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Abstract COVID-19 is a new viral infection that is
usually accompanied by respiratory complications.
Air pollution has been linked to cardiorespiratory-
related diseases and even premature mortality. The
short-term exposure to air pollution may aggravate
pulmonary symptoms in COVID-19 patients. The
relationship between the short-term exposure to
air pollution and hospital admission and mortality
resulting from COVID-19 will be examined in Teh-
ran, Iran, during the spring and summer of 2020. The
statistics of PM, 5, PM,,, and 8-h maximum ozone
(O53) concentrations, meteorological conditions, and
COVID-19 hospital admissions/mortality were ana-
lyzed. The cross-correlation and temporal relation-
ship between the daily concentration of the afore-
mentioned pollutants (as well as the meteorological
conditions) and the COVID-19 hospital admissions/
mortality rate was calculated for each month. The
concentration of PM, 5, PM,,, and 8-h maximum O;,
along with temperature, increased in the summer. The
hospital admissions and mortality associated with
COVID-19 decreased from the first peak in the spring
and then increased to its second peak in the summer.
The short-term exposure to ambient PM, 5, PM,,, O,
and elevated temperatures is associated with higher

B. Khorsandi (<)) - K. Farzad - H. Tahriri - R. Maknoon
Department of Civil and Environmental Engineering,
Amirkabir University of Technology (Tehran Polytechnic),
350 Hafez Street, 15916-34311 Tehran, Iran

e-mail: b.khorsandi@aut.ac.ir

Published online: 18 June 2021

rates of COVID-19-related hospital admissions/mor-
tality throughout the summer. Among these variables,
the correlation with O; was statistically significant in
more summer months. The short-term exposure to air
pollution (especially O;) may increase the suscepti-
bility of the population infected with COVID-19 and,
therefore, increases the rate of hospital admissions
and mortality even during the warm seasons.
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Introduction

The outbreak of the novel coronavirus disease 2019
(COVID-19), which was first emerged in Wuhan, China,
in December 2019, soon became a pandemic. The dif-
ferent rates of infection and mortality due to COVID-19
in various regions of the world may be attributed to air
quality and meteorological conditions (temperature and
relative humidity) as well as demographic characteristics
(e.g., age, gender, race, ethnicity, and income). Air pol-
lution has numerous adverse impacts on human health
and can lead to premature mortality (Ahmadi et al., 2020;
Bell et al., 2004; Farzad et al., 2020, 2021; Hoek et al.,
2013; Janssen et al., 2012; Krewski et al., 2009; Mirzaei
et al., 2021). The potential association between different
pollutants (specifically PM, 5) and COVID-19 mortality
has been recently examined mainly in China, Italy, and
the USA (Bashir et al., 2020; Coker et al., 2020; Contini
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& Costabile, 2020; Copat et al., 2020; Deek, 2020;
Domingo & Rovira, 2020; Fattorini & Regoli, 2020;
Frontera et al., 2020; Hendryx & Luo, 2020; Jiang & Xu,
2020; Stieb et al., 2020; Wu et al., 2020; Yao et al., 2020a,
b; Zoran 2020a, b). It has been hypothesized that exposure
to air pollution can impair the cardiorespiratory system
and increase the population’s susceptibility to COVID-
19 infection, therefore, accelerating the rate of mortality
(Contini & Costabile, 2020; Fattorini & Regoli, 2020;
Hendryx & Luo, 2020). Although no evidence has been
found on the airborne transmission of the novel corona-
virus by particulate matter in the outdoor environment
(Bontempi, 2020), however, such a mechanism may not
be ruled out in indoor environments, e.g., hospitals (San-
tarpia et al., 2020).

