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A B S T R A C T   

Background: Recent studies conducted in several OECD countries have shown that chronic exposure to elevated 
levels of air pollutants (especially PM2.5, PM10 and NOx), might negatively impact COVID-19 morbidity and 
mortality rates. The aim of this study was to examine the association between chronic exposure to air pollution in 
Israeli cities and towns, their demographic and socioeconomic status, and COVID-19 morbidity, during the three 
local morbidity waves. 
Methods: We examined the associations between: (a) annual average concentrations of NOx, CO, PM10, PM2.5 and 
SO2 in 2016–2019, and demographic and socioeconomic parameters, and (b) COVID-19 positive cases in 279 
Israeli cities and towns, in the four state-wide morbidity peaks: 1st wave peak: March 31st, 2020; 2nd wave peaks: 
July 24th and September 27th, 2020, and the 3rd wave peak: January 17th, 2021, which occurred after the 
beginning of the nationwide vaccination campaign. These associations were calculated using both Spearman 
correlations and multivariate linear regressions. 
Results: We found statistically significant positive correlations between the concentrations of most pollutants in 
2016–19 and COVID-19 morbidity rate at the first three timepoints but not the 4th (January 17th, 2021). Pop-
ulation density and city/town total population were also positively associated with the COVID-19 morbidity rates 
at these three timepoints, but not the 4th, in which socioeconomic parameters were more dominant - we found a 
statistically significant negative correlation between socioeconomic cluster and COVID-19 morbidity. In addi-
tion, all multivariate models including PM2.5 concentrations were statistically significant, and PM2.5 concen-
trations were positively associated with the COVID-19 morbidity rates in all models. 
Conclusions: We found a nationwide association between population chronic exposure to five main air pollutants 
in Israeli cities and towns, and COVID-19 morbidity rates during two of the three morbidity waves experienced in 
Israel. The widespread morbidity that was related to socioeconomic factors during the 3rd wave, emphasizes the 
need for special attention to morbidity prevention in socioeconomically vulnerable populations and especially in 
large household communities. Nevertheless, this ecological study has several limitations, such as the inability to 
draw conclusions about causality or mechanisms of action. The growing body of evidence, regarding association 
between exacerbated COVID-19 morbidity and mortality rates and long-term chronic exposure to elevated 
concentrations of air pollutants should serve as a wake-up call to policy makers regarding the urgent need to 
reduce air pollution and its harmful effects.   
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1. Introduction 

Worldwide exposure to ambient air pollution is related to 4.2 million 
premature deaths per year (World Health Organization, 2020) and is 
associated with a variety of adverse health outcomes, such as respiratory 
and cardiovascular morbidity and premature mortality. 

Ambient air pollutants such as PM with diameter less than 10 μm 
(PM10) and ambient fine PM with diameter less than 2.5 μm (PM2.5), 
nitrogen oxides (NOx), sulfur dioxide (SO2), and carbon monoxide (CO) 
are associated with adverse health outcomes. These effects include res-
piratory diseases such as asthma, chronic obstructive pulmonary dis-
ease, pneumonia, and cardiovascular morbidities such as enhanced 
thrombosis, elevated arterial blood pressure, and enhanced atheroscle-
rosis (Khafaie et al., 2016; World Health Organization, 2006; World 
Health Organization, 2013). 

Furthermore, exposure to air pollution is associated with increased 
oxidative stress and can increase human sensitivity to respiratory 
pathogens, which might be an additional factor influencing COVID-19 
morbidity and mortality (Mudway et al., 2020). Several studies have 
shown that exposure to ambient air pollution (such as PM, NOx, SO2 and 
O3) can create abnormalities in the cilia structure and affect its proper 
function in the human respiratory tract. In some cases, the cilia might 
become shorter or even missing, reducing mucociliary clearance ability, 
hence, reducing the removal of inhaled particles and pathogens from the 
respiratory tract. These negative impacts on the respiratory system’s 
first line of defense may increase sensitivity to respiratory pathogens 
such as bacteria and viruses in people who are chronically exposed to air 
pollution (Blomberg et al., 1999; Houtmeyers et al., 1999; Cao et al., 
2020). 

Several recent studies conducted in the US, in northern Italy, in the 
Netherlands, in China and in London (England) have showed that 
chronic exposure to high levels of air pollutants (in particular PM2.5, 
PM10 and NOx) might be an additional factor for the recorded elevated 
morbidity and mortality rates caused in these regions by the novel 
coronavirus (SARS-CoV-2) (Cole et al., 2020; Conticini et al., 2020; 
Sasidharan et al., 2020; Tian et al., 2020; Wu et al., 2020; Zoran et al., 
2020; De Angelis et al., 2021). A rise of 1 μg/m3 in ambient PM2.5 was 
associated with an increase of 8% in COVID-19 death rates in the US, 
while in the Netherlands the same increase in ambient PM2.5 concen-
trations in 355 municipalities was associated with 9.4 additional 
COVID-19 cases, 3 more hospital admissions, and 2.3 more deaths per 
municipality (Cole et al., 2020; Wu et al., 2020). In another study, we 
recently analyzed air pollution and COVID-19 morbidity and mortality 
data from 36 OECD countries. We found that long-term exposure to air 

pollutants such as PM2.5 and NOx at concentrations exceeding WHO 
guidelines, might exacerbate morbidity and mortality rates from 
COVID-19 (Barnett-Itzhaki and Levi, 2021). 

