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A B S T R A C T   

The growing literature demonstrating air pollution associations on COVID-19 mortality contains studies pre-
dominantly examining long-term exposure, with few on short-term exposure, and rarely both together to esti-
mate independent associations. Because mechanisms by which air pollution may impact COVID-19 mortality risk 
function over timescales ranging from years to days, and given correlation among exposure time windows, 
consideration of both short- and long-term exposure is of importance. We assessed the independent associations 
between COVID-19 mortality rates with short- and long-term air pollution exposure by modeling both concur-
rently. Using California death certificate data COVID-19-related deaths were identified, and decedent residential 
information used to assess short- (4-week mean) and long-term (6-year mean) exposure to particulate matter 
<2.5µm (PM2.5), nitrogen dioxide (NO2), and ozone (O3). Negative binomial mixed models were fitted on weekly 
census tract COVID-19 mortality adjusting for potential confounders with random effects for county and census 
tract and an offset for population. Data were evaluated separately for two time periods March 16, 2020–October 
18, 2020 and October 19, 2020–April 25, 2021, representing the Spring/Summer surges and Winter surge. In-
dependent positive associations with COVID-19 mortality were observed for short- and long-term PM2.5 in both 
study periods, with strongest associations observed in the first study period: COVID-19 mortality rate ratio for a 
2-μg/m3 increase in long-term PM2.5 was 1.13 (95%CI:1.09,1.17) and for a 4.7-μg/m3 increase in short-term 
PM2.5 was 1.05 (95%CI:1.02,1.08). Statistically significant positive associations were seen for both short- and 
long-term NO2 in study period 1, but short-term NO2 was not statistically significant in study period 2. Results for 
long-term O3 indicate positive associations, however, only marginal significance is achieved in study period 1. 
These findings support an adverse effect of long-term PM2.5 and NO2 exposure on COVID-19 mortality risk, 
independent of short-term exposure, and a possible independent effect of short-term PM2.5.   

1. Introduction 

There is growing literature in support of a relationship between 
ambient air pollution exposure and increased risk of mortality related to 
the coronavirus disease 2019 (COVID-19) (Ali et al., 2021; Ali and 
Islam, 2020; Bourdrel et al., 2021; Katoto et al., 2021; Zang et al., 2022). 
It is hypothesized that air pollution could affect risk of COVID-19 mor-
tality through a variety of different mechanisms operating over time-
frames ranging from years to weeks/days, including via increasing risk 

of underlying medical conditions, reducing biological defenses against 
the virus, and severing as a pathway for viral exposure (Bourdrel et al., 
2021; Woodby et al., 2021). Exposure to air pollution adversely con-
tributes to the development and exacerbation of several comorbid con-
ditions, including cardiopulmonary and metabolic diseases and risk 
factors (Bourdrel et al., 2021; Munzel et al., 2017; Nawrot et al., 2011; 
Yang et al., 2019), which have been shown to increase risk of COVID-19 
mortality (Bourdrel et al., 2021; Wu and McGoogan, 2020; Yang et al., 
2019; Zhou et al., 2020). Air pollution can contribute to chronic rhinitis 

Abbreviations: COVID-19, coronavirus disease 2019; NO2, nitrogen dioxide; PM10, particulate matter < 10 µm; PM2.5, particulate matter < 2.5 µm; SD, standard 
deviation. 
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and rhinosinusitis, which could increase airway mucosal permeability 
and make it easier for SAR-CoV-2 to pass through the airway (Annesi--
Maesano et al., 2012; Kesic et al., 2012; London et al., 2018; Sungnak 
et al., 2020). Air pollution may lower immune response and promote 
replication of respiratory virus (Bourdrel et al., 2021; Ciencewicki and 
Jaspers, 2007; Noah et al., 2012; Rebuli et al., 2019; Zhang et al., 2019a; 
Zhang et al., 2019b). There is also some evidence that SAR-CoV-2 virus 
can interact with air pollutants, including being carried by fine particles 
(Bourdrel et al., 2021; Setti et al., 2020). 

