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Abstract

A research hypothesis on the nexus between air pollution and adverse COVID-19

outcomes postulates that particulate matter (PM) can be a carrier of the virus. Pre-

liminary evidence through analysis of small PM samples has shown that this is the

case but the strength of the transmission channel (impact of it on confirmed cases

and deaths) has not been tested. We perform this test on daily atmospheric data at

European regional level provided by the Copernicus Atmosphere Monitoring Service

(CAMS) and find that air concentration of PM2.5 and PM10 positively affects con-

firmed cases and deaths, the effect peaking at 6-8 day lags for confirmed cases and 13th

lag for deaths. The nexus is robust after controlling for fixed effects and under several

robustness and causality checks.
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1 Introduction

The COVID-19 pandemic is the major world shock after the second world war. The shock

is deeply challenging our life, making us aware of exposure to pandemic risk and stimulating
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the minds of researchers and policymakers to a deeper investigation of the phenomenon in

order to understand causes, consequences and policy remedies. The two most important

directions of reflection and analysis are on the positive and normative side. On the positive

side the scientific community investigates potential drivers of the phenomenon and reasons

for the heterogeneity of its effect in different geographical areas. Results on the positive side

are in turn fundamental to devise proper future policy strategies aimed at reducing exposure

to pandemic risk and the likelihood of future shocks that could eventually lead to other

lockdowns of economic activities with deep consequences on the creation of economic value,

employment and wellbeing.

Our paper aims to contribute to this literature by using atmospheric data at European

regional level in order to test a research hypothesis on the effects of quality of air on con-

firmed cases and deceases. On this specific point it is well established that air pollution

contributes to premature mortality on a global scale (Lelieveld et al. (2015)) and exposure

to air pollutants may as well increase the vulnerability of the population to viruses (Cui et al.

(2003)). The epidemiology of COVID-19 is evolving, and there is now a growing literature

that points the finger at what seems to appear as an overlap between total deaths from

COVID-19 and the long-term exposure to fine particulate matter (Wu et al. (2020)).

The literature identifies two possible directions in the relationship between particulate

matter and COVID-19 confirmed cases and deaths. First, long term exposure to particulate

matter has been shown to be correlated with respiratory and pulmonary diseases, including

hospital emergency admissions related to such diseases by a consolidated body of theoretical

and empirical research well before the COVID-19 pandemics (see among others the survey

of Pope III and Dockery (2006)). This nexus has found consistent evidence in empirical

papers testing the relationship between particulate matter and COVID-19 confirmed cases

and deaths (Becchetti et al. (2020); Wu et al. (2020); Coker et al. (2020)). Second, partic-

ulate matter has been identified as a possible carrier of the COVID-19 virus in Italy and

Germany (Setti et al. (2020), Isphording and Pestel (2020)). This second research hypothesis

is under-researched on the empirical side and postulates that the concentrations of atmo-

spheric particulate matter, as a vehicle for the virus, in some territorial areas may also have

influenced environmental conditions unfavorable to the rate of viral inactivation (e.g. tem-

perature, solar radiation, humidity). The role of aerosol particles as virus carriers is also
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quite well documented in the scientific literature, while the role of this aerosol-driven trans-

mission mechanism in the diffusion of the COVID-19 is still under debate and investigation

(Asadi et al. (2020); Contini and Costabile (2020)), as well as the role of meteorological

parameters (e.g. temperature, solar radiation, humidity) on it (Sajadi et al. (2020)). At

present, the role that air pollution could play in the spread of COVID-19 (SARS-CoV-2)

still requires investigation. A recent study indicates that the stability of SARS-CoV-2 was

similar to that of SARS-CoV-1 under the lab experimental circumstances tested. Prelimi-

nary results indicate that aerosol and fomite transmission of SARS-CoV-2 is plausible, since

the virus can remain viable and infectious in aerosols for hours and on surfaces up to days

(van Doremalen et al. (2020)).

A common characteristics of all empirical papers testing the two research hypotheses on

the nexus between air quality and COVID-19 outcomes is the focus on a single country. Our

work is the first, to our knowledge, investigating the phenomenon at cross-country European

level. Details on the two hypotheses and the related literature are provided in the section

that follows. In our empirical analysis we focus on the second research hypothesis and test

whether daily lags of PM exposure affect confirmed cases and deaths at the European level.

Our findings show that lagged PM10 and PM2.5 are significantly and positively correlated

with confirmed cases and, to a weaker extent, deaths in the European regions, with the first

correlation peaking at lag 6 and the second at lag 13. Our results are robust after controlling

for the effect of country/region specific lockdown decisions and for nonsynchronous linear,

quadratic and cubic trends starting when the number of confirmed cases is above 100 in a

given region in order to capture the local ‘deterministic’ dynamics of the contagion. They as

well find correspondence in instrumental variable estimates and in panel Granger-causality

estimates showing that PM10 and Pm2.5 start Granger-causing confirmed cases and deaths

after the first lags. We as well show that our results are robust to several robustness checks.

2 Research hypothesis

Two different hypotheses on the effects of particulate matter on COVID-19 outcomes have

been developed after the epidemic outbreak.

The first relies on the literature surveyed by Pope III and Dockery (2006) and on a large
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number of empirical papers finding a significant nexus between long term PM exposure and

respiratory and pulmonary diseases, eventually leading to emergency hospital recoveries or

more adverse outcomes such as deceases. From a medical point of view the rationale for

this effect is based on the impact that particulate matter has in reducing the efficiency of

lungs and in worsening the effects of viruses on respiratory and pulmonary diseases. Most of

the empirical studies surveyed by Pope III and Dockery (2006) find a strong nexus between

exposure to PM, pulmonary diseases and emergency hospital admissions (see Neupane et al.

(2010); Medina-Ramón et al. (2006); Xu et al. (2016); Zanobetti and Schwartz (2006);

Luginaah et al. (2005) among others). It is a singular coincidence that two of these pre-

COVID-19 studies where run respectively in Milan (Santus et al. (2012)) and Wuhan (Zhang

et al. (2015)). The hypothesis of the nexus between historical levels of PM and COVID-

19 confirmed cases and deaths is tested by Wu et al. (2020) finding that long-term average

exposure to fine particulate matter (PM2.5) has a positive and significant impact on COVID-

19 deaths in the United States (where an increase of 1 μg/m3 in PM2.5 has been associated

with a 15% increase in the COVID-19 death rate). Becchetti et al. (2020) find a similar

result on Italian provinces and municipalities (2020). Their estimated coefficients imply a

difference from the highest to the lowest PM province of 2,940 confirmed cases and 1,361

deaths per month per million inhabitants for PM10, and a difference of 3,160 confirmed cases

and 1,456 deaths per month per million inhabitants for PM2.5.

A second hypothesis argues that particulate matter can be a carrier of the SARS-COV

virus and therefore contribute to spread the disease. Setti et al. (2020) find preliminary

evidence in support of this hypothesis showing the presence of SARS-CoV-2 viral RNA by

detecting highly specific RtDR gene on 8 filters in two parallel PCR analyses on 34 PM10

samples of outdoor/airborne PM10 in Bergamo Province.

The same authors conclude that the observation that particulate matter can carry the

virus does not answer to the question of the consequences in terms of confirmed cases and

deaths since the viral charge of the virus transported by the particulate matter is not known.

Our paper may contribute to answer to this question by testing the nexus between daily

levels of PM during the epidemic and adverse COVID-19 outcomes. To our knowledge, the

only attempt to test for this research hypothesis comes from Delnevo et al. (2020) showing

that lagged PM Granger-causes adverse COVID-19 outcomes in several provinces of Emilia-
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Romagna in Italy and Isphording and Pestel (2020) finding a significant nexus in German

regions.

