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Distinguer les effets des polluants dans l’air à l’aide de nombreux 
instruments

Résumé

La pollution atmosphérique constitue une menace majeure pour la santé humaine. Loin d'être unidimensionnelle, 
la pollution de l'air est multiforme, ce qui complique l’étude des conséquences de polluants multiples dans des 
études quasi expérimentales. En sélectionnant les instruments optimaux à partir d'un large ensemble de variables  
instrumentales de météorologie d’altitude, nous démêlons l'impact de cinq polluants atmosphériques dans une 
évaluation complète de leur impact sanitaire à court terme dans les plus grandes zones urbaines de France sur 
2010-2015. Nous constatons que des niveaux journaliers plus élevés d'au moins deux polluants atmosphériques, 
l'ozone et  le dioxyde de soufre,  conduisent le jour même à davantage d'admissions aux urgences liées aux 
maladies des voies respiratoires. Les enfants et les personnes âgées sont les plus touchés. Un niveau plus élevé  
de monoxyde de carbone conduit à davantage d’admissions aux urgences pour les maladies cardiovasculaires,  
tandis que des niveaux plus importants en particules fines (PM2.5) et en dioxyde de soufre conduisent à une  
augmentation du taux de mortalité journalier. En supposant un contexte de cinq polluants atmosphériques, nous  
montrons  qu'un  analyste  qui  aurait  ignoré  dans  son  modèle  la  présence  de  l’ensemble  des  polluants 
atmosphériques aurait tiré des conclusions partiellement fausses.

Mots-clés : polluants de l’air, santé, admissions aux urgences, mortalité, couche limite planétaire, IV Lasso

Disentangling the effects of air pollutants with many instruments

Abstract

Air pollution poses a major threat to human health. Far from unidimensional, air pollution is multifaceted, but  
quasi-experimental studies have been struggling to grasp the consequences of the multiple hazards. By selecting  
optimal instruments from a novel and large set of altitude-weather instrumental variables, we disentangle the 
impact of five air pollutants in a comprehensive assessment of their short-term health impact in the largest urban 
areas of France over 2010-2015. We find that daily higher levels of at least two air pollutants, ozone and sulfur  
dioxide,  lead  to  more  respiratory-related  emergency admissions on  the  same day.  Children  and  elderly  are 
mostly affected. Carbon monoxide increases emergency admissions for cardiovascular diseases while particulate 
matter and sulfur dioxide are found responsible for increasing the daily mortality rate.  Assuming a five air  
pollutants context, we show that an analyst who ignored the presence of interrelations between air pollutants 
would have reached partially false conclusions.

Keywords: air pollution, health, emergency hospital admissions, mortality, planetary boundary layer, IV Lasso

Classification JEL : C26; C55; I18; Q51; Q53



1 Introduction

To protect human health, urban environmental regulations increasingly rely on ambient pollu-
tant concentrations both to inform and take actions. Thanks to the high frequency monitoring
systems in place in large cities, local authorities may implement driving restrictions, impose
lower speed limits or ban industrial activities when a pollutant concentration exceeds a regula-
tory threshold. The avoided damage when concentrations fall are central to the design of these
environmental policies, first and foremost damage from the respective health impacts of pol-
lutants forming the urban air pollution mixture. Whereas recent quasi-experimental evidence
relative to global air quality is clear-cut, disentangling the effect of distinct air pollutants has
been a long-discussed challenge. While having received considerable attention, it remains a key
difficulty in observational studies. In the discussions for updating the global air quality guide-
lines, the World Health Organization has set “Causality and independence of effects including
multi-pollutant effect estimates as a basis for joint health impact assessment” as a key point for
debate, highlighting the relevance of describing and regulating jointly several pollutants (WHO,
2018).1

In this paper, we conduct a large-scale quasi-experimental study of the short-term concomi-
tant effects of five air pollutants on daily emergency admissions and mortality in the largest
urban areas of France over 2010-2015. We focus on the impact of daily air pollutants levels
on same day health outcomes. We address the challenge posed by the highly correlated daily
variations of air pollutants by leveraging a novel and large set of instruments which describe ex-
tensively altitude weather conditions e.g. winds or temperature profiles. By mining predictive
relationships to find instruments for each air pollutant separately, we disentangle the concomi-
tant effects of the main pollutants of the urban mixture. Our first contribution is to provide
causal evidence on the separate effects of five air pollutants on both short-term morbidity and
mortality, in the real urban environment, while controlling for the other pollutants. Our sec-
ond contribution is to suggest a novel set of instruments which allows precise estimations when
leveraged with the IV-Lasso method by Belloni et al. (2012). We define multipollutant effects
as the sum of each air pollutant impact, while controlling for the presence of the others: we do
not consider interactions nor threshold nor non-linear effects.

1The three other discussion points are (i) the shape of the concentration-response function and the identification
of thresholds and effects at very low or very high pollutant levels, (ii) effects at different exposure duration times
(long-term, short-term) and (iii) considerations regarding vulnerable sub-groups or windows of susceptibility.

3



Concerns about extrapolating associational estimates have been voiced insistently (Currie
et al., 2011, Dominici et al., 2014, Bind, 2019), but causal estimation remains challenging. Air
pollution is not allocated randomly through time and space and may serve as a surrogate for
a number of economic and population variables (e.g. traffic, industrial activities, bank holi-
days...), therefore the well-known challenge to isolate exogenous air pollution variations, even
at high frequency. While causal estimates are considered as the gold standard to inform public
policies, quasi-experimental studies are still scarce, and typically not able to isolate a given
pollutant effect, but rather a cocktail of several ingredients. To identify air pollution effects, the
quasi-experimental literature has been very creative in finding external shocks affecting air pol-
lution independently of health outcomes. Authors have taken advantage of plausibly exogenous
shocks such as airport congestion (Schlenker and Walker, 2015), daily boat traffic (Moretti and
Neidell, 2011), changes in local traffic (Currie and Walker, 2011, Knittel et al., 2016, Simeonova
et al., 2018) or recession (Chay and Greenstone, 2003). The nature of the shocks underpinning
the estimations entails quasi-random variations of air quality - but not pollutant-specific varia-
tions.

Car traffic engender emissions of particulate matter, carbon monoxide and nitrogen oxides
as primary pollutants, and indirectly ozone, a secondary pollutant formed from primary sources.
A lower economic activity entails a slowdown in emissions from industry, reducing among
other sulfur dioxide and particulate matter. Pollutant concentrations often vary together as they
share some common sources, but approximating air pollution by a unidimensional phenomenon
might be questionable, not least because some air pollutants are strongly anti-correlated due to
chemical equilibrium. As a result, studies relying on these global sources of variations are not
well suited to separate the causal effect of distinct air pollutants. Some recent studies resort
to finding exogenous shocks specific to one pollutant e.g. Halliday et al. (2019) who use vol-
cano eruptions whose chemical composition is very specific, hence justifying a single-pollutant
model. Using change in wind directions as instruments, Deryugina et al. (2019) show that the
PM2.5 impact on elderly mortality is more robust than that of other pollutants, instrumenting
jointly for three pollutants (particular matter, carbon monoxide and ozone). Yet a broader set
of instruments may increase the ability to separate the impact of more air pollutants - showing
that not only PMs may be impacting daily mortality. In contrast, most of the existing literature
is based on single-pollutant models and authors generally acknowledge that the given pollutant
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under study may serve as a surrogate for another.2

In parallel, the emergence of novel econometric and data science techniques has fostered
the hope that the causal effects of each air pollutant could be more precisely estimated (Carone
et al., 2020). In this spirit, a number of studies intend to explore multi-pollutant exposure
consequences with random forest or clustering over pollution profiles but remain ultimately
correlative evidence (Zanobetti et al., 2014, Bobb et al., 2015, Tavallali et al., 2020). This paper
moves beyond both literature by using a wide set of physical instruments allowing to separate
the short-term impact of five air pollutants in a quasi-experimental setting and over a broad
set of outcomes.3 We here observe and consider simultaneously six long-regulated hazardous
pollutants which have been the focus of the first and often-revised national and international
standards for protecting human health: particulate matter of less than 2.5 micrometers PM2.5,
of less than 10 micrometers PM10, carbon monoxide CO, nitrogen dioxide NO2, ozone O3
and sulfur dioxide SO2. On a relatively small sample, we bridge the gap between on one
hand, quasi-experimental studies which often lacked sufficiently distinct exogenous shocks to
disentangle air pollutant effects, and on the other hand, associational studies using data-mining
techniques within multi-pollutant models.

For this study, we use a novel and large set of instruments, altitude weather variables: ther-
mal inversions, planetary boundary layer height, altitude winds and altitude pressures derived
from a general climate model - the LMDZ model, from the Laboratoire de Météorologie Dy-

namique.4 We exploit the richness of a great number of instrumental variables to predict each
pollutant variation. Indeed, the atmosphere dynamics, such as wind effects, plays a key role
in the mixing, the chemistry and the dispersion of urban air pollution and thus in the ambient
air pollution inhaled by the population. The exclusion restriction for this type of IV strategy
is that, after largely and flexibly controlling for surface weather variables and city-specific sea-
sonal fixed effects, changes in altitude weather variables are unrelated to changes in population

2This is in particular true for observational studies, as opposed to lab experiments where gases exposure are
under the experimenter controls. Although informative, the later are reduced in scope for obvious ethical reasons
and may thus be confined to non-representative populations and exposure.

3The long-term causal impact is beyond this study while conveying greater consequences than short-term es-
timates. For instance, the International Agency for Research on Cancer has recently classified PM mixture as
carcinogenic to human (IARC, 2013).

4http://lmdz.lmd.jussieu.fr/ This model among others contributes to fueling Intergovernmental
Panel on Climate Change (IPCC) reports (See (Hourdin et al., 2006) and (Dufresne et al., 2013)).

5

http://lmdz.lmd.jussieu.fr/


health outcomes except through their influence on air pollutant concentrations. The specifi-
cation includes very flexible month-by-year-by-city fixed effects and day-of-the-week-by-city
fixed effects, so the estimates are identified from deviations within month-year-city cells on
similar week days,5 and we control for daily temperature, humidity, precipitations and wind
strength specified as polynomials of order two, and sunlight and presence of snow. Control-
ling for surface weather is important inasmuch as they have a direct effect on health and are
correlated to our instruments, so a number of robustness checks to the main specification are
examined. Individually, some of these instruments have been used to instrument a unidimen-
sional air pollution component. Arceo et al. (2016), Jans et al. (2018), Chen et al. (2018) and
Sager (2019) rely on thermal inversions, an inversion of the gradient of vertical temperature
profiles which favors polluted conditions. Deryugina et al. (2019) and Anderson (2019) use
wind characteristics. Schwartz et al. (2016) use surface wind speed and the planetary boundary
layer height, a key driver of ground-level air quality although still under-used in the literature.

To derive pollutant-specific causal effects, we use optimal instrument selection among a
high-dimensional set of altitude weather variables, relying on the econometric theory by Bel-
loni et al. (2012, 2016) and Chernozhukov et al. (2015).6 These recent techniques allow us
to select instruments in an optimal way, avoiding ad-hoc selection and enhancing precision in
a setting where it is decisively needed. Compared to the literature drawing causal inference
from the unpredictable components of weather variations, the originality here is to use a large
set of altitude weather conditions as opposed to a sub-component, and let the data reveal the
underlying strongest relationships. We may indeed find many other and more complex phe-
nomena linking altitude weather variables to ground-level pollution by leveraging the rich set
of instruments at hand. Isolating different exogenous reasons for each pollutant variation with
an IV-Lasso, we prove the empirical added-value of these recent high-dimensional econometric
methods, whose applications are too often confined to repeating the existing analysis. Indeed,
it is in practice very rare to rely on a naturally-large set of instruments.

This study contributes to the recent literature in economics which estimates the health effects

5In other words, the assumptions we need to draw up a causal statement is that we correctly account for
the direct effect of surface weather on health, and that across dates within a city-month-year cell, variations in
altitude weather phenomena have no direct impact on population health, except through variations in air pollutant
concentrations.

6For another application, in a different context, see Gilchrist and Sands (2016)
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of air pollution in quasi-experimental settings (Currie et al., 2011, Schlenker and Walker, 2015,
Deryugina et al., 2019). We combine daily air pollutant concentration data with administrative
data on location-specific daily mortality and emergency hospital admissions for cardiovascular
and respiratory diseases across age-groups. These data cover over six years (2010-2015) the ten
largest urban areas of France, where about 40% of the French population lives. Our results show
that ozone and sulfur dioxide impact positively emergency admissions for respiratory diseases,
independently from each other and even after controlling for the other pollutants. Quantitatively,
we find 4% more respiratory admissions when O3 goes up by + 10 µg/m−3 (about half a
standard deviation) and 7% more respiratory admissions when SO2 goes up by + 1 µg/m−3

(two-third of a standard deviation). These aggregate effects are mostly driven by emergency
admissions of young children and elderly. Although not in all specification, some of the models
suggest an additional impact of carbon monoxide on respiratory emergency admissions. On
cardiovascular diseases, we find an impact of carbon monoxide: + 100 µg/m−3 (about half a
standard deviation) leads to 4% additional emergency admissions. Moreover, we find an effect
of PM2.5 on cardiovascular-related mortality: + 10 µg/m−3 (about a standard deviation) leads
to a 5% higher mortality rate for deaths with at least one cardiovascular cause (or a 2% increase
in the mortality rate). An increase by + 1 µg/m−3 of SO2 translates to a 10% higher mortality
rate for deaths with at least one respiratory cause (or a 2% increase in the mortality rate). These
short-term health effect estimates are significant even when controlling the family-wise error
rate of at least one false rejection out of the five hypothesis tests (one per candidate pollutant).

Our last contribution is to shed light on the shortcomings of single-pollutant models com-
pared to multi-pollutant models, by providing an extensive comparison of the results in both
paradigms. If most pollutants can be found as having a strong causal effect on short-term health
in single-pollutant models, multi-pollutant models offer a more nuanced picture. In single-
pollutant models, there may be pollutants acting as surrogate for the others, entailing mislead-
ing conclusions. For all outcomes, we reject the equality of estimates from single-pollutant IVs
with these of a multi-pollutant IV-Lasso. When instruments are specifically chosen for each
pollutant, we reject equality between single and multi-pollutant models for mortality outcomes.
These results may question the proxy paradigm which often is the rule in empirical analysis.
For instance, if NO2 has been advocated as a good candidate to proxy for all pollutants in Levy
et al. (2014), we find no effect of this pollutant (at short-term) when other pollutants enter the
equation. In addition, controlling for four other pollutants and selecting optimally the instru-
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ments allow to eliminate the odd finding that O3 leads to a decrease in mortality or emergency
admissions. This spurious result is usually explained by the strong negative correlation that this
pollutant has with other pollutants.7

More generally, our results tie into the literature intending to design policy instruments in
a multi-pollutant context e.g. Montero (2001), Ambec and Coria (2013), Fullerton and Karney
(2018). Rich economic valuation of environmental policies taking several major pollutants
into account, such as Holland et al. (2018) or Clay et al. (2019), substantially rely on integrated
assessment models where the health impact measurement is a key step, and is taken from studies
which generally use the proxy approach. This paper contributes to quantifying the respective
marginal benefit in reducing distinct pollutants, in a context of increasing interest in regulating
air pollutants jointly. In addition, our result put into question the current implementation of
Air Quality Indexes, which are generally specified as maximum over pollutant sub-indexes,
ruling out concomitant effects. Real-time AQI information about air pollution has been shown
critical for defensive investment and protective behaviour (Neidell, 2009, Zhang and Mu, 2018,
Barwick et al., 2019).

The article proceeds as follows. In the second section, we introduce background information
on pollutants, estimation of health impacts and on pollutants’ interaction with weather condi-
tions. In the third section, we present jointly the data and the mechanisms at work. Then, we
present and discuss the empirical strategy and the instruments’ selection procedure in the forth
section. Finally, we present our results and then conclude.

2 Background

2.1 Air pollution or air pollutants?

Air pollutant concentrations are highly correlated in the urban setting but air pollution is without
doubt multidimensional in its nature and consequences. The air we breathe contains particulate
matter of various sizes and various gases, which may affect differently our health. In this paper,
we consider the air pollutants which gather the strongest evidence according to WHO (2018):
PM, O3, NO2, SO2 and CO. These are pollutants in WHO’s “Group 1”, which “should be

7For instance, Deryugina et al. (2019) observed this finding in models controlling for PM2.5 and ozone when
studying all-cause mortality in the U.S. ≥ 65 population.
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considered of greatest importance in the process of updating the WHO Air Quality Guidelines”.
In terms of regulation, the pollutants considered in this paper have been the main focus of
international, national and local air quality standards - being therefore monitored as part of
policy packages.8 Following the history of policy packages which first focus on industrial
pollution and subsequently on traffic-related pollution, pollutant concentrations have known
distinct trends. For instance, emissions of SO2 and CO have been drastically cut in the last
decades.9 Contrary to the other pollutant concentrations displaying negative trends in most
U.S. and European cities (SO2, CO, PMs, NOx), ozone concentrations are not at all decreasing.
Curbing population exposure is a challenge as it is not emitted directly by human activities,
but formed from emitted pollutant precursors (e.g. see Deschenes et al. (2017)). Although non
exhaustive in air quality potential hazardous substances, this paper focuses on the long-regulated
and high-stake main pollutants - including PM2.5.

Sharing some common sources leads naturally to strong correlations between pollutants
and paves the way to approximating air pollution as a unidimensional phenomenon. We here
provide some background information on the pollutants sources, gathered from the CITEPA10

2019 report on French emissions from 1990 to 2017. In 2017, emissions of SO2 were for 50%
coming from the manufacturing industry, for 25% from the energy industry and for 25% from
the building/housing sector. Comparatively, the share of emissions from the transport sector is
negligible (< 2%). In contrast, the primary source of NOx is the transport sector (63% of emis-
sions). The transport sector originates as well particulate matter (31% of emissions of PM10)
and carbon monoxide (17% of the emissions of CO). The primary source of emissions of CO
and PM2.5 remains the housing/building sector (respectively 45% and 50% of emissions). CO
and PM2.5 are produced as well by the manufacturing industry sector (about 30% of emissions

8In the U.S. Clean Air Act of 1970, mandatory air quality standards were set for sulfur dioxide, nitrogen oxides,
carbon monoxide, ozone and particulate matter (SO2, NOx, CO, O3, PM10). In the E.U. in 1980, a directive first
set air quality limits and guide values for sulfur dioxide and particulate matter (PM10). The 2008 European
directive “on ambient air quality and cleaner air for Europe” unifies successive pollutant-specific directives and
requires member states to guarantee that limit values shall not be exceeded. In this directive is first introduced a
standard for PM2.5 (only on the yearly average concentration though), and gathered standards for SO2, CO, NO2,
O3, PM10 (for within-day average concentrations along various duration) but also for lead and benzene. Data on
these pollutants are very scarce or nonexistent over our time period and cities.

9Between 1990 and 2016, sulfur oxide and carbon monoxide emissions dropped respectively by 91 % and 69
% in the EU (European Union emission inventory report 1990-2016, EEA report, 6/2018).

10Technical Reference Center for Air Pollution and Climate Change, State operator for the French Environment
Ministry, the Citepa meets reporting requirements for air pollutants and greenhouse gas emissions from France in
different inventory formats. https://www.citepa.org
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of CO and PM10 come from manufacturing industries).

Yet, approximating air pollution by a unidimensional phenomenon may be dubious. In
particular, ozone tends to be anti-correlated with other pollutants in urban settings (Munir et al.,
2012). NO2 is the precursor of O3 in the reaction NO2 + O2↔ NO + O3. There are at least
two effects explaining the anticorrelation of O3 with the other pollutants: NO2 disappears in
the process of producing O3 in a slow reaction (to a lesser extent it is also the case for CO).
Additionally, primary pollutant NO is unstable and reacts quickly with O3, and it is usually
produced in conjunction with PMs by traffic. The latter is known as the urban decrement:
primary pollution can at first reduce the concentration in O3 at the local level.11 The data
section complements and illustrates how pollutant concentrations are interrelated.