Since air pollution can potentially impact COVID-19 mortality risk 
through various mechanisms operating over a range of time frames, both 
short- and long-term exposure periods may be relevant for study. 
Additionally, the correlation between short- and long-term air pollution 
exposures may be high, thus including examination of both exposure 
windows in analyses will serve to better understand their independent 
effects. Among papers examining air pollution effects on COVID-19 
mortality, many examine associations with long-term exposure and 
only a few have examined short-term associations—even fewer studies 
have evaluated the effects of both short- and long-term air pollution 
exposure. A review and meta-analysis including studies published up to 
August 2021 on outdoor air pollution and COVID-19 risk, found 14 ar-
ticles related to outdoor pollution and risk of COVID-19 mortality: 12 
investigated associations for long-term air pollution, 2 for short-term air 
pollution, and no study investigated both exposures (Zang et al., 2022). 
Results of the meta-analysis indicated positive associations for long-term 
exposure to nitrogen dioxide (NO2) and particulate matter < 2.5 µm 
(PM2.5) and null association for long-term particulate matter < 10 µm 
(PM10), ozone (O3), and nitrogen oxides, and for short-term exposure to 
PM2.5 and O3. There are a couple of studies that have investigated effects 
of both short- and long-term air pollution on case fatality rates (as 
opposed to population-based mortality rates). In a study based in Mexico 
City, researchers reported a positive association between PM2.5 and 
mortality among cases that seemed to be driven by the effects of 
long-term rather than short-term air pollution exposure (Lopez-Feld-
man et al., 2021). Similarly, a study across several cities in China found 
both short- and long-term PM2.5 and PM10 to be related to COVID-19 
case fatality rate, with stronger associations observed for long-term 
(2015-2019) exposure (Yao et al., 2020). Consideration of both short- 
and long-term air pollution exposures is important to better understand 
the driver of observed associations. 

In this brief communication, we present a study on the independent 
associations of short- and long-term air pollution exposure on risk of 
COVID-19 mortality. This is an update to our prior study which only 
examined the effects of long-term pollution exposure (Garcia et al., 
2022). We used mortality data for the state of California through April 
25, 2021 and investigated the relationship in two separate time periods 
of the pandemic, reflecting the first set of Spring and Summer surges and 
the Winter surge. 

2. Presentation of the Analysis and Concerns 

Relationship between risk of COVID-19 mortality and short- and 
long-term exposure to PM2.5 (μg/m3), NO2 (ppb), and O3 (ppb) was 
examined using California death certificate data and ambient air quality 
monitoring data from the U.S. Environmental Protection Agency. Details 
on data sources and statistical approach have been previously published 
(Garcia et al., 2022). In brief, an internally developed algorithm was 
used in complement with International Statistical Classification of Dis-
eases and Related Health Problems, Tenth Revision to identify 
COVID-19-related deaths from death certificates and assign residential 
census tracts for decedents. COVID-19 weekly deaths were aggregated 
by census tract starting March 16, 2020—with introduction of the 
pandemic in California—and ending April 25, 2021. Inverse 
distance-squared weighting of air monitoring data from up to four 
monitoring sites nearby (<50 km) the centroid of each census tract was 
used to estimate 24-hour average PM2.5 and NO2 and daily maximum 

8-hour average O3 concentrations. In addition to the long-term exposure 
assessed in our prior study (six-year annual average from 2014 to 2019) 
(Garcia et al., 2022), the current analyses included exposure to 
short-term air pollution using average pollutant concentration in the 
four weeks prior to index week of mortality (ensuring exposure always 
preceded death). One month (≈ 4 weeks) average air pollution exposure 
has been shown to be associated with COVID-19 mortality (Chen et al., 
2022). To identify the separate effects of short- and long-term air 
pollution, short-term exposure was defined as deviation from long-term 
average (short-term deviation = long-term average pollution – 
short-term air pollution), thus creating orthogonal pollution variables. 
Correlation coefficients between long-term average and short-term de-
viation were -0.01, -0.12, and -0.01 for PM2.5, NO2, and O3, respectively. 
Exposure effect estimates were scaled to provide mortality rate ratios 
associated with a one standard deviation (SD) increase during the 
relevant exposure window. For each pollutant, there was a single SD 
value for long-term exposure and two SDs for short-term exposure, one 
for each study period. We used the smaller of these latter two SDs to 
scale the short-term air pollution effects. Covariates for the current 
analysis were selected based on our prior long-term air pollution study 
(Garcia et al., 2022) as well as the potential for confounding the 
short-term air pollution and COVID-19 mortality relation. Covariates 
included census tract sociodemographic characteristics from the Amer-
ican Community Survey 2014–2018 5-year Estimates, including race/-
ethnicity (percent non-Hispanic Black, percent non-Hispanic Asian, and 
percent Hispanic any race), age (percent over age 65 years), total pop-
ulation, population density (persons per square mile), as well as Social 
Deprivation Index (Robert Graham Center, 2015). County-level vari-
ables included COVID-19 test positivity (weekly means lagged by two 
weeks) and time-varying cumulative percent population vaccinated 
(population percent with at least one dose); these were used only for 
sensitivity analyses to control for potential time-varying confounding. 
Continuous covariates were mean-centered and scaled to a one standard 
deviation change, except Social Deprivation Index (left as-is) and pop-
ulation density (log-transformed). 