3 Data and estimation model

Our data come from different sources. The dependent variables are officially recorded num-

bers of confirmed cases and of deaths due to the Covid-19 pandemic. Nationals’ official

databases at the regional level and (or) GitHub official repositories have been used as sources

of information to the extent that they guaranteed continuous and reliable daily updates at

the lowest territorial unit. Such criteria were met at NUTS 2 level for Italy, Portugal, Spain,

Sweden and Switzerland and at a NUTS 1 level for France and Germany. Furthermost is-

lands were excluded from the study, namely the Canary Islands, Madeira and the Azores

as well as the Spanish exclaves of Ceuta and Melilla to avoid possible biases arising from

complex geographic outliers.

Regressors can be divided in two categories: remote sensed data and socio economic

variables. As for the socio economic variables, data regarding GDP, population, number of

hospital beds per 100,000 inhabitants and NUTS surfaces in square kilometres were collected

mostly from Eurostat databases and national statistical offices’ archives. All data have been

aggregated at regional level in accordance with those of the independent variables.

Atmospheric and air quality data have been bulk downloaded from the public databases

of the European Centre for Medium-Range Weather Forecasts (hereafter Ecmwf) called

‘CAMS Near-Real Time’ in order to grid cover the entire area of interest with a spatial

uniform distribution of points lagged one decimal degree latitude and one decimal degree

longitude with the closest neighbour. That enabled us to have a composite picture of all

regions in near-real time.

Information regarding temperature, ozone, carbon monoxide, nitrogen dioxide and par-

ticulate matter with two different diameters: 2.5 μm and 10 μm was extracted for each point

and subsequently aggregated to the corresponding NUTS level the points were located in

(an example of the geographical distribution of our data points is provided in Figure 1).

Air temperature is calculated at 2 meter height by interpolating the lowest altitude of

the atmospheric model and the Earth surface. All other variables are expressed in micro-
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grams/kilogram of air.

Using atmospheric data on air pollution instead of those collected with the monitoring

post units presents several advantages. Monitoring post units are in general concentrated

in the main urban centers and therefore do not ensure full coverage of the European area.

As well, their specific location may create a bias since accumulation of particulate matter

may vary significantly even at small distances due to specific conditions (i.e. location close

to traffic areas, distance from urban green areas, etc.). Atmospheric data do not have this

problem, ensure full coverage on a global scale and, specifically, are by definition averages of

spatial particulate matter distribution in a given portion of the European area.

Using information from the above described database we test our research hypothesis

with the following fixed effect specification

CV 19−Outcomeijt = α0 +
l∑

k=1

αkPMik,t−k + β1Tijt + β2T
2
ijt ++β3T

3
ijt+

+ β4LockdownDaysijt + β5DHotTemperatureijt+

+ β6DColdTemperatureijt + ηi + uijt

(1)

where CV 19−Outcome is, alternatively, the number of new confirmed cases or the number

of deaths in day t for the i-th European region of the j-th European country. Our main

variable of interest is the pollution (PM) variable. We use in turn PM2.5 and PM10, which

are the two fine particulate matter variables measured as average values in μg/m3 . Based

on the epidemiological literature we expect that the effect of PM can be significant at lags

above 4 in terms of confirmed cases and above 12 in terms of deaths. We therefore focus on

those lags in our estimates1.

The first control in our estimate is represented by the linear, quadratic and cubic trend

variables that capture the dynamics of the pandemic at European nuts level. More specifi-

cally, the three variables are non synchronous as they take value one in the i-th region since

the first day in which the number of confirmed cases is above 100. This first set of controls

is fundamental to capture the intrinsic dynamics of the epidemics that, based on epidemio-

1 Li et al. (2020) estimate at 5.2 days (4.1-7.0 the estimate interval) the coronavirus mean incubation
period considering the interval from infection to the illness onset. The median incubation period is esti-
mated between 5 and 6 days by the World Health Organisation (2020). The median interval between onset
and hospitalization is calculated at 4 days (Docherty et al. (2020); Chen et al. (2020)), while the average
hospitalization period of deceased patients is calculated at 9 days with New York data.
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logical theories, is expected to have a nonlinear dynamics that the three time trend variables

can capture. Among other time varying controls we introduce a variable (LockdownDays)

measuring European region specific trends taking nonzero values since the beginning of the

regional lockdown decision (the timeline of lockdown decisions in European regions is pro-

vided in Table 1). These controls capture the effects of the physical distancing measures.

Last, we introduce dummies for cold temperature (taking value one if the temperature of

the day is below 5 Celsius) and for warm temperature (taking value one if the temperature

of the day is above 26 Celsius).

All other time invariant controls at EU regional level are captured by fixed effects. The

use of fixed effects involves a trade-off since it absorbs also the time invariant effect of PM

on our dependent variable. As explained in section 2 this effect is important given the ample

empirical findings on the nexus between long term exposure to PM and respiratory and

pulmonary diseases. In our cases however, controlling for fixed effect, has the advantage of

netting out the long term exposure effect from the PM carrier effect therefore helping us to

test our specific research hypothesis focusing on particulate matter as potential carrier of

the virus.

With fixed effects we as well capture at least other five relevant variables:

(i) the local industry breakdown affecting the contagion spread since some economic ac-

tivities require more human interactions than others;

(ii) the quality of the local health system (ie. number of beds in emergency units, qual-

ity of the decentralised local health system avoiding hospital congestion which vary

significantly at regional level);

(iii) the demographic structure of the population where a higher share of the elders in the

local population can affect the probability of confirmed cases and deaths;

(iv) the structure of the elders’ assistance where a higher share of elders in large hospices

is a higher factor of risk for adverse COVID-19 outcomes;

(v) the structural commuting flows in the different regions depending on population density

and average distance between home and work place.

Standard errors of our estimates are clustered at European regional level.
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4 Empirical findings

Variable legend and descriptive statistics of the variables used in the econometric analysis

are provided in Tables 2 and 3. Findings from the specification presented in Tables 4 and

5 show that lagged PM10 and PM2.5 values are positive and significant. If we consider the

fully augmented estimate of column 4 we find that lags 6 and 7 are those with the stronger

significance. These results provide support to the hypothesis that particulate matter can be

carrier of the virus and that the carried virus has enough viral charge to cause confirmed

cases. Looking at our fully augmented estimate we find that the area of significance can

be extended also to lag 9 and back to lag 4. Linear, quadratic and cubic non-synchronous

regional trends are all significant and with the expected sign and the same occurs for dummies

capturing country/region specific lockdown decisions. In terms of economic significance we

find that a difference of 100 grams per square meter of PM10 creates at lag 7 (the lag with the

highest and more significant coefficient) 262 cases more per months per million inhabitants,

while a difference of the same magnitude for PM2.5 at lag 7 is more than twice stronger (636

cases more).

Results on the relationships between lagged particulate matter and COVID-19 deaths

are significant but weaker than those on confirmed cases (Tables 6 and 7). Lag 13 is the only

significant lag and statistical significance is higher for PM10 than for PM2.5. The coefficient

magnitude is as well smaller than that of the contagion estimate. In this case a difference

of 100 grams per square meter at lag 13 is associated to 42.6 additional deaths per month

for PM10 and 177 deaths for PM2.5. To interpret this finding we consider that the viral

charge of the virus transported by PM should be weaker in proportion to the time passed

outside human body. Hence, it is reasonable that the impact is stronger on confirmed cases

and weaker on deaths.

5 Robustness check and discussion

As a first robustness check we test whether the significance of the relevant lagged PM vari-

ables in the fully augmented specification of column 4 is affected by the presence of outliers.

We repeat the estimates by removing one of the 86 considered European regions at a time.

We do not find that significance of the relevant coefficients falls below the 95 percent signifi-
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cance threshold in any of the 86 cases neither for confirmed cases nor for deaths (Table A1).