Recently, it was reported that the entire Israeli population is exposed 
to PM2.5 concentrations that exceed local target values according to Is-
rael’s Clean Air Law and the WHO annual mean (10 μg/m3), with an 
annual average of 17.8 μg/m3 (Levy et al., 2020). Furthermore, in a 
study that modeled and estimated the link between PM2.5 exposure in 
Israel and the risk for respiratory and cardiovascular morbidities, type 2 
diabetes in adults and low birth weight, it was estimated that in 2015 
PM2.5 exposure was the cause of 1,908 premature deaths (Ginsberg 
et al., 2016). 

The first COVID-19 cases were detected in Israel at the end of 
February 2020. Since then, a first wave of COVID-19 outbreak peaked at 
the end of March, with up to 624 new cases per day (7-day average) 
(Fig. 1) and a total amount of 9,800 active cases. At the end of May, 
following the first lockdown (from Mid-March until the third week of 
April), the number of active cases dropped to about 1,900 and limita-
tions on public gathering and movement and on economic and com-
mercial activity were completely removed. Then, again the number of 
active cases started to rise during June and July with up to 1,746 new 
cases per day (7-day average) and about 36,300 active cases by the end 
of July (a pre-second wave). Following local lockdowns and limitations 
introduced in June and July in COVID-19 highly infected neighborhoods 
and towns, numbers went down to about 20,300 active cases at the end 
of August. Despite this brief hiatus, the second major COVID-19 wave 
kept gaining momentum reaching about 50,000 active cases on 
September 19th, and 72,400 active cases on October 1st, with up to 6,276 
new cases per day (7-day average) in this period. COVID-19 morbidity 
then decreased to under 7,800 active cases on November 13th, due to a 
second statewide lockdown. At that point, some of the limitations on 
public gathering and movement were gradually removed and a moder-
ate rise in morbidity rate began, soon becoming a fast-rising trend, 
forming the third COVID-19 wave. From the beginning of December 
2020 to mid-January 2021, the number of active cases went up from 
10,000 to over 83,600 with up to 8,624 new cases per day (7-day 
average) (Fig. 1). A third complete lockdown was issued after the first 
week of January and until the end of the month, resulting in a moderate 
decline of morbidity rate by the end of January followed by a steep 
decline after the first week of February (Worldometersinfo 
coronavirus-country-Israel, 2021). Of note, in a nationwide vaccination 
campaign which began on December 20th, 3 million Israelis were 
vaccinated with Pfizer’s first dose and 1.7 million with the second dose 
by the end of January 2021 (prioritized by age and other COVID-19 

Fig. 1. Daily new confirmed COVID-19 cases in Israel presented as 7-day average. Source: European CDC - situation update worldwide –last update Feb 20th. (Roser 
et al., 2020). 
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high-risk populations) (COVID-19 data dashboard-health, 2021). 
While social distancing has been recognized as one of the most 

effective measures of spread attenuation, household overcrowding in 
the UK and the US was recently linked to a greater risk for COVID-19 
morbidity (Raisi-Estabragh et al., 2020; Wadhera et al., 2020). More-
over, additional demographic and socioeconomic factors were recently 
shown to have an impact on COVID-19 morbidity and mortality. These 
include population size and density (De Angelis et al., 2021), higher 
risks for immigrant communities (Clark et al., 2020) and for African 
American communities in the US, due to widespread shared accommo-
dations of the youth and elderly family members (Doumas et al., 2020). 
Similarly, in Israel, ultra-orthodox Jews and some Israeli Arab com-
munities tend to live in crowded households. Additionally, in some of 
the Arab communities the youth and the elderly tend to be in close 
contact and live in the same house or compound. 

The aim of this study was to examine the association between pop-
ulation chronic exposure to air pollution in Israeli cities and towns, their 
populations’ demographic and socioeconomic status, and COVID-19 
morbidity. We examined the association between the annual average 
concentrations of five air pollutants: NOx, CO, PM10, PM2.5 and SO2 in 
2016–2019 and COVID-19 positive cases in Israeli cities and towns at the 
state-wide peak of each of the three morbidity waves (March 31st, 
September 27th − 2020 and January 17th− 2021) and in the pre-second 
mini-wave on July 24th− 2020 (Fig. 1). 

We hypothesized that populations living in cities and towns chron-
ically suffering from higher air pollution would have higher morbidity 
rates compared with populations from municipalities with relatively low 
air pollution. In addition, we hypothesized that high density and low 
socioeconomic status would also contribute to morbidity rates. 

2. Methods 

2.1. Data collection 

Demographic information per Israeli city/town was collected from 
the Israeli Central Bureau of Statistics (CBS) website (CBS, 2019a): 
city/town’s total population (in 2019), natural growth per 100,000 
capita (2016), density - population per km2 (2016). Socioeconomic 
cluster per Israeli city/town was also collected from the Israeli CBS 
website (CBS, 2017a) and updated to 2019. Data on infant mortality rate 
per thousand live births (2012–2016), and percentage of 12th grade 
students entitled to a matriculation certificate (2015–2016) were 
collected from the Israeli Ministry of Health website (Community health 
map 2016). 

