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Abstract

Air pollution may impair economically valuable performance even among highly trained
workers. We study match-day PM2.5 and attacking output in 1,101 matches from the
Iranian Persian Gulf Pro League during the 2017–18 to 2022–23 seasons, a setting with
precisely timed team production and unusually high pollution. Using home-team-by-
season and week-by-season fixed effects together with match and weather controls, we
find that a one-standard-deviation increase in PM2.5 is associated with 0.410 fewer
home-team shot attempts, or 3.6 percent of mean output. The decline is concentrated
on the home side and reduces the home-minus-away shot differential, suggesting that
pollution erodes an attacking-performance margin associated with home advantage;
the away-team estimate is imprecise. Because fixed monitors may imperfectly measure
stadium exposure, we additionally instrument monitor-based PM2.5 with horizontal
visibility from an independent meteorological source. Under the maintained proxy and
exclusion assumptions, the IV estimate implies 1.446 fewer home shots, or 12.5 percent
of the mean. The results extend pollution–productivity evidence to team production
in a highly polluted professional league and suggest that exposure measurement can
materially affect estimated impacts.
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1 Introduction

Air pollution can reduce human performance even when it does not generate immediately

observable illness. A broad environmental-economics literature shows that short-run exposure

lowers productivity, impairs performance, and increases mistakes in settings ranging from

manual labor to cognitively demanding work (Aguilar-Gomez et al., 2022; Graff Zivin and

Neidell, 2012; Chang et al., 2019; Archsmith et al., 2018). These nonhealth costs matter

because they affect output and decision quality before pollution appears in conventional

health outcomes.

Professional football provides an unusually transparent setting for measuring short-run

performance effects. Matches occur at scheduled times and known stadiums, players face

strong competitive incentives, and detailed statistics record repeated team production. The

closest football evidence, however, is concentrated in Germany and China and focuses mainly

on passing, effort, fouls, or final match outcomes rather than attacking shot production

(Lichter et al., 2017; Qin et al., 2022; Li et al., 2024; Xu et al., 2024; Zhang et al., 2024).

We therefore know less about how pollution affects an attacking margin close to scoring

opportunities, especially in leagues where exposure is substantially more severe.

We study match-day PM2.5 and home-team attacking output in the Iranian Persian Gulf

Pro League. The data combine match statistics with hourly pollution and meteorological

measures for the 2017–18 through 2022–23 seasons, and the main outcome is the home

team’s number of shot attempts. Mean match-window PM2.5 is 89.8 µg/m3, with a standard

deviation of approximately 32 µg/m3. For scale, the mean is about six times the World Health

Organization’s 2021 24-hour guideline of 15 µg/m3 and about 18 times its annual guideline

of 5 µg/m3 (World Health Organization, 2021). Because our exposure measure averages only

the three-hour match window, these comparisons describe the severity of pollution in the

sample rather than compliance with either WHO averaging standard.

The empirical design combines rich fixed effects with a strategy for exposure measurement.

1



Home-team-by-season and week-by-season fixed effects, together with detailed match and

weather controls, compare the same home team within a season while absorbing shocks

common to each league week. Pollution is assigned from the nearest fixed monitor rather

than measured inside the stadium, so the reading may differ from players’ actual exposure

because of local spatial variation and ordinary instrument-related measurement uncertainty.

We use horizontal visibility from a separate meteorological source as an instrument for

monitor-based PM2.5, following the visibility-based approach used in closely related Iranian

evidence (Amanzadeh et al., 2020). The IV is therefore interpreted as an errors-in-variables

strategy, subject to the maintained exclusion restriction.

Higher match-day pollution is associated with lower home-team attacking output. In

the preferred fixed-effects OLS specification, a one-standard-deviation increase in PM2.5

corresponds to 0.410 fewer home-team shot attempts, or 3.6 percent of the sample mean. The

corresponding IV estimate is 1.446 fewer attempts, equivalent to 12.5 percent of the mean.

The home–away decomposition indicates that the estimated decline is concentrated on the

home side. The away-team coefficient is positive but imprecise, whereas pollution significantly

reduces the home-minus-away shot differential. This pattern suggests that pollution may

erode an attacking-performance margin associated with home advantage rather than simply

lowering attacking activity for both teams. One possible explanation is that the home side

typically undertakes the more intensive attacking role, although the available team-level

outcomes do not identify that mechanism or separate physical strain, decision-making, tactics,

and opponent responses.

The paper makes three contributions. First, it extends pollution–productivity evidence

to a highly polluted professional league outside the European and East Asian settings

emphasized in previous football research. Second, it studies shot attempts, an attacking-

output margin closer to scoring opportunities than the passing measures emphasized in

much of the existing literature, and documents a home-side asymmetry in that margin.

Third, it suggests that exposure assignment can matter quantitatively: the visibility-based IV
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estimate is substantially larger than the conventional fixed-effects OLS estimate, consistent

with attenuation when a fixed monitor imperfectly measures stadium conditions under the

maintained proxy assumptions. The measurement contribution complements rather than

replaces the paper’s substantive contributions.

The IV estimate remains conditional on the proxy and exclusion assumptions and is

identified primarily by below-ceiling, hazier matches. We therefore treat it as a complementary

estimate rather than as a replacement for the fixed-effects OLS evidence; Section 4 discusses

the identifying assumptions in detail.

