison patterns of the observed and predicted cases.
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4. Discussion
4.1. Linking Air Pollution Trends and New Confirmed Cases

Despite economic factors among countries not being involved in this study, our
findings still provide facts that the variations of yearly and daily CO, NO2, O3, and SO2
are closely associated with confirmed cases of COVID-19 at a global scale. In yearly
relationship, a higher degree of CO, NO2, O3, and SO2 changes between 23 January 2019
and 31 May 2019 and between 23 January 2020 and 31 May 2020 are associated with an
increased number of total confirmed cases of COVID-19 at a global scale. The correlation
between the changes in air pollution of SO2 and the total confirmed cases is the most
prominent, followed by the changes of CO, NO2, and O3. The yearly changes in air
pollutions linked to COVID-19 can be explained by the lockdown policies which led to
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the changes in anthropogenic emissions, including traffic, industry, and residential energy
uses to some extent [18,19].

For daily variation, we observed a non-linear relationship between the air pollution of
CO, NO2, O3, and SO2 and the confirmed cases in most of the countries, which is consistent
with the findings of previous research [35]. A comparison of two regression models (i.e.,
the LM in Figure 3a and the GAM model in Figure 3b) indicates that the potential of the
non-linear model is found in fitting air pollution and daily confirmed cases with higher
accuracy. The degree of non-linearity presented in Figure 4 further reveals that countries
such as the U.S., Canada, China, and Brazil show much greater non-linearity among one
or more types of air pollutions in CO, NO2, O3, and SO2 and daily confirmed cases. The
findings indicate that daily air pollution and the number of confirmed cases display a linear
relationship and a non-linear relationship in different countries.

The emphasis is also put on the relationship between daily air pollution and the
confirmed cases of COVID-19 in nine countries, including the U.S., Brazil, Russia, the
U.K., Spain, Italy, India, France, and Germany. Margin effects proposed by GAMs in
Figure 5a–d demonstrate that the growing number of daily confirmed cases are linearly
or non-linearly correlated with the increasing concentration of CO and SO2 in most of
the selected countries, whereas a trend of non-linear decreasing NO2 was observed. This
may be related to the rapid lockdown as a response to the spread of COVID-19, which
leads to the uncertain variation of energy uses of traffic and industry. On the other hand,
alternative growing and declining trends of daily confirmed cases are associated with
the increasing concentration of O3, which could be explained by the dilution of economic
activities during COVID-19.

The various non-linear patterns between air pollution and confirmed cases of COVID-
19 might be explained by the environmental-socioeconomic changes caused by COVID-19
lockdown policies. For instance, the lockdown policies have not only reduced emissions
of NO2 generated by traffic flows, industries, and human mobilities, but also led to the
declines in the number of daily confirmed cases due to self-quarantine. Thus, non-linear
negative trends between daily NO2 concentrations and confirmed cases have been observed
in most of the countries.

4.2. Limitations and Future Work

Despite the above discussion, limitations still exist in the current research. First, CO,
NO2, O3, and SO2 from the satellite data, i.e., TROPOMI were utilized to explore the rela-
tionship between air pollution and the confirmed cases of COVID-19. Although TROPOMI
shows the advantages in processing air pollution changes at a global scale, the pollutant
level cannot be completely reflected compared with the ground-level air pollution [36]. As
ground-level fine-scale concentrations cannot be sufficiently obtained at a global scale, the
focus can be put on the individual countries in future research by integrating the satellite
data from TROPOMI with the ground-level air pollution concentrations. Considering
that the satellite data cannot precisely reflect the individual exposure to air pollution, this
study mainly focuses on the association patterns between different air pollutants and
COVID-19 confirmed cases, instead of assessing the casual relationship of how individual
exposures respond to the COVID-19 incidence. Other shortages lies in the lack of partic-
ulate matter, which has proved to be a dominant role in affecting respiratory health [37].
Future research will consider the impact of particulate matter on air pollution-COVID-19
incidence responses. In addition, daily relationship analysis requires accurate reported
data on COVID-19 cases. Although data from JHU CCSE can provide daily confirmed
cases in different countries, the number of reported cases may be underreported in many
countries due to insufficient case collection.

Local economic conditions play a crucial role in coronavirus spreading and leading
COVID-19 infections. Jahangiri et al. [38] indicated that larger population size can enhance
the transmission rate of COVID-19 in Iran. Although a more synthetic relationship could be
gained by considering economic factors, findings proposed in this study can still provide
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insights in delineating the difference of air pollution-confirmed cases relationship among
countries at the global scale.