Data on COVID-19 morbidity rates during 2020–2021 four state- 
wide morbidity peaks (2020: March 31st, July 24th, September 27th 

and 2021: January 17th) in 279 Israeli cities, towns, villages etc., with a 
total population of 9,070,289 out of 9,136,000 Israeli citizens in 2019 
(~99%), were collected from Israel’s government COVID-19 dataset 
website (DataGov, 2021). To reduce the impact of delays in COVID-19 
test results (especially on the weekends), the four national morbidity 
peaks were determined via a 7-day average of COVID-19 daily new 
confirmed cases (Fig. 1). Of note, at those four timepoints most of the 
large cities in Israel, including the bulk of the population, experienced 
local morbidity peaks. For each city/town, at each of these timepoints, 
we calculated the number of daily verified cases by subtracting the cu-
mulative values of the previous day from the cumulative values on the 
specific date. Then, we calculated the total COVID-19 positive cases 
ratio by dividing the COVID-19 positive cases detected in each city/town 
at that time point, by its total population. 

Population exposures to air pollutants were estimated by a hybrid 
model provided by the Israeli Ministry of Environmental Protection’s 
(IMoEP). The hybrid model is based on the annual averages of the 
CHIMERE (Monteiro et al., 2007), which are merged with the annual 
mean of air pollutants measured by the air quality monitoring network 
measurements. CHIMERE is a multi-scale photochemical and transport 

model run by the IMoEP on a daily basis as a forecast model and pro-
vides hourly forecasts at a spatial resolution of 3 km over the entire area 
of the state of Israel. The hourly forecasts were averaged separately for 
each pollutant (NOx, CO, PM10, PM2.5 and SO2) and each year (2016, 
2017, 2018, 2019), and residual correction was applied to each of the 
resulting 20 concentration maps. For further details on the hybrid model 
see Levy et al. (2020). The pollutant population weighted mean per 
city/town was calculated by extracting the pollutant’s average con-
centrations in the statistical areas attributed to the city/town in each 
year (Monteiro et al., 2007; Levi et al., 2020). 

Pollutant concentrations per city/town in the studied years 
(2016–2019) were defined as the pollutant’s average concentrations in 
the statistical areas attributed to the city/town in each specific year. 

2.2. Statistical analyses 

We calculated Spearman correlations between COVID-19 rates 
(morbidity per population ratios) and the demographic, socioeconomic, 
and environmental data. Spearman correlations were used to find as-
sociations that are not necessarily linear. 

To better understand the associations between the exposure to air 
pollutants on COVID-19 morbidity, we compared the pollutant con-
centrations in cities/towns with low COVID-19 morbidity rates to those 
concentrations in cities/towns with high COVID-19 morbidity rates. 
This was done by calculating the tertiles of the rates of confirmed cases 
on each date (2020: March 31st, July 24th, September 27th and 2021: 
January 17th), and dividing the cities/towns into: “red” cities – cities in 
the upper tertile, and “green” cities – cities in the lower tertile. We used 
the nonparametric Wilcoxon test to compare the pollutant concentra-
tions between these two groups of cities/towns. 

Multivariate linear regressions were used to examine the associations 
between demographic, socioeconomic and air pollution features, and 
the rate of COVID-19 positive cases in the aforementioned dates. Every 
regression model included: the city/town’s density (people per km2), 
total population, percentage of matriculation certificate eligibility 
among 12th grade students, and socioeconomic cluster. Every model also 
included the average concentration (2016–2019) of one of the three air 
pollutants: NOx, PM10, and PM2.5. We used the logarithm value of the 
numbers of cases per population in the multivariate linear regression. 
For each model we calculated its statistical significance, its root mean 
square error (RMSE), and the coefficient and p-value of the air pollution 
parameter. 

All statistical analyses were performed using Matlab© version 
R2019b. 

3. Results and discussion 

The aim of this study was to examine the association between pop-
ulation chronic exposure to air pollution (during 2016–2019), de-
mographic and socioeconomic factors, and COVID-19 morbidity during 
the three major waves of morbidity (including four morbidity peaks) 
experienced in Israel during 2020 and the first quarter of 2021 COVID- 
19 pandemic. 

3.1. Air pollutant concentrations in Israel during 2016–2019 

We focused on five air pollutants: NOx, CO, PM10, PM2.5 and SO2 and 
calculated their annual average concentrations in 2016, 2017, 2018 and 
2019 (see supplementary figure S2A-E). We found a significant trend of 
reduction in SO2 concentrations in these years (from 1.33 μg/m3 in 2016 
to 0.67 μg/m3 in 2019) (see supplementary figure S2E). This decline can 
be attributed to a national policy of gradually switching from coal 
dominated electricity production, to natural gas as the main fuel in Is-
raeli power plants. While in 2012 the coal share was 34.2% and the 
natural gas share was only 8.2% of Israel’s primary energy mix, in 2019 
the coal share dropped to 18.6% and the natural gas rose to 34.4% (Bdal 
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et al., 2019). This change is attributed to a significant reduction in 
specific air pollutants emitted by coal power plants, and in particular 
SO2 and NOx (Venkatesh et al., 2012). Of note, this reduction was later 
linked to a statistically significant reductions in cardiovascular mortality 
in three Israeli major cities (Yinon and Thurston, 2017). 

NOx and CO showed a mild reduction during 2016–2019, while no 
such trend was found for PM10 and PM2.5. (see Supplementary 
Figs. S2A–D). Although the sharp reduction in coal usage was expected 
to generate a significant NOx decline, NOx levels only moderately 
declined during this period, probably due an increase in emissions from 
the transportation sector. Indeed, between 2016 and 2019 there was an 
annual 3–4.8% rise in the number of registered motor vehicles in Israel 
(CBS, 2019b). 