COVID-19 was first reported in Iran in late Feb-
ruary 2020, almost 3 months after its emergence in
China. Since then, the number of newly infected cases
and deaths due to COVID-19 has been relatively high
in Iran. Tehran, the capital of the country and its most
populated metropolitan area, has been worst affected
by the outbreak in Iran. Tehran’s ambient air is also
one of the most polluted in the Middle East. In this
study, we aim to examine the temporal cross-correla-
tion between daily exposure to air pollutants (PM, s,
PM,,, and ground-level ozone (O3)), as well as mete-
orological conditions, and hospital admission/mortal-
ity rate associated with COVID-19 in Tehran during
the spring and summer 2020. To our knowledge, this
is the first study to analyze such a relationship in a
Middle-Eastern city.

Materials and methods
Data

Tehran, one of the largest cities in the world, has a
population of 8.68 million. The data for air quality,
meteorological conditions (i.e., temperature and rela-
tive humidity), and COVID-19 hospital admission/
mortality for Tehran were acquired on a daily basis for
spring (March, April, and May) and summer (June,
July, August) 2020. Twenty-two monitoring stations
operating under Air Quality Control Company (AQCC)
measure the air quality at various locations in Tehran.
Daily concentrations of PM, 5, PM,,, and (8-h maxi-
mum) O; and the Air Quality Index (AQI, which is
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similar to that defined by the EPA) were obtained from
the AQCC. Among the criteria air pollutants, PM and
O; were selected because they are predominant (their
concentrations usually exceed the standards) in Tehran
throughout the year and warm seasons, respectively.
The temperature and relative humidity data of Tehran
(measured at the Mehrabad meteorological monitoring
station) were retrieved from the Iowa State University
database (“ASOS-AWOS-METAR Data Download,”
2020). The daily number of hospital admissions and
mortality due to COVID-19 were acquired from Teh-
ran’s Coronavirus Combat Taskforce and the Shahid
Beheshti University of Medical Sciences. It is worth
noting that the hospital admissions were also included
in the analysis as it implies severe symptoms for which
the patients require further observation and treatment.

Statistics

The statistics pertaining to PM, s, PM,,, and (8-h
maximum) O; concentrations, AQI, temperature, rel-
ative humidity, and hospital admission and mortality
due to COVID-19 will be presented for each month
and for the whole study period (1 March 2020 to 31
August 2020). The statistics (including the mean and
standard deviation) were calculated from the daily
data of the entire city (obtained by averaging the daily
data across all monitoring stations).

Cross-correlation between air pollutant
concentrations and hospital admission/mortality

The temporal cross-correlation was calculated
between the daily exposures to air pollutants/mete-
orological conditions and daily hospital admission/
mortality associated with COVID-19 for the spring
and summer of 2020. As the hospital admission/mor-
tality data acquired were for the whole city, the anal-
ysis was conducted for the entire study area (rather
than the individual districts). The cross-correlations
were computed between air pollutant concentrations/
meteorological conditions on one day and the num-
ber of COVID-19 hospital admissions/mortalities on
the same day and up to 7 days later. The maximum
monthly cross-correlation and its corresponding lag
interval will be presented in the results and discussion.
The lag interval (0-7 days) denotes the time period
between exposure and hospital admission/mortality.
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Results and discussion

A summary of the statistics of air pollutant concen-
trations, AQI, meteorological conditions, and hospital
admission and mortality due to COVID-19, during the
spring and summer of 2020, are presented in Table 1.
The mean (95% confidence interval) and coefficient
of variation (CV, defined as the ratio of standard
deviation to mean) were calculated from the daily
data. It can be seen that the hospital admission and
mortality decreased from the first peak from March to
May, then increased to reach its second peak in July,
and subsequently decreased again in August. The
CV of hospital admission and mortality was drasti-
cally higher in August than those of the other months,
meaning that fluctuations (relative to the mean) were
much larger in that month. The concentration of pol-
lutants, AQI, and temperature increased during the
summer, while the relative humidity decreased. The
significant increase in O concentration in the sum-
mer is due to the rise in temperature in this period.
Note that the temperature rise results in accelerat-
ing the photochemical reactions and the emission of

volatile organic compounds (VOCs), which in turn
increases the rate of production of O; (Coates et al.,
2016). Furthermore, the analysis of the data showed
that the daily concentration of PM, 5, PM,,, and 8-h
maximum O; exceeded the WHO daily guidelines in
many days during the study period. Therefore, it is
expected that the short-term effect of air pollutants on
the health of the population would be significant.