Analyses were separated into two study periods reflecting the 
COVID-19 surges in Spring and Summer (March 16 - October 18, 2020) 
and Winter (October 19, 2020 – April 25, 2021), which will be referred 
to as study period 1 and study period 2, respectively. Study periods were 
separated such that study period 1 ended on the week with the fewest 
occurring COVID-19 deaths (determined via the week with the most 
frequent minimum weekly deaths by county) and study period 2 began 
the following week as mortality rates started to rise. A separation of 
study periods was greatly motivated by the introduction of vaccine 
administration and differences in COVID-19 mortality between Spring/ 
Summer 2020 and Winter 2021. Assessment of residential air pollution 
effects on COVID-19 mortality were implemented through Negative 
Binomial Mixed Models. Single pollutant models included census tract 
covariates as an adjustment for potential confounding and population 
totals as an offset to model a mortality rate outcome (e.g., weekly 
deaths/population). Census tracts with a total population of zero were 
excluded. Short-term (4-week average deviation) and long-term (2014- 
2019 average) air pollution were included together in the models. Cal-
endar week was included as a natural cubic spline centered on the week 
with the most fatalities (July 27 - Aug 2, 2020 and Jan 4 - Jan 10, 2021 
for the two study periods, respectively), with degrees of freedom 
selected based on AIC/BIC (6 df and 7 df, respectively). Random in-
tercepts were included for county and census tract, as well as uncorre-
lated random slopes on time by county via spline basis functions. 
Sensitivity analyses included models additionally adjusting for (i) 
county-level COVID-19 test positivity (2-week lag), (ii) county-level 
percent population vaccinated, and (iii) a fixed effect of state region. 
The fixed effect for state region was included to more directly control for 
confounding bias by regional differences in COVID-19 mortality and 
pandemic-related policies and behaviors. Regions were defined based on 
contiguous counties with similar mortality rates with the exceptions of 
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the four counties with the highest mortality rates, which were each 
considered their own separate regions (Los Angeles, Orange, San Diego, 
and Imperial). Random slopes were removed in instances of non-con-
vergence—specifically, in region adjustment models for O3 in study 
period 1 and NO2 in study period 2, and vaccination adjustment model 
for O3 in study period 2. 

There were 16,135 COVID-19 related deaths observed in study 
period 1 and 44,370 COVID-19 deaths in study period 2. The mean 
concentration for short-term PM2.5 was 11.9 μg/m3 (standard deviation 
= 8.9) in study period 1 and 11.6 μg/m3 (4.7) in study period 2. Mean 
long-term PM2.5 concentration was 10.2 μg/m3 (2.0). Short-term NO2 
pollution exhibited a mean concentration of 7.1 ppb (3.7) and 13.5 ppb 
(5.5), respectively in the two study periods. The mean long-term NO2 
pollution was 11.4 ppb (3.9). Mean short-term O3 concentration in study 
period 1 was 47.5 ppb (11.8) and 39.9 ppb (9.9) in study period 2. Mean 
long-term O3 pollution was 42.9 ppb (6.9). The highest correlation 
among short-term air pollution in study period 1 was 0.52 for NO2 and 
O3. PM2.5 had slightly higher correlation with NO2 (r = 0.43) than with 
O3 (r = 0.36) in study period 1. In study period 2, the highest correlation 
was exhibited between PM2.5 and NO2 (r = 0.55). O3 had minimal 
positive correlation with PM2.5 (r = 0.15), and minimal negative cor-
relation with NO2 (r = -0.12). 