The remainder of the paper proceeds as follows. Section 2 positions the paper in the

related literature. Section 3 describes the data and measurement choices. Section 4 presents

the empirical design and identifying assumptions. Section 5 reports the results. Section 6

discusses limitations and interpretation, and Section 7 concludes.

2 Related Literature

This paper relates to four strands of literature. First, it contributes to research on air

pollution and short-run productivity, synthesized by Aguilar-Gomez et al. (2022). Graff Zivin

and Neidell (2012) show that ozone lowers agricultural worker productivity, while Chang

et al. (2016) and Chang et al. (2019) document productivity losses in indoor production and

call centers. He et al. (2019) find limited same-shift effects at two manufacturing sites but

adverse effects from more prolonged PM2.5 exposure. We add evidence from a high-exertion

professional team task in which the timing, location, and output of production are observed

unusually precisely.

Second, the paper connects to evidence that pollution impairs cognition and increases

mistakes in high-stakes settings. Archsmith et al. (2018) show that air pollution raises incorrect

calls by professional baseball umpires, and Ebenstein et al. (2016) find that transitory pollution
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during examinations lowers test performance and has persistent educational and earnings

consequences. Related studies document broader cognitive effects (Zhang et al., 2018), while

Amanzadeh et al. (2020) show that short-run pollution lowers examination performance

in Iran. This branch motivates a cautious interpretation of football output as potentially

reflecting both physical effort and attention, judgment, or execution; the present data do not

separate those mechanisms.

Third, a broader exercise and sports-science literature studies performance under polluted

conditions. Reviews conclude that exercising in polluted air can impair health and performance

(Giles and Koehle, 2014), and endurance-event studies find slower performance under worse

air quality (Guo and Fu, 2019; Fleury et al., 2025). Football-oriented observational and

experimental evidence also links pollution to poorer physical, technical, cognitive, or well-

being outcomes among elite players (Beavan et al., 2023b,a; John et al., 2025). Our setting

differs because it measures realized team production in competitive league matches rather

than endurance times or standardized individual tests.

Within this broader sports literature, the closest studies examine professional team sports

under transitory pollution exposure. Lichter et al. (2017) show that particulate pollution

reduces passing in the German Bundesliga. Using Chinese football data, Qin et al. (2022)

study adaptation and home-side responses, Li et al. (2024) estimate immediate effects on

player performance, Zhang et al. (2024) document fewer passes and more fouls, and Xu et al.

(2024) examine game outcomes. Ni et al. (2023) provide related evidence from professional

basketball. We extend this literature by studying a substantially more polluted league,

focusing on shot production rather than passes, and comparing home, away, and home-

minus-away outcomes. The home-side decomposition also relates to evidence that home-field

effects operate through within-match performance and vary systematically across leagues

(Carmichael and Thomas, 2005; Pollard and Gómez, 2014).

Finally, the paper relates to work that uses atmospheric conditions and auxiliary proxies

when direct pollution assignment is imperfect. Meteorological variation is widely used to
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isolate pollution exposure, but our measurement problem is narrower: the nearest city monitor

may be a noisy measure of particulate conditions at a specific stadium during a short match

window. Most closely, Amanzadeh et al. (2020) use horizontal visibility as an instrument

for particulate pollution in Iran. Atmospheric-science evidence also cautions that standard

meteorological visibility is not equivalent to short-range recognition of large nearby objects

(Lee and Shang, 2016). We adapt the Iranian proxy approach to stadium exposure and

interpret the visibility-based IV as an errors-in-variables strategy, not as a general solution to

every possible omitted variable. Its validity requires visibility to predict the latent particulate

environment without an important residual direct effect on shot production after conditioning

on weather and fixed effects.

3 Data

The analysis uses match-level data from the Iranian Persian Gulf Pro League over the 2017–18

through 2022–23 seasons. The initial data contain 1,676 officially recorded matches. According

to the league records used to construct the sample, we are not aware of any match in this

period being cancelled or postponed because of air pollution. This institutional feature reduces

concern that the observed sample is selected by a formal pollution-triggered cancellation

rule. Stadium-level pollution measurement requires an operational air-quality monitor in

the host city, leaving 1,215 matches. Complete hourly PM2.5 readings for the competition

window are available for 1,151 matches, and complete PM2.5 and visibility data are available

for 1,102. The saturated fixed-effects specifications drop one singleton observation, producing

an estimation sample of 1,101 matches.

Pollution data come from the National Air Quality Monitoring System of the Department

of Environment of the Islamic Republic of Iran (Department of Environment of the Islamic

Republic of Iran, 2026). Each match is assigned the PM2.5 reading from the monitoring

station geographically closest to the host stadium. Match-day exposure is the average
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concentration one hour before kickoff, at kickoff, and one hour after kickoff. Figure 1 displays

the resulting distribution, and Table 1 reports the corresponding summary statistics. Even

the nearest monitor may differ from the particulate concentration inside the stadium because

pollution varies over space. Monitor readings can also contain ordinary instrument-related

uncertainty associated with calibration, maintenance, drift, and data validation; ambient-air

monitoring guidance treats spatial representativeness and measurement uncertainty as distinct

data-quality dimensions (U.S. Environmental Protection Agency, 2017). We do not observe

station-specific quality-assurance histories and therefore treat these as potential, rather than

documented, sources of measurement error.

