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A B S T R A C T   

The lockdown response to COVID-19 has resulted in an unprecedented reduction in global economic activity and 
associated air pollutant levels, especially from a decline in land transportation. We utilized a network of >10,000 
air quality stations distributed over 34 countries during lockdown dates up until 15 May 2020 to obtain lock
down related anomalies for nitrogen dioxide, ozone and particulate matter smaller than 2.5 μm in diameter 
(PM2.5). Pollutant anomalies were related to short-term health outcomes using empirical exposure-response 
functions. We estimate that there were a net total of 49,900 (11,000 to 90,000; 95% confidence interval) 
excess deaths and 89,000 (64,700 to 107,000) pediatric asthma emergency room visits avoided during lock
downs. In China and India alone, the PM2.5-related avoided excess mortality was 19,600 (15,300 to 24,000) and 
30,500 (5700 to 68,000), respectively. While the state of COVID-19 imposed lockdown is not sustainable, these 
findings illustrate the potential health benefits gained by reducing “business as usual” air pollutant emissions 
from economic activities primarily through finding alternative transportation solutions.   

1. Introduction 

Long-term exposure to air pollution including fine particulate matter 
with a diameter less than 2.5 μm (PM2.5) and ozone (O3) are estimated to 
be associated with ~8.8 million excess deaths from acute respiratory 
infections and non-communicable diseases annually (Burnett et al., 
2018; Chowdhury et al., 2020; Lelieveld et al., 2020), while exposure to 
nitrogen dioxide (NO2) results in 4 million new pediatric asthma cases 
annually (Achakulwisut et al., 2019). Despite the apparent global air 
pollution “pandemic”, anthropogenic emissions continue to increase in 
most low- and middle-income and some high-income nations (Crippa 
et al., 2018; Hoesly et al., 2018; Li et al., 2017). With the rapid emer
gence of the recent coronavirus (COVID-19), and the associated gov
ernment enforced lockdown measures aimed at containment, economic 
activity, particularly in the transportation sector, has dramatically 
reduced in many countries (Cohen and Kupferschmidt, 2020; Venter 
et al., 2020). Lockdown measures have included partial or complete 
closure of international borders, schools, small business and even 
restricted citizen mobility in some countries. 

The reductions in traffic and industry were associated with decreases 

in surface concentrations of air pollutants worldwide (Bao and Zhang, 
2020; Dantas et al., 2020; Muhammad et al., 2020; Nakada and Urban, 
2020; Venter et al., 2020). These changes offer an unprecedented op
portunity to estimate the short-term effects of the enforced lockdown on 
global human health burden attributable to air pollution. We utilized 
ground-level measurements from >10,000 air quality stations in 34 
countries after accounting for meteorological variations to make explicit 
links between air pollutant changes and the associated public health 
burden. The detailed methodology on estimating the air pollutant 
anomalies due to enforced lockdowns is described elsewhere (Venter 
et al., 2020), which we will refer to frequently in this article. In this short 
communication we use established exposure-response functions to es
timate mortality and pediatric asthma emergency room visits (ERVs) 
that have potentially been avoided due to air pollution declines during 
lockdown. 
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2. Methods 

2.1. Estimating the air pollutant anomalies 

We obtained the data for NO2, O3 and PM2.5 from >10,000 in-situ air 
quality monitoring stations across the 34 countries considered in this 
study. The countries were chosen based on the availability of air quality 
data and represent mostly industrialized nations. Data were obtained 
from January 2017 until 15 May 2020. These data were accessed from 
the OpenAQ Platform (www.openaq.org) and originate from govern
ment- and research-grade sources. Commencement dates of enforced 
lockdown were obtained for each country to isolate the effect of COVID- 
19 mitigation measures by calculating lockdown pollutant levels for 
each country separately. For countries with variable internal lockdown 
dates (e.g. variation between states in the USA), we used the average 
starting date over the country. As air pollution anomalies measured 
during lockdowns are not necessarily attributable to localized reduction 
of economic activity, but may also be influenced by meteorological 
variability during the lockdown periods, we built a weather-benchmark 
model to separate the impact of prevailing meteorological conditions. 
We defined lockdown air pollution anomalies as the difference between 
population weighted observed pollutant concentrations and the 
population-weighted weather-benchmark concentrations for lockdown 
dates up until 15 May 2020. These anomalies were utilized to estimate 
the resultant changes in air pollution related health burden associated 
with the COVID19 imposed lockdowns. For details on the methodology 
to estimate the air pollution anomalies and meteorological control 
please refer to Venter et al. (2020). 