Given the multidimensional and intricate aspect of air pollution, the need for novel research
to better characterize the health effects of multipollutant exposures has been discussed for in-
stance in Mauderly et al. (2010), Vedal and Kaufman (2011) or Johns et al. (2012). While
multi-pollutant approaches are widely regarded as desirable, the challenges of implementing
them are vast (Dominici et al., 2010) and most of existing literature is based on single-pollutant
models. Because some pollutants are highly correlated, the results of many regression models
become highly unstable when incorporating more than one pollutant, and very often impre-
cise. In the quasi-experimental literature in economics, while this challenge is acknowledged in
many studies, only partial solutions have been found. Schlenker and Walker (2015) exploits the
differential impact of their airport taxi time instruments interacted with wind speed on CO and
NO2 to conclude that CO is responsible for the majority of the observed increase in hospital ad-
missions, while both pollutants in isolation would appear as significantly impacting emergency
admissions. The instruments are weak for ozone which is therefore excluded of the analysis.
Arceo et al. (2016) study how infant mortality in Mexico City is related to levels of CO and
PM10. While not individually significant in the two-pollutant model, the two pollutants are
jointly significant in predicting infant mortality and both significant in isolation. They construct
a pollution index using the principal components method in order to generate a single endoge-

11A simple way to explain it from Munir et al. (2012): At the local level freshly emitted nitric oxides (NO)
produced by road-traffic react with ozone molecules and produce nitrogen dioxides (NO2). Hence road-traffic
provides a local sink for ground level ozone resulting in ozone concentration in urban areas being lower than the
surrounding rural areas. This phenomenon of lower ozone concentration in urban areas is referred to as ozone
urban decrement.
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nous variable that captures information on fluctuations of both pollutants. One notable excep-
tion is Deryugina et al. (2019), who estimate a three pollutant model for the impact of PM2.5,
CO and O3 on the three-day mortality rate of Medicare beneficiaries and even a five pollutant
model in the appendix, adding SO2 and NO2 when studying one-day mortality. They find that
their IV estimate for PM2.5 impact on mortality is robust for simultaneously instrumenting the
other pollutants. Their results on mortality are broadly comparable to ours, although less pre-
cise (in particular, SO2 appears with a large but insignificant coefficient), while we rely on a
much smaller sample. They also observe that ozone tends to spuriously appear as decreasing the
mortality rate given its negative correlation with other pollutants. Our study offers a proposal to
disentangle the correlated variations between five pollutants with a method specifically tailored
to address the issue, which is applied to all-age morbidity and mortality outcomes.

2.2 Exposure to Pollutants and Health

An extensive literature shows statistical association between air pollution and various health
outcomes. Air pollutants are able to accumulate in or pass through lung tissues, thereby trigger-
ing or enhancing the severity of respiratory infections. Fragilizing the defense of the respiratory
tract, they may favor acute inflammation. Further than endangering respiratory health, air pol-
lution has been shown associated with the onset of acute cardiovascular events (e.g. cardiac
arrhythmia, emergency room admissions), including accelerations of the heart rate (Cakmak
et al., 2014). Although widely consistent across a number of settings, most of the existing
observational studies refer to correlative evidence.

In the recent literature, concerns rose over the potential endogeneity of environmental expo-
sure which lead environmental economics to an increasing focus on causal methods (Deschenes
and Meng, 2018). Air pollution levels reflect economic activity and air pollution exposure de-
pends on how individuals sort across the territory (Banzhaf and Walsh, 2008) which leads to
bias in naive regression approaches. With longitudinal data, some of this bias can be accom-
modated with fixed effects (seasonal variation, location-specific heterogeneity) with estimation
relying on within-location temporal variations - e.g. Burkhardt et al. (2019). They would cap-
ture for instance cross-sectional and time invariant location-specific population characteristics,
such as (the invariant component of) socio-economic background. Yet, because human behav-
ior is intrinsically tied to air pollution, important confounders might be forgotten. In our daily
observational setting, one potential issue may arise from population daily movements in and out
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the urban areas we consider. Population presence is a driver of air pollution (through e.g. car
or heater uses) and a prerequisite to hospital visits, death counts, number of crime, accidents...
Even more, pollution may just reflect traffic jam or economic upsurge, associated with stressful
conditions or extended hours-of-work which may not be unrelated to population health. These
mechanisms caution against approaches relying on solely absorbing local seasonal fixed effects
when population movements or traffic circumstances are subject to unexpected shocks and jus-
tify an IV approach.

Yet, in spite of their limitations, correlative evidence has been broadly confirmed by the
quasi-experimental literature. The first findings of the quasi-experimental literature were on the
link between air pollution and infant health, birth outcomes and infant mortality (see Currie et al.
(2011) and references therein). More recently, evidence on the morbidity and mortality effects
of air pollution in other population groups have been added. Deryugina et al. (2019) focus
on the senior U.S. population (65 and older) and address the difficult task of measuring the
substantial number of life-years lost due to premature deaths induced by air pollution (PM2.5)
within this population. Schlenker and Walker (2015) provide a thorough analysis of respiratory
and heart-related hospitalizations attributable to air pollution (CO) in communities living near
California airports. Schwartz et al. (2016) find a causal association between local air pollution
(PM2.5) and the number of daily deaths in the city of Boston.

2.3 Altitude weather variables for causal inference

In the quest for isolating quasi-random variations of air pollution - that is variations plausibly
orthogonal to specific-population sorting or confounding human activities, weather instruments
gathered particular attention. Indeed, atmospheric mechanisms impact air pollutant concentra-
tions on the ground, while being arguably disconnected from human activities when relative to
altitude phenomenon.

Our first instrument is the height of the planetary boundary layer. The planetary bound-
ary layer (PBL) is the part of the atmosphere that is directly and strongly influenced by the
presence of the surface of the earth.12 Pollutants are trapped within this vicinity of the earth.

12The air near the ground is indeed sensitive to friction forces with the surface. These forces become negligible
in the upper layers where wind circulation is global (the free atmosphere). The planetary boundary layer height is
usually defined by the discontinuity in one or several atmospheric variables.
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Roughly, the higher the height of the planetary boundary layer (PBLH), the larger the air vol-
ume available for pollutants, and the lower the concentration.13 Concentrations are expected
to be loosely proportional to the inverse of the height (IBLH) due to a dilution effect on the
vertical axis, a relationship which we can check on our data. PBLH varies according to various
factors. The height of the planetary boundary layer responds to heating flux between the sun
and the earth and therefore displays a diurnal pattern. While displaying a seasonality related
to surface weather, PBLH may also move under unpredictable large-scale air movements. The
planetary boundary layer height reacts to subsidence, which brings the top of the layer down-
ward in a high pressure diverging area. It may also be modified when a horizontal movement
of cold air brings it under a warmer layer of air (frontal inversion at the top of the planetary
boundary layer).14 If some of these phenomena do have a seasonal nature and are partially re-
lated to ground-level weather, there is no reason to expect that health would be affected by these
phenomena conditional on seasonal and ground-level weather conditions. This makes PBLH a
strong candidate for instrumentation.

Another distinctive potential instrument is the occurrence of a thermal inversion. Thermal
inversions have been used by other authors to instrument air pollution e.g. on mortality in
developing countries’ cities, Arceo et al. (2016) and closer to us, Jans et al. (2018). Planetary
boundary layer height is often defined by the presence of a thermal inversion at the top: the
temperature, which usually decreases with height, sharply increases at the top of the PBL.15

A thermal inversion acts as a lid over the air motion beneath, because an air parcel which is
cooler than its environment tends to move down. Its role over pollutant concentrations is widely
acknowledged. Thermal inversions are thus closely related to boundary layer height (during the
day, it is a thermal inversion that defines the boundary layer height) but they may be multiple
and varying in strength within the boundary layer height. During a thermal inversion, polluted
air is trapped beneath the inversion height (a warmer layer of air blocks the vertical movement).
However, whereas thermal inversions may or may not happen (dummy variable), the height of
the planetary boundary layer may always be defined (and is a continuous variable).

Therefore, aside from its height, other characteristics related to the planetary boundary layer

13See for instance Levi et al. (2020) for more details.
14See Stull (2016) for further details.
15During a thermal inversion, warmer air is held above cooler air; the normal temperature profile with altitude

is inverted.
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may influence directly pollutant concentrations: thermal inversions, but also winds character-
istics (Deryugina et al., 2019, Anderson, 2019) which play a role in air pollution dispersion.
Among altitude weather variables, there is a wide set of potential candidates which fulfill the
conditional exclusion restriction.

3 Data

In this section, we describe the data sources which have all in common the following scope: the
ten most populated urban areas in France over the 2010-2015 period. Table A.1 in Appendix
reports the population, and Figure 1 the geographical location and extension of urban areas.
The largest urban area is the Paris region where more than twelve million people live. Most of
the other urban areas have about a million inhabitants. The urban areas are well spread out on
the French territory.

Within these urban areas, many cities do have worrying air pollution levels. Figure A.1
shows the annual mean of particulate matter in municipalities belonging to the ten urban areas,
compared to WHO guidelines. The vast majority of cities and in particular the most populated
do not respect the guidelines for yearly means in 2014. For instance, Rennes, the smallest
urban area in our sample, do not respect the guidelines relative to particulate matter of less than
2.5µm. In the rest of the paper, we call “cities” the urban areas.

3.1 Atmospheric weather characteristics

Data. The altitude weather data come from the LMDZ model (Hourdin et al., 2006), an atmo-
spheric general circulation model developed and maintained by the Laboratoire de météorologie

dynamique (Z is for zoom).16 It simulates the full atmosphere over a 3D grid. The develop-
ment of the model is tested and improved by comparison with atmospheric observations (field
or satellite data). The model configuration used to obtain our dataset (stretched grid to zoom
over France, with large-scale atmosphere dynamics constrained towards prescribed atmospheric
conditions) has been successfully used to simulate a realistic meteorology consistent with ob-
servations at the daily time scale (Coindreau et al., 2007, Cheruy et al., 2013).

16More precisely, the data come from the LMDZOR version, the atmosphere component of the climate model
IPSL-CM described in Dufresne et al. (2013) and used for IPCC reports. The LMDZOR version was prepared
for the phase 6 of CMIP (coupled model intercomparison project). See http://lmdz.lmd.jussieu.fr/ for a general
presentation.
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LMDZ thin grid and urban areas

Figure 1: Geographic Location of the Ten Most Populated Urban Areas in France (black areas),
LMDZ numerical simulation grid (blue dotted lines) and points representing the urban areas on
this grid (cyan cross). (Source: Insee, 2010; LMDZ)

A large set of potential instruments. We were provided the output of an hourly recon-
stitution of the atmospheric variables for the 2010 to 2015 period along a grid ≈ 50 km x 50
km in which cities are located (the model is used with a zoomed grid over France, see Figure
1). Many variables are present, most importantly, PBLH; but also along a vertical grid parame-
terizing altitude through pressure levels, wind characterizations (direction, strength), humidity,
temperature, and altitude corresponding to the pressure levels. In total, the atmosphere is rep-
resented with 79 layers indexed by pressure levels. The first layer corresponds to the layer of
air between the surface and pressure level 101,2 kPA (≈ 200 m above the surface) and the 79th
layer reaches 1,5 Pa (≈ 78 km above the surface). In particular, the vertical profiles of tem-
perature (temperature gradient) allow to reconstitute thermal inversions indicators within the
boundary layer. We acknowledge that measurement errors in the instruments are not taken into
account in our approach although likely given that ultimately, these variables are the output of
a model.

From the model output which is at the hourly by urban area level, we build an extensive set
of 328 instruments at the daily by urban area level to match health data. We first build a set
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of variables related to our four main instruments: the planetary boundary layer height PBLH,
its inverse IBLH, thermal inversion (TI) presence and thermal inversion strength. PBLH and
IBLH are directly obtained at the hourly level from the model output. We compute thermal
inversions at the hourly level from temperature altitude profile by considering the first and the
ninth layers (ground-level and at 98.1 kPa ≈ 450m) similarly to Jans et al. (2018) and define a
thermal inversion when ground-level temperature is the lowest, and thermal inversion strength
as the difference of these two temperatures.17 For these four hourly instruments, we build daily
average and daily measures specific to six moments of the day (0 to 4 a.m., 4 to 8 a.m, · · · ,
until 8 p.m. to midnight), that is (1 + 6) statistics times for each 4 variables, hence 28 dimen-
sions. We consider different moment-of-the-day in an attempt to capture differential impacts
according to when pollution is mostly emitted (e.g. a thermal inversion during the morning cir-
culation peak is expected to be more damaging than when occurring during the night). As IBLH
is expected to provide the maximal explanatory power, we also add interactions of within-day
averages of IBLH with urban area indicators to capture potential geographical variations of the
phenomenon, that is 10 cities ×6 moments of the day, 60 dimensions in addition.18 To this set
of 88 instruments, we add daily averages of other model output variables varying through the
79 layers: zonal wind (wind strength when blowing in the direction west to east, u), meridional
wind (wind strength blowing in the direction south to north v), total wind strength

√
u2 + v2

and altitude of pressure levels (altitude corresponding to each layers which are defined by fixed
pressure levels) measured from the 20th to the 79th layer (from 1,5 to 78 km above the surface)
- that is 240 dimensions: 60 layers ×4 variables.19 Table B.1 in the appendix recap the instru-
ments. We exclude the 19 first layers of the model, below altitude ≈ 1,5km to prevent using
close-to-the-surface weather as an instrument. Indeed, altitude weather variables are arguably
less likely than surface variables to have a direct impact on health. Table 1 reports descriptive
statistics on 16 of these instruments providing an overview of the substantial daily variation,

17We also experienced with more complex measures of inversion such as defining a thermal inversion when at
least 50% of the layers between 101,2 kPa (≈200 m) and 89,7 kPa (≈ 1,2 km) have temperature above temperature
at ground level (in the lower layer). As it does not make differences in the results, we resort to the simplest measure.

18We also tried to add the same set of 60 interactions with thermal inversions but it did not improve the precision
and kept the result similar.

19In a previous version of this work, we also included altitude humidity in the set of instruments with the
agnostic view that any weather variable measured in high altitude could enter as a credible instruments. The
exception was altitude temperature: misspecification in surface temperature controls could become an issue as
surface temperature is known to have a direct impact on health. Given that there is evidence of a direct impact of
humidity on mortality (Barreca, 2012) we now treat humidity as temperature in our specification: it only appears
as a surface-level control and not as an instrument. In the appendix, we nonetheless report our main results when
we amplify or restrict the set of instruments.
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including between layers.

3.2 Ground-level weather data

Weather conditions play a key role in human activity and air pollution formation, but also di-
rectly on health (Deschênes and Greenstone, 2007). Plus, ground-level weather data is likely
correlated to altitude weather data, so that it is important to condition on ground-level weather
in our regression, the assumption being that high altitude atmospheric variations are exogenous
with respect to health, except through pollution, conditional on ground-level weather controls.
We hence consider a full set of weather conditions. Data come from Météo France and are
available on an hourly basis for our ten urban areas. We consider six weather parameters: tem-
perature, rainfall, wind speed, sunshine exposure, presence of snow and humidity. Measure-
ment stations are located at nearby airport,20 except for Paris, where the measurement station is
located in a garden in the center of Paris urban area.

In our regressions, ground-level weather are specified as polynomials of order two for daily
temperature, rainfall, humidity and wind strength; and linear controls for sunshine and for the
presence of snow, variables described in Table 1. Given their importance for our identification
strategy, we perform a number of robustness to their specification.

3.3 Pollutant data

Air quality is measured by regional associations called AASQA (associations agréées de

surveillance de la qualité de l’air), which are grouped in a national federation called ATMO
France. The Ministry of Environment delegates the surveillance of “regulated” pollutants to the
AASQA. They operate numerous air quality measurement stations all over France. We con-
sider the stations located in the 10 more populated urban areas. We focus on a rich set of air
pollutants: the 6 pollutants that are widely available on an hourly basis are carbon monoxide
(CO), particulate matter of less than 2.5 micrometers (PM2.5), particulate matter of less than 10
micrometers, nitrogen dioxide (NO2), ozone (O3) and sulfur dioxide (SO2). We usually have
data for several monitoring stations per urban area,21 which we average at the urban area and

20Specifically for sunshine exposition in Lille, we use the measurement station in Lillers, nearby Lille, as this
parameter was not available in Lille-Lesquin airport station over the whole studied period.

21We have at least one monitoring station for each pollution in each urban area.
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Table 1: Descriptive Statistics

Daily Observations, Ten Most Populated Urban Areas in France, 2010-2015

D1 Mean D9 # Missing Values
Pollutant concentrations (µg/m−3)

PM2.5 6.5 16.5 30.1 5, 451
PM10 12 25.8 43.3 7, 389
NO2 17.1 37.4 59.8 6, 790
O3 18.7 51.5 81.6 5, 661
CO 179.7 407.6 691.9 7, 525
SO2 0 1 2.8 6, 792

Air Pollutant Index

Air Pollutant Index −1.4 0 1.7 0

Emergency admissions per 100,000 inhabitants

All admissions 8.7 14.6 20.6 0
Cardiovascular Diseases 0.9 1.6 2.4 0
Respiratory Diseases 0.5 1.4 2.1 0
Digestive Diseases 0.8 1.4 2.1 0

Mortality Rate per 100,000 inhabitants

Mortality Rate 1.4 2.1 2.9 0

with at least one cause from:
- Cardiovascular Diseases 0.5 0.9 1.3 0
- Respiratory Diseases 0.2 0.5 0.8 0
- Digestive Diseases 0 0.2 0.4 0

Ground-level Weather Variables

Precipitations (mm) 0 0.1 0.3 93
Temperature (degree Celsius C◦) 4.4 13.2 22 15
Wind Strength (m/s) 1.7 3.5 5.7 98
Relative Humidity (%) 55.3 73.1 89.2 19
Sun Light 10.7 54 106.9 253
Snow (Dummy) 0 0.021 0 0

Subset of Instruments From Altitude Weather

PBLH (m) 399.5 889.8 1, 408 0
IBLH (1/m x 1,000) 0.7 1.4 2.5 0
Thermal Inversions (# Hours during the day) 0 0.2 0.5 0
Thermal Inversion Strength (Tup − T0, C◦) −2.5 −1.2 0.4 0
Zonal Wind (Layer 20) (m/s) −4.1 3.5 12 0
Zonal Wind (Layer 40) (m/s) −5.8 12.9 32.1 0
Zonal Wind (Layer 60) (m/s) −13.3 8.2 36.6 0
Meridional Wind (Layer 20) (m/s) −8.2 −0.4 7.5 0
Meridional Wind (Layer 40) (m/s) −23.5 −3.1 15.9 0
Meridional Wind (Layer 60) (m/s) −7.2 −1.3 3.6 0
Total Wind Strength (Layer 20) (m/s) 2.5 8.2 15.3 0
Total Wind Strength (Layer 40) (m/s) 8 22.5 38.9 0
Total Wind Strength (Layer 60) (m/s) 4.5 17.5 38.6 0
Altitude Pressure of Layer 20 (m) 1, 350 1, 485.5 1, 758.1 0
Altitude Pressure of Layer 40 (m) 9, 793.8 10, 123.7 10, 423 0
Altitude Pressure of Layer 60 (m) 28, 157.7 28, 777.7 29, 416.7 0

Total Observations 21910

Sources: AASQA, ATIH, Insee, Météo France, LMDZ.



daily level on a constant set of monitoring stations. Table 1 presents descriptive statistics on the
sample.