The cross-correlation between daily exposure to
air pollution and hospital admission/mortality due to
COVID-19 and the corresponding lag period (0—7 days)
was examined in Tehran during the spring and summer
of 2020. The results for hospital admissions and mortal-
ity are presented in Tables 2 and 3, respectively. There
was no significant correlation between the exposure to
air pollution and COVID-related hospital admission/
mortality in the months of spring (when the pollut-
ant concentrations are relatively lower than those of
summer months). On the other hand, the correlations
between exposure to O; and COVID-related hospital
admission/mortality are positive and statistically sig-
nificant (p<0.01-0.1) throughout the summer. There
is a 2-5 day lag between O exposure and mortality in

Table 1 A summary of statistics including mean (95% confidence interval) and coefficient of variation (CV) of air pollutants and
COVID-19 admission/mortality (calculated from the daily data) of Tehran in 2020

Month Parameter Admission Death 0O, PM, 5 PM,, AQI Temperature Relative
(ppb) (ng/m’)  (ng/m’) (C) humidity (%)
March Mean 479 (445, 63 (59, 68) 36(33,38) 22(17,26) 51 (42,60) 69 (61, 76) 13(12,14) 41 (35,47)
512)
Ccv 0.20 0.22 0.20 0.64 0.51 0.32 0.24 0.40
April  Mean 419 (384, 34 (30,37) 36(32,40) 19(17,20) 45(39,50) 63 (59, 68) 15(14,17) 48 (42, 55)
455)
Ccv 0.23 0.31 0.30 0.24 0.36 0.20 0.29 0.37
May  Mean 283 (262, 16 (14, 17) 48 (44,53) 23(20,26) 65(57,74) 77 (69, 85) 24 (23,26)  26(22,30)
304)
Ccv 0.21 0.28 0.27 0.35 0.37 0.30 0.20 0.43
June  Mean 334 (300, 21 (19,24) 62 (58,66) 26(24,28) 75(69,80) 92 (85,99) 30(29,30)  18(15,20)
368)
Ccv 0.29 0.35 0.18 0.19 0.20 0.22 0.08 0.41
July Mean 523 (479, 34 (31,36) 72(68,75) 27(25,29) 72(66,79) 112 (104, 31(30,32) 21(19,24)
567) 120)
Ccv 0.24 0.24 0.14 0.16 0.25 0.21 0.07 0.27
August Mean 394 (329, 14 (11, 18) 64 (60, 68) 24 (23,26) 78 (72,85) 90 (84, 96) 29 (28,30) 27 (24,29)
458)
Ccv 0.46 0.69 0.16 0.14 0.22 0.18 0.10 0.26
Total ~Mean 406 (384, 31(28,33) 53(50,55) 23(22,24) 64 (61,68) 84 (80,87) 24(23,25) 30(28,32)
427)
Ccv 0.36 0.64 0.33 0.29 0.35 0.31 0.33 0.53
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Table 2 The highest . Month Parameter O3 PM, 5 PM,, AQI Temperature Relative
monthly c.ross—cor.relatlon humidity
between air pollution/
Sgggioagézaé g)\f;ﬁi)ﬁons March  R-Value 0266 0119 0139 0110  0.390° 0.111
. - Lag (day) 3 3 3 2 3 5
(llg_l\l,glféga;fg?slmon SE 0.189 0.189 0.189 0.186 0.189 0.196
corresponding lag period April R-Value - - - - - 0.241
and standard error (SE) Lag _ _ _ - _ 4
SE - - - - - 0.196
May R-Value - 0.100 0.276 0.003 - 0.265
Lag - 0 0 0 - 0
SE - 0.180 0.180 0.180 - 0.180
June R-Value 0.397° 0.545% 0.581% 0.517* 0.221 0.603*
Lag 0 0 1 3 4 0
SE 0.183 0.183 0.186 0.192 0.196 0.183
July R-Value 0.356° - - 0.354 0.493° 0.100
) Lag 4 - - 3 0 2
i;:gcersi;’:‘ﬂe';‘r’l s ol SE 0.192 - - 0.189  0.180 0.186
2 <001 August R-Value 0.537* 0.235 0.271 0.480 0.471° 0.235
b < 0.05 Lag 2 0 0 1 3 0
. SE 0.189 0.183 0.183 0.186 0.192 0.183
p <0.1