Concentrations of each of the air pollutants in Israeli cities and towns 
were positively correlated (p < 0.0001) between the studied years 
(2016–2019). 

3.2. Association between air pollutant concentrations and rates of positive 
cases 

We calculated Spearman correlations between pollutant 

concentrations in 2016–2019, and the rates of COVID-19 positive cases 
of the city/town population (“COVID-19 rate”). We found statistically 
significant positive correlations between all pollutants in 2016 and 
COVID-19 rate on March 31st and on July 24th (p < 0.01). COVID-19 
rates on September 27th were statistically significantly positively 
correlated with the concentrations of NOx (p < 0.01), CO (p = 0.014), 
PM2.5 (p = 0.03) and SO2 (p < 0.01). Of note, no statistically significant 
correlation was found between the air pollutant concentrations and 
COVID-19 rates on January 17th. (Fig. 2A). 

We found statistically significant positive correlations between all 
pollutants in 2018 and COVID-19 rate on March 31st and July 24th (p <
0.01). COVID-19 rates on September 27th were statistically significantly 
positively correlated with the concentrations of NOx (p < 0.01), CO (p =
0.013), PM2.5 (p < 0.01), PM10 (p = 0.021) and SO2 (p < 0.01). Again, 
no statistically significant correlation was found between air pollutant 
concentrations and COVID-19 rates on January 17th. (Fig. 2B). 

Additionally, we found similar associations between COVID-19 rates 
on these timepoints and air pollutant concentrations in 2017 and 2019 
(Supplementary figures S1A and S1B, respectively). 

Our findings that long-term exposure to air pollutants (NOx, CO, 
PM10, PM2.5 and SO2) was associated with COVID-19 morbidity rates 

Fig. 2. Spearman correlations between air pollution concentrations parameters and rates of COVID-19 positive cases in the four selected timepoints (2020: March 
31st, July 24th, September 27th and 2021: January 17th) in Israeli cities and towns in (A) 2016 and (B) 2018. 
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during Israel’s COVID-19 first wave, pre-second wave and second wave 
(March 31st, July 24th and September 27th, respectively) (Fig. 2A and B) 
are consistent with findings of previous recent studies, especially for 
NOx, PM10 and PM2.5. Studies conducted in the US, in northern Italy, in 
the Netherlands, in China and in London (England), showed that chronic 
exposure to high levels of these air pollutants might be an additional 
factor for COVID-19 higher morbidity rates (Cole et al., 2020; Conticini 
et al., 2020; Sasidharan et al., 2020; Tian et al., 2020; Wu et al., 2020; 
Zoran et al., 2020; De Angelis et al., 2021). Furthermore, in our recently 
published study, we revealed statistically significant multistate associ-
ations between the concentrations of PM2.5 and NOx in 36 OECD 
countries, to morbidity and mortality from COVID-19. We concluded 
that concentrations of those pollutants exceeding WHO guidelines, 
might exacerbate COVID-19 morbidity and mortality (Barnett-Itzhaki 
and Levi, 2021). 

In addition to the well-known negative health outcomes of chronic 
exposure to PM (WHO, 2013; WHO, 2020), several recent studies sug-
gested that PM aerosols can also serve as a vector for transporting 
bacteria and viruses through airborne diffusion, allowing them to 
penetrate deeply into the lungs and surpass the multilayer barriers of the 
respiratory system, thus enhancing SARS-CoV-2 virus transmission 
mechanism (Setti et al., 2020; Zoran et al., 2020). 

As opposed to the first and the second waves, COVID-19 morbidity 
rates in the third wave (January 17th 2021) were not statistically 
significantly correlated with the concentrations of air pollutants in 
2016–2019 (Fig. 2A and B and Supplementary Figs. S1A and S1B). At 
that time point COVID-19 morbidity rate was associated with several 
socioeconomic factors (Fig. 3). 

3.3. Association between demographic and socioeconomic parameters 
and the rates of positive cases 

We calculated Spearman correlations between demographic param-
eters and the rates of COVID-19 positive cases in the local population. 
Standardized natural growth was statistically significantly positively 
correlated with COVID-19 rate in July, September, and January (R =
0.31, p < 0.001; R = 0.22, p = 0.01; R = 0.28, p = 0.002, respectively). 
Density (population/km2) was statistically significantly positively 
correlated with COVID-19 rate in March, July, and September (R = 0.45, 
p < 0.001; R = 0.44, p < 0.001; R = 0.26, p = 0.004, respectively), and 
so were total population and the infant mortality rate (population: 
March: R = 0.5, p < 0.001; July: R = 0.36, p < 0.001; September: R =
0.19, p = 0.04; infant mortality rate: March: R = 0.38, p < 0.001; July: R 
= 0.31, p < 0.001; September: R = 0.21, p = 0.007). However, 

socioeconomic clusters and percentage of matriculation certificate 
eligibility among 12th grade students were statistically significantly 
negatively correlated with COVID-19 rates (higher rates of morbidity in 
cities/towns with lower socioeconomic status and lower matriculation 
certificate), in September and in January (matriculation certificate: R =
− 0.31, p < 0.001 in September, R = − 0.2, p = 0.002 in January; so-
cioeconomic cluster: R = − 0.21, p = 0.02 in September, R = − 0.26, p =
0.003 in January). Matriculation certificate eligibility was also statisti-
cally significantly negatively correlated with COVID-19 rates in July (R 
= − 0.28, p = 0.0015), (Fig. 3). 