Moreover, limitations are also shown on the spatial and temporal scales of the re-
lationship analysis. As the country-level analysis cannot reflect the heterogeneity of air
pollutants and COVID-19 incidence within countries, it could lead to biases when investi-
gating the association in specific countries. To reduce the biases, this study mainly focuses
on the association variation among countries to provide an insight into the air pollution
patterns on a global scale. Future research will investigate the air pollutants-COVID-19
cases responses in individual cities to reduce the biases caused by spatial heterogeneity.
Regarding to the temporal scale, the selected time period—23 January 2020 to 31 May
2020—in this study is short, and a longer time period covering the year of 2020 is required
to investigate the impact of seasonal air pollution changes on COVID-19 incidence. For
instance, as the information threshold of O3 is 180 µg/m3 (hourly average), concentrations
below the information threshold, which is usually the case in spring and winter, may be
not effectively linked to the individual health responses. However, the selected short time
period could reduce the biases caused by the ongoing waves of COVID-19 and the seasonal
patterns of air pollution. Thus, this study only focuses on the initial stage of the COVID-19
outbreak to investigate the changes of air pollution driven by the different meteorological
and socioeconomic conditions among countries.

In addition, the proposed relationship model allows for the daily air pollution and
confirmed cases as variables, while it has not considered the lag effect that confirmed case
changes influenced by air pollution might have in the future [39]. Although the impact
of historical air pollution trends on the COVID-19 pandemic progress in independent
countries is investigated in some research [20,40], the lag effect at the global scale has not
been fully discussed. The potentially lagged effects including single-day lag and multiple-
day average lag [41] on the relationship between air pollution trends and the confirmed
cases of COVID-19 should be studied.

Although the prediction of daily confirmed cases has been applied between 23 January
2020 and 31 May 2020, it is proposed to evaluate the fitness the GAM driven by the air
pollution trends. Accurate estimation and forecasting of the daily confirmed cases of
COVID-19 by integrating air pollution-driven factors are important. The advantages of
mathematical modeling include probing the complexity of infectious diseases such as the
Hawkes model and Susceptible-Exposed-Infectious-Removed (SEIR) model [42–44]. Thus,
it is possible to understand the epidemiological patterns of COVID-19 by integrating air
pollution-driven factors with mathematical models.

The effectiveness of the COVID-19 vaccination and the threats of mutation should
also be considered. Vaccination can reduce susceptible social contacts and lower the risk
of virus transmission [45]. It is necessary to evaluate the impact of air pollution on the
changes of confirmed cases concerning the varied virus transmission rate. Moreover, the
virus transmission may also be influenced by the COVID-19 mutation [46,47]. As the
gene mutation is associated with the human immune system, biases can be caused in air
pollution impact evaluation, regardless of these internal factors.

Despite the discussed uncertainties, the proposed results provide effective insights into
the relationship between CO, NO2, O3, and SO2 and the daily confirmed cases of COVID-19.
Since air pollutants such as NO2 are significantly influenced by human activities, based on
the relationship analysis, some suggestions can be put forth for governments in different
countries to monitor air pollution trends and propose effective air pollution control policies.

5. Conclusions

This study investigated the relationship between yearly and daily air pollution and
confirmed cases of COVID-19 in 254 countries and regions at the global scale. Results show
non-stationary variations between air pollution and confirmed cases of COVID-19. For
the yearly relationship, the number of confirmed cases shows positive fluctuation with
the increasing CO, O3, and SO2 discrepancies, while a significant peak is observed in NO2
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discrepancies-confirmed cases relationship. For the daily variation among the selected
countries, air pollution variations are non-linearly associated with daily conformed cases
of COVID-19 in the early stage. Among CO, NO2, O3, and SO2, comparatively growing
trends of daily confirmed cases are revealed related to the rising CO column concentration;
a non-linear decreasing pattern of daily confirmed cases is revealed with the increase of
NO2 column concentration in most of the countries; alternative increasing and decreasing
changing trends of daily confirmed cases are observed in different countries with regard
to the variation of O3 column concentration; non-linear ascending numbers of confirmed
cases are associated with increasing SO2 column concentration in most of the countries.
The findings suggest that the variation of CO, NO2, O3, and SO2 may be significant factors
to monitor confirmed cases of COVID-19 at the global scale.
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