this period. The correlation is statistically significant
(p<0.05) between PM, 5 and PM,, and COVID-related
hospital admission/mortality only in June. In this month,

the lag period between PM, s and PM,, and mortality
is 4 and 2 days, respectively. It is worth noting that as
PM, 5 and PM, are highly correlated, similar trends are

Table 3 The highest

. Month Parameter (O PM, 5 PM,, AQI Temperature Relative
monthly cross-correlation ’ humidity
between air pollution/
meteorologlzaég;f;ldll)ﬂ?gs March  R-Value 0215  0.170 0139  0.166  0.256 0.162
exposure an -
mortality (R-value) and its Lag 3 > > > 3 >
corresponding lag period SE 0.189 0.196 0.196 0.196 0.189 0.196
(in days) and standard error April R-Value - - - - - 0.241
(SE) Lag - - - - - 4

SE - - - - - 0.196
May R-Value - - 0.024 0.024 - 0.271
Lag - - 2 2 - 4
SE - - 0.186 0.186 - 0.192
June R-Value 0.376°  0.491°  0.392°  0451® 0.184 0.250
Lag 5 4 2 4 3 2
SE 0.192 0.196 0.189 0.196 0.192 0.189
July R-Value 0.383¢ - - 0.302 0.412° -
. Lag 4 - - 3 0 -
R-values with no SE 0.196 - . 0.189  0.180 .
superscript mean p > 0.1
4 <001 August  R-Value 0.289 0.158 - 0.219 0.420° 0.183
’ L 2 1 - 2 0 0
by <0.05 28
. SE 0.186 0.186 - 0.189 0.183 0.183
p<0.1
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observed for these pollutants. The correlations between
AQI and COVID-related hospital admission/mortality
are approximately similar to those of PM, 5 and PM,,
from March to June, when these pollutants are domi-
nant, and to that of O; from July to August when the
concentration of this pollutant reaches its highest values
in the course of the study period. Furthermore, there
appears to be a direct and statistically significant corre-
lation between temperature and COVID-related hospital
admission/mortality (p<0.05) in July and August. The
lag period is 0—4 days between temperature exposure
and hospital admission/mortality. The results also show
a positive correlation between the relative humidity and
COVID-19 hospital admission/mortality; however, the
relationship was found to be statistically significant only
for COVID-19 hospital admission in June.

Conclusions

The short-term exposure to PM, 5, PM,,, and O; and
elevated temperatures is significantly associated with
COVID-19-related hospital admission and mortality
during the summer in Tehran. Our findings, within
the limitations of an observational study, confirm the
hypothesis claimed by other studies that air pollution
increases the vulnerability of the population result-
ing in higher rates of mortality due to COVID-19
infection. For future studies, it would be beneficial
to further examine the relationship between air pol-
lution and COVID-19 cases during the fall and win-
ter of 2020, when the concentrations of air pollutants
(except O5) will significantly increase in Tehran.

Limitations

The current study was limited by its retrospective and
observational nature. There is inherent heterogene-
ity in the cohort in terms of age, gender, geographic
location, socio-economic background, and preexisting
comorbidities that might have affected the outcomes.
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