Horizontal visibility comes from the Iowa Environmental Mesonet (Iowa State University,

Iowa Environmental Mesonet, 2026) and is matched to the weather-reporting station nearest

the stadium. We average visibility over the same three-hour competition window and convert

miles to kilometers. Figure 2 shows a pronounced mass at the approximate 10-kilometer

reporting ceiling: 67.24 percent of observations are top-coded. The below-ceiling observations

provide most of the identifying variation in the IV specification.

Visibility acts as a separately sourced proxy for particulate conditions in this setting.

Reported visibility reflects atmospheric extinction from aerosols together with meteorological

conditions. Evidence from southwestern Iran also documents a relationship between horizontal

visibility and particulate concentration during dust events (Hassan and Alizadeh, 2022).

Because that evidence concerns PM10 during dust episodes rather than match-window PM2.5

in our full sample, it supports proxy relevance only in a context-specific sense and does not

establish the exclusion restriction. The empirical specifications condition on temperature,

relative humidity, wind speed, precipitation, cloud cover, and surface pressure, thereby

absorbing several weather-related determinants of visibility. The data do not contain separate

match-window indicators for fog or mist, so the analysis does not claim to distinguish every

physical cause of reduced visibility.

Weather controls come from the NASA Prediction of Worldwide Energy Resources
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(POWER) project and are matched to stadium coordinates over the competition window

(NASA Langley Research Center, 2026). Match results, attendance, and standings are assem-

bled from official league records and Metrica; team market values come from Transfermarkt

(Iran Football League Organization, 2026; Metrica, 2026; Transfermarkt GmbH & Co. KG,

2026). Stadium elevations are obtained from Google Maps, and away-team travel distance is

constructed as the geodesic distance from the away team’s home city to the host stadium

(Google LLC, 2026). The main outcome is the number of shot attempts by the home team.

Total attempts provide a broader and more frequent measure of attacking output than

shots on target or goals; finishing outcomes and yellow cards are examined separately in the

Appendix.

The match-level covariates used in the regressions are log home-team market value, log

away-team market value, log attendance, log travel distance, stadium elevation, and the

home team’s pre-match league position. These definitions belong in the data section; Section

4 explains their econometric role. The preferred specifications also include temperature,

relative humidity, wind speed, precipitation, cloud cover, and surface pressure, together with

home-team-by-season and week-by-season fixed effects.

The sample restriction to monitored host cities limits external validity. Home teams

are drawn from clubs in monitored, generally larger urban areas, whereas away teams may

come from any league city. The estimates are therefore most directly informative about

matches hosted in monitored cities and should not automatically be generalized to smaller or

cleaner locations. Table A1 in the Appendix reports the complete sample flow and variable

definitions.
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4 Empirical Strategy

Let m index matches, h the home team, a the away team, w the league week, and s the

season. The baseline specification is

Ym = βPm + X′
mγ + αhs + λws + εm, (1)

where Ym is the home team’s number of shot attempts and Pm is standardized match-day

PM2.5. The vector Xm contains the match and weather controls described in Section 3; αhs

denotes home-team-by-season fixed effects; and λws denotes week-by-season fixed effects.

Standard errors are two-way clustered by home and away team.

Equation (1) uses within-home-team, within-season pollution variation after removing

shocks common to all matches in the same league week. The home-team-by-season effects

absorb persistent team quality, tactical style, and stable local conditions within a season.

The week-by-season effects absorb common seasonal patterns, league scheduling shocks, and

national conditions. The control variables further account for observed match and weather

differences.

The remaining measurement problem can be written as

Pm = P ∗
m + em, (2)

where P ∗
m is the unobserved particulate exposure relevant to players at the stadium and

em is error in the monitor-based measure. Under the standard classical measurement-error

conditions, OLS estimation of Equation (1) attenuates β̂ toward zero.

The IV analysis uses visibility, Vm, as a second proxy for the latent particulate environment.

The first stage is

Pm = πVm + X′
mρ + αhs + λws + um, (3)
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and the second stage is

Ym = βIV P̂m + X′
mθ + αhs + λws + ηm. (4)

Because higher visibility indicates less particulate haze, π is expected to be negative.

The fixed-effects design and the IV analysis address different empirical problems. The

fixed effects and controls limit confounding from persistent team characteristics, scheduling

patterns, and observed match conditions. The IV analysis addresses measurement error

in monitor-based exposure. Its errors-in-variables interpretation requires visibility to be

correlated with true particulate exposure but uncorrelated with the monitor’s measurement

error and with unobserved determinants of home shots after conditioning on Xm, αhs, and

λws. Under these assumptions, visibility isolates the component of measured PM2.5 that

tracks the latent particulate environment rather than monitor-specific noise.

Relevance is directly testable. Figure 3 plots the residualized relationship between visibility

and standardized PM2.5, and Table 2 reports the first-stage regression. A one-kilometer

increase in visibility predicts a 0.146-standard-deviation decline in measured PM2.5.

The exclusion restriction requires visibility to affect shot production only through the

latent particulate environment after conditioning on the controls and fixed effects. Two

features of the setting make a direct visual channel less likely. First, FIFA’s recommended

field dimensions are 105 by 68 metres, implying a maximum corner-to-corner distance of

about 125 metres (FIFA, 2022). Horizontal visibility in the estimation sample never falls

below 0.608 kilometers, so the minimum reported range remains almost five times the longest

line of sight across the recommended field.