To gauge the impact of aggregated ambient air pollution, we create a pollutant index with a
principal component analysis (PCA) over the 6 standardized pollutants concentration and keep
the first component as the pollution index.22 As we have missing values in pollutant concentra-
tion, the PCA is combined with an EM algorithm to deal with missing values (Josse and Husson,
2012). The index is therefore available even though one or several pollutant concentrations are
missing (keeping observations for which all six pollutants are observed leads to drop 80% of
the sample while most of the time only one pollutant measurement is missing). We do not use
the normative indexes because they are designed as communication tools and consist in a large
simplification of the information.23

Table 2: Correlations Between Pollutant Concentrations

Air Pollution index PM2.5 PM10 NO2 O3 CO SO2

Air Pollution index 1 0.85 0.82 0.77 −0.47 0.77 0.42
PM2.5 0.85 1 0.83 0.40 −0.32 0.46 0.27
PM10 0.82 0.83 1 0.53 −0.14 0.40 0.26
NO2 0.77 0.40 0.53 1 −0.22 0.69 0.24
O3 −0.47 −0.32 −0.14 −0.22 1 −0.40 −0.08
CO 0.77 0.46 0.40 0.69 −0.40 1 0.22
SO2 0.42 0.27 0.26 0.24 −0.08 0.22 1

Source: AASQA and Authors computations.

Table 2 shows how pollutants are correlated. Two important points should be noted for
what follows. First, PM2.5 are a subsample of PM10 (60 to 70% of PM10 particulates are
PM2.5 particulates according to Airparif).24 To preview our results, we will not be able to
disentangle their effect separately as we will find no clear distinction in their response to our
instruments. Second, O3 is anticorrelated with all pollutants, in particular to its precursors NO2
and CO. On average, high levels of nitrogen oxides are associated with low levels of ozone. This

22Arceo et al. (2016) use a similar index approach when considering the joint effect of PM10 and CO.
23In the decree of the 22 of July, 2004, the air quality indexes are presented as a communication tools, a simple

qualitative information, which should be an integer between 1 and 10. It is specified that they are not meant to
inform public action. In addition, the index design is by now old and has been questioned - its design is currently
being updated to be aligned with the European Air Quality Indexes, which has only five classes.

24Bilan de la qualité de l’air 2017.
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emphasizes the multi-dimensional aspect of air pollution, which should ideally not be treated as
a whole. The dynamics of O3 is singular as it is a secondary pollutant, reacting with the other
pollutants (see section “Background”). These elements emphasize how ambient air pollution is
multifaceted. Notably, if there exists an air pollution common component, ozone tends to vary
in opposition.

3.4 Daily health data

The first data set is obtained from the ATIH (Agence Technique de l’Information Hospitalière)
that gathers an administrative and exhaustive database which records all admissions in public
and private hospitals, the PMSI (Programme de médicalisation des systèmes d’information). Its
primary use is to compute hospitals’ funding based on their activity. By final diagnostic and
by urban area in which the hospital is located, we were provided the daily count of emergency
admissions. Further, this information breaks down by age groups defined as 5-years breakdown
(0-4, 5-9, up to 75-79 plus over 80). More precisely, an emergency admission is an entrance
through the hospital emergency unit that led to an admission from patients coming from their
residence (i.e. not transferred from another hospital) or from public space.25 Therefore, pro-
grammed admissions, long-term and recurring care are excluded. The diagnostic used here is
coded at the end of the patient stay. It represents the main diagnostic which gave rise to the
highest care resources. We divide the daily count of admissions by the age-range and urban-
area corresponding population (2013 legal population produced by INSEE, the French national
statistical office). In the regression, our variable of interest is the emergency rate of admission
per 100 000 inhabitants (of the corresponding age group, when applicable).

In addition, we consider two sources for mortality rates: INSEE’s data on civil registry
records and Inserm’s data CépiDc (Epidemiological Center on the Medical Causes of death) on
death causes. Each death is recorded in both data sets, with civil information but no medical
information in the first while the second records medical information but is anonymous. From
the civil registry as produced by INSEE at the municipality level, we observe for each urban
areas mortality rates by age groups. From the extraction of CépiDc, we observe for each urban

25When due to hospital organization, emergency room is the main entry point, doctors should not use the code
“emergency” systematically but only when the individual situation in the views of the patient, his relatives or his
general practitioner is an emergency.
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area mortality rates related to either cardiovascular or respiratory diseases,26 but we do not
observe age. After similarly normalizing with the legal population, our variable of interest is
the mortality rate per 100 000 inhabitants. On average in our sample, there are 2.1 deaths per
100,000 inhabitants a given day, 0.9 related to at least one cardiovascular cause and 0.5 related
to at least one respiratory cause, 1.4 emergency admissions for respiratory diseases and 1.6
emergency admissions for cardiovascular diseases (Table 1).

4 Empirical strategy

4.1 The causal damages of air pollution: preliminary evidence.

In this section, we provide basic preliminary evidence on the detrimental impact of air pollu-
tion on health by relying on isolated instruments. We show how these instruments are strong
predictors of air pollution. We make a case empirically for the need to rely on instrumentation
for eliminating confounders. We caution against single-pollutant models when instruments are
far from being pollutant-specific.

Eliminating confounders. In this section, we empirically evidence that air pollution is
intrinsically linked with some observed human activities, thereby suggesting that potential con-
founders might be plenty and that instrumentation is required. We also show that the “unex-
pected”27 component of our instruments is not related to human activity as captured by various
proxies. As an example of a potential confounding effect, air pollution could capture the popu-
lation presence in the urban area (through e.g. car/heaters use, congestion, polluting economic
activities). Inbound and outbound trips variations may therefore correlate with air pollution
variations. For instance, mobile phone data have been used to infer urban emissions inventory
in the environmental literature (Gately et al., 2017). Hospital emergency admissions typically
increase with the population at risk (e.g. touristic areas tend to have a boom in emergencies ad-
missions correlated with inbound tourism). Both statements if true entail a spurious correlation
between air pollution and hospital emergencies admissions through a simple population volume

26That is, death events which contains at least one cause encoded with “I” or “J” from CIM-10 chapters (the
same codes are used to categorize emergency admissions).

27Unexplained by other covariates and usual seasonal patterns
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effect.28

To empirically assert this claim, we exhibit correlations between various proxies of popu-
lation presence and on one hand air pollution and on the other hand hospital emergency ad-
missions. We regress the PCA-derived index of air pollution Y (or the rate of emergency
admissions) over dummies indicating whether the date is a bank holiday, belongs to an hol-
iday, or to an extended week-end (a bank holiday adjacent to a week-end) with a wide set of
seasonal and weather controls. In addition, we include the hostel occupancy rate to capture “un-
expected” visits in the urban area. In our data, hostel occupancy is on average 69% on Tuesday
and Wednesday but 50% and 55% on Friday and Saturday, suggesting that hostel occupancy is
not only holiday-induced but also driven by business travel hence economic activity. Denoting
these proxy for population volume as V , the regression writes

Yct = V ′ctd+X ′ctb+ ηd,c + γmy,c + εct (1)

ηd,c, γmy,c are respectively day-of-the-week, and month-year fixed effect which are specific to
the urban area to capture usual pattern of pollution in our period. We additionally introduce a
wide set of weather controls Xct specified as polynomials of order two for temperature, rainfall,
humidity and wind strength; controls for sunshine and for the presence of snow. Table 3 reports
the result of this regression for four outcomes. First in columns (1) and (2), air pollution is
lower on bank holidays or extended-weekend, when the outbound journeys are the highest (but
also when the economic activity tends to decrease). When the urban area experiences a higher
number of inbound trips, as captured by hostel occupancy, air pollution is higher as well. Strik-
ingly, the direction of the correlations is the same when the outcome is instead the total hospital
emergency admissions in columns (3) and (4). The latter suggests that hospital emergencies
react to human activities such as day trips (or reduced staff) at the daily level, in much the same
way as air pollution. This simple exercise emphasizes that air pollution and hospital admis-
sions are intrinsically linked with human activity29 and confounders are possibly numerous. To
eliminate concerns about spurious correlations arising just because air pollution is a very good
proxy for any human activities, one may use instrumentation. Columns (5), (6), (7) and (8)

28This is in general acknowledged in studies controlling for holidays dummies in regressions. Nevertheless,
big cities do experience daily-level population variations which are not holiday-induced on a regular basis (e.g.
business travels linked to economic activity, visitors of particular events such as festivals...).

29For instance, air pollution reacts at daily frequency to strike events (Bauernschuster et al., 2017), which may
have unintended health consequences (Adda, 2016, Godzinski and Suarez Castillo, 2019).
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show that provided that we have controlled correctly with ground-level weathers and seasonal
fixed-effects, the residuals variations of our instruments (IBLH and thermal inversions) are not
linked with our proxy for human activities, supporting (but not demonstrating) the exclusion
restriction statement.

Table 3: Air pollution, Hospital Emergency Admissions and Human Activities

Dependent variable:

Air pollution All hospital emergencies Inverse of PBL height Thermal inversions

(1) (2) (3) (4) (5) (6) (7) (8)

Hostel Occupancy 0.279∗∗∗ 0.507∗∗∗ 0.017 −0.027
(0.067) (0.107) (0.061) (0.018)

Bank holiday −0.282∗∗∗ −0.248∗∗∗ −1.310∗∗∗ −1.249∗∗∗ −0.007 −0.005 0.005 0.001
(0.030) (0.030) (0.074) (0.074) (0.027) (0.029) (0.007) (0.007)

Holidays −0.067∗∗ −0.041 −0.142∗∗∗ −0.095∗∗∗ 0.010 0.011 −0.0002 −0.003
(0.029) (0.029) (0.032) (0.032) (0.022) (0.021) (0.006) (0.006)

Extended W-E −0.058∗∗ −0.070∗∗ −0.107∗∗ −0.129∗∗∗ −0.016 −0.017 −0.007 −0.006
(0.027) (0.027) (0.049) (0.049) (0.026) (0.026) (0.007) (0.007)

Observations 21,459 21,459 21,459 21,459 21,459 21,459 21,459 21,459

All regressions includes month-year and day-of-the-week fixed effects, interacted with city fixed effects; and weather controls. Standard
errors are clustered at the month-year-city level. Hotel occupancy is derived from the INSEE frequentation survey (See Godzinski and
Suarez Castillo (2019) for a description of the data). Hospital emergencies aggregate all emergencies (source: PMSI). Significance:
∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01

Instrumenting Air Pollution Variations. Among our set of potential instruments, the in-
verse of planetary boundary layer height (IBLH) stands as a natural choice given the well-
identified physical mechanism which ties this instrument to air pollution. Figure A.2 shows
how an increase from IBLH leads to a close to linear increase of 5 pollutant concentrations
out of 6, as expected from a vertical dilution effect where pollutant concentrations would be
inversely proportional to boundary layer height.30 Figure A.2 clearly shows how all pollutant
concentrations except O3 are driven upward when the boundary layer height goes down, condi-
tional on weather controls and city-level temporal patterns of pollution. Therefore, we see the
limitation of using IBLH to instrument a single pollutant: it triggers for sure an increase in most
of the air pollutants, but a decrease in ozone. This is a form of exclusion restriction violation: as

30These figures are built upon the unusual component of both variables to emphasize that the link between both
variables does not arise merely from seasonality. Nevertheless, without controls and seasonal fixed effects, the
same patterns can be observed (see Figure B.1 in Appendix).
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these instruments are not pollutant-specific they may capture complex variations in air pollution
mixture.

In fact, the very same limitation applies to the instrument built on thermal inversion. We
report in Table 4 the results of the following regression - which mirrors Figure A.2:

Pct = Zctη +Xctb+ αdc + βmyc + εct (2)

Pct is either a given pollutant concentration or a pollution index,Xct the aforementioned ground-
level weather controls and seasonal fixed effects (day-of-the-week × city and month-year ×
city). In addition to the inverse of the planetary boundary layer height IBLHct, we test as well
the number of hours with thermal inversion during the day TIct. All pollutants except SO2
respond strongly to both instruments. O3 responds negatively, in the opposite way compared
to the other pollutants, probably because of the increases in concentration in nitrogen oxides.
For the sake of comparison between mono-pollutant models and multi-pollutant models which
are hindered with more missing values as they require to observe all pollutants at each date,
we report the results for two distinct samples, the full sample (A) for which a pollutant index
can be computed, and the restricted sample (B) where PM2.5, O3, CO, SO2 and NO2 are all
observed, which is the focus in the rest of the paper. The second panel of Table 4 reproduces the
regression from equation (2) but with normalized air pollutant concentrations and instruments
so as to characterize the respective shock triggered by both instruments. We observe that a
standard deviation in IBLH triggers relatively more variations in particulate matters and carbon
monoxide. In contrast, the number of hours under thermal inversion triggers relatively less
negative variations in ozone compared to IBLH and more in sulfur dioxide and nitrogen oxides.
If each pollutant has a specific health-impact and is more or less affected by the instrument,
the composition of the instrument-induced air pollution shock would be reflected in the health
impact estimates.

Reduced form evidence. Although triggering a complex shock, both instruments induce a
strong and plausibly exogenous deterioration in air quality. We resort to the following regression
to provide preliminary evidence on the causal detrimental effect of air pollution on health:

Rct = Zctδ +Xctd+ ad,c + emyc + νct (3)

with R the rate of admissions in emergency (or of deaths) per 100 000 inhabitants in urban
area c and date t with the same set of weather controls and seasonal patterns. Importantly,
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Table 4: Effect of the Inverse of Planetary Boundary Layer Height and of Thermal Inversions
on Pollutant Concentrations.

Pollution Concentration (µg/m−3)

index PM2.5 PM10 NO2 O3 CO SO2

(A) (B)

IBLHc,t 247.0∗∗∗ 249.2∗∗∗ 2,439.2∗∗∗ 2,567.9∗∗∗ 476.1∗∗∗ −2,814.3∗∗∗ 31,079.0∗∗∗ −31.5
(15.8) (26.7) (162.7) (198.1) (171.1) (216.3) (3,753.2) (22.8)

TIc,t 0.4∗∗∗ 0.4∗∗∗ 2.8∗∗∗ 3.5∗∗∗ 7.0∗∗∗ −2.0∗∗∗ 24.8∗∗∗ 0.5∗∗∗

(0.04) (0.1) (0.5) (0.6) (0.5) (0.7) (8.4) (0.1)

Obs. 21,459 6,135 16,095 14,220 14,875 15,968 14,109 14,820
F-Stat 1050.2 291.5 610.1 432.9 324.6 292.8 352.0 49.18

Pollution Scaled Concentration

index PM2.5 PM10 NO2 O3 CO SO2

(A) (B)

IBLHc,t 0.23∗∗∗ 0.23∗∗∗ 0.18∗∗∗ 0.15∗∗∗ 0.02∗∗∗ −0.09∗∗∗ 0.10∗∗∗ −0.01
(scaled) (0.01) (0.02) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01)

TIc,t 0.10∗∗∗ 0.09∗∗∗ 0.05∗∗∗ 0.05∗∗∗ 0.07∗∗∗ −0.02∗∗∗ 0.02∗∗∗ 0.06∗∗∗

(scaled) (0.01) (0.02) (0.01) (0.01) (0.01) (0.01) (0.01) (0.01)

Obs. 21,459 6,135 16,095 14,220 14,875 15,968 14,109 14,820
F-Stat 1050.2 291.5 610.1 432.9 324.6 292.8 352.0 49.18

IBLH (resp. TI) stands for the Inverse of Planetary Boundary Layer Height averaged by date and urban
area (resp. the number of hours with a Thermal Inversion by date and urban area). All regressions includes
month-year and day-of-the-week fixed effects, interacted with urban-area fixed effects, and weather controls.
Standard errors are clustered at the month-year-urban-area level. The F-statistics corresponds to the hypothesis
of joint nullity of the two instruments. Significance: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01



our exclusion restriction condition is that altitude weather variables influence air pollution at
given ground-level weather, and should not impact health directly. Our identification strategy
only mobilizes variations within month-year-city cells through a flexible and wide set of fixed
effects. That is we only compare admissions or mortality and altitude weathers between similar
working days in the same city a given month. This flexible set of fixed effects already captures
large amount of ground-level weather variations.31 The first order threat to identification is the
potential confounding effect of ground-level weather variables, which are both correlated to
our instruments and may have a direct impact on health, in particular, ground-level temperature
and humidity. These variables are therefore not used in the instrument set, although present
in LMDZ model output. To limit concerns about spurious findings, we introduce a number of
weather controls, introduced as polynomial in temperature, humidity, rainfalls, wind strength,
sunlight and snow, and perform a number of tests when altering or amplifying this set. We show
however that once accounted for month-year-city fixed effects, the direct and very short-term
link between mortality or emergencies and ground-level weather is in fact rather weak.

Table A.2 in Appendix shows that indeed, both instruments are associated with an increase
in both respiratory and cardiovascular mortality rate. As for emergency admissions, respiratory
emergencies respond positively to thermal inversions and cardiovascular emergencies to the
inverse of planetary boundary layer height. Under the assumption that these effects are mediated
only by the instrument-induced variations in air quality, these results provide strong evidence
on the short-term detrimental effect of air pollution on health. As a falsification test, we add
digestive diseases as a common emergency admissions, and another potential cause of death.
As expected, we find no effects of the inverse of the boundary layer nor of thermal inversions
for these outcomes.

4.2 Multi-pollutant models and optimal instruments

Instrument selection. Starting from the first stage equation 2, we expand the set of instru-
ments under consideration. From the very large set of 328 potential instruments, we perform
an optimal selection following Belloni et al. (2012, 2016). Optimal selection should be un-
derstood as unveiling a true predictive power, not as an unprincipled over-fitting of the data at

31For instance, 82% (resp. 53%) of the variance of temperature (resp. humidity) in our sample is captured with
month-year-city fixed effects. This aggregate level of analysis is often used to evidence the temperature-mortality
link, and is not used in our analysis.
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hand. The instrumental variable setting is particularly fitted for using prediction tools coming
from the machine learning literature for traditional econometric identification. In a two-stage
least square, the first stage can be thought of as a prediction step in the service of estimation

(Mullainathan and Spiess, 2017). Model selection is performed thanks to the LASSO (Least
Absolute Shrinkage and Selection Operator, Tibshirani (1996)). It introduces a penalization
to the OLS objective, the errors’ sum of squares, by adding a scalar penalty multiplied by the
l1-norm of the (possibly high-dimensional) parameter of interest. The solution has a limited
number of non-zero coefficients, whose number depends on the penalty level: as such it per-
forms model selection. In our setting, the high dimensional parameter is the effect of many

altitude weather characteristics on pollutant concentrations.