We repeat the same exercise using countries instead of regions and find as well confirmation

that our results do not depend on country outliers (Table A2).

We as well perform a robustness check around the contagion dynamics variables. First,

we test what happens when using 50 confirmed cases in the region as starting points for

linear, quadratic and cubic trends. We as well perform an estimate where contagion trends

are calculated at national level starting after 100 cases. The significance of the PM variables

remains unchanged in both cases (Tables 8a and 9a). We as well introduce lagged cold and

warm temperature values. They are not significant and do not weaken the impact of PM

variables2.

We then perform a panel Granger-causality test to see whether our results find corre-

spondence in an alternative model testing whether PM Granger causes confirmed cases and

deaths. The estimated model is

CV 19−Outcomeijt = α0 +
l∑

k=1

βkCV 19−Outcomeij,t−k + uit (2)

more specifically the test leads to the null of no causation when in at least one region

Granger causality temporally works. Our findings show that the null of no Granger-causality

is rejected starting from the 4th lag in case of confirmed cases (Table 10).

We must obviously wonder when interpreting our results whether there can be observa-

tional equivalence with inverse causation. When contagion and death grows regional and

national government are induced to operate lockdowns that reduce some of the activities con-

tributing to the diffusion and presence of PM. As is well known the largest part of them is

due to house heating (a factor therefore unaffected by confirmed cases), but other important

drivers are emissions from transportation means, agricultural and industry activity3. Some

of these activities can experience a sharp reduction during lockdowns and also before them

due to the autonomous citizens’ decisions for fear of contagion. If this is the case however

2 Estimates findings are omitted for reasons of space and available upon request.
3 According to the EU the level of polluters dangerous for our health - particulate matter (PM2.5, PM10),

sulphur dioxide (SO2) and nitrogen dioxide (NO2) - depends in various proportion by different emission
sources (house heating, transportation, sources of energy, manufacturing and agricultural activity) and
weather and geographical conditions. In the EU house heating is by far the most important source for PM
(42 percent for PM10 and 57% for PM2.5), while transportation (39 percent) and energy sources (31 percent)
for sulphur dioxide. However, these shares may vary significantly in different regions (ECA, 2018)
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we should expect that confirmed cases and deaths should lag PM and not vice versa.

Our final causality test we instrument lagged PM with its 5-day (weekly) difference at

the same lag in the contagion and death estimates. First stage regressions show that the

instrument is relevant, while second stage regressions that the instrumented PM variable is

significant. The validity of the instrument is supported by the lack of significance of the

instrument when used as regressor in our fully augmented specification in (1). PM variables

remain significant when instrumented in the IV estimates (Table 11) and instruments are

relevant as shown by first stage estimates (Table 13). Their lack of significance when used

as regressors in the estimate of drivers of confirmed cases and deaths support the hypothesis

of their validity.

6 Conclusions

Two theoretical hypotheses postulate that particulate matter increases COVID-19 confirmed

cases and deaths. The first hinges on the wide range of pre-COVID-19 medical studies

showing a nexus between long term exposure to PM2.5 or PM10, on the one side, and

respiratory and pulmonary diseases, on the other side. The second argues that particulate

matter can be carrier of the virus therefore easing virus circulation and, with it, confirmed

cases and deaths. Our empirical analysis tests the second research hypothesis looking at the

effects of daily lagged concentrations of particulate matter on adverse COVID-19 outcomes

(confirmed cases and deaths) at European regional level.

Our econometric findings show that the nexus is significant and robust at lags that

broadly correspond to those predicted by the theory (6-8 days for confirmed cases, 13 days

for deaths) after controlling for non-synchronous region specific dynamics of the epidemics,

effects of lockdown decisions and regional fixed effects.

We acknowledge and discuss in the paper the measurement characteristics of our two

main variables of interest. We argue that the use of atmospheric data for pollution is a

convenient choice overcoming country differences in potential biases arising from country

specific policies in data collection with local monitoring posts. As well, the significance of

our findings over different European countries provides significant evidence on the nexus

between quality of air and COVID-19 adverse outcomes going beyond limits and biases in
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collecting information on confirmed cases and deceases with strategies that may significantly

vary from country to country (region to region) due to specific health policies.

Our findings and similar ones in the literature can contribute to provide information

on the health effects of reduction of particulate matter helping to evaluate benefits from

replacing old vintage polluting techniques and replacing with new ones. What we find could

stimulate further research to test whether results persist outside Europe in areas where

climatic and seasonal conditions at the time of the epidemics where markedly different. It

would as well be important and interesting to see how the two channels of the effect (long

term exposure and PM as a carrier) of particulate matter on COVID-19 epidemics identified

by the literature could interact and combine with each other.

Our findings have deep policy implications. According to the World Health Organisation

particulate matter is responsible of a large number of deaths every year for its contribu-

tion to respiratory, cardiovascular and cancer deceases. The post-COVID-19 evidence adds

another channel through which PM can negatively affect health and therefore strengthens

even more motivations for reducing them. As is well known, levels of PM depend for a small

part (around 10 percent) from factors beyond human control such as meteorological events.

The largest part of their drivers (non environmental friendly house heating, transportation,

industry and agricultural practices) are under our control. It is therefore urgent and of fore-

most importance to continue and become more effective in policies for ecological transition

that help us to move to new and more sustainable policies using new vintage technologies

that limit the production of particulate matter thereby improving the quality of air.
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Table 1: Timeline of lockdown decisions in European regions

Country (or region) Start lockdown End lockdown
France 17 March 2020 11 May 2020
Italy 9 March 2020 3 May 2020
Lombardy (Italy) 8 March 2020
Germany∗ 22 March 2020 6 May 2020
Bavaria (Germany)∗∗ 20 March 2020
Portugal 18 March 2020 2 May 2020
Spain 14 March 2020 9 May 2020
Sweden∗∗∗ – –
Switzerland 13 March 2020 24 April 2020
∗Social distancing, ∗∗ Lockdown
∗∗∗No lockdown nor social distancing
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Table 2: Variable legend

Deaths COVID-19 deaths per 100,000 Nuts region
inhabitants

Confirmed Cases COVID-19 confirmed cases per 100,000 Nuts
region inhabitants

PM10 Average daily PM10 values in μg/m3 regis-
tered by environmental monitoring units at
European Nuts level

PM2.5 Average daily PM2.5 values in μg/m3 regis-
tered by environmental monitoring units at
European Nuts level

DummyHotTemperature Dummy taking value one in days in which
the average temperature provided by the
Copernicus Atmosphere Monitoring Service
(CAMS) is above 25 degrees Celsius in the
European region

DummyColdTemperature Dummy taking value one in days in which
the average temperature provided by the
Copernicus Atmosphere Monitoring Service
(CAMS) is below 6 degrees Celsius in the Eu-
ropean region

T Linear trend originating the day in which
the European region passes the 100 cases
threshold

T 2 Quadratic trend originating the day in which
the European region passes the 100 cases
threshold

T 3 Cubic trend originating the day in which
the European region passes the 100 cases
threshold

LockdownDays Trend originating the first day the European
region is under lockdown
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Table 3: Descriptive statistics

Variable Obs Mean Std. Min Max
Deaths 11,094 0.264 0.609 0.000 11.847
Confirmed Cases 11,094 2.481 4.957 0.000 76.857
PM10 11,094 19.193 17.901 0.011 347.508
PM2.5 11,094 7.723 5.644 0.008 52.073
DummyHotTemperature 11,094 0.018 0.134 0.000 1.000
DummyColdTemperature 11,094 0.328 0.470 0.000 1.000
T 11,094 24.322 26.640 0.000 95.000
T 2 11,094 1301.201 1854.702 0.000 9025.000
T 3 11,094 78873.570 135914.200 0.000 857375.000
LockdownDays 11,094 9.948 16.096 0.000 60.000
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Table 4: Lagged PM10 and COVID-19 confirmed cases