Second, standard meteorological visibility summarizes atmospheric extinction and is

not a direct measure of near-field object recognition. Lee and Shang (2016) emphasize

that conventional visibility theory is not mechanically applicable to the detectability of

large objects viewed over only hundreds of metres. Together with the included controls for
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temperature, humidity, wind, precipitation, cloud cover, and pressure, this scale difference

makes it unlikely that ordinary variation in kilometer-scale visibility prevents players from

seeing the ball, teammates, or goals across the pitch.

This argument does not establish the exclusion restriction by itself. Extremely hazy

conditions could still reduce visual contrast or alter tactics, goalkeeper decisions, or officiating

even when objects remain detectable. We therefore do not interpret the IV coefficient as a

pure physiological effect of PM2.5 and state the remaining direct-effect concern explicitly as a

limitation.

Top-coding further limits interpretation. Because two-thirds of visibility observations are

recorded at the ceiling, 2SLS weights the below-ceiling observations heavily. The resulting

coefficient is best understood as a local estimate for matches with meaningfully reduced

visibility and higher particulate concentrations, not as a constant effect that applies uniformly

on clear days.

Standard errors in the preferred specifications are two-way clustered by home and away

team.

5 Results

The descriptive evidence supports the two relationships used in the empirical design. Figure

3 shows a strong negative residual relationship between visibility and measured PM2.5, while

Figure 4 shows a negative but noisier residual relationship between measured PM2.5 and

home-team shot attempts. Both figures partial out the preferred controls and fixed effects;

the second figure represents the OLS relationship rather than the IV estimate.

Table 3 presents the main estimates column by column. Column (1) reports the uncon-

ditional OLS relationship: a one-standard-deviation increase in PM2.5 is associated with

0.374 fewer home shot attempts. Column (2) adds team values, attendance, travel distance,
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stadium elevation, and league position, and the coefficient changes only slightly to -0.363.

Column (3) includes weather controls without match controls and yields -0.306, while Column

(4) combines both control sets and yields -0.273. The negative sign is stable across these

four specifications, although the estimates should not be read as a formal decomposition of

confounding.

Columns (5)–(7) add the fixed effects. Home-team-by-season effects in Column (5) produce

an estimate of -0.316. Week-by-season effects in Column (6) produce -0.250 with a wider

confidence interval. Column (7), which includes both fixed-effect sets and all controls, yields

-0.410. This specification is the preferred OLS benchmark because it compares the same

home team within a season while removing shocks common to each league week.

Column (8) reports the IV estimate. Instrumenting monitor-based PM2.5 with visibility

increases the coefficient magnitude from -0.410 to -1.446. Under the maintained errors-in-

variables assumptions, the larger magnitude is consistent with attenuation in the monitor-

based exposure measure. The standard error rises from 0.169 to 0.559 because the IV estimate

uses only the component of measured PM2.5 predicted by visibility.

The preferred coefficients are economically meaningful. Match-day PM2.5 has a standard

deviation of 32.063 µg/m3, and the mean home team takes 11.545 shots. The preferred

OLS coefficient therefore corresponds to a 3.6 percent decline in home shot attempts for a

one-standard-deviation increase in pollution. The IV coefficient corresponds to 1.446 fewer

attempts, or 12.5 percent of the mean. The negative sign is consistent with Lichter et al.

(2017), who find that particulate pollution reduces passing in Bundesliga football. It is

also broadly comparable in order of magnitude to the 2.5 percent decline in passes per one-

standard-deviation increase in AQI reported by Zhang et al. (2024), although the outcome,

pollutant index, unit of observation, and identifying variation differ. These comparisons

establish a common direction and the sensitivity of intermediate performance margins rather

than a like-for-like magnitude benchmark.
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The first stage is strong in the conventional statistical sense. Table 2 reports a visibility

coefficient of -0.146 with a standard error of 0.024, and the Kleibergen–Paap Wald statistic

is 40.318. Greater visibility therefore predicts lower measured particulate concentration.

The OLS–IV comparison also has a close measurement precedent outside sports. Aman-

zadeh et al. (2020) use horizontal visibility as an instrument for particulate pollution in an

Iranian examination setting. In both applications, the larger IV magnitude is consistent

with attenuation when the pollution measure is an imperfect proxy for exposure at the

relevant activity site. The comparison is methodological rather than quantitative because

the outcomes, samples, and exposure windows differ.

Table 4 shows that the preferred estimate is not driven by several straightforward spec-

ification choices. One-way clustering by home team leaves the point estimate unchanged.

Removing attendance, which may partly reflect pollution or match salience, also leaves the

result almost unchanged. Replacing PM2.5 with AQI gives a similar negative estimate. The

reduced-form coefficient on visibility is positive, as expected because clearer conditions predict

lower pollution and higher home attacking output.

The visibility top-coding and derby checks are less decisive. Restricting the sample to

the 304 non-top-coded observations produces a negative but very imprecise estimate, so that

subsample cannot independently validate the baseline magnitude. Excluding derby matches

reduces the coefficient to -0.979, indicating that high-intensity fixtures contribute to the

average estimate.