To abstract from seasonality, we first take out the estimated seasonal fixed effects from
any of the variables considered in the following equations: pollution, ground-level and altitude
weather characteristics, health outcomes. Lower case letters designate residuals from linear
regressions over month-year×city and day-of-the-week×city fixed effects. Selection on these
effects is not appropriate: we want to maintain the conditional exclusion restriction and use
identifying variations which do not come from mere seasonality. We therefore study all vari-
ables after partialling-out seasonal fixed effects, which boils down to a Frisch-Waugh transfor-
mation. This is the first step of the treatment required for panel data in such a setting (Belloni
et al., 2016). The selection equation thus writes:

pkct = wctη
k + xctb

k + εkct (4)

where k indexes pollutants, pkct the residual variation in air pollutant k concentration at date
t in urban area c, and wct is a high dimensional set of instruments built from the altitude weather
variables32 and ηk is a high dimensional vector to be estimated. We formulate the assumption
that ηk is at least approximately sparse, i.e. that only a “small” number of dimensions of this
vector is non negligible. That is, only some of the introduced instruments variables do have
a non negligible impact on pollutants’ concentration. The pollutant-specific set of selected
instruments are derived from the following penalized minimization problem, for each k (for the

32For IBLH, PBLH, and thermal inversion number of hours and strength, we build many possible functions of
the variable at the city-date (c, t) level: averages over 24 hours; over 6 time windows of 4 hours and specific to
the city. For IBLH we allow for various predictive patterns per city. We add daily average altitude variables in
60 altitude layers: altitude pressure, zonal wind, meridian wind and wind strength. The full set of instruments
comprise 328 variables.
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sake of readability, the index k is not mentioned):

argmin
η,b

∑
c,t

(pct − wctη − xctb)2 + λ
∑
j

φj|ηj| (5)

where j indexes the instruments set. In this step, there is no selection on ground-level weather
controls. The parameter b is not penalized, to maintain the exclusion restrictions, for similar
reasons to these applying to seasonal fixed effects.33 Belloni et al. (2012) show how to choose
“rigorously” the penalty λ and the instrument-specific penalty loadings φj to ensure asymptotic
convergence and inference in a IV-setting where LASSO is used to select instruments in a first
step. The unfeasible choice which guarantees favorable performance is to take for each j a
penalty φj associated to ηj which dominates the noise by verifying φj

N
> 2c| 1

N

∑
c

∑
t xctεct|,

where N is the number of observations, and c a constant greater than 1 - which is possible
by allowing φj to depend on x and ε. This condition ensures that the “regularization event”
(correct selection) happens with high probability. In practice, as ε is unobserved, Belloni et al.
(2012) suggest to use an iterative algorithm, first using conservative penalty loadings and then
plugging estimated residuals and so on. Belloni et al. (2016) shows how to modify the penalty
choice to take into account within-group dependence in ε - introducing a clustered version of
the IV Lasso for panel data, which is used here. We start from routines developed in the hdm

package implementation (Chernozhukov et al., 2016) and additionally implement selection by
clustered-lasso and allow for unpenalized dimensions. To use the clustered-lasso version, we
specify the level of clustering as the month-year-city level. This level of clustering stems from
the choice of the unobserved heterogeneity specified as month-year-city fixed effects that are
differentiated in the procedure and then define the level for clustering robust standard errors.
However, in a classic IV setting, a natural choice of clustering would have been the city-level,
to allow for arbitrary serial correlation within a given location across all dates. We can not
define robust standard errors at these levels without strongly biasing downward the standard
errors because of the small number of clusters. As a check for our main results inference, we
compute wild cluster bootstrap standard errors at these alternative levels of clustering under
the null hypothesis of no pollutant effect, following Cameron et al. (2008) who advocate this
technique to tackle the issue of clustering with a small number of clusters.

33However, seasonal fixed effects are somewhat too numerous to be forced into the model in the same way.
Theoretical properties after selection from a high dimensional set of instruments, conditional on covariates, assume
the later to be low dimensional.
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The IV-Lasso method is attractive as complex relationships between altitude weather vari-
ables and air pollution may be recovered from the data, taking an agnostic and data-driven
approach on the dimensions which should enter the first stage: which specific variables, mea-
sured at which hours-of-the day, altitude layers or in which city? It avoids an ad hoc choice of
variables and ensures that the selection is reproducible. At the same time, a strong first stage
should improve the precision of our estimates. Other estimators could have been considered
in a setting where the exclusion restriction applies to a high number of instruments, which are
possibly interacting. We favored a Lasso selection because in our setting, not all instruments are
expected to be worthwhile which fits precisely in the Lasso sparsity assumption.34 In addition,
with the selection step we can clearly identify, per pollutant, which instruments are active in the
estimation.

For each pollutant, which instruments will be selected? We present selected instruments in
Table 5 on the five-pollutant sample : each pollutant is regressed over the selected variables. Af-
ter selection, we run OLS on selected instruments and the same ground-level weather variables
controls. This is known as post Lasso estimation and alleviates the Lasso bias which shrinks
point estimates toward zero. To compare the relationships with altitude weather between pol-
lutants, all the variables are standardized in this table. Cluster-lasso with the rigourous penalty
selects 3 instruments for CO, 3 for SO2, 10 for O3, 14 for NO2 and 15 for PM2.5. Different
dimensions are selected, and when the same dimension appears for several pollutants, the sign
and magnitude differ. Thermal inversions and planetary boundary heights are selected for all
air pollutants. Leaving O3 and geographical differences apart, all air pollutants respond posi-
tively to the following atmospheric phenomena: thermal inversion strength (as the temperature
gradient is higher, the lid is more hermetic, and air pollutants cannot escape above), presence of
thermal inversion, inverse of planetary boundary payer height (the lower the planetary boundary
layer, the lower the volume available and the higher the air pollutant concentration). Selected
characteristics of thermal inversions and planetary boundary layer, as the times of the day or
the precise indicator considered, however differ among air pollutants. Wind patterns are almost
exclusively selected for predicting PMs. For instance, altitude zonal wind coming from the west

34On one hand, instead of having many weak instruments, which would favor estimators such as JIVE (Hansen
and Kozbur, 2014), many of them are clearly strong. On the other hand, the regularization of the first stage with the
LASSO could have been replaced by other forms of regularization, as presented in Carrasco and Tchuente (2015),
to keep all the instruments active in the estimation. However, among our instruments, if some of them are known
to be related to air pollution, some of them are likely weak or close to noise when it comes to form the conditional
expectation of pollutants given the instruments, which suggest to favor a selection setting.
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Table 5: Lasso Selection of Instruments for Predicting Pollutant Concentrations.
PM2.5 CO O3 NO2 SO2

Thermal inversions
- #Hours between 0 and 4am 0.02

(0.01)
- #Hours between 8 and 12am −0.03∗∗∗

(0.01)
- #Hours between 8 and 12pm 0.03∗∗∗

(0.01)
- Strength between 0 and 4am 0.03∗ 0.03∗∗ 0.02 0.07∗∗∗

(0.02) (0.01) (0.02) (0.01)
- Strength between 4 and 8am 0.02

(0.02)

Planetary Boundary Layer
- Height Inverse (Day Average) 0.06∗∗ −0.01

(0.02) (0.01)
- Height Inverse (0-4 am) 0.08∗∗∗ 0.05∗∗∗

(0.02) (0.01)
- Height Inverse (4-8 am) 0.01

(0.01)
- Height Inverse (8-12 am) 0.003 0.06∗∗∗

(0.02) (0.01)
- Height Inverse (4-8 pm) 0.11∗∗∗ −0.05∗∗∗ 0.07∗∗∗

(0.02) (0.01) (0.01)
- Height (0-4 am) 0.001 0.07∗∗∗

(0.01) (0.01)
- Height (8-12 am) 0.02

(0.02)
- Height (0-4 pm) 0.04∗∗

(0.02)
- Height Inverse (0-4 am - Nice) −0.06∗∗∗

(0.01)
- Height Inverse (4-8 am - Nice) 0.10∗∗∗

(0.02)
- Height Inverse (8-12 am - Nice) 0.03∗∗

(0.01)
- Height Inverse (0-4 am - Lille) 0.05∗∗∗

(0.01)
- Height Inverse (4-8 am - Lille) 0.09∗∗∗

(0.01)
- Height Inverse (8-12 am - Lyon) 0.06∗∗∗

(0.02)
- Height Inverse (0-4 am - Paris) 0.07∗∗∗

(0.02)
- Height Inverse (8-12am - Nantes) 0.03∗∗∗

(0.01)
- Height Inverse (0-4pm - Nantes) −0.02∗∗

(0.01)
- Height Inverse (4-8pm - Nantes) 0.02∗∗

(0.01)
- Height Inverse (8-12pm - Strasbourg) 0.06∗∗∗

(0.01)
- Height Inverse (8-12pm - Marseille) 0.07∗∗∗

(0.01)
Altitude wind
- Zonal wind (layer 20) −0.12∗∗∗ 0.05∗∗∗

(0.02) (0.01)
- Zonal Wind (layer 40) −0.02

(0.02)
- Meridional Wind (layer 32) 0.06∗∗∗

(0.01)
- Total strength (layer 38) 0.02

(0.09)
- Total strength (layer 39) −0.08

(0.09)
- Total strength (layer 45) −0.04∗∗

(0.02)
- Total strength (layer 52) 0.02∗

(0.01)
Altitude Pressure levels
- Average (layer 25) 1.07∗∗∗

(0.12)
- Average (layer 46) −0.20∗∗∗

(0.02)
- Average (layer 78) −0.13∗∗∗

(0.03)

Selected (Optimal Constraint) 15 3 10 14 3
Weather controls Yes Yes Yes Yes Yes
Observations 6,135 6,135 6,135 6,135 6,135
R2 0.32 0.30 0.48 0.53 0.05

This table presents post-clustered-lasso models by pollutants on the sample where the five pollutants are simultaneously observed. The optimal “rigorous” lasso constraints is used. Before
all regressions, we partial out fixed effects. For each pollutants, a first step of instruments’ selection is performed with no selection on weather controls. Then, OLS is run per pollutant on
the set of selected instruments, which are shown here. Significance: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01



(resp. from east) predicts a lower (higher) concentration, which is coherent with clean oceanic
winds from the west and/or polluted air imported from the eastern regions. However, the oppo-
site sign for altitude zonal wind appears for NO2. Consistent with Table 4, thermal inversions
patterns seems to have a stronger relationships with NO2 and SO2 than they have for PMs and
CO. Thermal inversion strength is selected for SO2 with a rather strong magnitude (0.07), while
5 dimensions describing thermal inversions are selected for NO2. All 5 dimensions appear with
a positive coefficient indicating that thermal inversions conditions (occurrence, strength) favor
higher concentrations of NO2 at various moments of the day. For predicting COs, IBLH is
selected at two distinct moments of the day, 8-12 a.m. and 4-8 p.m. - possibly related to high
traffic emissions at these hours. Patterns in IBLH are numerous for PMs, and city-specific pat-
terns are also often selected for NO2. As for O3, this pollutant stands out with negative signs
on thermal inversions and IBLH, and selection of PBLH with a positive sign. CO selection is
somewhat close to the selection NO2 (2 instruments selected for CO are also selected in the
largest selection set for NO2), but NO2 may be distinguished from CO with the other dimen-
sions. Table 5 suggests distinct relationships between these altitude weather variables and each
pollutant, which is a first requirement to be able to disentangle the role of the various pollutants.
The exceptions are PM2.5 and PM10: the first models one obtains after Lasso are very similar
for both pollutants, and therefore PM10 is excluded in the rest of the analysis. The final pooled-
instrument set for the five air pollutants has 35 selected dimensions: 20 related to the planetary
boundary layer height, 6 related to thermal inversions, 7 related to altitude winds, 3 related to
altitude pressure.

After the lasso selection and with the pooled selected instruments (one set of instruments
has been selected for each pollutant), we run a two stage least squares with multiple pollutants,
taking into account the same ground-level weather controls. In this post-lasso IV, the first stage
writes as follows

pkct = w
(s)
ct µ+ xctc+ uct (6)

where w(s) are altitude weather variables selected by Lasso in a first step among w. The full first
stage is reported in Tables A.3 and A.4, with previously Lasso-selected dimension in bold. Once
controlling for the instruments selected for the other pollutants, thermal inversions patterns (oc-
curence, strength) are unambiguously affecting positively NO2 and SO2, while the relationship
with other pollutants is less clear-cut and depends on moments of the day. IPBLH patterns are
strong predictors of PMs, CO, O3 and NO2, although the precise magnitudes, signs, involved
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moments of the day or interactions with cities depends on each pollutant. Wind patterns are
mostly related to PMs, and to a lesser extent to the other pollutants. Pressure altitudes are also
strong predictors for all pollutants with various magnitude, layers and signs.

The second stage is as follows

ract =
K∑
k=1

p̂ctδk + xctβ + νct (7)

where each p̂kct is derived from the post-lasso first stage linear regression, and r is the rate of
emergencies admissions or of mortality, possibly indexed by age a, and x ground-level weather
controls. Note that we consider a linear specification for the impact of air pollutants on r,
which excludes cocktail (interactions) or threshold effects (non-linearities). Lasso selection for
interaction or non-linear terms did not lead to select strong instruments, as opposed to linear
terms, preventing further analysis.

5 Results

We first disentangle separately the impact of distinct air pollutants on three short-term health
outcomes using the Lasso-selected set among the large set of potential altitude weather instru-
ments. To discuss the shortcomings of single-pollutant models, we then provide results when
considering separately distinct pollutants instead as it is classic in this literature.

5.1 Disentangling the impact of distinct air pollutants

In this section, we derive pollutant-specific causal estimates within multi-pollutant specifica-
tions. Table 6 presents our main set of results, derived from Equations 6 and 7 in the post-lasso
IV setting. The five-pollutant specification is run for mortality and emergency admissions re-
lated to cardiovascular, respiratory or digestive diseases, the later being a placebo outcome.
We consider these results as giving the separate impact of pollutants, once controlled for the
other main pollutants.35 Being agnostic beforehand on which pollutants out of the five impact
each outcome, we have to test five null hypotheses (no effect of a given pollutant) per outcome.

35We never consider both types of particulate matter together as we did not succeed in disentangling their
separate effects, even in regressions with only these two pollutants. This is probably because they are strongly
interrelated: PM2.5 represents a large subset of PM10. Their most significant predictors tend to be the same,
hampering our identification strategy.
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False rejections of at least one null hypothesis are thus about five times more likely to happen
by chance than if we were only considering a single treatment dimension. Accordingly, we re-
port the significance level with the Bonferroni-Holm multiple hypothesis testing correction for
controlling the Family-Wise Error Rate (FWER, the probability of at least one false rejection) at
level α. As explained in Holm (1979), we rank the 5 p-values obtained for each outcome from
the smallest to the highest and successively compares them to the threshold α

5
, α
4
, α
3
, α
2
, α until

the m-th p-value falls above the m-th threshold. If m > 1, we reject the m − 1 assumptions
of no pollutant effect with control of the FWER at level α. We focus on the sample where all
the considered pollutants are observed, a condition which significantly alters the sample size.
That is why we also provide intermediate multi-pollutant specifications based on more obser-
vations but the same set of instruments in Tables A.5, A.6, A.7 and A.8 in the Appendix with
an emphasis on the main culprits within the five-pollutant models - to discuss regularities.

For daily emergency admissions for respiratory diseases, we find compelling evidence
of the detrimental and pollutant-specific effect of two pollutants: ozone (O3) and sulfur dioxide
(SO2). They are found to have a positive and independent effect from other pollutants with
a control of the FWER at 5%. A standard deviation of O3 (24µg/m−3) causes 10% more
emergency admissions for respiratory diseases while in addition, a standard deviation of SO2
(1.5µg/m−3) causes an increase by 10%. These impacts are very stable when we successively
add more pollutants to the equation to test both the sample-robustness due to missingness in air
pollutant measures and to accounting for other observed pollutants. Table A.5 in the Appendix
reports a response between 7 to 13% to an O3 standard deviation and between 8 to 11% to a SO2
standard deviation, depending on which pollutant enters the model. While CO has no significant
effect in our main and most complete specification, we tend to be cautious in excluding its effect
on respiratory diseases. First because in models up to 4 pollutants based on more observations,
estimates in Table A.5 are statistically significant. Second, because as detailed later, when
studying the short-term timing of the effects of air pollutants, the impact of carbon monoxide
is significant in five-pollutant models as long as two lags in concentrations are introduced. One
potential explanation is that in some estimations, the impact of carbon monoxide may still be
confounded with that of NO2 (correlation of 0.69).

Overall, these results are consistent with the evidence from controlled per-pollutant
chamber-exposure on small samples of volunteers, which evidence impaired respiratory func-
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tions for all these three pollutants (e.g. for SO2, Johns and Linn (2011), for O3 and CO, Ferris Jr
(1978)). O3 has a well-known effect on respiratory functions, which is mediated by a number
of mechanisms (see e.g. for a review, Bromberg (2016)). Our results offer, however, a larger
external validity and evidence of worst health consequences (hospital admissions) in the general
population. We find no effect of PM2.5 at short-term on emergency admissions for respiratory
diseases, while they have the potential to cause lung inflammation. One reason might be that
the frontier between particulate matter and sulfur dioxide is porous as the latter can serve as a
primary pollutant for a sub-component of the former, in which case sulfur dioxide might be a
better proxy to sulfur-rich particulates than total particulate matter.

Table 6: Causal effect of Air Pollutants on Mortality and Morbidity

Multi Pollutant IV-Lasso Models

Emergency Admissions Mortality

Respiratory Cardiovascular Digestive Respiratory Cardiovascular Digestive

PM2.5 0.0009 0.0008 −0.0036 0.0019 0.0042?? 0.0010
(0.0024) (0.0021) (0.0018) (0.0011) (0.0016) (0.0007)

CO 0.0002 0.0007?? −0.0001 0.0001 0.0001 −0.00002
(0.0003) (0.0003) (0.0002) (0.0001) (0.0002) (0.0001)

O3 0.0056?? 0.0020 −0.0026 −0.0007 0.0012 0.0006
(0.0019) (0.0018) (0.0017) (0.0010) (0.0015) (0.0006)

SO2 0.0957?? −0.0250 −0.0049 0.0381? 0.0196 −0.0020
(0.0350) (0.0342) (0.0296) (0.0159) (0.0238) (0.0109)

NO2 0.0026 −0.0028 0.0010 0.0004 0.0007 −0.0007
(0.0027) (0.0026) (0.0021) (0.0014) (0.0019) (0.0008)

Observations [6,135] [6,135] [6,135] [6,135] [6,135] [6,135]
Instruments 35 35 35 35 35 35

This Table presents the results of post-clustered-lasso IV models. Before all regressions, we partial out fixed effects. All variables are first regressed
on month-year and day-of-the-week fixed effects both interacted with city fixed effects and then replaced by the corresponding residuals. A first
step of per-pollutant clustered-lasso selection is performed, conditional on weather variables which are forced into the model (no selection), selected
instruments are then pooled and enter a regular IV estimations. Standard errors are clustered at the month-year-city level, consistently with the post
clustered-lasso estimation. In this Table, we correct significance for testing 5 hypothesis - that is one per pollutant - separately for each outcome,
using the Bonferroni-Holm method. Multiple Hypothesis Testing adjusted significance: ? Null rejected with control of the FWER<0.1; ?? Null
rejected with control of the FWER<0.05
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For cardiovascular diseases, the unique air pollutant which is ever significant in multi-
pollutant specifications is carbon monoxide (CO) - as reported in Table 6 and complementary
Table A.6 in the Appendix. Quantitatively, a standard deviation of CO (216µg/m−3) causes
9% more emergency admissions for cardiovascular diseases. The five pollutant model estimate
is the highest, the single-pollutant model is the lowest estimate but will still imply a 3% re-
sponse of cardiovascular emergency admissions to a standard deviation in CO concentration.
The well-known accidental poisoning deaths caused by a high-level of carbon monoxide ex-
posure are just the tip of the iceberg. Carbon monoxide causes adverse effects by combining
with hemoglobin, preventing the blood from carrying oxygen. Therefore, the mechanisms of
action of carbon monoxide are well understood and established (hypoxia induced by formation

of carboxyhemoglobin), although the most recent research suggests other potential mechanisms
to investigate.

For the mortality rate related to respiratory diseases, we find evidence of a detrimental
impact of SO2 although only controlling for the FWER at 10%. A one standard deviation of
SO2 would imply an increase by 14% of respiratory-related mortality - or 2% of the mortality
rate, which is a relatively large effect compared to the literature, and given that SO2 levels are
much below what they were two decades ago.36 Our results suggest that even at extremely
low level, SO2 harmful effect is still there. This is broadly consistent with the evidence on
emergency admissions, which are not necessarily vital emergencies and are very frequent at the
youngest age. In larger samples involving less pollutants as reported in Table A.8 this impact
is very stable and at least of 3% and PM2.5 appears as well with a positive impact on this type
of mortality but with more marginal significance levels (10% in the main specification before
correcting for multiple hypothesis testing).