Variables (1) (2) (3) (4)
PM10t−1 0.00595∗ 0.00281 0.00117 -0.000296

(0.00304) (0.00244) (0.00189) (0.00189)
PM10t−2 0.00339 0.00109 -0.000590 -0.00141

(0.00233) (0.00189) (0.00163) (0.00169)
PM10t−3 0.00690∗∗ 0.00534∗ 0.00340 0.00273

(0.00336) (0.00289) (0.00238) (0.00235)
PM10t−4 0.00783∗∗∗ 0.00641∗∗∗ 0.00423∗∗ 0.00379∗∗

(0.00276) (0.00222) (0.00165) (0.00155)
PM10t−5 0.00901∗∗ 0.00760∗∗ 0.00463∗ 0.00409∗

(0.00351) (0.00318) (0.00253) (0.00245)
PM10t−6 0.0120∗∗∗ 0.0100∗∗∗ 0.00734∗∗∗ 0.00642∗∗∗

(0.00375) (0.00306) (0.00240) (0.00232)
PM10t−7 0.0136∗∗∗ 0.0129∗∗∗ 0.00914∗∗∗ 0.00875∗∗∗

(0.00451) (0.00406) (0.00330) (0.00326)
PM10t−8 0.00820∗∗ 0.00765∗∗∗ 0.00458∗∗ 0.00473∗∗

(0.00318) (0.00269) (0.00214) (0.00214)
PM10t−9 0.0105∗∗ 0.00922∗∗ 0.00687∗∗ 0.00682∗∗

(0.00436) (0.00382) (0.00326) (0.00321)
PM10t−10 0.00773∗ 0.00731∗∗ 0.00470 0.00394

(0.00402) (0.00347) (0.00298) (0.00297)
PM10t−11 0.00547∗ 0.00601∗∗ 0.00269 0.00222

(0.00294) (0.00260) (0.00185) (0.00183)
PM10t−12 0.00728∗∗ 0.00695∗∗∗ 0.00341∗ 0.00354∗

(0.00296) (0.00258) (0.00197) (0.00199)
PM10t−13 0.00814∗∗∗ 0.00749∗∗∗ 0.00399∗∗ 0.00365∗∗

(0.00292) (0.00217) (0.00158) (0.00157)
PM10t−14 0.0111∗∗∗ 0.00911∗∗∗ 0.00568∗∗ 0.00565∗∗

(0.00397) (0.00301) (0.00237) (0.00234)
PM10t−15 0.00897** 0.00762∗∗∗ 0.00394∗ 0.00413∗

(0.00380) (0.00287) (0.00221) (0.00224)
PM10t−16 0.00830∗∗∗ 0.00485∗∗∗ 0.00225 0.00183

(0.00262) (0.00155) (0.00145) (0.00137)
PM10t−17 0.0111∗∗∗ 0.00899∗∗∗ 0.00532∗∗ 0.00513∗∗

(0.00368) (0.00281) (0.00250) (0.00247)
PM10t−18 0.00800∗∗∗ 0.00396∗∗∗ 0.00225 0.00236

(0.00220) (0.00144) (0.00164) (0.00159)
PM10t−19 0.0149∗∗∗ 0.00941∗∗∗ 0.00738∗∗∗ 0.00768∗∗∗

(0.00449) (0.00279) (0.00219) (0.00219)
PM10 0.0132∗∗∗ 0.0101∗∗∗ 0.00672∗∗∗ 0.00519∗∗

(0.00465) (0.00354) (0.00254) (0.00244)
DHotTemperature -1.069∗∗∗ 0.529 0.272 -0.356

(0.348) (0.436) (0.371) (0.417)
DColdTemperature 0.317 0.785∗∗∗ 0.632∗∗∗ 0.684∗∗∗

(0.294) (0.220) (0.199) (0.205)
T 0.228∗∗∗ 0.570∗∗∗ 0.588∗∗∗

(0.0220) (0.0669) (0.0670)
T 2 -0.00334∗∗∗ -0.0159∗∗∗ -0.0148∗∗∗

(0.000311) (0.00209) (0.00198)
T 3 0.000110∗∗∗ 9.35e-05∗∗∗

(1.66e-05) (1.53e-05)
LockdownDayst−7 -0.0508∗∗∗

(0.00864)
Constant -0.637 -1.521∗ -1.231∗ -1.116∗

(1.177) (0.846) (0.662) (0.655)
Observations 9,460 9,460 9,460 9,460
R-squared 0.040 0.203 0.283 0.298
Number of regions 86 86 86 86

Robust standard errors in parentheses
∗ p < 0.1, ∗∗ p < 0.05, ∗∗∗ p < 0.01
Standard errors are clustered at province level
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Table 5: Lagged PM2.5 and COVID-19 confirmed cases

Variables (1) (2) (3) (4)
PM2.5t−1 0.0326∗∗∗ 0.0152∗∗ 0.00140 -0.00133

(0.00659) (0.00610) (0.00592) (0.00602)
PM2.5t−2 0.0282∗∗∗ 0.0120∗∗∗ -0.00230 -0.00389

(0.00491) (0.00448) (0.00532) (0.00537)
PM2.5t−3 0.0412∗∗∗ 0.0266∗∗∗ 0.0119∗ 0.0109

(0.00746) (0.00716) (0.00675) (0.00693)
PM2.5t−4 0.0398∗∗∗ 0.0256∗∗∗ 0.0103∗∗ 0.00955∗

(0.00569) (0.00507) (0.00496) (0.00493)
PM2.5t−5 0.0374∗∗∗ 0.0228∗∗∗ 0.00637 0.00497

(0.00689) (0.00659) (0.00666) (0.00672)
PM2.5t−6 0.0580∗∗∗ 0.0381∗∗∗ 0.0225∗∗∗ 0.0212∗∗∗

(0.00767) (0.00673) (0.00657) (0.00645)
PM2.5t−7 0.0542∗∗∗ 0.0380∗∗∗ 0.0203∗∗∗ 0.0198∗∗∗

(0.00851) (0.00735) (0.00618) (0.00611)
PM2.5t−8 0.0403∗∗∗ 0.0251∗∗∗ 0.00784 0.0106∗

(0.00742) (0.00697) (0.00645) (0.00623)
PM2.5t−9 0.0416∗∗∗ 0.0242∗∗∗ 0.00964∗ 0.0119∗∗

(0.00770) (0.00655) (0.00580) (0.00584)
PM2.5t−10 0.0367∗∗∗ 0.0174∗ 0.00377 0.00447

(0.0105) (0.00921) (0.00849) (0.00859)
PM2.5t−11 0.0247∗∗∗ 0.00777 -0.00569 -0.00520

(0.00664) (0.00704) (0.00757) (0.00742)
PM2.5t−12 0.0427∗∗∗ 0.0217∗∗∗ 0.0104 0.0128∗

(0.00796) (0.00765) (0.00737) (0.00723)
PM2.5t−13 0.0352∗∗∗ 0.0134∗∗ 0.00216 0.00453

(0.00606) (0.00530) (0.00557) (0.00532)
PM2.5t−14 0.0377∗∗∗ 0.0133∗∗ 0.00316 0.00645

(0.00733) (0.00630) (0.00584) (0.00553)
PM2.5t−15 0.0321∗∗∗ 0.00999 0.000454 0.00331

(0.00866) (0.00825) (0.00768) (0.00735)
PM2.5t−16 0.0207∗∗∗ -0.00220 -0.00857 -0.00839