It appears that the COVID-19 morbidity dynamic in the third wave 
(Jan 17th 2021), which was characterized by wide-scale and wide- 
spread morbidity, was considerably less influenced by past chronic 
exposure to air pollution and was more associated with demographic 
and socioeconomic factors such as socioeconomic cluster and the per-
centage of matriculation certificate eligibility among 12th grade stu-
dents. (Fig. 3). In fact, the third COVID-19 wave was so pervasive, that 
high morbidity rates were also detected in previously low morbidity 
cities and towns and in areas with low air pollution. This will be further 
discussed later on. 

Population density and city/town total population, which were 
positively associated with the rates of COVID-19 positive cases in the 
first and the second morbidity waves (during March and July to 
September 2020), did not significantly affect morbidity rates in the third 
most massive wave (Jan 17th 2021). This could be attributed to the 
national extensive morbidity and the initial movement restriction fol-
lowed by the third complete lockdown initiated in the beginning of 
January. The impact of density and total population at that time was 
probably reduced and replaced by inhouse infection chains, in which 
family members in large households or households where the youth and 
the elderly tend to share accommodation (multigeneration households) 
infected each other. Such household properties characterize cities and 
towns in the low socioeconomic clusters. 

This assumption is strengthened by the positively significant corre-
lation observed on January 17th between COVID-19 morbidity and the 
cities’ and towns’ natural growth per 100,000 people, and by the 
observed variability in morbidity properties between similar density 
cities and towns due to different population characteristics (such as 
socioeconomic and religious community characteristics). For example, 
the ultra-orthodox city of Bnei-Brak (socioeconomic cluster 2 - 
extremely low) with its 205,000 citizens, has a relatively similar high 
population density to the secular city of Givatayim (socioeconomic 
cluster 9 - extremely high) with its 61,000 citizens (density of 27,800 
and 18,700 citizens per km2, respectively) (CBS, 2017a; CBS, 2019a). 

Fig. 3. Spearman correlations between COVID-19 morbidity (rates of positive cases) in Israeli cities and towns and demographic and socioeconomic parameters, on 
the four selected timepoints (2020: March 31st, July 24th, September 27th and 2021: January 17th). Stars indicate statistically significant correlations (p < 0.05). 
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However, while Bnei-Brak had 785, 6,372, 17,263 and 35,928 cumu-
lative number of confirmed COVID-19 cases on March 31st, July 24th, 
September 27th, and January 17th (respectively), Givatayim only had 22, 
228, 646 and 1,362 cumulative number of confirmed COVID-19 cases, 
respectively (DataGov, 2021). Although Givatayim has a population 
density and a total population about 1.5 and 3.4 smaller (respectively) 
than Bnei-Brak, its cumulative number of confirmed COVID-19 cases on 
January 17th was 26.4 times lower. 

Additionally, these socioeconomic and religious community char-
acteristics, can be reflected in the large variability in morbidity rates 
among similar population sizes in various Israeli large and medium sized 
cities. For example, the two largest Israeli cities have very distinct 
populations: Tel Aviv - a secular city with population of ~460,000 
(2019) situated in socioeconomic cluster 8, and Jerusalem - a city with 
large ultra-orthodox and Arab communities and a secular minority, with 
population of ~940,000 located in socioeconomic cluster 3. On January 
17th, the cumulative number of COVID-19 positive cases in Tel-Aviv 
(17,196) was only a fifth of the number of positive cases in Jerusalem 
(89,553) (DataGov, 2021). 

Medium to high population sized cities such as Haifa and Be’er- 
Sheva (socioeconomic cluster 7, 5, respectively) had on January 17th 

only 0.51–0.65 (respectively) of Ashdod’s (socioeconomic cluster 4), 
cumulative number of COVID-19 positive cases (11,548, 9,117 and 
17,785, respectively), although the three of them are of similar popu-
lation sizes (~285,000, 210,000 and 226,000, in 2019, respectively). 
(CBS, 2017a; DataGov, 2021). 

These vast variabilities in population density and total population 
size may explain the nonsignificant correlations with COVID-19 positive 
rates, at the peak of the third wave morbidity. To overcome these lim-
itations, there is a need for further research with higher resolution data 
(when it becomes available), such as: city quarters or neighborhoods 
each with their specific socioeconomic, religious, ethnic and morbidity 
rate parameters. 

Another important element that needs to be taken into account 
regarding the factors that influence the morbidity in the third wave (Jan 
17th 2021), is the nationwide vaccination campaign that began on 
December 20th, in which adult Israeli citizens were vaccinated with two 
doses of the Pfizer vaccine (BNT162b2 mRNA vaccine), prioritized 
during the first stages of the campaign in December and January by age 
and COVID-19 high risk populations (Dagan et al., 2021). By Jan 17th 

over 2.23 million Israelis had received the first vaccine dose and more 
than 333,500 had already received the second dose. Due to the age 
priority policy these numbers included: 513,000 and 106,600 vacci-
nated citizens between the ages of 60–69; 405,500 and 98,000 between 
the ages of 70–79; 180,000 and 33,600 between the ages of 80–89 and 
42,100 and 6,100 above the age of 90 (first and second dose, respec-
tively), (see supplementary Figure S3). The growing COVID-19 immu-
nity that the Israeli population 60 years of age and older gained during 
this period (Dec 20th to Jan 17th), reduced their susceptibility to 
COVID-19 morbidity. The growing immunity may also play a part in the 
lack of association between chronic air pollution exposure and 
COVID-19 morbidity on Jan 17th. 