2.2. Linking air pollution anomalies to public health burden 

To relate COVID-19 lockdown air pollution anomalies to all-cause 
(based on historical data and therefore excluding COVID-19 as a 
cause) mortality and pediatric asthma exacerbation we applied short- 
term (daily) exposure-response relationships reported in the recent 
literature. We obtained relative risks from recent studies on the rela
tionship between daily mortality and O3 (Vicedo-Cabrera et al., 2020) 
and PM2.5 (Liu et al., 2019) resulting from the Multi-City Multi-Country 
(MCC) Collaborative Research Network (Gasparrini et al., 2015). For 
NO2-mortality responses, we used relative risks reported in a 
meta-analysis which accounted for the effect of particulate matter to 
extract excess mortality solely attributable to NO2 (Mills et al., 2016). 
Pediatric (<18 years) short-term relative risks for asthma-related 
emergency room visits (ERVs) in response to NO2, O3 and PM2.5 were 
derived from a global meta-analysis of 87 studies (Zheng et al., 2015). 
These data are not country-specific and we therefore applied the same 
relative risk rate to all countries in our study. 

The daily health burden (mortality and asthma ERVs) for each 
country was derived with the formula:where Mo is the baseline mor
tality rate or asthma ERV incidence rate (/100,000 population per year) 
and Pop is the total population. Mo for mortality or asthma were ob
tained from the Institute for Health Metrics and Evaluation (IHME) for 
the 34 countries in our study (Roth et al., 2018), downloadable at the 
GDBx platform (http://ghdx.healthdata.org/). We used country-specific 
fractions of asthmatics visiting emergency rooms reported in Anenberg 
et al. (2018) to calculate Mo for asthma exacerbation. Population esti
mates for 2020 were calculated using the Gridded Population of the 
World (GPWv14) dataset (“Gridded Population of the World, Version 4 
(GPWv4): Population Count, Revision 11,” 2018). RR is the relative risk 
derived from the literature after log-linear transformation. We used 
log-linear transformation as adopted by many others to prevent as
sumptions of linearity in the relationship between pollutant concentra
tions and health outcome (Achakulwisut et al., 2019; Anenberg et al., 
2018; Chowdhury et al., 2020). We derive the transformed RR using: 

RR = e− β ×(α− γ)

where α is the pollutant concentration and γ is the low concentration 
threshold below which there is no risk of mortality or asthma incidence. 
Low concentration thresholds were derived from the associated litera
ture for O3 (Vicedo-Cabrera et al., 2020) at 70 μg m− 3; PM2.5 (Liu et al., 
2019) at 4.1 μg m− 3 and NO2 (Achakulwisut et al., 2019) at 2 ppb. Here β 
is defined by the function:where λ is the relative risk reported in the 
literature and ẟ is the concentration increment used. All three studies 
reported results relative to increments of 10 μg m− 3. 

The air pollution health burden anomaly coincident with COVID-19 
lockdown was defined as: 

Δ HB = HBobserved − HBbenchmark  

where observed health burden was calculated based on actual pollutant 
concentrations and the benchmark values were those predicted from the 
weather benchmark model. We used 95% confidence intervals reported 
in the literature to derive uncertainty margins around our change 
estimates. 

3. Results 

As of 15 May 2020, of the 34 countries considered in this study, 
China (113 days) and Italy (84 days) enforced the longest lockdowns 
while Sweden (40 days) imposed the shortest. During lockdown dates, 
population-weighted global ground-level NO2 concentrations were on 
average 60% (population-weighted mean with 95% confidence interval 
48%–72%) lower than those expected provided the prevailing meteo
rological conditions and time of year (weather-corrected benchmark). 
Similarly, global population-weighted PM2.5 declined by 31% (17%– 
45%), whereas O3 increased by 4% (− 2%–10%). We refer the readers to 
Venter et al. (2020) for elaborated and country-specific results on air 
pollution anomalies during the lockdown. 

Using the weather-corrected ground-level air pollution anomalies 
during lockdown in combination with published exposure-response 
functions for NO2, O3 and PM2.5, we estimated changes in daily all- 
cause mortality and pediatric asthma emergency room visits (ERVs). 
We estimate a total of 49,900 (11,000 to 90,000) excess deaths and 
89,000 (64,700 to 107,000) pediatric asthma ERVs avoided across 34 
countries with recorded COVID-19 mitigation measures (Fig. 1; 
Table S1). The number of PM2.5-related excess deaths avoided (52,000; 
103,00 to 94,600) exceeded those related to NO2 (4300; 2400 to 6300). 
The increase in O3 concentrations means that an additional 7300 (1100 
to 13,000) excess deaths have likely occurred. NO2 reductions contrib
uted to more avoided pediatric asthma ERVs (80800; 64500 to 96400) 
compared to PM2.5 (19500; 7300 to 24600). In China and India alone, 
the PM2.5-related reductions in excess mortality burden were 19,600 
(15,300 to 24,000) and 30,500 (5700 to 68,000), respectively (Fig. 1; 
Table S1). These are countries with both the highest baseline pollution 
levels and population densities, and therefore have the most to gain from 
pollutant declines. The corresponding numbers for all the 34 countries 
are presented in SI Table 1. 