(0.00558) (0.00596) (0.00601) (0.00543)
PM2.5t−17 0.0235∗∗∗ 0.00473 -0.00253 -0.00115

(0.00716) (0.00731) (0.00676) (0.00657)
PM2.5t−18 0.00776 -0.0129∗ -0.0144∗∗ -0.0115∗∗

(0.00554) (0.00671) (0.00647) (0.00575)
PM2.5t−19 0.0196∗∗ -0.00558 -0.00515 -0.000790

(0.00916) (0.00984) (0.00878) (0.00817)
PM2.5 0.0579∗∗∗ 0.0381∗∗∗ 0.0147∗∗ 0.0117∗

(0.0103) (0.00841) (0.00694) (0.00673)
DHotTemperature -0.632∗ 0.383 0.0190 -0.582

(0.342) (0.373) (0.409) (0.446)
DColdTemperature 0.805∗∗∗ 0.799∗∗∗ 0.597∗∗∗ 0.661∗∗∗

(0.284) (0.221) (0.193) (0.199)
T 0.206∗∗∗ 0.576∗∗∗ 0.590∗∗∗

(0.0240) (0.0760) (0.0757)
T 2 -0.00301∗∗∗ -0.0160∗∗∗ -0.0148∗∗∗

(0.000322) (0.00230) (0.00217)
T 3 0.000112∗∗∗ 9.40e-05∗∗∗

(1.79e-05) (1.64e-05)
LockdownDayst−7 -0.0525∗∗∗

(0.00849)
Constant -2.798∗∗∗ -1.200∗ -0.262 -0.370

(0.771) (0.618) (0.529) (0.507)
Observations 9,460 9,460 9,460 9,460
R-squared 0.089 0.200 0.278 0.293
Number of regions 86 86 86 86

Robust standard errors in parentheses
∗ p < 0.1, ∗∗ p < 0.05, ∗∗∗ p < 0.01
Standard errors are clustered at province level
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Table 6: Lagged PM10 and COVID-19 deaths

Variables (1) (2) (3) (4)
PM10t−1 0.000842∗∗ 0.000295 0.000188 9.04e-05

(0.000349) (0.000280) (0.000282) (0.000284)
PM10t−2 0.000629∗∗ 0.000204 9.41e-05 3.97e-05

(0.000299) (0.000195) (0.000179) (0.000178)
PM10t−3 0.000680∗∗ 0.000304 0.000176 0.000132

(0.000335) (0.000272) (0.000270) (0.000266)
PM10t−4 0.000869∗∗ 0.000529∗∗ 0.000386∗ 0.000357

(0.000343) (0.000256) (0.000223) (0.000224)
PM10t−5 0.000976∗∗ 0.000622∗∗ 0.000427 0.000392

(0.000398) (0.000313) (0.000273) (0.000270)
PM10t−6 0.000840∗∗ 0.000486 0.000310 0.000249

(0.000417) (0.000332) (0.000306) (0.000305)
PM10t−7 0.000525∗ 0.000275 2.99e-05 4.08e-06

(0.000276) (0.000215) (0.000202) (0.000202)
PM10t−8 0.000309 0.000104 -9.73e-05 -8.71e-05

(0.000255) (0.000213) (0.000236) (0.000234)
PM10t−9 0.000934∗∗ 0.000651∗∗ 0.000497∗∗ 0.000493∗∗

(0.000364) (0.000258) (0.000229) (0.000224)
PM10t−10 0.000919∗∗ 0.000739∗∗∗ 0.000568∗∗ 0.000518∗∗

(0.000373) (0.000271) (0.000233) (0.000230)
PM10t−11 0.000574∗ 0.000508∗∗ 0.000291 0.000260

(0.000318) (0.000240) (0.000201) (0.000202)
PM10t−12 0.000447 0.000287 5.46e-05 6.30e-05

(0.000306) (0.000262) (0.000274) (0.000271)
PM10t−13 0.00142∗∗∗ 0.00115∗∗∗ 0.000918∗∗∗ 0.000896∗∗∗

(0.000476) (0.000341) (0.000288) (0.000289)
PM10t−14 0.000695∗ 0.000285 5.97e-05 5.77e-05

(0.000373) (0.000266) (0.000268) (0.000264)
PM10t−15 0.000946∗∗ 0.000636∗∗ 0.000395 0.000407

(0.000412) (0.000281) (0.000274) (0.000272)
PM10t−16 0.00137∗∗∗ 0.000797∗∗ 0.000627∗∗ 0.000599∗∗

(0.000470) (0.000312) (0.000296) (0.000294)
PM10t−17 0.000945∗∗ 0.000513 0.000272 0.000259

(0.000457) (0.000322) (0.000320) (0.000320)
PM10t−18 0.00104∗∗ 0.000434 0.000323 0.000329

(0.000420) (0.000266) (0.000261) (0.000262)
PM10t−19 0.00146∗∗∗ 0.000663∗∗ 0.000530∗ 0.000550∗

(0.000519) (0.000284) (0.000280) (0.000277)
PM10 0.000434 0.000133 -8.98e-05 -0.000191

(0.000471) (0.000377) (0.000351) (0.000357)
DHotTemperature -0.0799 0.00680 -0.0101 -0.0516

(0.0688) (0.0653) (0.0660) (0.0713)
DColdTemperature -0.0480 0.0892∗∗∗ 0.0792∗∗∗ 0.0826∗∗∗

(0.0314) (0.0309) (0.0292) (0.0298)
T 0.0309∗∗∗ 0.0533∗∗∗ 0.0545∗∗∗

(0.00351) (0.00778) (0.00779)
T 2 -0.000414∗∗∗ -0.00123∗∗∗ -0.00116∗∗∗

(4.69e-05) (0.000222) (0.000222)
T 3 7.21e-06∗∗∗ 6.12e-06∗∗∗

(1.69e-06) (1.75e-06)
LockdownDayst−7 -0.00336∗∗∗

(0.00116)
Constant 0.00279 -0.150∗ -0.131∗ -0.123∗

(0.120) (0.0805) (0.0719) (0.0709)
Observations 9,460 9,460 9,460 9,460
R-squared 0.028 0.205 0.228 0.233
Number of regions 86 86 86 86

Robust standard errors in parentheses
∗ p < 0.1, ∗∗ p < 0.05, ∗∗∗ p < 0.01
Standard errors are clustered at province level
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Table 7: Lagged PM2.5 and COVID-19 deaths

Variables (1) (2) (3) (4)
PM2.5t−1 0.00346∗∗∗ 0.000921 1.15e-06 -0.000178

(0.00112) (0.00104) (0.00103) (0.00104)
PM2.5t−2 0.00347∗∗∗ 0.000845 -0.000103 -0.000207

(0.000776) (0.000711) (0.000699) (0.000712)
PM2.5t−3 0.00378∗∗∗ 0.00143∗ 0.000447 0.000379

(0.000813) (0.000775) (0.000809) (0.000818)
PM2.5t−4 0.00441∗∗∗ 0.00208∗∗ 0.00107 0.00102

(0.000967) (0.000880) (0.000790) (0.000803)
PM2.5t−5 0.00461∗∗∗ 0.00208∗ 0.000986 0.000893

(0.00122) (0.00116) (0.00110) (0.00111)
PM2.5t−6 0.00421∗∗∗ 0.00125 0.000209 0.000121

(0.00140) (0.00130) (0.00127) (0.00127)
PM2.5t−7 0.00347∗∗∗ 0.000931 -0.000252 -0.000279

(0.000794) (0.000681) (0.000685) (0.000684)
PM2.5t−8 0.00245∗∗∗ 6.26e-05 -0.00109 -0.000906

(0.000711) (0.000657) (0.000733) (0.000732)
PM2.5t−9 0.00449∗∗∗ 0.00171∗∗ 0.000745 0.000893