Table 5 shows that the estimated response appears in home attacking production. The

preferred IV coefficient is -1.446 for home shots and 1.130 for away shots, with the away

coefficient statistically indistinguishable from zero. The home-minus-away shot differential

falls by 2.576 attempts and is statistically significant. We interpret this as evidence that

pollution erodes an attacking-performance margin associated with home advantage: as

pollution rises, the home-minus-away shot differential narrows significantly, even though
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we do not estimate a precise effect on goals or match points. One possible explanation is

that pollution disproportionately constrains the home side when it undertakes the more

intensive attacking role associated with home-field advantage (Carmichael and Thomas, 2005;

Pollard and Gómez, 2014). This interpretation remains suggestive because the data do not

observe possession, pressing, running intensity, or tactical choices. The result connects to

the home-side heterogeneity considered by Qin et al. (2022) and Xu et al. (2024), but our

outcome is a process measure of attacking volume rather than adaptation behavior or the

final game outcome.

The adjacent-fixture falsification evidence is mixed. Table A2 shows that pollution at the

team’s next home match does not predict current shots in either OLS or IV. Pollution at the

previous home match is negative and significant in OLS but imprecise in IV. The lead result

is the cleaner falsification because future pollution cannot affect current play; the lag may

capture persistence in local pollution, exposure, or other local conditions.

The alternative outcomes further narrow the substantive interpretation. Table A3 reports

no statistically significant IV effects on shots on target, goals, goal difference, or yellow

cards. This pattern is broadly consistent with football studies that find clearer responses

in intermediate performance measures such as passing, effort, or fouls than in coarse final

outcomes (Lichter et al., 2017; Zhang et al., 2024). The main result should therefore be

interpreted as a change in attacking volume, not as evidence of a precisely estimated effect

on finishing or scoring.

Taken together, the preferred estimates, reduced form, alternative pollution measure,

home–away decomposition, and adjacent-fixture falsification provide the core evidence used

in the interpretation below.
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6 Discussion and Limitations

The main substantive finding is that polluted match-day conditions are associated with lower

home-team attacking volume in a highly polluted professional league. The negative coefficient

persists across progressively richer OLS specifications, and the preferred IV estimate is

substantially larger. The home–away comparison indicates that the response appears in home

attacking production rather than as a common decline in both teams’ shooting, implying an

erosion of an attacking-performance margin associated with home advantage as pollution

rises.

The comparison between OLS and IV suggests that exposure measurement matters. A

fixed monitor can imperfectly represent particulate conditions inside a stadium during a

narrow match window, and the larger IV estimate is consistent with attenuation from that

mismatch. The OLS–IV difference does not by itself prove classical measurement error:

heterogeneous effects, local identifying variation, or violations of the visibility exclusion

restriction could also contribute.

The direct-effect concern for visibility remains the principal identification limitation. The

observed visibility range is far longer than on-field viewing distances, and meteorological

visibility is not a direct measure of the detectability of large nearby objects (Lee and

Shang, 2016; FIFA, 2022). These features, together with the detailed weather controls,

make a direct sightline channel less likely. At the same time, sports-medicine and football-

performance evidence identifies pulmonary, cardiovascular, physical, technical, and cognitive

responses to polluted-air exercise, providing plausible nonvisual pathways from particulate

conditions to performance (Giles and Koehle, 2014; Beavan et al., 2023b,a). These arguments

cannot eliminate the possibility that unusually hazy conditions alter visual contrast, tactics,

goalkeeper decisions, or officiating, so the IV estimate remains conditional on the maintained

exclusion restriction.

The IV estimate is also local to hazier matches. Because visibility is top-coded for roughly
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two-thirds of the sample, the first stage contains little information on clear days and weights

below-ceiling observations disproportionately. The coefficient should not be treated as a

constant elasticity or extrapolated outside the observed range of 14 to 198 µg/m3.

The team-level outcome limits mechanism interpretation. Fewer home shots could result

from reduced physical intensity, slower decisions, tactical adjustment, opponent behavior,

coaching responses, or changes in possession. The imprecise estimates for shots on target and

goals do not distinguish among these channels. Player tracking, possession data, substitutions,

or physiological measures would be needed for a mechanism analysis.

Sample coverage limits external validity. The estimation sample excludes matches in host

cities without operational pollution monitors and observations without complete pollution

or visibility data. These restrictions may overrepresent larger monitored cities and more

complete reporting environments, so the estimates should be interpreted as applying primarily

to matches hosted in monitored urban areas.

The policy implications are suggestive rather than prescriptive. Pollution-related cancel-

lations or postponements were not part of the league’s observed response during our sample

period, and our estimates do not identify an optimal cancellation threshold. The home-side

asymmetry instead suggests that clubs in persistently polluted locations may have reason to

treat air quality as one consideration in long-run venue planning. For example, clubs planning

new stadium infrastructure could treat local air quality as one criterion in site selection, and

access to a secondary home venue in a cleaner nearby location could provide another margin

of adaptation on unusually polluted days. This implication is qualitative: the paper does not

estimate relocation costs, fan-access costs, the effect of changing venues on home advantage

itself, health benefits, or whether venue changes improve goals, points, or welfare.
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7 Conclusion

This paper studies match-day air pollution and attacking output in the Iranian Persian Gulf

Pro League. Using match-level data, home-team-by-season and week-by-season fixed effects,

and detailed match and weather controls, we find a robust negative relationship between

PM2.5 and home-team shot attempts.

A visibility-based IV strategy produces a larger estimate than fixed-effects OLS. Under the

maintained exclusion and errors-in-variables assumptions, a one-standard-deviation increase in

match-day PM2.5 corresponds to a 12.5 percent decline in home shot attempts. Pollution also

reduces the home-minus-away shot differential, while the away-team coefficient is statistically

imprecise. The asymmetry suggests that pollution erodes an attacking-performance margin

associated with home advantage, although the paper does not identify a precise effect on

goals or match points.