For the mortality rate related to cardiovascular diseases, we find strong evidence of the
detrimental effect of particulate matter PM2.5 both in the most complete specification (Table 6)
and across varying-pollutant models in Table A.7. Quantitatively, a standard deviation of PM2.5
(11µg/m−3) causes an increase between 1.5 and 2 % of the mortality rate, or 5 to 9% of the
cardiovascular-related mortality. We may compare our PM2.5 estimate to that from Schwartz

36SO2-induced mortality has been recently studied in China where the average level of SO2 concentration is
way above typical concentrations in Europe. Kan et al. (2010) and Chen et al. (2012) point to a statistically
significant association at short-term in single-pollutant model but which tend to disappear when controlling for
NO2. Evidence in Europe is somewhat older. e.g. (Tertre et al., 2002)
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et al. (2016), which find for Boston over 2000-2009 with an IV strategy, that for an increase by
about 6µg/m−3 of PM2.5 leads to an increase by 0.9% of daily deaths. Our estimate is of similar
magnitude - only slightly higher. Particulate matter are thought to exacerbate pre-existing in-
flammatory diseases (oxidative stress induced by inhaled particles, causing lung inflammation).
A PM-induced lung inflammation mechanism is widely suggested by the literature, while the
evidence on PM-induced cardiovascular events need to be strengthened, in particular pointing
out the mechanisms (Scapellato and Lotti, 2007). Many mechanisms, and therefore a number
of associated diseases involving exposure to PMs are possibly mediating death outcomes. We
can not exclude that other weakening factors are at play at the individual level to lead to death,
especially since the eldest are the most affected population (see next section).

One may however ask why we see no effect of particulate matter on cardiovascular dis-
eases emergency admissions37 in Table 6 while this pollutant impacts cardiovascular mortality.
In addition, we may ask why we see no effect of carbon monoxide on cardiovascular-related
mortality which would be expected if emergency admissions were largely vital emergencies.
Several assumptions may be formulated. First, although cardiovascular events could be medi-
ated by PMs, the impact could be acute enough to lead directly to death, without the occurrence
of an emergency admissions on average - in particular if the eldest are concerned.38 Second,
it could be the case that we do not have enough statistical power to find a small effect. Third,
PMs could act in a context of complex co-morbidities, involving a cardiovascular mechanism
but not only - in particular because they are themselves a mixture with various potential toxi-
cological pathways. Last but not least, it could be the case that the existing evidence of PMs
on short-term emergency admissions is confounded by the impact of other pollutants. In 2017
in France, among persons hospitalized for a stroke 12,5% died in hospital (on the day of the
admissions or later)39 and probably the persons with the most severe events did not reach the
hospital. In our data, we observe 80% more admissions than deaths related to cardiovascular
diseases. Therefore and especially with an analysis at the daily level, cardiovascular emergency
admissions are on their vast majority not followed by a death event on the same day - and
perhaps, short-term cardiovascular emergency and deaths with at least a cardiovascular cause

37This does not exclude the role of PMs in cardiovascular events due to long-term exposure.
38In 2006, 58% of the deaths in the French population happened in an hospital - a proportion which was rather

stable over the previous decade. This proportion typically decreases with age as the eldest die relatively more at
home (IGAS, 2009).

39ATIH, Analyse de l’activité hospitalière, bilan 2017
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events may be described with distinct causes. In this sense, our approach lacks specificity by
focusing on aggregated outcomes. From Franchini and Mannucci (2007), “Particulate matter

are the type of air pollutant that causes the most numerous and serious effects on human health,

because of the broad range of different toxic substances that it contains”. Thus one interpreta-
tion of our results could be that PMs mediate a larger number of more severe events, building
on co-morbidities which may explain its link with mortality, while CO may help in triggering
cardiovascular emergencies not necessarily as severe as those leading to deaths.

Finally, we perform a falsification test by examining our models’ results on emergency ad-
missions for digestive diseases (the other most common emergency admissions, with our two
main outcomes) or on mortality related to digestive diseases - for which we do not reject a
null impact of all five air pollutants. In addition, we test whether our standard errors are ap-
propriate in size. In our baseline, we only allow arbitrary correlation within city-month-year
cells - our fixed effects level, but we could allow for arbitrary correlation within city clusters of
observations. To account for the small number of cluster, we do not resort to cluster robust stan-
dard errors at the city-level (which are biased downward) but compute wild clustered bootstrap
standard errors (Cameron et al., 2008) and report the associated p-values for testing the null
hypothesis of no effect of a given pollutant. Results are reported in Table A.9, with indications
on the control of the FWER under this alternative set of p-values. Virtually all our main results
are confirmed but the impact of SO2 on respiratory-related mortality which is still significant at
the 5% level but not after accounting for testing five distinct hypotheses. Results on pollutants
with a higher number of selected instruments (that is PMs, O3) turn to be even more significant
while results on pollutants with a smaller number of selected instruments (SO2, CO) are then
only significant at the 2% level, that is with a control of the FWER at 10%. In the rest of the
paper, we stick to the clustering at the month-year-city level.

5.2 Contrasting Mono-Pollutant and Multi-Pollutant models

Since the existing short-term literature mostly relies on single-pollutant models, we now turn to
the comparison of single-pollutant and multi-pollutant estimates to provide some hindsight on
the limitations of single-pollutant results. With such a strategy, a single pollutant could drive
all the results attributed to other pollutants. This may be mitigated by having pollutant-specific
instruments. In this paper, our main set of results are derived within multi-pollutant models
with lasso-selected and pollutant-specific instruments. These results may be compared with
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two other setups: single-pollutant models with lasso-selected and pollutant-specific instruments
or the single-pollutant models with a simple IV, with first stage as in Table 4. Both strategies
ignore the exclusion restriction violation due to the presence of other pollutants, but the former’s
first stage is tailored to predict each pollutant while the later does not adapt the instrument set
to the pollutant under scrutiny - but consider two strong hand-picked instruments: IBLH and
TI. We consider the sample where all five pollutants are observed to perform the comparison.40

We begin with simple IV results reported in Table 7, where in columns (1P-IV) each co-
efficient is from a separate regression, the dependent variable being either emergency admis-
sions for respiratory or cardiovascular diseases or respiratory or cardiovascular-related mortal-
ity. The later estimates are broadly comparable to the existing literature, which do not control
for the presence of other pollutants. For each specific pollutant, concentrations are expressed in
µg/m−3. Quantitatively, + 10 µg/m−3 in PM2.5 (about a standard deviation) leads to + 12%
more respiratory-related mortality, + 7% more admissions for cardiovascular-related mortality
and a emergency admissions for cardiovascular diseases higher by +4%. For CO, + 200 µg/m−3

(about a standard deviation) leads to +6% more cardiovascular admissions, +11% of the cardio-
vascular mortality rate and + 16% of the respiratory mortality rate. Notably, all pollutants are
found to have an effect on both types of mortality rates. In addition, ozone is even found to
have a large and negative effect on mortality rates, a finding at odds with the existing medical
literature and in particular with chamber experiments.41 As ozone concentration is strongly
anti-correlated with the other air pollutant concentrations, a high concentration of ozone most
probably proxies for the absence of the other air pollutants. In addition, negative variations of
ozone triggered by the instrument are accompanied by positive variations in all other pollutants
(Figure A.2). This result indicates that the exclusion restriction does not hold in single-pollutant
models and in particular when pollutants are interrelated. To study O3, we will need to control
at least for the other pollutants involved in equilibrium with O3, that are anti-correlated (carbon
monoxide, nitrogen oxides). Omitted controls and the exclusion restriction violation lead to
some pollutants variations acting as a surrogate for the others’ variations. These results seem in
sharp contrast with our main multi-pollutant results, reported in columns labelled (5P-IVLasso).

40While single-pollutant models could be run on larger samples, we show in appendix Tables B.5, B.6, B.7
and B.8 that single-pollutant IV-Lasso models estimates are very stable across samples used for selection and/or
estimation, so the conclusion are similar if we compare multi-pollutant models and single-pollutant models on
their respective “natural” sample for estimation.

41However, it was also observed by Deryugina et al. (2019).
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To go beyond these qualitative comparisons, we report p-values for testing for the equality of
coefficients across both specifications. We simultaneously estimate each single-pollutant model
jointly with the five-pollutant model by GMMs which allows for testing a linear constraint of
equality between both model coefficients. We also report the hypothesis which will be rejected
if we control the Family-Wise Error rate for testing for five equality of coefficients at 1, 5 or
10% level. We strongly reject equality of estimates between both approaches, and systemati-
cally across outcomes for ozone.

Single-pollutant models with pollutant-specific instruments, as selected by Lasso and re-
ported in columns (1P-IVLasso) in Table 8, provide better results than simple IVs. They tend to
be more consistent with multi-pollutant models. The impact of ozone on respiratory emergency
admissions - even without controls for the anti-correlated pollutants - appear as expected posi-
tive and significant. The negative effect of ozone on respiratory mortality tends to persist - and
disappears only when controlling for other pollutants. Aside from the particular case of ozone,
there are many significant effects which disappear when other pollutants are introduced. For in-
stance, our results suggest that NO2 is as a general fact a surrogate for the other pollutants. NO2
is found to affect our three health outcomes in all single-pollutant models whereas this effect
never survives in the five-pollutant context. In terms of pathology, the surrogate phenomenon
tends to be the strongest for the mortality rate: single-pollutant models tend to accuse almost
all of the available pollutants, which is not the case in multi-pollutant models that designate
particulate matter or SO2. For emergency admissions, the issue seems less relevant as except
for the effect of NO2 on cardiovascular emergencies, we do not reject equality of coefficients
across specifications. All in all, our results suggest a cautionary review of the literature based
on single-pollutant models when instruments are not pollutant-specific.

5.3 Robustness and further results

Results by Age Group. We then conduct an heterogeneity analysis along the age ladder. We
restrict the pollutants entering the model to those found to have significant impact in the gen-
eral population, a choice which preserves the sample size. We report as well the more noisy
estimates derived within the baseline five-pollutant models. We note that these results by age
are not as precise as our main results (we do not attempt any MHT correction here) but they
may still provide some useful information. Results are graphically reported in Figure 2, and
corresponding Tables are provided in Appendix B.9. For respiratory diseases, both hands of the
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Table 7: Comparison of Single Pollutants in Classical IV and Multi Pollutants models with
Lasso-selected Instruments.

Panel A: Mortality
Respiratory Cardiovascular

(5P-IVLasso) (1P-IV) Equality Test (5P-IVLasso) (1P-IV) Equality Test

PM2.5 0.0019∗ 0.0056∗∗∗ p = 0.0324? 0.0042∗∗∗ 0.0066∗∗∗ p > 0.1
(0.0011) (0.0014) (0.0016) (0.0018)

CO 0.0001 0.0004∗∗∗ p = 0.0091?? 0.0001 0.0005∗∗∗ p = 0.0535
(0.0001) (0.0001) (0.0002) (0.0002)

O3 −0.0007 −0.0050∗∗∗ p = 0.0021??? 0.0012 −0.0059∗∗∗ p = 0.0002???

(0.0010) (0.0012) (0.0015) (0.0016)

NO2 0.0004 0.0081∗∗∗ p = 0.0008??? 0.0007 0.0089∗∗∗ p = 0.0010???

(0.0014) (0.0019) (0.0019) (0.0024)

SO2 0.0381∗∗ 0.1283∗∗∗ p = 0.0268? 0.0196 0.1295∗∗ p = 0.0305?

(0.0159) (0.0430) (0.0238) (0.0533)

Instruments 35 2 35 2
Observations 6,135 6,135 6,135 6,135

Panel B: Emergency Admissions
Respiratory Cardiovascular

(5P-IVLasso) (1P-IV) Equality Test (5P-IVLasso) (1P-IV) Equality Test

PM2.5 0.0009 0.0047∗ p > 0.1 0.0008 0.0061∗∗ p = 0.0850
(0.0024) (0.0025) (0.0021) (0.0026)

CO 0.0002 0.0003 p > 0.1 0.0007∗∗∗ 0.0005∗∗ p > 0.1
(0.0003) (0.0002) (0.0003) (0.0002)

O3 0.0056∗∗∗ −0.0040∗ p = 0.0003??? 0.0020 −0.0056∗∗ p = 0.0055??

(0.0019) (0.0022) (0.0018) (0.0024)

NO2 0.0026 0.0101∗∗∗ p = 0.0593 −0.0028 0.0054∗ p = 0.0337
(0.0027) (0.0033) (0.0026) (0.0031)

SO2 0.0957∗∗∗ 0.2134∗∗ p > 0.1 −0.0250 0.0290 p > 0.1
(0.0350) (0.0814) (0.0342) (0.0571)

Instruments 35 2 35 2
Observations 6,135 6,135 6,135 6,135

This Table compares the results of single pollutant models estimated with a classical IV with multi-pollutant models after Lasso selection.
Columns (5P-IVLasso) correspond to multi-pollutants regressions estimated with an IV Clustered-Lasso. In columns (1P-IV), each coefficient
corresponds to a separate regression with one pollutant and two hand-picked strong instruments. We test for the equality of coefficients by
estimating jointly 5P and 1P models by solving the joint GMM model, and report the p-value for the hypothesis of equality of coefficients. These
p-values are adjusted for clustering at the city-month-year level. Significance: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01. Multiple Hypothesis Testing
adjusted significance: ? Null rejected with FWER<0.1; ?? FWER<0.05; ??? FWER<0.01
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Table 8: Comparison of Single and Multi Pollutants models with Lasso-selected Instruments.

Panel A: Mortality
Respiratory Cardiovascular

(5P-IVLasso) (1P-IVLasso) Equality Test (5P-IVLasso) (1P-IVLasso) Equality Test

PM2.5 0.0019∗ 0.0035∗∗∗ p = 0.0509 0.0042∗∗∗ 0.0045∗∗∗ p > 0.1
(0.0011) (0.0008) (0.0016) (0.0011)

CO 0.0001 0.0003∗∗∗ p > 0.1 0.0001 0.0004∗∗∗ p > 0.1
(0.0001) (0.0001) (0.0002) (0.0001)

O3 −0.0007 −0.0022∗∗∗ p = 0.0236? 0.0012 −0.0016 p = 0.0029??

(0.0010) (0.0008) (0.0015) (0.0012)

NO2 0.0004 0.0042∗∗∗ p = 0.0037?? 0.0007 0.0055∗∗∗ p = 0.0014??

(0.0014) (0.0011) (0.0019) (0.0016)

SO2 0.0381∗∗ 0.0718∗∗∗ p = 0.0137? 0.0196 0.0659∗∗ p = 0.0171?

(0.0159) (0.0178) (0.0238) (0.0262)

Instruments 35 15;3;10;14;3 35 15;3;10;14;3
Observations 6,135 6,135 6,135 6,135

Panel B: Emergency Admissions
Respiratory Cardiovascular

(5P-IVLasso) (1P-IVLasso) Equality Test (5P-IVLasso) (1P-IVLasso) Equality Test

PM2.5 0.0009 0.0007 p > 0.1 0.0008 0.0018 p > 0.1
(0.0024) (0.0018) (0.0021) (0.0015)

CO 0.0002 0.0003 p > 0.1 0.0007∗∗∗ 0.0004∗ p > 0.1
(0.0003) (0.0002) (0.0003) (0.0002)

O3 0.0056∗∗∗ 0.0038∗∗ p > 0.1 0.0020 0.0003 p > 0.1
(0.0019) (0.0015) (0.0018) (0.0016)

NO2 0.0026 0.0063∗∗∗ p > 0.1 −0.0028 0.0040∗∗ p = 0.0052??

(0.0027) (0.0021) (0.0026) (0.0020)

SO2 0.0957∗∗∗ 0.0840∗∗ p > 0.1 −0.0250 −0.0242 p > 0.1
(0.0350) (0.0385) (0.0342) (0.0379)

Instruments 35 15;3;10;14;3 35 15;3;10;14;3
Observations 6,135 6,135 6,135 6,135

This Table compares the results of single and multi pollutant models after Lasso selection, for four health outcomes. Columns (5P-IVLasso)
correspond to multi-pollutants regressions. In columns (1P), each coefficient corresponds to a separate regression with one pollutant and the
pollutant-specific selected instruments. Before all regressions, we partial out fixed effects (month-year x city and day-of-the-week x city) and
variables are replaced by the corresponding residuals. A first step of per-pollutant clustered-lasso selection is performed, conditional on weather
variables which are forced into the model (no selection). In five pollutant models, selected instruments are pooled in 5P models, in 1P model only
pollutant-specific instruments are used. Standard errors are clustered at the month-year-city level, following the post clustered-lasso estimation.
We test for the equality of coefficients by estimating jointly 5P and 1P models by solving the joint GMM model, and report the p-value for the
hypothesis of equality of coefficients. These p-values are adjusted for clustering at the city-month-year level. Significance for unadjusted p-values
∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01. Multiple Hypothesis Testing adjusted significance: ? FWER<0.1; ?? FWER<0.05; ??? FWER<0.01



age distribution stand out with the largest impacts. Emergency admissions are higher for young
children (less than 4) by 9% when O3 is higher by one standard deviation (+24µg−3) and by
11% when SO2 is higher by one standard deviation (+1.5µg−3). For the eldest (≥ 80), it would
be higher by respectively 7% and 12%.

As expected, and although not always statistically significant, the impact is concentrated on
the eldest age group (≥ 80) for mortality and cardiovascular diseases. +11 µg/m−3 of PM2.5
(one standard deviation) leads to an increase in the mortality rate of the eldest by 2.5% and the
impact of SO2 on the mortality rate is the highest of the eldest.42 For cardiovascular diseases,
a standard deviation of CO (216 µg/m−3) implies emergency admissions higher by 6.6% for
the 80 and plus age group. This is consistent with air pollution affecting a fragile population,
and may raise questions about harvesting effects (that is, mortality displacement). The latter is
however not dealt with in this paper, at least for health events displacement over a few days.

Specification of Weather Controls. Accounting correctly for ground-level controls is one
of the requirements of our exclusion restriction. We provide in Table 9 three robustness ex-
ercises relative to weather controls for each health outcome. Column (1) reports the baseline
result where controls are specified as a polynomial of order 2 in temperature, average precipi-
tations and average wind strength, plus controls in humidity, in sunlight and a dummy for the
presence of snow. From the literature, the most sensitive control in our specification is tem-
perature. Its impact on human health has long been documented - and although we do not use
directly altitude temperature in our estimation, ground-level temperature is not unrelated with
our instruments. Precipitations have an impact on human activities (e.g. remain home) and on
air pollution, but no clear short-term impact on health. Studies on the temperature-mortality link
typically focus on extreme temperature e.g. Barreca et al. (2016). In column (2), we replace
average temperature and average precipitations with both their daily minimum and maximum -
each entering the specification with a polynomial of order two. Estimates remain basically the
same while the cardiovascular point estimate decreases in significance at the 5% level.

Ideally and given the non-linear link between mortality and temperature, weather controls
should be preferably specified as bins. It is for instance the case in (Deryugina et al., 2019)

42We do not observe mortality rate by both age and causes due to privacy protection reasons. We consider in
this section all-causes mortality.
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Figure 2: Causal Effect of Main Pollutants by Age Group. Note: Post IV Lasso models with 90%
confidence intervals are represented. Causal effects are estimated either with all five pollutants (triangle) or with
the specified pollutants (circle).



where ground-level weather controls are specified in 29,000 theoretical interactions between
17 bins of minimum and maximum temperature intervals, deciles of daily precipitations and
wind-speed for a sample size of 1.9 million observations, 300 instruments, and county, state-
by-month, and month-by-year fixed effects. Our weather controls are certainly not as flexible.
However, we tend to absorb more variations in our set of fixed effects (city-by-month-by-year
+ day-of-the-week-by-city) letting only a few observations left for identification within month-
year-city cells. In the end, the impact of ground-level weather on health outcomes is found
rather weak (see Table A.10 in Appendix) and we show in the Appendix Table B.3 that start-
ing from the simplest specification to the full specification of ground-level controls does not
affect our results. Our sample size does not allow as many ground-level interactions as done
in Deryugina et al. (2019). Yet this does not preclude an issue in the validity of our exclusion
restriction due to misspecification of ground-level weather controls. To address this concern,
in column (3), temperature control is further specified with the daily number of hours spent
in each decile of temperature. Both precision and point estimates are very close to column (2),
except for the cardiovascular emergency outcome where significance falls at 10% level. Finally,
in column (4), the main controls are all specified in bins: temperature, wind strength and hu-
midity are specified with the number of hours in quartile bins of the variable, and precipitations
in three intervals as the median precipitation is zero. While the estimates on respiratory and
cardiovascular emergencies remain very similar, mortality rate estimates lose their significance,
and decreases in magnitude. However, with this quite demanding weather controls specification
and consistent with the fact that the sample size is binding rather than the exclusion restriction
invalid, restricting the set of pollutants to PM2.5 and SO2 leads to recover our main set of re-
sults with a larger sample where both pollutants are observed and instruments specific to both
pollutants. We conclude that in this most demanding specification, we succeed in disentangling
the effect of five air pollutants on respiratory and cardiovascular emergency admissions but we
can not disentangle the impact of more than two pollutants on mortality rates.