4. Discussion 

We estimate that during the 2-3-month lockdown periods these 
pollution anomalies have significantly reduced the global burden of 
disease. We by no means imply that global pandemics such as the 
COVID-19, nor lockdown actions, are beneficial for public health. 
However, we suggest the current situation is a useful lens through which 
we can view the global air pollution “pandemic”. Time will tell how 
significant the overall change in health burden has actually been. 
Nevertheless, the early evidence presented here suggests it is likely 
significant. Reduced excess mortality from air pollution thus appears to 
be a co-benefit to the reduced number of COVID-19 deaths from the 
lockdown measures, although more accurate, quantitative assessments 
must await termination of the crisis. 
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Making explicit links between ambient air pollution and human 
health burden relies on several assumptions that are difficult to verify a 
priori. First, using relative risk rates from select meta-analyses and 
multi-city (n > 406) short-term time-series association studies (Liu et al., 
2019; Mills et al., 2016; Vicedo-Cabrera et al., 2020; Zheng et al., 2015) 
to make inferences over entire countries rests on the assumption that 
city- or cohort-specific response rates are generalizable to broader 
populations. Similarly, generalizing point-based air pollution measure
ments to larger regions and countries may not be accurate given that air 
quality can be spatially variable. While this is likely to introduce un
certainty, the dearth of representative data necessities these general
izations, and this approach has been used by numerous studies at the 
global scale (Achakulwisut et al., 2019; Chowdhury et al., 2020; Lelie
veld et al., 2020). Further, we acknowledge that our results may be 
affected by harvesting effects (Schwartz, 2001), where deaths attributed 
to air pollution might have otherwise occurred in the immediate future. 
Note that this also applies to death counts attributed to COVID-19. We 
also acknowledge that altered mobility patterns have changed the time 
people spent indoors and we do not account for indoor sources of PM2.5 
pollution which are unlikely to be reduced by lockdown measures 
(Aunan et al., 2018; Shen et al., 2020). As smoke from household stoves 
adds substantially to population exposure for those who depend on solid 
fuels, accounting for ambient air pollution only could imply a misclas
sification of exposure and biased health burden estimates (Shen et al., 
2020). The additional health burden observed due to increases in ozone 
may be partially explained by ozone’s seasonality, with summer time 
peaks in the northern hemisphere. Finally, the baseline mortality rates 
available to us are from 2017 and therefore may be prone to ignoring 
before and after COVID-19 onset differences in baseline mortality 
incidence. 

Despite these assumptions and the associated uncertainty, the anal
ysis and results presented here can provide useful insights to raise 
awareness and orientate interventions regarding the global effects of air 
pollution on human health. They should be interpreted as preliminary 
lessons from the Corona crisis. As the science evolves, and the COVID-19 
pandemic plays out, empirical data will emerge to fill in the knowledge 

gaps and uncertainties associated with air pollution health burden 
attribution. More data will be needed to fully account for lockdown- 
induced changes to cofactors like hospital capacity, alcohol use and 
mental health, which have been significantly altered by declines in 
economic activity. Further, we were not able to calculate the extent to 
which air pollution reductions have mitigated COVID-19 deaths. For 
instance, positive associations have been reported between air pollution 
and SARS case fatalities in China during 2003 (Cui et al., 2003) and 
preliminary analysis has revealed similar patterns for COVID-19 (Con
ticini et al., 2020; Wu et al., 2020). Therefore, our estimates may 
represent lower limits after considering the air pollution reductions as a 
cofactor in COVID-19 case recoveries. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.envres.2020.110403. 

Fig. 1. Post-lockdown health burden changes attributable to air pollution. Air pollution anomalies during lockdown are converted to changes in mortality and 
asthma exacerbation (n = 34 countries). Total health burden avoided (-ve) and incurred (+ve) values are presented with bars along a log-transformed x-axis. 95% 
uncertainty intervals are marked with error bars. Hollow bars represent estimates where the change in pollutant concentrations were not significant (p > 0.05) after 
accounting for weather variations. 
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Lelieveld, J., Pozzer, A., Pöschl, U., Fnais, M., Haines, A., Münzel, T., 2020. Loss of life 
expectancy from air pollution compared to other risk factors: a worldwide 
perspective. Cardiovasc. Res. https://doi.org/10.1093/cvr/cvaa025. 

Li, C., McLinden, C., Fioletov, V., Krotkov, N., Carn, S., Joiner, J., Streets, D., He, H., 
Ren, X., Li, Z., Dickerson, R.R., 2017. India is overtaking China as the world’s largest 
emitter of anthropogenic sulfur dioxide. Sci. Rep. 7, 14304. https://doi.org/ 
10.1038/s41598-017-14639-8. 

Liu, C., Chen, R., Sera, F., Vicedo-Cabrera, A.M., Guo, Y., Tong, S., Coelho, M.S.Z.S., 
Saldiva, P.H.N., Lavigne, E., Matus, P., Valdes Ortega, N., Osorio Garcia, S., 
Pascal, M., Stafoggia, M., Scortichini, M., Hashizume, M., Honda, Y., Hurtado- 
Díaz, M., Cruz, J., Nunes, B., Teixeira, J.P., Kim, H., Tobias, A., Íñiguez, C., 
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