As the elderly population is one of the most vulnerable groups 
regarding chronic air pollution related morbidities (Khafaie et al., 
2016), their growing COVID-19 immunity, due to the vaccination 
campaign, could also have had an impact on this observation (no asso-
ciation between chronic exposure to all five air pollutants and COVID-19 
morbidity on Jan 17th). Nevertheless, the optimal protection of the 
vaccine (92–94%) is established only at least seven days after the second 
dose, while a partial protection of 46–57% is established 14–20 days 
following the first dose (Dagan et al., 2021). The number of Israelis that 
were already vaccinated by two doses at least seven days prior to Jan 
17th and thus, optimally protected, was approximately only 6,000 peo-
ple. The number of partially protected Israelis was between 526,000 and 
1.292 million, out of them approximately 811,000 and over 374,000 (14 
and 20 days after the first dose, respectively) were 60 years old or older 

(DataGov, 2021). Therefore, we assume that at the peak morbidity point 
of the third wave (Jan 17th), the vaccination campaign already had some 
impact on elderly morbidity rates, but the vaccines were probably not 
the main cause for the lack of association between COVID-19 morbidity 
rates and all five air pollution parameters. 

Socioeconomic factors were shown to have a significant impact on 
COVID-19 morbidity and mortality in several other cases due to several 
factors, including structural racism, crowded living conditions, multi- 
generational homes, limited access to health care and a healthy diet, 
employment conditions requiring close interaction with others and a 
history of exposure to elevated air pollution levels of these communities 
(Brandt et al., 2020). According to Clark et al. (2020), vulnerable pop-
ulations such as immigrant communities in the US, are at risk of a 
disproportionate negative impact from the COVID-19 pandemic. Ac-
cording to Oronce et al. (2020), states in the US with higher income 
inequality (state-level Gini index) experienced a higher number of 
deaths from COVID-19. Additionally, Brandt et al. (2020) reported that 
although population density is considered to promote viral spread, it 
fails to explain why until April 2020 the Bronx (with 30% of residence 
below poverty line and a majority of black and Latino among them) had 
twice the number of COVID-19 cases and deaths than Manhattan. In 
Several other US cities significantly higher rates of COVID-19 cases and 
deaths were reported in the black community compared to their share in 
the local population, while white residence deaths share was dramati-
cally smaller than their demographic share. In total, US black residents’ 
COVID-19 death rates were reported to be more than twice their share in 
the US population. 

The effect of household overcrowding was found to be linked to 
greater odds of COVID-19 morbidity both in the UK and the US, where 
the highest number of cases occurred in areas with the largest average 
household size (Brandt et al., 2020; Raisi-Estabragh et al., 2020; Wad-
hera et al., 2020). 

Furthermore, according to Doumas et al. (2020) and to Brandt et al. 
(2020), the family structure of African Americans, where multigenera-
tional family members are more likely to share accommodation, 
resulting in close contact between the young and the elderly family 
members, could increase the risk for COVID-19 morbidity and reduce 
the effectiveness of social distancing, which has been recognized as one 
of the most effective measures to attenuate spread and protect the 
elderly from COVID-19. 

In Israel, ultra-orthodox Jews and Israeli Arabs tend to live in a large 
average household and in some Israeli Arab communities the youth and 
the elderly tend to live in close contact in the same house or compound. 
In fact, members of these two communities (ultra-orthodox Jews and 
Israeli Arabs) comprise the majority of the households in the cities and 
towns classified in the lowest socioeconomic clusters (1–3) (CBS, 
2017a). According to the Israeli Central Bureau of Statistics, in 2016 the 
average number of persons per household in the Jewish sector was 5.5 
for the ultra-orthodox and 4.5 for very religious communities, compared 
with 2.97 for traditional communities and 2.7 for secular communities 
(CBS, 2017b). In the Arab sector, the average number of persons per 
household was 4.53 and in Arab communities in Israel’s biggest city – 
Jerusalem – 5.21 persons per household (CBS, 2016). 

In the peak morbidity of the 3rd wave (Jan 17th 2021), under severe 
gathering limitations and lockdowns, COVID-19 spread to almost every 
city and town in the country. At that timepoint, the local spread of the 
highly transmissible SARS-CoV-2 variant B.1.1.7 (Sah et al., 2021) also 
contributed to that process. At this point in time, the association be-
tween COVID-19 morbidity to chronic air pollution exposure and to 
demographic parameters weakened substantially, due to a much stron-
ger socioeconomic impact driven especially by large household com-
munities. We assume that in those large households, the transfer of the 
virus from infected house members to other family members, raised the 
morbidity rate more than any other factor. In these cases, moving 
COVID-19 patients as soon as possible to a quarantine or treatment fa-
cility, may reduce the number of infected family members especially in 
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small apartments where self-quarantine is not possible. 

3.4. Comparison between highly and lowly COVID-19 infected cities/ 
towns 

To better understand the effect of air pollutants on COVID-19 posi-
tive rates in each of the aforementioned timepoints (March 31st, July 
24th, September 27th and January 17th), we divided the cities/towns into 
tertiles according to their COVID-19 positivity rates on these dates. Next, 
we defined two lists of cities/towns: those with high COVID-19 rates, in 
the upper tertile (“red list”) and those with low rates, in the lowest tertile 
(“green list”). 

In general, lower median levels of pollutants were found in cities/ 
towns in the green list, in comparison to those in the red list, as can be 
seen in Fig. 4A. All air pollutants measured in 2017 were statistically 
significantly higher in red cities/towns in comparison to green cities/ 
towns, during March, July, and September 2020. 