The paper’s contribution is substantive as well as measurement-based. It provides evidence

from a highly polluted professional league, identifies a home-side response in attacking output,

and suggests that monitor-based exposure assignment can materially affect estimated pollution–

productivity costs. In a league where pollution-related cancellations were not observed during

the sample period, the results also make air quality potentially relevant to long-run venue

choices, while stopping short of prescribing relocation or a cancellation rule. The IV result

should nevertheless be read as conditional on the proxy and exclusion assumptions stated in

the paper.
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Figure 1: Distribution of Match-Day PM2.5

Notes: The histogram reports the percentage of the 1,102 baseline matches in each PM2.5 bin.
Match-day exposure is the mean concentration recorded one hour before kickoff, at kickoff, and one
hour after kickoff at the air-quality monitor geographically closest to the host stadium. The sample
mean is 89.820 µg/m3, the standard deviation is 32.063 µg/m3, and the observed range is 14–198
µg/m3. The vertical lines mark the PM2.5 category cutoffs displayed in the graph: 35.5 µg/m3

(unhealthy for sensitive groups), 55.5 µg/m3 (unhealthy), and 150.5 µg/m3 (very unhealthy), based
on the U.S. AQI breakpoints in force during the sample period (U.S. Environmental Protection
Agency, 2018). Source: Iran National Air Quality Monitoring System; authors’ calculations.
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Figure 2: Distribution of Match-Day Horizontal Visibility

Notes: The histogram reports the percentage of the 1,102 baseline matches in each horizontal-
visibility bin. Visibility is obtained from the Iowa Environmental Mesonet, matched from the
weather-reporting station nearest the stadium, converted to kilometers, and averaged one hour
before kickoff, at kickoff, and one hour after kickoff. The sample mean is 8.915 km, the standard
deviation is 1.972 km, and the observed range is 0.608–9.994 km. Approximately 67.24 percent of
observations are recorded at the reporting ceiling of about 10 km, so the IV first stage is driven
mainly by below-ceiling, hazier match days. Source: Iowa Environmental Mesonet (Iowa State
University, Iowa Environmental Mesonet, 2026); authors’ calculations.
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Figure 3: Residualized Relationship Between Visibility and PM2.5

Notes: The figure is a 20-bin residualized scatterplot for the preferred estimation sample of 1,101
matches. Before binning, horizontal visibility and standardized match-day PM2.5 are separately
residualized on log home- and away-team market values, log attendance, log away-team travel
distance, stadium elevation, home-team league position, temperature, relative humidity, wind
speed, precipitation, cloud cover, surface pressure, home-team-by-season fixed effects, and week-
by-season fixed effects. Each point is a bin mean of the two residuals; the line is the fitted
first-stage relationship. The corresponding regression coefficient is -0.146 with a standard error
of 0.024, as reported in Table 2. Sources: Iran National Air Quality Monitoring System, Iowa
Environmental Mesonet, NASA POWER, Transfermarkt, Metrica, and official league records;
authors’ calculations.
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Figure 4: Residualized Relationship Between PM2.5 and Home-Team Shot Attempts

Notes: The figure is a 20-bin residualized scatterplot for the preferred estimation sample of 1,101
matches. Before binning, standardized match-day PM2.5 and home-team shot attempts are
separately residualized on log home- and away-team market values, log attendance, log away-team
travel distance, stadium elevation, home-team league position, temperature, relative humidity, wind
speed, precipitation, cloud cover, surface pressure, home-team-by-season fixed effects, and week-by-
season fixed effects. Each point is a bin mean of the two residuals; the fitted line summarizes the
preferred OLS variation and is not the IV estimate. The corresponding OLS coefficient is -0.410
with a standard error of 0.169, as reported in Column (7) of Table 3. Sources: Iran National Air
Quality Monitoring System, NASA POWER, Transfermarkt, Metrica, and official league records;
authors’ calculations.
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Table 1: Summary Statistics

Variable Observations Mean SD Minimum Maximum

Match-day PM2.5 (µg/m3) 1,102 89.820 32.063 14.000 198.000
Horizontal visibility (km) 1,102 8.915 1.972 0.608 9.994
Home-team shot attempts 1,102 11.545 4.895 0.000 36.000
Home goal difference 1,102 0.292 1.450 -5.000 6.000
Log home-team market value (euros) 1,102 15.146 0.476 13.911 16.333
Log away-team market value (euros) 1,102 15.043 0.445 13.892 16.345
Log away-team travel distance (km) 1,102 5.856 1.266 -0.366 7.186
Log match attendance 1,102 4.746 4.254 0.000 11.350
Stadium elevation (m) 1,102 1,142.834 527.954 2.000 1,751.000
Home-team league position 1,102 7.727 4.725 1.000 16.000
Temperature (◦C) 1,102 19.866 10.831 -5.970 49.630
Relative humidity (percent) 1,102 30.487 17.835 1.200 91.560
Wind speed (m/s) 1,102 3.344 1.951 0.060 13.080
Corrected precipitation (mm/hour) 1,102 0.747 3.862 0.000 78.960
Cloud cover (percent) 1,102 41.807 36.347 0.430 100.000
Surface pressure (kPa) 1,102 86.931 6.646 75.090 102.250