Finally, we report in the online appendix two additional robustness exercises relative to air
pollutant measurement error and to delayed effects. In this paper, we measure air pollutant con-
centrations with the 24-hour average over a constant set of hourly-monitoring stations located
within the urban area. Instead of the average, we use day minimum and maximum to test how
our baseline results would change and report the updated results in Table B.4 in the Online
Appendix. In addition to gauging how robust are our estimates to concentration measurements,
this test may possibly inform on health sensitivity to sustained versus acute pollutant concen-
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Table 9: Causal effect of Air Pollutants on Health Outcomes. Robustness checks to weather
controls.

Emergency admissions
Respiratory Diseases Cardiovascular Diseases

(1) (2) (3) (4) (1) (2) (3) (4)

PM2.5 0.0009 0.0017 0.0036 −0.0002 0.0008 0.0020 0.0037 0.0012
(0.0024) (0.0022) (0.0029) (0.0024) (0.0021) (0.0021) (0.0026) (0.0023)

CO 0.0002 0.0001 0.0001 0.0001 0.0007∗∗∗ 0.0006∗∗ 0.0004∗ 0.0005∗∗

(0.0003) (0.0003) (0.0003) (0.0003) (0.0003) (0.0002) (0.0002) (0.0002)

O3 0.0056∗∗∗ 0.0056∗∗∗ 0.0053∗∗∗ 0.0040∗ 0.0020 0.0020 0.0015 0.0010
(0.0019) (0.0019) (0.0020) (0.0022) (0.0018) (0.0018) (0.0018) (0.0019)

NO2 0.0026 0.0038 0.0036 0.0036 −0.0028 −0.0015 −0.0013 −0.0015
(0.0027) (0.0028) (0.0026) (0.0027) (0.0026) (0.0029) (0.0026) (0.0025)

SO2 0.0957∗∗∗ 0.0942∗∗∗ 0.1034∗∗∗ 0.1141∗∗∗ −0.0250 −0.0069 −0.0146 −0.0119
(0.0350) (0.0343) (0.0360) (0.0350) (0.0342) (0.0325) (0.0332) (0.0340)

Weather Controls Baseline Min/Max Bins (1) Bins (2) Baseline Min/Max Bins (1) Bins (2)

Observations 6,135 6,135 6,135 6,135 6,135 6,135 6,135 6,135
Instruments 35 38 37 40 35 38 37 40

Mortality with Respiratory Causes Mortality with Cardiovascular Causes

(1) (2) (3) (4) (1) (2) (3) (4)

PM2.5 0.0019∗ 0.0026∗∗ 0.0029∗∗ 0.0012 0.0042∗∗∗ 0.0048∗∗∗ 0.0055∗∗∗ 0.0032∗

(0.0011) (0.0011) (0.0014) (0.0012) (0.0016) (0.0016) (0.0021) (0.0018)

CO 0.0001 −0.00002 0.0001 0.0001 0.0001 0.00001 0.00004 0.0002
(0.0001) (0.0001) (0.0001) (0.0001) (0.0002) (0.0002) (0.0002) (0.0002)

O3 −0.0007 −0.0005 −0.0007 −0.0006 0.0012 0.0010 0.0011 0.0011
(0.0010) (0.0010) (0.0010) (0.0010) (0.0015) (0.0014) (0.0015) (0.0015)

NO2 0.0004 0.0010 0.0006 0.0013 0.0007 0.0015 0.0013 0.0013
(0.0014) (0.0016) (0.0015) (0.0014) (0.0019) (0.0021) (0.0020) (0.0018)

SO2 0.0381∗∗ 0.0412∗∗ 0.0337∗∗ 0.0244 0.0196 0.0179 0.0258 0.0191
(0.0159) (0.0164) (0.0160) (0.0155) (0.0238) (0.0227) (0.0241) (0.0228)

Weather Controls Baseline Min/Max Bins (1) Bins (2) Bins (2) Bins (2) Bins (2) Bins (2)

Observations 6,135 6,135 6,135 6,135 6,135 6,135 6,135 6,135
Instruments 35 38 37 40 35 38 37 40

This Table presents the results of post-clustered-lasso IV models. Weather controls are in the baseline (1) a polynomial of order 2 in
average temperature, average precipitations and average wind strength, a linear control in sunlight and in humidity and a dummy for the
presence of snow. In specification (2), temperature and precipitations are specified as an order two polynomial in their daily minimun
and maximum. In specification (3), temperature control is specified with the daily number of hours spent in each decile of temperature.
In specification (4), temperature, wind strength and humidity are specified with the number of hours spent in quartile bins of the variable,
and precipitation in three intervals. All variables are first regressed on month-year and day-of-the-week fixed effects both interacted
with urban area fixed effects and then replaced by the corresponding residuals. A first step of per-pollutant clustered-lasso selection
is performed, conditional on various weather variables specification (1) to (4) which are forced into the model (no selection), selected
instruments are then pooled and enter a regular IV estimations with the same weather controls. Standard errors are clustered at the
month-year-urban area level. Significance: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01



trations. Estimation with min and max leads to results consistent with our baseline estimation.
Throughout the whole analysis, we have assumed that the impact of air pollution on short-term
health indicators was exclusively contemporaneous. In this last part, we check whether we find
lagged effects when introducing day-level leads and lags in the IV, with both contemporaneous
and lagged instruments. For most of our results, these regressions suggest that the (short-term)
effect is mostly contemporaneous.

6 Conclusion

This paper shows how distinct pollutants have strong and independent effects on the short-term
respiratory health of the urban population. We develop a two-step strategy, showing first how
air pollution is causally linked to daily emergency admissions and mortality rates and second
how optimally selecting many more instruments allows to disentangle the effects of several
pollutants. We provide causal evidence on the separate effects of ozone and sulfur dioxide on
respiratory diseases, jointly and independently, in the real urban environment, and controlling
for the other pollutants. Moreover, we find a significant impact of carbon monoxide on car-
diovascular diseases as well as of particulate matter and sulfur dioxide on the mortality rate,
while controlling for the other pollutants in presence. Our results suggest a reassessment of the
evidence derived in single-pollutant models, by providing a comparison with multi-pollutant
models. In addition, we show how high dimensional data from a general climate model can be
leveraged to provide a large set of instruments which prove very insightful for clean evidence
of ambient pollution levels on health. Our results point out to large effects of relatively small
amounts of ozone, sulfur dioxide, carbon monoxide and particulate matter, borne in priority by
children and elderly. While European norms have improved air quality as e.g. carbon monox-
ide is concerned, ozone concentrations are not at all decreasing in modern European cities.
Moreover, our estimates could be considered for the production of a short-term pollution index
reflecting the joint and independent impact of several pollutants - as opposed to the current stan-
dard of aggregation, a maximum over air pollutant sub-indexes, or for designing age-specific
public alert. That being said, effective communication about air quality or correct economic
valuation of multi-pollutant environmental policies remain complex questions which lie outside
the scope of the present paper. This work only considers a limited number of air pollutants
in the pool of pollutants suspected to jeopardize human health and well-being. However, this
paper contributes to the discussion by proposing a framework which could, when the data is
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recorded and available, be extended to allow for more substances - proving useful in a world
where the unveiling of new sources of dangers is becoming more and more frequent.

The recent literature has emphasized the need for tackling the total health effect associated
with the exposure to multiple pollutants, including non-linearities and interactions (Bobb et al.,
2015), but a fully convincing method would have to deal with causality as well. In this paper,
we have focused on deriving linear causal estimates within a multi-pollutant framework, but
emphasize that future research bringing the theoretical econometrics literature on nonparametric
instrumental variables to implementation could be promising continuation for our application.
The problem is not simple in our view: in the first stage one needs a regularization step to
incorporate the many instruments in the spirit of Belloni et al. (2012) or Carrasco and Tchuente
(2015) and in the second stage, finding a causal response function for five pollutants means
finding a non parametric function of five arguments, which is very computationally and data
intensive. However, the air pollution mixture effects, modeled in a non-parametric way, may
provide better insight into the features of the air pollution mixes which lead to the worst health
impacts. Indeed, in the words of the WHO, high-impact future research should focus on “the
shape of the concentration-response function, the identification of thresholds and the effects at
very low or very high pollutant levels”.
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7 Appendix

Table A.1: The Ten Most Populated Urban Areas in France

Urban area Population in thousands

All age 0-4 over 70

Paris 12, 470 845 1, 203
Lyon 2, 259 152 249
Marseille - Aix-en-Provence 1, 744 103 231
Toulouse 1, 312 81 137
Bordeaux 1, 195 67 135
Lille 1, 182 80 111
Nice 1, 006 52 171
Nantes 934 61 97
Strasbourg 777 45 89
Rennes 708 46 70

For Lille and Strasbourg urban area, only the French part is considered.

Source: 2013 census
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Figure A.2: Pollutant concentrations and Inverse Planetary Boundary Layer Height: Unusual
Components.

Note: ”Unusual” refers to the deviation of the variable from a set of weather and seasonal controls. On top of the
regression line, for each quantile from p5 to p95 of unusual inverse boundary layer height, are represented the
mean of unusual pollutant concentration.



Table A.2: Mortality Rate, Emergency Admissions, Inverse of Planetary Boundary Layer
Height and Thermal Inversions

Dependent variable, per 100 000 inhabitants:

Emergency Admissions Mortality

Respiratory Cardiovascular Digestive Respiratory Cardiovascular Digestive

(1) (2) (3) (4) (5) (6)

IBLHc,t 5.11 7.82∗ 2.22 10.35∗∗∗ 7.44∗∗ −2.00
(5.08) (4.04) (3.59) (2.29) (3.13) (1.27)

Observations 21,459 21,459 21,459 21,459 21,459 21,459

(1) (2) (3) (4) (5) (6)

TIc,t 0.05∗∗∗ 0.02 −0.001 0.03∗∗∗ 0.03∗∗∗ −0.005
(0.02) (0.01) (0.01) (0.01) (0.01) (0.004)

Observations 21,459 21,459 21,459 21,459 21,459 21,459

IBLH stands for the Inverse of Planetary Boundary Layer Height averaged by date and urban area. TI stands for the number of
hours with a thermal inversion a given date in the urban area. All regressions includes month-year and day-of-the-week fixed
effects, interacted with urban area fixed effects; and weather controls. Standard errors are clustered at the month-year-urban area
level. Significance: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table A.3: Post Lasso First Stage : Air Pollutants and Instruments (Part I)

PM2.5 CO O3 NO2 SO2

# Selected (15) (3) (10) (14) (3)

Planetary Boundary Layer
- Height Inverse (Day Average) 0.122∗∗∗ 0.092∗ 0.000 -0.161∗∗∗ -0.055

(0.039) (0.051) (0.024) (0.027) (0.044)

- Height Inverse (0-4a.m.) 0.133∗∗∗ 0.076∗∗∗ 0.015 0.101∗∗∗ -0.034
(0.025) (0.019) (0.019) (0.017) (0.029)

- Height Inverse (4-8a.m.) -0.090∗∗∗ -0.056∗∗ -0.004 -0.016 0.032
(0.030) (0.023) (0.019) (0.018) (0.035)

- Height Inverse (8-12a.m.) 0.024 0.063∗∗ -0.020 0.087∗∗∗ 0.021
(0.029) (0.025) (0.018) (0.019) (0.035)

- Height Inverse (4-8p.m.) -0.018 0.068∗∗∗ -0.035∗∗ 0.136∗∗∗ 0.020
(0.021) (0.023) (0.014) (0.018) (0.026)

- Height (0-4a.m.) 0.001 0.049∗∗∗ 0.082∗∗∗ 0.018∗ 0.005
(0.015) (0.013) (0.011) (0.010) (0.020)

- Height (8-12a.m.) -0.026 -0.000 0.005 -0.011 -0.016
(0.020) (0.016) (0.017) (0.015) (0.030)

- Height (0-4p.m.) 0.096∗∗∗ 0.093∗∗∗ 0.028 0.036∗∗ 0.007
(0.021) (0.021) (0.020) (0.014) (0.026)

- Height Inverse (0-4a.m. - Nice) -0.026 -0.011 -0.002 -0.050∗ -0.004
(0.040) (0.035) (0.044) (0.027) (0.040)

- Height Inverse (4-8a.m. - Nice) 0.031 -0.040 0.098∗∗ 0.046 -0.053
(0.059) (0.044) (0.044) (0.039) (0.052)

- Height Inverse (8-12a.m. - Nice) 0.042 0.012 -0.001 -0.034 -0.023
(0.026) (0.023) (0.022) (0.023) (0.031)

- Height Inverse (0-4a.m. - Lille) 0.011 0.004 -0.033∗∗ -0.014 0.052
(0.035) (0.017) (0.015) (0.016) (0.037)

- Height Inverse (4-8a.m. - Lille) 0.053 0.019 0.025 -0.003 0.042
(0.036) (0.016) (0.018) (0.016) (0.033)

- Height Inverse (8-12a.m. - Lyon) 0.068∗∗∗ -0.017 0.023∗∗ 0.031 0.013
(0.020) (0.020) (0.011) (0.019) (0.020)

- Height Inverse (0-4a.m. - Paris) 0.079 0.056∗∗∗ -0.001 0.064∗∗∗ 0.023
(0.053) (0.021) (0.025) (0.016) (0.027)

- Height Inverse (8-12a.m. - Nantes) -0.010 0.006 0.012 0.018∗ -0.050∗∗

(0.020) (0.014) (0.012) (0.011) (0.020)

- Height Inverse (0-4p.m. - Nantes) S 0.047∗∗ 0.006 -0.026∗ 0.024∗∗ 0.024
(0.023) (0.015) (0.013) (0.012) (0.016)

- Height Inverse (4-8p.m. - Nantes) -0.010 -0.002 -0.008 0.008 -0.011
(0.013) (0.013) (0.008) (0.011) (0.014)

- Height Inverse (8-12p.m. - Marseille) 0.011 0.021 -0.013 0.058∗∗∗ -0.033
(0.018) (0.023) (0.018) (0.011) (0.022)

- Height Inverse (8-12p.m. - Strasbourg) 0.003 0.013 0.001 0.054∗∗∗ 0.020
(0.014) (0.015) (0.012) (0.013) (0.016)

...
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Table A.4: Post Lasso First Stage : Air Pollutants, Instruments and Weather Controls (Part II)

PM2.5 CO O3 NO2 SO2

# Selected (15) (3) (10) (14) (3)

...
Thermal inversions
- Hours between 0 and 4a.m. -0.009 -0.020 0.020* 0.010 -0.009

(0.019) (0.015) (0.011) (0.011) (0.019)

- Hours between 8 and 12a.m. -0.013 -0.003 -0.048*** -0.009 -0.019
(0.018) (0.017) (0.011) (0.012) (0.024)

- Hours between 8 and 12p.m. -0.034*** 0.002 -0.016** 0.036*** 0.012
(0.012) (0.009) (0.007) (0.008) (0.018)

- Strength between 0 and 4a.m. 0.074*** 0.083*** -0.008 0.040** 0.069*
(0.028) (0.027) (0.018) (0.016) (0.036)

- Strength between 4 and 8a.m. -0.060** -0.082*** 0.037** 0.002 0.013
(0.030) (0.029) (0.018) (0.017) (0.039)

Altitude Wind
- Zonal Wind (Layer 20) -0.121*** 0.038*** 0.037*** 0.052*** 0.053***

(0.018) (0.011) (0.012) (0.011) (0.020)

- Zonal Wind (Layer 40) -0.016 -0.015 -0.006 -0.011 -0.032*
(0.017) (0.013) (0.011) (0.011) (0.018)

- Meridional Wind (Layer 32) 0.055*** 0.020** -0.015 -0.037*** -0.019
(0.014) (0.009) (0.009) (0.009) (0.015)

- Total Wind Strength (Layer 38) 0.012 -0.064 0.061 0.087 -0.015
(0.092) (0.060) (0.063) (0.060) (0.096)

- Total Wind Strength (Layer 39) -0.066 0.051 -0.068 -0.083 0.025
(0.094) (0.060) (0.065) (0.060) (0.099)

- Totla Wind Strength (Layer 45) -0.044** 0.004 -0.029* -0.009 -0.007
(0.020) (0.016) (0.016) (0.013) (0.022)

- Total Wind Strength (Layer 52) 0.001 -0.025 0.038*** -0.010 0.000
(0.020) (0.016) (0.013) (0.012) (0.021)

Altitude Pressure levels
- Average (Layer 25) 1.316*** 0.418*** -0.273*** 0.420*** 0.416***

(0.155) (0.105) (0.092) (0.091) (0.152)

- Average Pressure (Layer 46) -0.075 -0.051 -0.137*** -0.115*** -0.118**
(0.060) (0.042) (0.034) (0.030) (0.048)

- Average Pressure (Layer 78) -0.063 -0.095*** 0.057*** -0.122*** -0.063
(0.043) (0.027) (0.021) (0.027) (0.043)

All variables are scaled with their in sample standard deviation. All regressions includes month-year and day-of-the-week fixed
effects, interacted with urban area fixed effects. Standard errors are clustered at the month-year-urban area level. Significance:
∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table A.5: Emergency Admissions for Respiratory Diseases: Causal effect of Air Pollutants in
Multi-Pollutant Models.

Emergency Admissions for Respiratory Diseases per 100,000 inhabitants

Models from 1 to 5 pollutants

- 1 - - 2 - - 3 - - 4 - - 5 -

PM2.5 0.0006 −0.0014 −0.0005 0.0022 −0.0004 0.0009
(0.0010) (0.0015) (0.0019) (0.0020) (0.0020) (0.0024)
[16,095]

CO 0.0003∗∗∗ 0.0007∗∗∗ 0.0007∗∗∗ 0.0004 0.0005∗∗ 0.0002
(0.0001) (0.0002) (0.0002) (0.0003) (0.0002) (0.0003)
[14,109]

O3 0.0039∗∗∗ 0.0078∗∗∗ 0.0071∗∗∗ 0.0060∗∗∗ 0.0054∗∗∗ 0.0064∗∗∗ 0.0056∗∗∗

(0.0010) (0.0013) (0.0016) (0.0016) (0.0018) (0.0017) (0.0019)
[15,968]

NO2 0.0050∗∗∗ 0.0014 0.0038∗ 0.0037 0.0026
(0.0015) (0.0027) (0.0021) (0.0024) (0.0027)
[14,875]

SO2 0.0852∗∗∗ 0.1030∗∗∗ 0.0878∗∗∗ 0.0760∗∗ 0.0957∗∗∗

(0.0187) (0.0253) (0.0310) (0.0313) (0.0350)
[14,820]

Obs. [in bracket] 11,573 9,027 8,513 8,935 6,992 7,795 6,135
Inst. 35 35 35 35 35 35 35 35

This Table presents the results of post-clustered-lasso IV models. In column labeled 1, each coefficient corresponds to a separate regression with one
pollutant. Other columns correspond to a multi-pollutants regression. All regressions use the 35 instruments of the baseline model. Significance:
∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table A.6: Emergency Admissions for Cardiovascular Diseases: Causal effect of Air Pollutants
in Multi-Pollutant Models.