On March 31st, red cities were denser, more populated, from higher 
socioeconomic clusters, and were characterized by higher rates of infant 
mortality, these results were statistically significant (p < 0.001). On July 
24th, red cities were denser, more populated, were characterized by 
higher rates of infant mortality and lower eligibility for matriculation 
certificate, these results were statistically significant (p = 0.001, p <
0.001, p < 0.001, p < 0.001, p = 0.002, accordingly). Similar results 
were found on September 27th, in addition to higher socioeconomic 
clusters of green cities (p = 0.05). As seen earlier, on January 17th no 
significant link was found between COVID-19 morbidity to air pollution 
in the green or red cities and towns. Nevertheless, red cities were denser 
(p = 0.04), with higher natural growth (p < 0.001), with lower eligi-
bility for matriculation certificates (p = 0.02), and in lower socioeco-
nomic clusters (p = 0.003), (Fig. 4B). These results strengthen the 
assumption that socioeconomic factors had a wider impact on COVID-19 
morbidity in the third wave in January 2021, and emphasize the role of 
factors such as large households’ in-house infection chains and their 

Fig. 4. Comparison between “red” and “green” cities and towns in the four selected timepoints (2020: March 31st, July 24th, September 27th and 2021: January 17th): 
log10 (Wilcoxon p-value): (A) Air pollution levels in 2017. (B) demographic and socioeconomic features. Red: higher median value in the red cities and towns, in 
comparison to the green ones. Green: higher median value in the green cities and towns, in comparison to the red ones. Blue: same medians. The dashed line 
represents the threshold for statistically significance (p = 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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difficulties with in-house quarantine as reflected by the higher natural 
growth per 100,000 people in the red cities and towns. 

3.5. Multivariate linear regressions 

Multivariate linear regressions were used to predict the number of 
COVID-19 cases per population on March 31st, July 24th, September 27th 

(2020) , and January 17th (2021), as a function of demographic pa-
rameters, socioeconomic parameters, and exposure to air pollution 
(2016–2019 average concentrations). Due to the significant correlations 
between many of the collected parameters, we used specific parameters 
that were not correlated with each other in the linear regressions. 

On March 31st, exposures to all three of the analyzed air pollutants 
(NOx, PM10 and PM2.5) were positively associated with higher rates of 
COVID-19 positive cases, however these associations were not statisti-
cally significant, probably due to the relatively low numbers of COVID- 
19 positive cases during the first morbidity wave. On July 24th, expo-
sures to all pollutants were statistically significantly positively associ-
ated with higher rates of COVID-19 morbidity rates: (NOx: β = 0.086, 
PM10: β = 0.285, and PM2.5: β = 0.403, and p-values were all <0.05). On 
September 27th only exposure to PM2.5 was statistically significantly 
positively associated with COVID-19 rates (β = 0.403, p = 0.024) and on 
January 17th, none of the air pollutant concentrations were statistically 
significantly associated with rates of COVID-19 (Table 1). 

Of note, all the multivariate models we built including PM2.5 con-
centrations were statistically significant (p < 0.05). These models, 
together with the PM2.5 models in our previous study of 36 OECD 
countries (Barnett-Itzhaki and Levi, 2021), emphasize the importance of 
reducing the ambient concentrations of this dangerous air pollutant in 
the struggle for decreasing the morbidity and mortality rates of 
COVID-19. 

3.6. Study limitations and strengths 

In this study we show an association between chronic exposure to 
NOx, CO, PM2.5, PM10 and SO2 and higher rates of COVID-19 morbidity, 
in addition to the impact of demographic and socioeconomic 
parameters. 

As this is an ecological study, there might be inherent limitations 
including the use of grouped data instead of personalized data, under- 
reporting of health outcomes, inadequate control for confounding fac-
tors, inadequate resolution, not referring to outliers or analyzing them 
and conducting the analyses in the middle of an active pandemic (Vil-
leneuve et al., 2020). Ecological studies are effective for testing initial 
hypotheses but further studies such as cohort or case control studies are 
needed to determine causation and point at mechanisms of action. Other 
limitations of the study include: (a) The available data collected on the 
chronic exposure levels of all five air pollutants are updated for the years 
2016–2019 only. Further analysis of an additional more current data-
base (including the years 2020 and the first quarter of 2021), might 
strengthen our findings. (b) There might be some discrepancies between 
the actual air pollution exposure and the calculated exposure attributed 
to residents, since residents do not spend their entire day in their city or 
town of residence. This is especially relevant to working Israeli citizens 
ages of 18–67 who do not live and work in the same city or town as was 
demonstrated by Shafran-Nathan et al. (2017), who concluded that 

assigning NOx exposure of adults only at their home address might result 
in larger exposure estimation errors. Nevertheless, as more and more 
people work indoor in a controlled airconditioned environment, and as 
telecommuting expands in recent years to many new sectors and fields, 
it is not clear how much impact this phenomenon might have on our 
results, if at all. (c) It is probable that some residents of cities and towns 
during the COVID-19 epidemic lived in a different area between the 
years 2016–2019, when air quality data for this study was collected. 