(0.000893) (0.000709) (0.000659) (0.000650)
PM2.5t−10 0.00535∗∗∗ 0.00253∗∗∗ 0.00162∗∗ 0.00167∗∗

(0.000958) (0.000773) (0.000775) (0.000772)
PM2.5t−11 0.00413∗∗∗ 0.00153 0.000639 0.000671

(0.00100) (0.000946) (0.000926) (0.000928)
PM2.5t−12 0.00380∗∗∗ 0.000710 -4.44e-05 0.000112

(0.000830) (0.000727) (0.000787) (0.000793)
PM2.5t−13 0.00590∗∗∗ 0.00243∗∗∗ 0.00168∗∗ 0.00184∗∗

(0.00101) (0.000820) (0.000782) (0.000785)
PM2.5t−14 0.00384∗∗∗ 5.84e-05 -0.000617 -0.000401

(0.000799) (0.000736) (0.000736) (0.000718)
PM2.5t−15 0.00377∗∗∗ 0.000304 -0.000330 -0.000142

(0.000916) (0.000775) (0.000801) (0.000782)
PM2.5t−16 0.00500∗∗∗ 0.00141 0.000989 0.00100

(0.00119) (0.00112) (0.00111) (0.00110)
PM2.5t−17 0.00345∗∗∗ 0.000396 -8.74e-05 3.67e-06

(0.000983) (0.00104) (0.00105) (0.00105)
PM2.5t−18 0.00253∗∗∗ -0.000687 -0.000789 -0.000600

(0.000809) (0.000916) (0.000897) (0.000872)
PM2.5t−19 0.00303∗∗∗ -0.000869 -0.000840 -0.000553

(0.00107) (0.00117) (0.00111) (0.00107)
PM2.5 0.00424∗∗ 0.00213 0.000574 0.000375

(0.00175) (0.00156) (0.00142) (0.00143)
DHotTemperature -0.0167 -0.00241 -0.0266 -0.0662

(0.0688) (0.0664) (0.0703) (0.0752)
DColdTemperature 0.0185 0.0914∗∗∗ 0.0779∗∗ 0.0822∗∗∗

(0.0331) (0.0315) (0.0297) (0.0302)
T 0.0295∗∗∗ 0.0541∗∗∗ 0.0550∗∗∗

(0.00373) (0.00842) (0.00842)
T 2 -0.000393∗∗∗ -0.00126∗∗∗ -0.00118∗∗∗

(4.80e-05) (0.000232) (0.000231)
T 3 7.43e-06∗∗∗ 6.27e-06∗∗∗

(1.73e-06) (1.78e-06)
LockdownDayst−7 -0.00346∗∗∗

(0.00116)
Constant -0.306∗∗∗ -0.123 -0.0608 -0.0679

(0.100) (0.0788) (0.0709) (0.0698)
Observations 9,460 9,460 9,460 9,460
R-squared 0.075 0.202 0.226 0.231
Number of regions 86 86 86 86

Robust standard errors in parentheses
∗ p < 0.1, ∗∗ p < 0.05, ∗∗∗ p < 0.01
Standard errors are clustered at province level
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Table 8: Regional contagion trends since the 50th confirmed case

(a) Specification estimates – Cases PM10

Cases PM10
PM10t−6 0.0120∗∗∗ 0.00988∗∗∗ 0.00732∗∗∗ 0.00650∗∗∗

(0.00375) (0.00300) (0.00236) (0.00228)
PM10t−7 0.0136∗∗∗ 0.0127∗∗∗ 0.00916∗∗∗ 0.00885∗∗∗

(0.00451) (0.00401) (0.00327) (0.00325)
PM10t−8 0.00820∗∗ 0.00756∗∗∗ 0.00468∗∗ 0.00487∗∗

(0.00318) (0.00265) (0.00214) (0.00214)

(b) Specification estimates – Cases PM2.5

Cases PM2.5
PM2.5t−6 0.0580∗∗∗ 0.0362∗∗∗ 0.0218∗∗∗ 0.0204∗∗∗

(0.00767) (0.00662) (0.00638) (0.00622)
PM2.5t−7 0.0542∗∗∗ 0.0363∗∗∗ 0.0200∗∗∗ 0.0195∗∗∗

(0.00851) (0.00724) (0.00601) (0.00593)
PM2.5t−8 0.0403∗∗∗ 0.0236∗∗∗ 0.00795 0.0105∗

(0.00742) (0.00690) (0.00627) (0.00604)

(c) Specification estimates – Deaths PM10

Deaths PM10
PM10t−13 0.00142∗∗∗ 0.00113∗∗∗ 0.000920∗∗∗ 0.000904∗∗∗

(0.000476) (0.000343) (0.000296) (0.000298)

(d) Specification estimates – Deaths PM2.5

Deaths PM2.5
PM2.5t−13 0.00590∗∗∗ 0.00238∗∗∗ 0.00182∗∗ 0.00196∗∗

(0.00101) (0.000819) (0.000785) (0.000787)

Legend: Selected findings (6th to 8th PM lag for confirmed
cases, 13th lag for deaths) from the fully specification in (1)
estimated with trend variables starting from the day of the
50th confirmed cases in the region.
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Table 9: National confirmed case trends since the 100th case

(a) Specification estimates – Cases PM10

Cases PM10
PM10t−6 0.0120∗∗∗ 0.00909∗∗∗ 0.00654∗∗ 0.00651∗∗

(0.00375) (0.00301) (0.00260) (0.00264)
PM10t−7 0.0136∗∗∗ 0.0121∗∗∗ 0.00838∗∗ 0.00857∗∗

(0.00451) (0.00396) (0.00347) (0.00353)
PM10t−8 0.00820∗∗ 0.00696∗∗∗ 0.00417∗ 0.00434∗

(0.00318) (0.00259) (0.00227) (0.00229)

(b) Specification estimates – Cases PM2.5

Cases PM2.5
PM25t−6 0.0580∗∗∗ 0.0302∗∗∗ 0.0237∗∗∗ 0.0246∗∗∗

(0.00767) (0.00670) (0.00598) (0.00593)
PM25t−7 0.0542∗∗∗ 0.0313∗∗∗ 0.0227∗∗∗ 0.0242∗∗∗

(0.00851) (0.00650) (0.00569) (0.00572)
PM25t−8 0.0403∗∗∗ 0.0187∗∗∗ 0.0116∗∗ 0.0127∗∗

(0.00742) (0.00628) (0.00577) (0.00573)

(c) Specification estimates – Deaths PM10

Deaths PM10
PM10t−13 0.00142∗∗∗ 0.00115∗∗∗ 0.00103∗∗∗ 0.001000∗∗∗

(0.000476) (0.000359) (0.000343) (0.000336)

(d) Specification estimates – Deaths PM2.5

Deaths PM2.5
PM25t−13 0.00590∗∗∗ 0.00244∗∗∗ 0.00236∗∗∗ 0.00222∗∗∗

(0.00101) (0.000778) (0.000770) (0.000776)

Legend: selected findings (6th to 8th PM lag for confirmed
cases, 13th lag for deaths) from the fully specification in (1)
estimated with trend variables starting from the day of the
100th confirmed case in the country.
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Table 10: Granger-causality tests