Emergency Admissions for Cardiovascular Diseases per 100,000 inhabitants

Models from 1 to 5 pollutants

- 1 - - 2 - - 3 - - 4 - - 5 -

PM2.5 0.0002 0.0011 −0.0007 0.0026 −0.0007 0.0008
(0.0008) (0.0011) (0.0015) (0.0016) (0.0017) (0.0021)
[16,095]

CO 0.0002∗∗∗ 0.0003∗∗∗ 0.0004∗∗ 0.0007∗∗∗ 0.0007∗∗∗ 0.0007∗∗∗

(0.0001) (0.0001) (0.0002) (0.0002) (0.0002) (0.0003)
[14,109]

O3 0.0007 0.0010 0.0004 0.0026∗ 0.0022 0.0014 0.0020
(0.0009) (0.0013) (0.0015) (0.0014) (0.0016) (0.0017) (0.0018)
[15,968]

NO2 0.0022∗∗ −0.0019 0.0019 −0.0024 −0.0028
(0.0011) (0.0024) (0.0019) (0.0023) (0.0026)
[14,875]

SO2 0.0025 −0.0100 −0.0284 −0.0237 −0.0250
(0.0151) (0.0221) (0.0293) (0.0295) (0.0342)
[14,820]

Obs. [in bracket] 11,573 9,027 8,513 8,935 6,992 7,795 6,135
Inst. 35 35 35 35 35 35 35 35

This Table presents the results of post-clustered-lasso IV models. In column labeled 1, each coefficient corresponds to a separate regression
with one pollutant. Other columns correspond to a multi-pollutants regression. All regressions use the 35 instruments of the baseline model.
Significance: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table A.7: Mortality Rate for at least a Cardiovascular cause: Causal effect of Air Pollutants in
Multi-Pollutant Models.

Mortality (Cardiovascular cause) per 100,000 inhabitants

Models from 1 to 5 pollutants

- 1 - - 2 - - 3 - - 4 - - 5 -

PM2.5 0.0028∗∗∗ 0.0024∗∗∗ 0.0029∗∗ 0.0033∗∗ 0.0039∗∗∗ 0.0042∗∗∗

(0.0007) (0.0009) (0.0014) (0.0013) (0.0015) (0.0016)
[16,095]

CO 0.0002∗∗∗ 0.0003∗∗ 0.0001 0.0003∗ −0.00003 0.0001
(0.0001) (0.0001) (0.0001) (0.0002) (0.0002) (0.0002)
[14,109]

O3 −0.0008 0.0008 0.0008 0.0008 0.0004 0.0006 0.0012
(0.0007) (0.0009) (0.0012) (0.0012) (0.0013) (0.0013) (0.0015)
[15,968]

NO2 0.0024∗∗∗ −0.0003 0.0007 0.0023 0.0007
(0.0008) (0.0017) (0.0014) (0.0017) (0.0019)
[ 14,875]

SO2 0.0407∗∗∗ 0.0267∗ 0.0333 0.0328 0.0196
(0.0111) (0.0159) (0.0204) (0.0216) (0.0238)
[14,820]

Obs. [in bracket] 11,573 9,027 8,513 8,935 6,992 7,795 6,135
Inst. 35 35 35 35 35 35 35 35

This Table presents the results of post-clustered-lasso IV models. In column labeled 1, each coefficient corresponds to a separate regression
with one pollutant. Other columns correspond to a multi-pollutants regression. All regressions use the 35 instruments of the baseline model.
Significance: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table A.8: Mortality Rate for at least a Respiratory cause: Causal effect of Air Pollutants in
Multi-Pollutant Models.

Mortality (Respiratory cause) per 100,000 inhabitants

Models from 1 to 5 pollutants

- 1 - - 2 - - 3 - - 4 - - 5 -

PM2.5 0.0025∗∗∗ 0.0019∗∗∗ 0.0023∗∗∗ 0.0019∗∗ 0.0024∗∗ 0.0019∗

(0.0004) (0.0006) (0.0009) (0.0009) (0.0010) (0.0011)
[16,095]

CO 0.0002∗∗∗ 0.0002∗∗ 0.0001 0.0002∗ 0.00004 0.0001
(0.0001) (0.0001) (0.0001) (0.0001) (0.0001) (0.0001)
[14,109]

O3 −0.0014∗∗∗ −0.0001 0.0003 −0.0006 −0.0010 −0.0001 −0.0007
(0.0005) (0.0007) (0.0008) (0.0008) (0.0009) (0.0009) (0.0010)
[15,968]

NO2 0.0031∗∗∗ −0.0007 0.0012 0.0016 0.0004
(0.0006) (0.0014) (0.0009) (0.0013) (0.0014)
[14,875]

SO2 0.0316∗∗∗ 0.0230∗∗ 0.0361∗∗ 0.0305∗∗ 0.0381∗∗

(0.0081) (0.0109) (0.0142) (0.0148) (0.0159)
[14,820]

Obs. [in bracket] 11,573 9,027 8,513 8,935 6,992 7,795 6,135
Inst. 35 35 35 35 35 35 35 35

This Table presents the results of post-clustered-lasso IV models. In column labeled 1, each coefficient corresponds to a separate regression
with one pollutant. Other columns correspond to a multi-pollutants regression. All regressions use the 35 instruments of the baseline model.
Significance: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table A.9: Main Results and Wild-bootstrap p-values.

Dependent variable:

(Respiratory) (Cardiovascular) (Cardiovascular) (Respiratory)

PM2.5 0.0009 0.0008 0.0042 0.0019
(Baseline) p = 0.7118 p = 0.6828 p = 0.0091?? p = 0.0957
(Wild Bootstrap) p = 0.7778 p = 0.7257 p = 0.0020??? p = 0.1772

CO 0.0002 0.0007 0.0001 0.0001
(Baseline) p = 0.4215 p = 0.0091?? p = 0.4221 p = 0.5526
(Wild Bootstrap) p = 0.4204 p = 0.0170? p = 0.5596 p = 0.5195

O3 0.0056 0.0020 0.0012 −0.0007
(Baseline) p = 0.0039?? p = 0.2831 p = 0.3945 p = 0.5115
(Wild Bootstrap) p = 0.0000??? p = 0.3403 p = 0.3634 p = 0.4434

NO2 0.0026 −0.0028 0.0007 0.0004
(Baseline) p = 0.3398 p = 0.2841 p = 0.6991 p = 0.7787
(Wild Bootstrap) p = 0.5015 p = 0.0791 p = 0.7077 p = 0.7497

SO2 0.0957 −0.0250 0.0196 0.0381
(Baseline) p = 0.0063?? p = 0.4642 p = 0.4082 p = 0.0166?

(Wild Bootstrap) p = 0.0190? p = 0.5405 p = 0.5245 p = 0.0390

Observations 6,135 6,135 6,135 6,135

Baseline p-values p are obtained by clustering by month-year-city cells and are compared to p-values obtained using an alternative wild-
bootstrap inference. They are built with 1,000 bootstrap samples by bootstrapping by city and clustering standard errors by city. In this
Table, we correct significance for testing 5 hypothesis - that is one per pollutant - separately for each outcome, using the Bonferroni-Holm
method. ? Null rejected with FWER<0.1; ?? FWER<0.05



Table A.10: Causal effect of Air Pollutants on Mortality and Morbidity with Weather
Controls.

Multi Pollutant IV-Lasso Models

Emergency Admissions Mortality

Respiratory Cardiovascular Digestive Respiratory Cardiovascular Digestive

PM2.5 0.0009 0.0008 −0.0036∗ 0.0019∗ 0.0042∗∗∗ 0.0010
(0.0024) (0.0021) (0.0018) (0.0011) (0.0016) (0.0007)

CO 0.0002 0.0007∗∗∗ −0.0001 0.0001 0.0001 −0.00002
(0.0003) (0.0003) (0.0002) (0.0001) (0.0002) (0.0001)

O3 0.0056∗∗∗ 0.0020 −0.0026 −0.0007 0.0012 0.0006
(0.0019) (0.0018) (0.0017) (0.0010) (0.0015) (0.0006)

SO2 0.0957∗∗∗ −0.0250 −0.0049 0.0381∗∗ 0.0196 −0.0020
(0.0350) (0.0342) (0.0296) (0.0159) (0.0238) (0.0109)

NO2 0.0026 −0.0028 0.0010 0.0004 0.0007 −0.0007
(0.0027) (0.0026) (0.0021) (0.0014) (0.0019) (0.0008)

Snow −0.0030 0.0092 0.0036 0.0014 0.0125∗∗∗ 0.0023
(0.0066) (0.0065) (0.0059) (0.0036) (0.0045) (0.0020)

Precipitations −0.1695∗∗∗ −0.0048 −0.0192 −0.0026 0.0722∗ 0.0135
(0.0496) (0.0513) (0.0447) (0.0298) (0.0396) (0.0181)

Precipitations2 0.0331 −0.0218 −0.0471 0.0308 −0.0371 0.0066
(0.0347) (0.0305) (0.0306) (0.0206) (0.0252) (0.0158)

Temperature 0.0012 0.0004 0.0036 0.0075∗∗∗ 0.0029 −0.0002
(0.0033) (0.0030) (0.0028) (0.0018) (0.0024) (0.0010)

Temperature2 −0.0005 −0.0005 0.0002 −0.0003 −0.0006∗ 0.0002
(0.0004) (0.0004) (0.0004) (0.0002) (0.0003) (0.0001)

Wind strength 0.0121 0.0078 −0.0003 0.0079 0.0049 −0.0048∗

(0.0099) (0.0092) (0.0077) (0.0048) (0.0069) (0.0027)

Wind strength2 −0.0008 −0.0010 −0.0007 −0.0002 0.0002 −0.000004
(0.0010) (0.0010) (0.0008) (0.0005) (0.0007) (0.0003)

Humidity 0.0062∗∗∗ 0.0002 −0.0027∗∗ −0.0005 −0.0004 0.0001
(0.0017) (0.0016) (0.0013) (0.0009) (0.0013) (0.0005)

Humidity2 0.0001∗ −0.00001 −0.00002 0.000003 −0.00002 −0.00003∗∗

(0.00005) (0.00004) (0.00004) (0.00003) (0.00003) (0.00001)

Sunlight −0.0011∗∗∗ −0.0001 −0.0007∗ −0.0007∗∗∗ −0.0009∗∗∗ −0.0001
(0.0004) (0.0004) (0.0004) (0.0002) (0.0003) (0.0001)

Observations [6,135] [6,135] [6,135] [6,135] [6,135] [6,135]
Instruments 35 35 35 35 35 35

This Table presents the main results of post-clustered-lasso IV models with weather controls. Significance: ∗p<0.1;
∗∗p<0.05; ∗∗∗p<0.01
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8 Online Appendix

Table B.1: Instruments list.

Specification Dimensions

Planetary Boundary Layer 74

- Height Daily average, 6 moments of the day - 7

- Height Inverse Daily average, 6 moments of the day - 7

Per urban area, 6 moments of the day - 60

Thermal inversions 14

- #Hours Daily average, and for 6 moments of the day - 7

- Strength Daily average, and for 6 moments of the day - 7

“Layered” Variables 240

- Zonal wind Daily Average for 60 altitude layers - 60

- Meridional wind Daily Average for 60 altitude layers - 60

- Total strength Daily Average for 60 altitude layers - 60

- Altitude Pressure levels Daily Average for 60 altitude layers - 60

Total 328
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Figure B.1: Pollutant concentrations and Inverse Planetary Boundary Layer Height: Raw Cor-
relations.

Note: On top of the regression line, for each quantile from p5 to p95 of unusual inverse
boundary layer height, are represented the mean of unusual pollutant concentration.



Table B.2: Causal effect of Air Pollutants on Health Outcomes. Robustness checks to the specification
of the Initial Set of Instruments.

Emergency admissions
Respiratory Diseases Cardiovascular Diseases

(1) (2) (3) (4) (5) (1) (2) (3) (4) (5)

PM2.5 0.0009 0.0009 0.0004 0.0009 0.0022 0.0008 0.0007 −0.0005 0.0008 0.0019
(0.0024) (0.0024) (0.0028) (0.0023) (0.0023) (0.0021) (0.0021) (0.0021) (0.0021) (0.0021)

CO 0.0002 0.0002 0.0003 0.0002 0.0002 0.0007∗∗∗ 0.0006∗∗ 0.0008∗∗∗ 0.0007∗∗∗ 0.0006∗∗

(0.0003) (0.0003) (0.0003) (0.0003) (0.0003) (0.0003) (0.0002) (0.0003) (0.0003) (0.0003)

O3 0.0056∗∗∗ 0.0057∗∗∗ 0.0051∗∗ 0.0056∗∗∗ 0.0050∗∗ 0.0020 0.0014 0.0006 0.0019 0.0019
(0.0019) (0.0019) (0.0025) (0.0019) (0.0020) (0.0018) (0.0018) (0.0019) (0.0019) (0.0020)

NO2 0.0026 0.0027 −0.0016 0.0024 0.0024 −0.0028 −0.0021 −0.0057 −0.0027 −0.0031
(0.0027) (0.0027) (0.0042) (0.0027) (0.0026) (0.0026) (0.0026) (0.0035) (0.0026) (0.0026)

SO2 0.0957∗∗∗ 0.0882∗∗∗ 0.2000∗∗∗ 0.0951∗∗∗ 0.0678∗ −0.0250 −0.0310 0.0315 −0.0240 −0.0349
(0.0350) (0.0335) (0.0721) (0.0348) (0.0361) (0.0342) (0.0334) (0.0531) (0.0345) (0.0346)

Instruments Ref Ref + Ref - Ref + Ref - Ref Ref + Ref - Ref + Ref -
City x TI City x IPBLH Humidity Alt. Pressure City x TI City x IPBLH Humidity Alt. Pressure

Full Set 328 388 268 388 268 328 388 268 388 268
Selected Set 35 38 24 36 32 35 38 24 36 32

Obs. 6,135 6,135 6,135 6,135 6,135 6,135 6,135 6,135 6,135 6,135

Mortality with Respiratory Causes Mortality with Cardiovascular Causes

(1) (2) (3) (4) (5) (1) (2) (3) (4) (5)

PM2.5 0.0019∗ 0.0017 0.0022∗ 0.0019∗ 0.0018∗ 0.0042∗∗∗ 0.0043∗∗∗ 0.0047∗∗∗ 0.0043∗∗∗ 0.0043∗∗∗

(0.0011) (0.0011) (0.0012) (0.0011) (0.0011) (0.0016) (0.0016) (0.0017) (0.0016) (0.0016)

CO 0.0001 0.00004 0.00002 0.0001 0.0002 0.0001 0.0001 0.0001 0.0002 0.0002
(0.0001) (0.0001) (0.0001) (0.0001) (0.0001) (0.0002) (0.0002) (0.0002) (0.0002) (0.0002)

O3 −0.0007 −0.0009 −0.0004 −0.0007 −0.0003 0.0012 0.0012 0.0016 0.0013 0.0016
(0.0010) (0.0010) (0.0011) (0.0010) (0.0010) (0.0015) (0.0014) (0.0015) (0.0015) (0.0016)

NO2 0.0004 0.0006 0.0015 0.0004 0.00004 0.0007 0.0013 0.0011 0.0007 0.00004
(0.0014) (0.0014) (0.0018) (0.0014) (0.0014) (0.0019) (0.0019) (0.0024) (0.0019) (0.0019)

SO2 0.0381∗∗ 0.0351∗∗ 0.0192 0.0382∗∗ 0.0325∗∗ 0.0196 0.0099 0.0141 0.0177 0.0164
(0.0159) (0.0153) (0.0271) (0.0159) (0.0160) (0.0238) (0.0229) (0.0399) (0.0241) (0.0244)

Instruments Ref Ref + Ref - Ref + Ref - Ref Ref + Ref - Ref + Ref -
City x TI City x IPBLH Humidity Alt. Pressure City x TI City x IPBLH Humidity Alt. Pressure

Full Set 328 388 268 388 268 328 388 268 388 268
Selected 35 38 24 36 32 35 38 24 36 32

Obs. 6,135 6,135 6,135 6,135 6,135 6,135 6,135 6,135 6,135 6,135

This Table presents the results of post-clustered-lasso IV models. We vary the initial set of instruments to compare with the reference presented in column
(1). In column (2), we add the interactions between city and thermal inversions by moment of the day (6 moments of the day times 10 cities). In columns
(3), we withdraw IBLH’s same 60 interactions. In column (4), we add humidity measured in 60 altitude layers. In column (4), we withdraw altitude
pressure variables measured in 60 altitude layers. Standard errors are clustered at the month-year-urban area level. Significance: ∗p<0.1; ∗∗p<0.05;
∗∗∗p<0.01
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Table B.3: Causal effect of Air Pollutants on Health Outcomes: Robustness Checks by Adding
Successively Weather Controls.

Emergency admissions
Respiratory Diseases Cardiovascular Diseases

(1) (2) (3) (4) (5) (1) (2) (3) (4) (5)

PM2.5 0.0011 0.0011 0.0007 0.0009 0.0009 0.0007 0.0008 0.0005 0.0005 0.0008
(0.0025) (0.0025) (0.0025) (0.0024) (0.0024) (0.0021) (0.0021) (0.0021) (0.0020) (0.0021)

CO 0.0001 0.0002 0.0002 0.0002 0.0002 0.0006∗∗ 0.0006∗∗ 0.0007∗∗ 0.0007∗∗ 0.0007∗∗∗

(0.0003) (0.0003) (0.0003) (0.0003) (0.0003) (0.0003) (0.0003) (0.0003) (0.0003) (0.0003)

O3 0.0056∗∗∗ 0.0058∗∗∗ 0.0058∗∗∗ 0.0054∗∗∗ 0.0056∗∗∗ 0.0023 0.0023 0.0023 0.0021 0.0020
(0.0018) (0.0019) (0.0019) (0.0019) (0.0019) (0.0017) (0.0017) (0.0018) (0.0018) (0.0018)

NO2 0.0015 0.0017 0.0010 0.0024 0.0026 −0.0030 −0.0034 −0.0037∗ −0.0030 −0.0028
(0.0022) (0.0023) (0.0022) (0.0027) (0.0027) (0.0023) (0.0022) (0.0022) (0.0026) (0.0026)

SO2 0.0834∗∗ 0.0998∗∗∗ 0.1024∗∗∗ 0.0972∗∗∗ 0.0957∗∗∗ −0.0298 −0.0198 −0.0228 −0.0244 −0.0250
(0.0334) (0.0341) (0.0348) (0.0351) (0.0350) (0.0336) (0.0336) (0.0339) (0.0340) (0.0342)

Temperature 1 1 1 1 Ref. 1 1 1 1 Ref.
Humidity 1 1 1 1 Ref. 1 1 1 1 Ref.
Sunlight 0 1 1 1 Ref. 0 1 1 1 Ref.
Precipitations 0 0 1 1 Ref. 0 0 1 1 Ref.
Wind Strength 0 0 0 1 Ref. 0 0 0 1 Ref.

Observations 6,236 6,177 6,156 6,135 6,135 6,236 6,177 6,156 6,135 6,135

Mortality with Respiratory Causes Mortality with Cardiovascular Causes

(1) (2) (3) (4) (5) (1) (2) (3) (4) (5)

PM2.5 0.0014 0.0016 0.0018 0.0019∗ 0.0019∗ 0.0031∗ 0.0032∗ 0.0034∗∗ 0.0039∗∗ 0.0042∗∗∗

(0.0011) (0.0012) (0.0012) (0.0011) (0.0011) (0.0016) (0.0017) (0.0017) (0.0016) (0.0016)

CO 0.0001 0.0001 0.0001 0.0001 0.0001 0.0002 0.0002 0.0002 0.0002 0.0001
(0.0001) (0.0001) (0.0001) (0.0001) (0.0001) (0.0002) (0.0002) (0.0002) (0.0002) (0.0002)

O3 −0.0003 −0.0001 −0.0002 −0.0008 −0.0007 0.0019 0.0020 0.0019 0.0014 0.0012
(0.0009) (0.0009) (0.0010) (0.0010) (0.0010) (0.0013) (0.0013) (0.0014) (0.0014) (0.0015)

NO2 −0.0010 −0.0005 −0.0005 0.0004 0.0004 −0.0002 0.0006 0.0006 0.0008 0.0007
(0.0012) (0.0012) (0.0012) (0.0014) (0.0014) (0.0016) (0.0016) (0.0016) (0.0019) (0.0019)

SO2 0.0368∗∗ 0.0396∗∗ 0.0405∗∗ 0.0374∗∗ 0.0381∗∗ 0.0174 0.0147 0.0161 0.0188 0.0196
(0.0153) (0.0159) (0.0158) (0.0158) (0.0159) (0.0230) (0.0235) (0.0235) (0.0238) (0.0238)

Temperature 1 1 1 1 Ref. 1 1 1 1 Ref.
Humidity 1 1 1 1 Ref. 1 1 1 1 Ref.
Sunlight 0 1 1 1 Ref. 0 1 1 1 Ref.
Precipitations 0 0 1 1 Ref. 0 0 1 1 Ref.
Wind Strength 0 0 0 1 Ref. 0 0 0 1 Ref.