Notes: The unit of observation is a match in the 1,102-match baseline sample; the saturated fixed-effects
regressions use 1,101 matches after dropping one singleton. PM2.5 and horizontal visibility are averages over one
hour before kickoff, kickoff, and one hour after kickoff. Home goal difference equals home goals minus away goals.
Team market values, away-team travel distance, and match attendance are the transformed variables used in the
regressions and are reported in logs. Weather measures are matched to the host-stadium coordinates and the
same competition window; NASA POWER’s corrected precipitation series is measured in millimeters per hour.
Pollution comes from the Iran National Air Quality Monitoring System; visibility from the Iowa Environmental
Mesonet; weather from NASA POWER; match information from Metrica and official league records; market
values from Transfermarkt; elevation from Google Maps; and travel distance is constructed by the authors.
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Table 2: First-Stage Relationship Between Visibility and PM2.5

Dependent variable: standardized PM2.5

Horizontal visibility (km) -0.146∗∗∗

(0.024)
Log home-team market value 0.118

(0.171)
Log away-team market value -0.065∗

(0.037)
Temperature 0.029∗∗∗

(0.009)
Precipitation -0.022∗∗∗

(0.005)
Surface pressure -0.027∗∗

(0.013)

Observations 1,101
R-squared 0.684
Home team × season FE Yes
Week × season FE Yes
Full match and weather controls Yes
Kleibergen–Paap Wald F 40.318

Notes: The table reports selected coefficients from the first-stage equation for the
preferred 1,101-match IV specification in Column (8) of Table 3. The dependent
variable is match-day PM2.5 standardized using the estimation-sample mean and
standard deviation. The excluded instrument is horizontal visibility in kilometers,
averaged over kickoff ± one hour. The regression includes log home- and away-team
market values, log attendance, log away-team travel distance, stadium elevation, home-
team league position, temperature, relative humidity, wind speed, precipitation, cloud
cover, surface pressure, home-team-by-season fixed effects, and week-by-season fixed
effects. Standard errors are two-way clustered by home and away team. The Kleibergen–
Paap Wald F -statistic is 40.318. ∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.01.
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Table 3: Effect of PM2.5 on Home-Team Shot Attempts

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

PM2.5 (z-score) -0.374∗∗∗ -0.363∗∗ -0.306∗ -0.273∗ -0.316∗ -0.250 -0.410∗∗ -1.446∗∗

(0.117) (0.131) (0.156) (0.159) (0.166) (0.163) (0.169) (0.559)

Observations 1,102 1,102 1,102 1,102 1,101 1,102 1,101 1,101
R-squared 0.006 0.157 0.011 0.162 0.267 0.324 0.421 –
KP first-stage F – – – – – – – 40.318
Match controls No Yes No Yes Yes Yes Yes Yes
Weather controls No No Yes Yes Yes Yes Yes Yes
Home team × season FE No No No No Yes No Yes Yes
Week × season FE No No No No No Yes Yes Yes
Two-way clustering Yes Yes Yes Yes Yes Yes Yes Yes

Notes: The dependent variable is the home team’s number of shot attempts. PM2.5 is standardized using the estimation-
sample mean and standard deviation, so each coefficient is the change in shots associated with a one-standard-deviation
increase in pollution. Match controls are log home- and away-team market values, log attendance, log away-team travel
distance, stadium elevation, and home-team league position. Weather controls are temperature, relative humidity, wind
speed, precipitation, cloud cover, and surface pressure. Columns (5)–(8) use the indicated fixed effects; Column (8)
instruments monitor-based PM2.5 with horizontal visibility. Standard errors, in parentheses, are two-way clustered
by home and away team. The 2SLS R2 is omitted because it is not directly comparable with the OLS R2 values. ∗

p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.01.
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Table 4: Robustness Checks for the Preferred Specification

(1) (2) (3) (4) (5) (6) (7)
Baseline IV Home-cluster SE Reduced form Non-top-coded Drop attendance Drop derby AQI

PM2.5 (z-score) -1.446∗∗ -1.446∗∗ – -0.203 -1.448∗∗ -0.979∗ –
(0.559) (0.574) – (1.312) (0.561) (0.533) –

Horizontal visibility (km) – – 0.211∗ – – – –
– – (0.105) – – – –

AQI (z-score) – – – – – – -1.510∗∗∗

– – – – – – (0.534)

Observations 1,101 1,101 1,101 304 1,101 987 1,101
R-squared – – 0.421 – – – –
Clustering Two-way Home only Two-way Two-way Two-way Two-way Two-way
Sample Full Full Full Below ceiling Full Non-derby Full

Notes: The dependent variable is home-team shot attempts. Columns (1), (2), and (4)–(7) are IV specifications using horizontal visibility as the excluded
instrument; Column (3) is the reduced-form regression of shots directly on visibility. Unless otherwise noted, all columns include the full match and weather
controls, home-team-by-season fixed effects, and week-by-season fixed effects. Column (2) clusters only by home team rather than two ways. Column (4)
retains only the 304 observations below the approximate 10-km visibility ceiling. Column (5) omits attendance, Column (6) excludes derby matches, and
Column (7) replaces standardized PM2.5 with standardized AQI. Standard errors are in parentheses and otherwise use two-way clustering by home and
away team. ∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.01.
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Table 5: Home, Away, and Home–Away Shot Responses to PM2.5

(1) Home shots (2) Away shots (3) Home minus away shots

PM2.5 (z-score) -1.446∗∗ 1.130 -2.576∗∗

(0.559) (0.735) (1.032)