Maximum lag in the PM2.5 Granger-causes PM10 Granger-causes
G-c estimate Confirmed cases Confirmed cases
2-3 Tilde bar (p-value)
Lag 1 0.4510 (0.651) 0.6264 (0.531)
Lag 2 0.8910 (0.373) 0.2397 (0.810)
Lag 3 3.2672 (0.001) 2.5296 (0.011)
Lag 4 3.0986 (0.002) 2.6826 (0.007)
Lag 5 3.6513 (0.000) 3.8899 (0.000)
Lag 6 5.7333 (0.000) 6.0931 (0.000)
Lag 7 6.5188 (0.000) 6.9939 (0.000)
Lag 8 6.1741 (0.000) 6.7728 (0.000)
Lag 9 5.4601 (0.000) 6.2220 (0.000)
Lag 10 5.3682 (0.000) 5.8357 (0.000)
Lag 11 5.7047 (0.000) 5.9785 ( 0.000)
Lag 12 6.3052 (0.000) 6.1719 (0.000)
Lag 13 6.2259 (0.000) 6.1218 (0.000)
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Table 11: Instrumental variable estimates

(1) (2) (3) (4)
Cases Deaths Cases Deaths

PM2.5t−7 0.0400∗∗∗

(3.76)

PM10t−7 0.0448∗∗

(2.10)

PM2.5t−13 0.00391∗∗∗

(3.09)

PM10t−13 0.00206
(1.16)

DHotTemperature -0.837 -0.0145 -0.666 -0.0113
(-1.60) (-0.21) (-1.21) (-0.16)

DColdTemperature 0.585∗∗∗ 0.0897∗∗∗ 0.654∗∗∗ 0.0865∗∗∗

(2.75) (2.94) (3.03) (2.91)

T 0.359∗∗∗ 0.0393∗∗∗ 0.355∗∗∗ 0.0395∗∗∗

(9.80) (8.32) (10.02) (8.34)

T 2 -0.00479∗∗∗ -0.000490∗∗∗ -0.00477∗∗∗ -0.000494∗∗∗

(-10.02) (-8.45) (-10.24) (-8.47)

LockdownDayst−7 -0.0875∗∗∗ -0.0856∗∗∗

(-7.69) (-7.68)

LockdownDayst−13 -0.00773∗∗∗ -0.00766∗∗∗

(-6.09) (-6.05)

Constant 0.498∗ -0.0268 -0.000436 -0.0338
(1.73) (-0.57) (-0.00) (-0.61)

N 9887 9371 9715 9199

t statistics in parentheses
∗ p < 0.1, ∗∗ p < 0.05, ∗∗∗ p < 0.01

Table 12: Description of instruments

Variable Instrument
Lag 7 Pm 10 (PM10t−7) (PM10t−9)− (PM10t−16)
Lag 7 Pm 25 (PM2.5t−7) (PM2.5t−7)− (PM2.5t−14)
Lag 13 Pm 10 (PM10t−13) (PM10t−15)− (PM10t−22)
Lag 13 Pm 25 (PM2.5t−13) (PM2.5t−13)− (PM2.5t−20)
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Table 13: First stage – Instrument relevance

(1) (2) (3) (4)
PM10t−7 PM2.5t−7 PM10t−13 PM2.5t−13

(PM10t−9)− (PM10t−16) 0.115∗∗∗

(10.09)

(PM2.5t−7)− (PM2.5t−14) 0.489∗∗∗

(173.30)

(PM10t−15)− (PM10t−22) 0.114∗∗∗

(10.31)

(PM2.5t−13)− (PM2.5t−20) 0.490∗∗∗

(174.22)

Constant 19.27∗∗∗ 7.676∗∗∗ 19.17∗∗∗ 7.649∗∗∗

(7283.47) (66214.76) (5536.07) (164113.49)
N 9718 9890 9202 9374

t statistics in parentheses
∗ p < 0.1, ∗∗ p < 0.05, ∗∗∗ p < 0.01

28

DP159 Centre for Financial and Management Studies | University of London



Table A1: Robustness check excluding one region at a time

Cases Deaths

Region PM2.5 (a) PM10 (a) PM2.5 (b) PM10 (b)

Region 1 5.11 3.48 6.10 9.18

(0.0027) (0.0194) (0.0155) (0.0032)

Region 2 5.09 3.50 6.34 9.31

(0.0027) (0.0189) (0.0137) (0.0030)

Region 3 5.18 3.55 6.58 9.40

(0.0025) (0.0178) (0.0121) (0.0029)

Region 4 5.11 3.54 6.69 9.45

(0.0027) (0.0180) (0.0114) (0.0029)

Region 5 4.95 3.49 6.27 9.30

(0.0033) (0.0191) (0.0142) (0.0031)

Region 6 5.15 3.52 6.53 9.32

(0.0026) (0.0184) (0.0124) (0.0030)

Region 7 5.06 3.52 6.14 9.25

(0.0029) (0.0186) (0.0152) (0.0031)

Region 8 4.66 3.29 6.26 9.25

(0.0046) (0.0245) (0.0143) (0.0031)

Region 9 4.93 3.32 6.12 9.09

(0.0033) (0.0236) (0.0154) (0.0034)

Region 10 4.75 3.34 6.39 9.23

(0.0041) (0.0230) (0.0133) (0.0032)

Region 11 4.81 3.38 6.53 9.31

(0.0039) (0.0221) (0.0124) (0.0031)

Region 12 5.03 3.53 5.91 9.16

(0.0030) (0.0183) (0.0172) (0.0033)

Region 13 4.98 3.43 6.25 9.27

(0.0031) (0.0208) (0.0144) (0.0031)

Region 14 4.71 3.39 6.44 9.35

(0.0044) (0.0217) (0.0130) (0.0030)

Region 15 4.78 3.42 5.96 9.11

(0.0040) (0.0208) (0.0167) (0.0034)

Region 16 4.82 3.44 6.15 9.28

(0.0038) (0.0204) (0.0152) (0.0031)

Continued on next page
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Table A1 – continued from previous page

Cases Deaths

Region PM2.5 (a) PM10 (a) PM2.5 (b) PM10 (b)

Region 17 4.71 3.40 6.34 9.34

(0.0043) (0.0214) (0.0137) (0.0030)

Region 18 4.88 3.43 6.25 9.17

(0.0036) (0.0208) (0.0144) (0.0033)

Region 19 4.74 3.40 6.42 9.23

(0.0042) (0.0214) (0.0132) (0.0032)

Region 20 4.75 3.35 6.64 9.37

(0.0041) (0.0228) (0.0117) (0.0030)

Region 21 4.79 3.38 6.28 9.15

(0.0040) (0.0220) (0.0141) (0.0033)

Region 22 4.79 3.42 6.13 9.22

(0.0039) (0.0210) (0.0153) (0.0032)

Region 23 4.75 3.41 6.29 9.30

(0.0041) (0.0213) (0.0140) (0.0031)

Region 24 4.77 3.22 5.38 8.57

(0.0040) (0.0266) (0.0228) (0.0044)

Region 25 4.70 3.42 6.90 9.20

(0.0044) (0.0210) (0.0102) (0.0032)

Region 26 4.48 3.15 5.77 8.29

(0.0058) (0.0291) (0.0186) (0.0050)

Region 27 4.62 3.17 5.32 8.40

(0.0048) (0.0285) (0.0235) (0.0048)

Region 28 4.97 3.18 6.13 8.27

(0.0032) (0.0281) (0.0153) (0.0051)

Region 29 5.03 3.19 5.73 9.21

(0.0030) (0.0279) (0.0189) (0.0032)

Region 30 4.87 3.29 5.94 8.89

(0.0036) (0.0245) (0.0169) (0.0038)

Region 31 5.11 3.16 6.79 8.76

(0.0027) (0.0288) (0.0108) (0.0040)

Region 32 4.63 3.15 6.02 8.60

(0.0048) (0.0292) (0.0162) (0.0043)

Region 33 5.19 4.42 6.90 8.50

Continued on next page
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Table A1 – continued from previous page

Cases Deaths

Region PM2.5 (a) PM10 (a) PM2.5 (b) PM10 (b)

(0.0024) (0.0062) (0.0102) (0.0045)