Long-term air pollution was positively associated with COVID-19 
mortality (Fig. 1). Statistically significant effects were seen for long- 
term exposure to PM2.5 and NO2 in both study periods; O3 effects were 
marginally significant in study period 1 and statistically significant in 
study period 2. Stronger pollution effects were observed in the first study 
period compared with the second study period. In the first study period, 
a one SD increase in long-term air pollution was associated with: a 13% 
(95% Confidence Interval: 9%, 17%) higher COVID-19 mortality rate for 
PM2.5 (SD = 2.0 μg/m3), a 10% (4%, 15%) higher COVID-19 mortality 
rate for NO2 (SD = 3.9 ppb), and a 5% (-0.1%, 10%) higher COVID-19 
mortality rate for O3 (SD = 6.9 ppb). In comparison, in the second 
study period, a one SD increase in long-term air pollution was associated 
with: a 5% (3%, 8%) higher COVID-19 mortality rate for PM2.5 (SD = 2.0 
μg/m3), a 5% (2%, 8%) higher COVID-19 mortality rate for NO2 (SD =
3.9 ppb), and a 4% (0.6%, 8%) higher COVID-19 mortality rate for O3 
(SD = 6.9 ppb). Positive associations for long-term exposure to PM2.5 
and NO2 were robust in sensitivity analyses, although some effect esti-
mates were slightly attenuated. O3 results maintained statistical signif-
icance in second study period sensitivity models that adjusted for test- 
positivity and vaccination level, but not when adjusted for geograph-
ical region. 

Short-term air pollution results present statistically significant posi-
tive effects for first study period models (Fig. 1). Winter models showed 
attenuated results for both PM2.5 and NO2—however, NO2 results were 

no longer statistically significant. O3 short-term air pollution results 
demonstrate divergent relationships between study periods, with posi-
tive effects in study period 1 and negative effects in study period 2, both 
statistically significant. In the first study period, a one SD increase in 
short-term air pollution, within census tract, was associated with: a 5% 
(2%, 8%) higher COVID-19 mortality rate for PM2.5 (SD = 4.7 μg/m3), a 
9% (2%, 16%) higher COVID-19 mortality rate for NO2 (SD = 3.7 ppb), 
and a 18% (13%, 23%) higher COVID-19 mortality rate for O3 (SD = 9.9 
ppb). In comparison, in the second study period, a one SD increase in 
short-term air pollution, within census tract, was associated with: a 3% 
(1%, 6%) higher COVID-19 mortality rate for PM2.5 (SD = 4.7 μg/m3), a 
1% (-1%, 4%) higher COVID-19 mortality rate for NO2 (SD = 3.7 ppb), 
and a 13% (-17%, -9%) lower COVID-19 mortality rate for O3 (SD = 9.9 
ppb). Because NO2 is a component of the photochemical process that 
produces O3, we fitted additional O3 models adjusting for NO2. In the 
NO2-adjusted models, the short-term O3 effect estimate in the first study 
period remained similar (mortality rate ratio = 1.19 [1.13, 1.25]), while 
the association in the second study period was null (mortality rate ratio 
= 0.99 [0.94, 1.03])—indicating that inverse O3-mortality associations 
observed for the second study period were confounded by NO2. Sensi-
tivity analyses showed short-term air pollution results were robust for all 
three pollutants in first study period models; PM2.5 results were robust in 
second study period models. 

3. Conclusions 

This study found positive relationships between weekly COVID-19 
mortality and long-term exposure to PM2.5, NO2, and O3 across both 
study periods examined, in models adjusting for short-term air pollution 
exposure. Among short-term air pollutant exposures, only PM2.5 dis-
played a consistent positive association with COVID-19 mortality across 
the study periods. Results for short-term NO2 exposure are suggestive of 
an association, but effect estimates were attenuated and no longer sta-
tistically significant in the second study period. The results found in the 
present study further support our previously published findings (Garcia 
et al., 2022). After adjusting for short-term air pollutant effects, effects 
of long-term exposure to PM2.5, NO2, and O3 were consistent with the 
positive associations with COVID-19 mortality previously reported. This 
provides additional confidence that the estimated long-term pollution 
associations are robust and independent from short-term air pollution 
effects. 

In comparison to other studies investigating COVID-19 mortality and 
both short- and long-term air pollutant exposure, our results similarly 
found stronger positive associations for long-term PM2.5 exposures when 
compared with the short-term exposure windows. However, while the 
Mexico City study reported no statistically significant positive 