Observations 6,236 6,177 6,156 6,135 6,135 6,236 6,177 6,156 6,135 6,135

This Table presents the results of post-clustered-lasso IV models. We vary the initial set of linear weather controls by adding controls one by
one to compare with the reference presented in column (1). All variables are first regressed on month-year and day-of-the-week fixed effects
both interacted with urban area fixed effects and then replaced by the corresponding residuals. A first step of per-pollutant clustered-lasso
selection is performed, conditional on various weather variables which are forced into the model (no selection), selected instruments are then
pooled and enter a regular IV estimations with the same weather controls. Standard errors are clustered at the month-year-urban area level.
Significance: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table B.4: Causal effect of Air Pollutants Daily-Minimum and Daily-
Maximum. Post-Lasso IVs.

Panel A: Daily Maximum
Emergency Admissions Mortality

Respiratory Cardiovascular Respiratory Cardiovascular

PM2.5 −0.0006 0.0005 0.0017∗∗ 0.0032∗∗∗

(0.0016) (0.0014) (0.0007) (0.0010)

CO 0.0002 0.0001 0.00004 −0.000004
(0.0002) (0.0002) (0.0001) (0.0001)

O3 0.0035∗∗ −0.0012 −0.0003 0.0005
(0.0016) (0.0016) (0.0007) (0.0011)

NO2 −0.0025 0.0012 −0.0001 −0.00001
(0.0025) (0.0022) (0.0011) (0.0016)

SO2 0.0215∗∗ −0.0081 0.0062 0.0051
(0.0097) (0.0090) (0.0044) (0.0068)

Observations [6,135] [6,135] [6,135] [6,135]
Instruments 31 31 31 31

Panel B: Daily Minimum
Emergency Admissions Mortality

Respiratory Cardiovascular Respiratory Cardiovascular

PM2.5 −0.0062 −0.0004 −0.0003 0.0035
(0.0043) (0.0039) (0.0020) (0.0029)

CO 0.0004 0.0012∗∗ −0.00004 −0.0004
(0.0005) (0.0005) (0.0003) (0.0004)

O3 −0.0015 −0.0004 0.0002 0.0009
(0.0023) (0.0021) (0.0012) (0.0016)

NO2 0.0016 −0.0074 0.0061∗∗ 0.0061
(0.0056) (0.0051) (0.0028) (0.0038)

SO2 0.1422 −0.0156 0.0757 0.0698
(0.1352) (0.1270) (0.0605) (0.0772)

Observations [6,135] [6,135] [6,135] [6,135]
Instruments 38 38 38 38

This Table presents the results of post-clustered-lasso IV models. Significance: ∗p<0.1; ∗∗p<0.05;
∗∗∗p<0.01



Table B.5: Mortality From at Least One Respiratory Cause. From Single-pollutant
to Multi-pollutant Models, Sample and Instruments Selection.

Mortality rate (Respiratory)
Models with 1 or 5 pollutants

- 1 - - 1 - - 1 - - 5 -

PM2.5 0.0026∗∗∗ 0.0032∗∗∗ 0.0035∗∗∗ 0.0019∗

(0.0005) (0.0008) (0.0008) (0.0011)

CO 0.0002∗∗∗ 0.0004∗∗∗ 0.0003∗∗∗ 0.0001
(0.00005) (0.0001) (0.0001) (0.0001)

O3 −0.0016∗∗∗ −0.0021∗∗∗ −0.0022∗∗∗ −0.0007
(0.0005) (0.0007) (0.0008) (0.0010)

NO2 0.0035∗∗∗ 0.0036∗∗∗ 0.0042∗∗∗ 0.0004
(0.0006) (0.0011) (0.0011) (0.0014)

SO2 0.0289∗∗∗ 0.0680∗∗∗ 0.0718∗∗∗ 0.0381∗∗

(0.0075) (0.0179) (0.0178) (0.0159)

Sample (Ap) or (B)
Estimation (Ap) (B) (B) (B)
Instruments Selection (Ap) (Ap) (B) (B)
Model features
Distinct IVs 5 5 5 1
Observations 14109 to 16095 6135 6135 6135
Instruments 19;17;17;20;9 19;17;17;20;9 15;3;10;14;3 35

Notes: Except for the last column, each coefficient is derived from a separate single-pollutant model. The last column
corresponds to a multi-pollutant model. Samples (Ap) are pollutant-specific: each sample corresponds to the sample
where the given pollutant concentration is not missing. Sample (B) is the sample where none of the five pollutants is
missing. First, we partial out fixed effects: all variables are first regressed on month-year and day-of-the-week fixed
effects both interacted with urban area fixed effects and then replaced by the corresponding residuals. A first step of
per-pollutant lasso selection is performed on the instrument selection sample, conditional on weather variables which
are forced into the model (no selection), selected instruments are then pooled and enter a regular IV estimations on the
estimation sample. Standard errors are clustered at the month-year-urban area level. Significance: ∗p<0.1; ∗∗p<0.05;
∗∗∗p<0.01
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Table B.6: Mortality From at Least One Cardiovascular Cause. From Single-
pollutant to Multi-pollutant Models, Sample and Instruments Selection.

Mortality rate (Cardiovascular)
Models with 1 or 5 pollutants

- 1 - - 1 - - 1 - - 5 -

PM2.5 0.0029∗∗∗ 0.0048∗∗∗ 0.0045∗∗∗ 0.0042∗∗∗

(0.0007) (0.0011) (0.0011) (0.0016)

CO 0.0002∗∗∗ 0.0004∗∗∗ 0.0004∗∗∗ 0.0001
(0.0001) (0.0001) (0.0001) (0.0002)

O3 −0.0006 −0.0017∗ −0.0016 0.0012
(0.0007) (0.0010) (0.0012) (0.0015)

NO2 0.0030∗∗∗ 0.0055∗∗∗ 0.0055∗∗∗ 0.0007
(0.0009) (0.0014) (0.0016) (0.0019)

SO2 0.0366∗∗∗ 0.0775∗∗∗ 0.0659∗∗ 0.0196
(0.0105) (0.0258) (0.0262) (0.0238)

Sample (Ap) or (B)
Estimation (Ap) (B) (B) (B)
Instruments Selection (Ap) (Ap) (B) (B)
Model features
Distinct IVs 5 5 5 1
Observations 14109 to 16095 6135 6135 6135
Instruments 19;17;17;20;9 19;17;17;20;9 15;3;10;14;3 35

Notes: Except for the last column, each coefficient is derived from a separate single-pollutant model. The last column
corresponds to a multi-pollutant model. Samples (Ap) are pollutant-specific: each sample corresponds to the sample
where the given pollutant concentration is not missing. Sample (B) is the sample where none of the five pollutants is
missing. First, we partial out fixed effects: all variables are first regressed on month-year and day-of-the-week fixed
effects both interacted with urban area fixed effects and then replaced by the corresponding residuals. A first step of
per-pollutant lasso selection is performed on the instrument selection sample, conditional on weather variables which
are forced into the model (no selection), selected instruments are then pooled and enter a regular IV estimations on the
estimation sample. Standard errors are clustered at the month-year-urban area level. Significance: ∗p<0.1; ∗∗p<0.05;
∗∗∗p<0.01
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Table B.7: Emergency admissions for respiratory diseases. From single-pollutant
to multi-pollutant models: sample and instruments selection.

Emergency admissions for respiratory diseases
Models with 1 or 5 pollutants

- 1 - - 1 - - 1 - - 5 -

PM2.5 0.0005 0.0012 0.0007 0.0009
(0.0010) (0.0018) (0.0018) (0.0024)

CO 0.0002∗∗ 0.0004∗∗ 0.0003 0.0002
(0.0001) (0.0002) (0.0002) (0.0003)

O3 0.0035∗∗∗ 0.0031∗∗ 0.0038∗∗ 0.0056∗∗∗

(0.0010) (0.0014) (0.0015) (0.0019)

NO2 0.0033∗∗ 0.0048∗∗ 0.0063∗∗∗ 0.0026
(0.0015) (0.0019) (0.0021) (0.0027)

SO2 0.0644∗∗∗ 0.0873∗∗ 0.0840∗∗ 0.0957∗∗∗

(0.0188) (0.0382) (0.0385) (0.0350)

Sample (Ap) or (B)
Estimation (Ap) (B) (B) (B)
Instruments Selection (Ap) (Ap) (B) (B)
Model features
Distinct IVs 5 5 5 1
Observations 14109 to 16095 6135 6135 6135
Instruments 19;17;17;20;9 19;17;17;20;9 15;3;10;14;3 35

Notes: Except for the last column, each coefficient is derived from a separate single-pollutant model. The last column
corresponds to a multi-pollutant model. Samples (Ap) are pollutant-specific: each sample corresponds to the sample
where the given pollutant concentration is not missing. Sample (B) is the sample where none of the five pollutants is
missing. First, we partial out fixed effects: all variables are first regressed on month-year and day-of-the-week fixed
effects both interacted with urban area fixed effects and then replaced by the corresponding residuals. A first step of
per-pollutant lasso selection is performed on the instrument selection sample, conditional on weather variables which
are forced into the model (no selection), selected instruments are then pooled and enter a regular IV estimations on the
estimation sample. Standard errors are clustered at the month-year-urban area level. Significance: ∗p<0.1; ∗∗p<0.05;
∗∗∗p<0.01
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Table B.8: Emergency admissions for cardiovascular diseases. From single-pollutant
to multi-pollutant models: sample and instruments selection.

Emergency admissions for cardiovascular diseases

Pollutant in the model: (1) (1) (1) (5)

PM2.5 0.0001 0.0019 0.0018 0.0008
(0.0008) (0.0016) (0.0015) (0.0021)

CO 0.0002∗∗ 0.0004∗∗ 0.0004∗ 0.0007∗∗∗

(0.0001) (0.0002) (0.0002) (0.0003)

O3 0.0009 0.0002 0.0003 0.0020
(0.0009) (0.0015) (0.0016) (0.0018)

NO2 0.0023∗ 0.0030 0.0040∗∗ −0.0028
(0.0012) (0.0019) (0.0020) (0.0026)

SO2 0.0055 −0.0127 −0.0242 −0.0250
(0.0143) (0.0339) (0.0379) (0.0342)

Sample (Ap) or (B)
Estimation (Ap) (B) (B) (B)
Instruments Selection (Ap) (Ap) (B) (B)
Model features
Distinct IVs 5 5 5 1
Observations 14109 to 16095 6135 6135 6135
Instruments 19;17;17;20;9 19;17;17;20;9 15;3;10;14;3 35

Notes: Except for the last column, each coefficient is derived from a separate single-pollutant model. The last column
corresponds to a multi-pollutant model. Samples (Ap) are pollutant-specific: each sample corresponds to the sample where
the given pollutant concentration is not missing. Sample (B) is the sample where none of the five pollutants is missing.
First, we partial out fixed effects: all variables are first regressed on month-year and day-of-the-week fixed effects both
interacted with urban area fixed effects and then replaced by the corresponding residuals. A first step of per-pollutant
lasso selection is performed on the instrument selection sample, conditional on weather variables which are forced into
the model (no selection), selected instruments are then pooled and enter a regular IV estimations on the estimation sample.
Standard errors are clustered at the month-year-urban area level. Significance: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table B.9: Causal effect of Air Pollutants on Emergency Admissions Outcomes By Age Group.
Post-Lasso IVs models.

Emergency Admissions for Respiratory Diseases

(0-4) (5-14) (15-59) (60-79) (≥ 80) (0-4) (5-14) (15-59) (60-79) (≥ 80)

O3 0.027 0.001 0.002 0.012∗∗ 0.015 0.021∗ 0.003∗∗ 0.001∗ 0.006∗∗ 0.021∗∗

p = 0.111 p = 0.738 p = 0.150 p = 0.016 p = 0.397 p = 0.071 p = 0.046 p = 0.054 p = 0.032 p = 0.030

SO2 0.702∗∗ 0.036 0.001 0.069 0.783∗∗ 0.428∗∗ 0.062∗∗ 0.017 0.063 0.574∗∗∗

p = 0.025 p = 0.513 p = 0.977 p = 0.472 p = 0.015 p = 0.028 p = 0.046 p = 0.147 p = 0.227 p = 0.002

PM2.5 −0.013 −0.003 0.001 0.009∗ 0.001
p = 0.545 p = 0.329 p = 0.705 p = 0.085 p = 0.950

CO −0.001 0.0005 0.00002 0.001 0.002
p = 0.578 p = 0.254 p = 0.899 p = 0.382 p = 0.335

NO2 0.055∗∗ 0.0001 0.002 −0.004 −0.031
p = 0.017 p = 0.984 p = 0.315 p = 0.561 p = 0.217

Observations 6,135 6,135 6,135 6,135 6,135 11,416 11,416 11,416 11,416 11,416
Mean Dep. Var 5.5 0.5 0.5 1.9 7.3 5.5 0.5 0.5 1.9 7.3
Instruments 35 35 35 35 35 26 26 26 26 26

Emergency Admissions for Cardiovascular Diseases

(0-14) (15-59) (60-79) (≥ 80) (0-14) (15-59) (60-79) (≥ 80)

CO −0.00004 0.0002 0.001 0.007∗ 0.00004 0.00004 −0.0003 0.004∗∗∗

p = 0.816 p = 0.115 p = 0.113 p = 0.055 p = 0.481 p = 0.457 p = 0.416 p = 0.002

PM2.5 0.001 −0.001 −0.009 0.037
p = 0.680 p = 0.648 p = 0.189 p = 0.182

O3 −0.001 0.0003 0.0003 0.032
p = 0.335 p = 0.813 p = 0.964 p = 0.168

NO2 −0.001 −0.001 −0.002 −0.035
p = 0.527 p = 0.625 p = 0.818 p = 0.288

SO2 0.002 −0.018 0.021 −0.107
p = 0.951 p = 0.427 p = 0.843 p = 0.802

Observations 6,135 6,135 6,135 6,135 14,109 14,109 14,109 14,109
Mean Dep. Var 0.1 0.6 3.5 13.2 0.1 0.6 3.5 13.2
Instruments 35 35 35 35 17 17 17 17

Note: Each column correspond to a multi-pollutants post-clustered-lasso IV-regression. Before all regressions, we partial out fixed effects. All
variables are first regressed on month-year and day-of-the-week fixed effects both interacted with urban area fixed effects and then replaced by the
corresponding residuals. A first step of per-pollutant lasso selection is performed, conditional on weather variables which are forced into the model
(no selection), selected instruments are then pooled and enter a regular IV estimations. Standard errors are clustered at the month-year-city level.
Significance: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table B.10: Causal effect of Air Pollutants on Mortality By Age Group. Post-
Lasso IVs models.

Emergency Admissions for the Mortality Rate

(0-14) (15-59) (60-79) (≥ 80) (0-14) (15-59) (60-79) (≥ 80)

PM2.5 0.0002 0.001 0.013∗ 0.047 0.0004 0.001 0.005 0.052∗∗∗

p = 0.899 p = 0.526 p = 0.056 p = 0.149 p = 0.564 p = 0.163 p = 0.306 p = 0.007

SO2 0.012 0.019 0.025 1.020∗∗ 0.006 0.002 0.083 0.411
p = 0.535 p = 0.360 p = 0.830 p = 0.050 p = 0.598 p = 0.893 p = 0.195 p = 0.153

CO 0.0001 0.00002 −0.0001 0.003
p = 0.536 p = 0.888 p = 0.900 p = 0.414

O3 −0.0004 −0.001 −0.003 0.012
p = 0.764 p = 0.352 p = 0.633 p = 0.684

NO2 −0.003∗ −0.002 0.006 −0.002
p = 0.089 p = 0.349 p = 0.521 p = 0.966

Observations 6,135 6,135 6,135 6,135 11,487 11,487 11,487 11,487
Mean Dep. Var 0.1 0.5 4 22.1 0.1 0.5 4 22.1
Instruments 35 35 35 35 27 27 27 27

Note: Each column correspond to a multi-pollutants post-clustered-lasso IV-regression. Before all regressions, we partial
out fixed effects. All variables are first regressed on month-year and day-of-the-week fixed effects both interacted with
urban area fixed effects and then replaced by the corresponding residuals. A first step of per-pollutant lasso selection
is performed, conditional on weather variables which are forced into the model (no selection), selected instruments are
then pooled and enter a regular IV estimations. Standard errors are clustered at the month-year-city level. Significance:
∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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Table B.11: Lagged effects. Post-lasso IVs.

Respiratory Emergencies Cardiovascular Emergencies Cardiovascular Mortality Respiratory Mortality

(1) (2) (3) (4) (5) (6) (7) (8)

O3 (t+1) 0.0003
(0.0023)

O3 (t) 0.0041∗∗ 0.0015
(0.0019) (0.0022)

O3 (t-1) 0.0008 −0.0003
(0.0019) (0.0011)

O3 (t-2) 0.0008
(0.0017)

CO (t+1) −0.0001
(0.0002)

CO (t) 0.0006∗∗ 0.0002∗∗ 0.0003∗

(0.0003) (0.0001) (0.0002)

CO (t-1) 0.0002 0.00003 0.00001
(0.0003) (0.0001) (0.0001)

CO (t-2) 0.0002 −0.00002
(0.0003) (0.0001)

PM2.5 (t+1) −0.0001
(0.0020)

PM2.5 (t) 0.0037∗∗ 0.0042∗

(0.0015) (0.0024)

PM2.5 (t-1) −0.0006 −0.0011
(0.0016) (0.0019)

PM2.5 (t-2) −0.0007 −0.0002
(0.0012) (0.0014)

SO2 (t+1) 0.0367 −0.0078 0.0035
(0.0469) (0.0238) (0.0155)

SO2 (t) 0.0463∗ 0.0378 0.0032 0.0053 0.0211∗∗ 0.0203∗

(0.0277) (0.0328) (0.0183) (0.0203) (0.0101) (0.0119)

SO2 (t-1) −0.0012 0.0010 0.0053 0.0126 0.0058 0.0054
(0.0258) (0.0184) (0.0159) (0.0183) (0.0095) (0.0102)

SO2 (t-2) 0.0052 0.0067 −0.0028 −0.0002 −0.0015
(0.0285) (0.0145) (0.0149) (0.0090) (0.0092)

NO2 (t-1)

NO2 (t) −0.0007
(0.0036)

NO2 (t-1) −0.0011
(0.0036)

NO2 (t-2) −0.0021
(0.0027)

Observations 4,144 3,652 11,676 11,672 6,885 5,783 10,963 10,036

Before all regressions, we partial out fixed effects. All variables are first regressed on month-year and day-of-the-week fixed effects both interacted with urban area fixed effects
and then replaced by the corresponding residuals. Compared to the contemporaneous IV equation, the set of instruments is the same, but is inflated with all instruments’ lags,
before selection. A first step of per-pollutant lasso selection is performed, conditional on weather variables which are forced into the model (no selection), selected instruments
are then pooled and enter a regular IV estimations. Standard errors are clustered at the city-level. ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01
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