Observations 1,101 1,101 1,101
R-squared – – –
Controls and fixed effects Yes Yes Yes
Instrument Visibility Visibility Visibility

Notes: Each column uses the preferred 1,101-match IV specification, with horizontal visibility as the
excluded instrument for standardized monitor-based PM2.5. The outcomes are home-team shot attempts,
away-team shot attempts, and home shots minus away shots. All columns include log home- and
away-team market values, log attendance, log away-team travel distance, stadium elevation, home-team
league position, the full weather controls, home-team-by-season fixed effects, and week-by-season fixed
effects. Column (3) measures how pollution changes the home side’s attacking differential in shot
production and is interpreted as an attacking-performance margin associated with home advantage; it
does not imply a statistically significant positive effect on away shots or establish an effect on goals,
points, or match outcomes. Standard errors are two-way clustered by home and away team. ∗ p < 0.10,
∗∗ p < 0.05, ∗∗∗ p < 0.01.
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Appendix A Additional Data and Results

Table A1: Data Construction and Variable Definitions

Variable or stage Definition or restriction Unit / observations Source

Initial league matches Officially recorded matches, 2017–18 to 2022–23 1,676 matches Iran Football League Organization
Monitored host cities Matches hosted in cities with an operational air-quality monitor 1,215 matches Constructed sample
Complete PM2.5 window Matches with hourly PM2.5 for kickoff ± one hour 1,151 matches Iran National Air Quality Monitoring

System
Baseline sample Complete PM2.5 and visibility 1,102 matches Merged data
Saturated-FE sample Baseline sample after dropping one singleton 1,101 matches Estimation sample
Home-team shot attempts Total attempts by the home team Count Metrica
Match-day PM2.5 Average over kickoff ± one hour µg/m3 Iran National Air Quality Monitoring

System
Horizontal visibility Average over the same window km Iowa Environmental Mesonet
Home goal difference Home goals minus away goals Goals Iran Football League Organization
Team market values Log home- and away-team market value Log euros Transfermarkt
Away-team travel distance Geodesic distance from away city to host stadium Log km Constructed
Match attendance Recorded attendance Log count Iran Football League Organization
Stadium elevation Host-stadium elevation Meters Google Maps
Home-team league position Standing before the match Rank Iran Football League Organization
Weather controls Temperature, humidity, wind, precipitation, cloud cover, pressure Various NASA POWER

Notes: The table documents the construction of the analysis sample and defines every variable used in the reported specifications. Counts refer to
matches unless a unit is stated otherwise. PM2.5 and visibility are averaged over kickoff ± one hour. The baseline sample contains 1,102 matches
with complete PM2.5 and visibility; the preferred fixed-effects specifications use 1,101 observations after one singleton is dropped. Data sources are
the Iran National Air Quality Monitoring System, Iowa Environmental Mesonet, NASA POWER, Transfermarkt, Metrica, official league records,
and Google Maps; constructed variables are calculated by the authors.

29



Table A2: Adjacent-Fixture Falsification Checks

(1) Next match OLS (2) Next match IV (3) Previous match OLS (4) Previous match IV

PM2.5 at team’s next home match -0.036 0.262 – –
(0.223) (0.553) – –

PM2.5 at team’s previous home match – – -0.327∗∗∗ -0.384
– – (0.113) (0.484)

Observations 1,014 1,014 1,015 1,015
R-squared 0.403 – 0.424 –
Controls and fixed effects Yes Yes Yes Yes

Notes: The dependent variable is current home-team shot attempts. Columns (1) and (2) use standardized PM2.5 from the team’s next home fixture;
Columns (3) and (4) use standardized PM2.5 from the previous home fixture. Columns (2) and (4) instrument adjacent-fixture PM2.5 with visibility
measured for that adjacent fixture. All columns include the preferred match and weather controls, home-team-by-season fixed effects, and week-by-season
fixed effects; standard errors are two-way clustered by home and away team. Sample sizes are smaller because the first or last home match of a
team-season has no adjacent fixture. The future-pollution coefficients are near zero; the previous-match OLS coefficient is negative and significant, but
its IV counterpart is imprecise, so the falsification evidence is mixed. Standard errors are in parentheses. ∗ p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.01.
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Table A3: Alternative Performance Outcomes

(1) Shots on target (2) Goal difference (3) Home goals (4) Away goals (5) Home yellow cards (6) Away yellow cards

PM2.5 (z-score) -0.116 -0.090 -0.007 0.083 0.226 -0.015
(0.308) (0.209) (0.174) (0.184) (0.191) (0.164)

Observations 1,101 1,101 1,101 1,101 1,101 1,101
R-squared – – – – – –
Full controls and fixed effects Yes Yes Yes Yes Yes Yes

Notes: Each column uses the preferred 1,101-match IV specification and replaces home-team shot attempts with the outcome named in
the column heading. Standardized monitor-based PM2.5 is instrumented with horizontal visibility. All columns include the full match and
weather controls, home-team-by-season fixed effects, and week-by-season fixed effects; standard errors, in parentheses, are two-way clustered
by home and away team. None of the coefficients is statistically distinguishable from zero at the 10 percent level. The results therefore
support an interpretation in terms of attacking volume rather than a precisely estimated effect on finishing, goals, or disciplinary outcomes. ∗

p < 0.10, ∗∗ p < 0.05, ∗∗∗ p < 0.01.
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