Fig. 1. Mortality Rate Ratios and 95% confi-
dence intervals associated with short- and long- 
term air pollution by study period. Main models 
were fitted by study period through Negative 
Binomial Mixed regression adjusting for census 
tract race/ethnicity, age, population density, 
Social Deprivation Index, and calendar week, 
with random effects for county and census tract, 
and an offset for census tract total population. 
Sensitivity models included separate additional 
adjustment for COVID-19 test positivity, 
geographical region, and percent population 
vaccinated (study period 2 only). Effect esti-
mates for a pollutant-specific standard devia-
tion increase in concentration. Standard 
deviations for short- and long-term effects, 
respectively, are: 4.7 and 2.0 μg/m3 for PM2.5, 
3.7 and 3.9 ppb for NO2, 9.9 and 6.9 ppb for O3. 
PM2.5: Particulate matter < 2.5 μm; NO2: Ni-
trogen dioxide; O3: Ozone.   
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association between short-term PM2.5 exposure and COVID-19 mortality 
when modeling both short- and long-term exposure together (Lopez--
Feldman et al., 2021), our results indicated a small statistically signifi-
cant positive relationship. A study modeling COVID-19 case fatality rate 
and short- and long-term exposures to particulate matter in cities across 
China (Yao et al., 2020) reported similar findings as those presented 
here, with both studies finding statistically significant positive associa-
tions for both short- and long-term PM2.5 exposures, and short-term 
exposures exhibiting attenuated results. However, results from our 
study indicated effects of a higher magnitude for both exposures; 
although direct comparison is difficult given that we examined 
population-based mortality rates while this other study examined mor-
tality among cases (e.g., case-fatality). 

This study has some limitations. First, because this is an ecological 
study, we are not able to control for potential individual-level con-
founders. If an individual-level confounder were positively related to air 
pollution and increased risk of COVID-19 mortality (e.g., lack of access 
to quality healthcare), pollution effect estimates could be biased upward 
and we may be overestimating positive associations. While we adjusted 
for many potential area-level confounders both in main models and in 
sensitivity analyses, these are not a substitute for individual-level con-
founders as they might not fully represent corresponding individual- 
level features. Second, there is a concern that major group facilities (e. 
g., institutionalized populations such as correctional facilities or nursing 
homes) may result in clusters of COVID-19 deaths which could bias the 
analyses. In order for confounding bias to occur, the locations of such 
facilities must be associated with air pollution levels. We found no 
correlation between census tract institutionalized populations (total 
percent institutionalized, percent in skilled nursing homes, or percent in 
adult correctional facilities) and either short- or long-term air pollution 
(correlation coefficient range: -0.03, 0.03), thus indicating this is likely 
not a major source of bias in our study. Third, there is a concern that 
without individual adjustment for age results could be biased due to 
confounding given that age is a strong risk factor for COVID-19 mor-
tality. While we could not directly adjust for individual age, we were 
able to evaluate whether decedent’s age was associated with air pollu-
tion, which is required element for confounding to occur. We observed 
no correlation between decedent’s age and either short- or long-term air 
pollution (correlation coefficient range: -0.07, 0.005), thus indicating 
this is likely not a major confounding variable in our study. Fourth, we 
evaluated only one window of short-term exposure (4-week average 
prior to index week of deaths), but there may be other more sensitive 
time windows of exposure, and may even vary by pollutant. We do not 
have data on when individuals were infected or began exhibiting 
symptoms of COVID-19, thus we were unable to construct exposures 
estimates relative to specific periods in disease progression. Without 
knowing the most influential time of exposure, we decided to include all 
air pollution an individual was recently exposed to prior to death. 
Finally, we assessed pollutant effects on COVID-19 mortality, which is 
not the sole endpoint of COVID-19 adverse outcomes. There may be 
more sensitive endpoints related to ambient pollution, such as infection, 
severity, and symptoms related to “long COVID”. 

This study has several strengths. First, our analysis was conducted on 
an outcome identified from state death certificate data. Because all 
deaths occurring in California were recorded in these data, we expect to 
have captured the vast majority of COVID-19 related deaths for our 
analysis, thus there is little concern about possible selection bias 
impacting our effect estimates. Second, our modeling approach allowed 
for a great deal of flexibility in geographically related county-specific 
trajectories using cubic splines in our random effects. Further adding 
to the flexibility, by examining two distinct study periods of the 
pandemic we allowed for time-period-specific nuances to be modeled 
independently of each other. Finally, as previously mentioned, the joint 
modeling of short- and long-term exposures allow us to quantify an 
isolated effect for short-term exposure, while further reinforcing the 
robustness previous long-term pollution results. 

This study contributes to the small literature supporting an adverse 
effect of long-term air pollution exposure on COVID-19 mortality risk, 
independent of short-term air pollution exposure, as well as a possible 
independent effect of short-term PM2.5. 
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