Nevertheless, our results are supported by many recent studies 
conducted on a global and local scale and this study has several addi-
tional strengths: First, the study focused on 279 Israeli cities and towns 
comprising a vast majority of the Israeli population and produced a 
high-resolution statewide picture. Second, the Ministry of Health open 
COVID-19 database reports are indeed grouped data (due to medical 
confidentiality) but are considered extremely reliable, and include 
almost the entire local epidemic period, so far (except only part of the 
late decline in morbidity at the end of the third morbidity wave). Third, 
the Israeli population long-term data of exposure to the major five air 
pollutants (2016–19) was obtained from a highly reliable multi-scale 
photochemical and transport model, which provides hourly forecasts 
at a high spatial resolution of 3 km over the entire area of the state of 
Israel, and run on a daily basis as a forecast model by the Israeli Ministry 
of Environmental Protection. Fourth, the demographic and socioeco-
nomic data was obtained from the Israeli Central Bureau of Statistics 
databases and is highly accurate and in a high resolution. 

All in all, despite of the above limitations, statistically significant 
correlations and models showed an association between long-term 
chronic exposure of the Israeli population to NOx, CO, PM2.5, PM10 
and SO2 concentrations, demographic and socioeconomic parameters, 
and the rate of COVID-19 morbidity in 279 Israeli cities and towns. 
Altogether, the geographic high resolution, the large number of cities 
and towns, including the bulk of the Israeli population, the precise 
COVID-19 morbidity data, and long-term exposure data to all five major 
air pollutants strengthen our findings. Further research on this associ-
ation should be explored locally and globally, to establish causation and 
to identify mechanisms of air pollution damage that may impacts 
COVID-19 morbidity and mortality. 

4. Conclusion 

In this study, we show statistically significant nationwide associa-
tions between population chronic exposure (2016–2019) to five main air 
pollutants: NOx, CO, PM10, PM2.5 and SO2, in 279 Israeli cities and 
towns, and COVID-19 morbidity rates during two of the three major 
waves of morbidity experienced in Israel during 2020–2021. We also 
show that in the third morbidity wave, during which morbidity was very 
high and spatially widespread, socioeconomic factors became more 
dominant while the previous association to chronic air pollution expo-
sure was weakened. The nationwide vaccination campaign that began a 
month earlier, probably impacted third wave morbidity of the elderly 
population, a highly sensitive population regarding chronic air pollution 
exposure and its related morbidities. 

The association between air pollution and COVID-19 morbidity 
should be further investigated in cohort and/or case-control studies, 
worldwide and locally in Israel, including analyses of air pollutant levels 
around and during the COVID-19 pandemic and in a higher geographic 

Table 1 
Associations between NOx, PM10 and PM2.5 (average concentrations in the years 2016–2019), and COVID-19 rates in cities and towns in the four morbidity peaks in 
Israel 2020: March 31st, July 24th, September 27th and 2021: January 17th – results of multivariate regressions (statistically significant values in bold).  

Pollutant March 31st July 24th September 27th January 17th 

beta p-value beta p-value beta p-value beta p-value 

NOx 0.049 0.25 0.086 0.015 0.038 0.211 0 0.88 
PM10 0.123 0.15 0.285 <0.001 0.006 0.919 − 0.037 0.487 
PM2.5 0.263 0.086 0.403 0.001 0.245 0.024 0.147 0.124  
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resolution as data becomes available. The associations found in this 
study between chronic exposure to air pollutants and COVID-19 
morbidity on a nationwide scale, strengthen the findings of many 
recently published studies (local and multi-national) during the first 
global morbidity wave, which pointed to chronic air pollution exposure 
as a force multiplier to the SARS-CoV-2 induced morbidity. 

The scientific community and decision makers worldwide have long 
recognized that population long-term chronic exposure to various air 
pollutants causes adverse health outcomes (including chronic respira-
tory and cardiovascular morbidities). However, according to WHO, se-
vere ambient air pollution is still responsible for the premature deaths of 
4.2 million people around the world annually. The growing body of 
evidence, regarding exacerbated COVID-19 morbidity and mortality 
rates due to long-term chronic exposure to elevated concentrations of air 
pollutants, should serve as a wake-up call among policy makers and 
world leaders regarding the urgent need to reduce air pollution and its 
harmful effects. 

Additionally, low-level socioeconomic populations, immigrants, and 
minority communities are especially vulnerable to COVID-19. In each 
nation or municipality experiencing COVID-19 outbreak, special care 
should be taken of these vulnerable populations. Morbidity spread 
within communities that are characterized by large households or 
households where the youth and the elderly tend to share accommo-
dation, can create inhouse infection chains, further expanding morbidity 
and the burden on the healthcare system, even under quarantine con-
ditions. Moving COVID-19 patients as soon as possible from these 
weakened communities to quarantine or treatment facilities, may help 
reduce the number of infected family members, especially in small 
apartments where proper self-quarantine is virtually impossible. 

As vaccine campaigns worldwide continue to gain momentum and 
the endpoint of the pandemic might be seen in the horizon, it is 
becoming clear that only uncompromising global and local policies for 
dramatic reduction of air pollution can lead to improved post pandemic 
public health, reducing chronic respiratory and cardiovascular mor-
bidities. The central steps required on this road map include an extensive 
transition to renewable energy sources, acceleration of the electrifica-
tion of transportation systems, combined with stricter enforcement of air 
quality regulations and restrictions on pollutants emissions, especially in 
densely populated areas. These steps could significantly improve public 
health during and post pandemic, but also help mitigate with global 
climate change. This opportunity to reduce populations’ air pollution 
exposure alongside with cutting GHGs (Greenhouse gases) emissions can 
be beneficial to both global public health and the health of our planet. 
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