Region 34 4.78 3.24 5.79 8.36

(0.0040) (0.0261) (0.0183) (0.0049)

Region 35 5.79 3.40 7.39 9.40

(0.0012) (0.0213) (0.0080) (0.0029)

Region 36 4.81 3.81 6.10 11.50

(0.0039) (0.0129) (0.0156) (0.0011)

Region 37 4.88 3.43 6.06 9.22

(0.0035) (0.0206) (0.0159) (0.0032)

Region 38 4.86 3.41 5.77 9.04

(0.0036) (0.0213) (0.0185) (0.0035)

Region 39 4.61 3.01 5.80 9.22

(0.0049) (0.0347) (0.0182) (0.0032)

Region 40 4.56 3.41 5.00 8.65

(0.0052) (0.0211) (0.0280) (0.0042)

Region 41 5.12 3.48 6.33 9.25

(0.0026) (0.0196) (0.0138) (0.0031)

Region 42 4.86 3.45 5.80 8.99

(0.0036) (0.0203) (0.0182) (0.0036)

Region 43 5.25 3.49 6.57 9.37

(0.0023) (0.0192) (0.0122) (0.0030)

Region 44 4.76 3.43 5.77 9.16

(0.0041) (0.0208) (0.0185) (0.0033)

Region 45 4.75 3.41 5.30 8.65

(0.0041) (0.0213) (0.0237) (0.0042)

Region 46 5.29 3.54 6.46 9.28

(0.0022) (0.0180) (0.0129) (0.0031)

Region 47 5.33 3.52 6.60 9.38

(0.0021) (0.0185) (0.0119) (0.0029)

Region 48 5.09 3.55 6.35 9.36

(0.0028) (0.0178) (0.0136) (0.0030)

Region 49 5.04 3.57 6.10 9.24

(0.0029) (0.0174) (0.0155) (0.0032)

Continued on next page
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Table A1 – continued from previous page

Cases Deaths

Region PM2.5 (a) PM10 (a) PM2.5 (b) PM10 (b)

Region 50 4.97 3.44 6.17 9.17

(0.0032) (0.0203) (0.0150) (0.0033)

Region 51 5.09 3.47 6.23 9.20

(0.0028) (0.0197) (0.0145) (0.0032)

Region 52 4.84 3.31 5.85 9.22

(0.0037) (0.0241) (0.0178) (0.0032)

Region 53 5.10 3.39 5.60 8.65

(0.0027) (0.0218) (0.0203) (0.0042)

Region 54 6.31 4.11 5.93 9.10

(0.0007) (0.0089) (0.0170) (0.0034)

Region 55 5.05 3.41 5.89 8.95

(0.0029) (0.0212) (0.0174) (0.0036)

Region 56 4.73 3.26 6.42 8.72

(0.0043) (0.0254) (0.0131) (0.0041)

Region 57 4.81 3.44 6.47 9.35

(0.0038) (0.0204) (0.0128) (0.0030)

Region 58 5.53 3.65 6.28 9.13

(0.0016) (0.0158) (0.0142) (0.0033)

Region 59 5.11 3.42 6.39 9.19

(0.0027) (0.0209) (0.0133) (0.0032)

Region 60 5.16 3.49 6.27 9.18

(0.0025) (0.0191) (0.0142) (0.0032)

Region 61 5.06 3.47 6.27 9.39

(0.0029) (0.0197) (0.0142) (0.0029)

Region 62 5.02 3.42 6.05 9.03

(0.0030) (0.0210) (0.0160) (0.0035)

Region 63 4.88 3.29 5.85 8.80

(0.0036) (0.0245) (0.0177) (0.0039)

Region 64 4.80 2.97 5.81 7.54

(0.0039) (0.0365) (0.0182) (0.0074)

Region 65 4.60 3.25 6.77 9.20

(0.0049) (0.0257) (0.0109) (0.0032)

Region 66 4.56 3.25 5.15 8.37

Continued on next page
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Table A1 – continued from previous page

Cases Deaths

Region PM2.5 (a) PM10 (a) PM2.5 (b) PM10 (b)

(0.0052) (0.0257) (0.0258) (0.0049)

Region 67 4.96 3.41 6.48 8.99

(0.0032) (0.0212) (0.0127) (0.0036)

Region 68 4.82 3.28 7.02 9.63

(0.0038) (0.0249) (0.0096) (0.0026)

Region 69 4.84 3.27 5.36 8.39

(0.0037) (0.0252) (0.0230) (0.0048)

Region 70 5.26 3.53 5.88 8.73

(0.0023) (0.0182) (0.0174) (0.0041)

Region 71 5.05 3.54 6.28 8.91

(0.0029) (0.0181) (0.0141) (0.0037)

Region 72 5.33 3.63 6.68 9.73

(0.0021) (0.0161) (0.0115) (0.0025)

Region 73 5.06 3.43 6.25 8.94

(0.0029) (0.0206) (0.0144) (0.0037)

Region 74 4.64 3.22 6.38 9.25

(0.0047) (0.0268) (0.0134) (0.0031)

Region 75 4.54 3.20 5.71 9.11

(0.0053) (0.0274) (0.0191) (0.0034)

Region 76 5.16 3.46 5.94 9.01

(0.0025) (0.0200) (0.0169) (0.0035)

Region 77 4.87 3.68 5.88 9.19

(0.0036) (0.0152) (0.0174) (0.0032)

Region 78 4.64 3.35 5.82 9.05

(0.0047) (0.0228) (0.0180) (0.0035)

Region 79 4.79 3.50 5.44 8.63

(0.0040) (0.0190) (0.0221) (0.0043)

Region 80 4.88 3.46 6.58 9.26

(0.0036) (0.0199) (0.0121) (0.0031)

Region 81 4.89 3.46 6.06 9.11

(0.0035) (0.0199) (0.0159) (0.0034)

Region 82 4.72 3.42 6.06 9.14

(0.0043) (0.0208) (0.0159) (0.0033)

Continued on next page
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Table A1 – continued from previous page

Cases Deaths

Region PM2.5 (a) PM10 (a) PM2.5 (b) PM10 (b)

Region 83 4.85 3.53 6.48 9.40

(0.0037) (0.0183) (0.0127) (0.0029)

Region 84 4.80 3.47 6.09 9.16

(0.0039) (0.0197) (0.0156) (0.0033)

Region 85 4.96 3.47 6.32 9.28

(0.0032) (0.0197) (0.0139) (0.0031)

Region 86 4.81 3.45 5.91 9.03

(0.0038) (0.0202) (0.0172) (0.0035)

(a) F-test on the joint significance of lags 6 to 8 F( 3, 84)

(b) F-test on the joint significance of lag 13

Table A2: Robustness check excluding one country at a time

Cases Deaths
Country PM2.5 (a) PM10 (a) PM2.5 (b) PM10 (b)
Country 1 5.39 3.64 3.78 8.65

(0.0021) (0.0166) (0.0559) (0.0044)
Country 2 2.76 2.59 6.85 10.07

(0.0489) (0.0595) (0.0109) (0.0022)
Country 3 5.82 2.69 3.98 4.82

(0.0014) (0.0535) (0.0503) (0.0317)
Country 4 3.93 3.05 4.86 8.83

(0.0114) (0.0334) (0.0304) (0.0039)
Country 5 4.06 2.00 4.70 5.36

(0.0102) (0.1221) (0.0336) (0.0236)
Country 6 3.80 3.60 5.32 8.68

(0.0135) (0.0171) (0.0238) (0.0043)
Country 7 5.86 3.91 7.46 10.13

(0.0012) (0.0117) (0.0078) (0.0021)

(a) F-test on the joint significance of lags 6 to 8 F( 3, 84)
(b) F-test on the joint significance of lag 13
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