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Supplementary Text 
 
Ozone Trends 
 
A sparse model of annual ozone trends is also estimated.  The estimated regression 
equation is: 

𝑌𝑖𝑡 = ∑ 𝛼𝜏𝟏[𝑡𝑡 = 𝜏]

2014

𝜏=1990

+ ∑ 𝛾𝜏𝟏[𝑡𝑡 = 𝜏]

2014

𝜏=1990

Θ𝑖 + 𝜖𝑖𝑡.    (𝑆. 1)  

 
𝑌𝑖𝑡 is either the maximum 8-hour pollution reading from any monitor in park/city 𝑖 on 
day 𝑡 or an indicator for whether any monitor in park/city 𝑖 on day 𝑡 exceeded 70 parts 
per billion (ppb).  𝟏[𝑡𝑡 = 𝜏] is an indicator variable for whether date 𝑡 is in year 𝜏, and Θ𝑖  
is an indicator variable for whether location 𝑖 is a national park.  The variable 𝛼𝜏 is the 
(unconditional) average annual ozone concentration in U.S. metropolitan areas in year 
𝜏, and 𝛼𝜏 + 𝛾𝜏 is the (unconditional) average annual ozone concentration in national 
parks in year 𝜏. Bootstrapped standard errors are robust to heteroscedasticity and 
clustered at the park/metropolitan area to correct for autocorrelation in the error term, 
and are computed using a bootstrap procedure with 500 repetitions. 
 
Figure S1 presents the unconditional annual ozone trends in U.S. cities and national 
parks from 1990 to 2014.  Results are broadly similar to the estimates trends in Fig. 1.  
Trends in average ozone concentrations were largely flat for U.S. metropolitan areas 
until the mid-2000s, after which they have declined steadily.  In contrast, average ozone 
concentrations have increased steadily in almost all years in parks (fig. S1A).  
Metropolitan areas had much higher summertime ozone in 1990 compared to parks.  
Cities mostly saw improvements in summertime ozone concentrations.  Average ozone 
concentrations in parks increased through the mid-2000s, and returned to 1990 levels at 
the end of our sample (fig. S1B).  Similarly, metropolitan areas have seen large 
decreases in the average number of exceedance days while parks saw little progress 
until the mid-2000s (fig. S1C). Parks have nearly identical ozone concentrations by all 
three measures by 2014.  
 
Non-Parametric Impacts of Ozone on Visitation 
 
A flexible model of pollution and weather impacts on log visitation is estimated to 
explore the potential role of nonlinear impacts of each on visitation.  We estimate the 
following model: 
 

𝑌𝑝𝑦𝑚 = 𝑓(𝑋𝑝𝑦𝑚; 𝜷) + 𝑔(𝑾𝑝𝑦𝑚; 𝜶) + 𝜃𝑝𝑦+ 𝛾𝑚 + 𝜖𝑝𝑦𝑚.    (𝑆. 2)  

 
All variables are the same as in equation (2).  Maximum ozone (𝑋𝑝𝑦𝑚) and all weather 

variables (𝑾𝑝𝑦𝑚) are replaced with a set of ventile, or five-percentile, indicator 

variables. For example, the maximum ozone function is given by: 



 

 

 

𝑓(𝑋𝑝𝑦𝑚; 𝜷) =

[
 
 
 
 

𝛽0,5 ⋅ 𝟏(𝑋𝑝𝑦𝑚 < 𝑋0,5)

𝛽5,10 ⋅ 𝟏(𝑋𝑝𝑦𝑚 < 𝑋5,10)

⋮
𝛽95,100 ⋅ 𝟏(𝑋𝑝𝑦𝑚 < 𝑋95,100)]

 
 
 
 

 

 
where 𝟏(⋅) is an indicator function that equals one if maximum ozone concentrations at 
park 𝑝 in month 𝑚 of year 𝑦 lies in the specified ventile of observed ozone 
concentrations. Equation (S.2) allows for flexible, non-linear impacts of ozone and 
weather on visitation, imposing only that the impact of each variable is constant within 
a given ventile. Bootstrapped standard errors are robust to heteroscedasticity and 
clustered at the park to correct for autocorrelation in the error term, and are computed 
using a bootstrap procedure with 500 repetitions. 
 
Figure S2 graphs the results from estimating equation (S.2), the non-parametric 
estimates of maximum ozone and weather on visitation. The estimates are interpreted 
as the impact on visitation of every ventile of each variable relative to the omitted 
lowest ventile group.  Figure S2A displays the results for maximum ozone, which shows 
a roughly linear, decreasing relationship of maximum ozone on visitation. The average 
slope over all ventiles is approximately -0.01 log(visits)/ppb. figs. S2B to S2E present the 
weather results.  Temperature (fig. S2B) has a highly non-linear impact on visitation, 
exhibiting an inverted-U shape.  Precipitation (fig. S2C) and humidity (fig. S2D) have 
imprecisely estimated associations with visitation except for the highest ventiles of each 
where visitation decreases sharply.  Visitation increases in wind speed after the 20th 
percentile (fig. S2E); however, the results are imprecisely estimated. The results 
motivate our empirical strategy in equation (2). Maximum ozone is restricted to have a 
linear impact on log visitation. We include a three-knot linear spline in temperature to 
control for the non-linear impact of weather on visitation, and use monthly average 
values for wind, precipitation and humidity since their marginal effects do not show high 
degrees of non-linearity.  
 
Seasonal Trends in Ozone, Visitation, and Weather  
 
We explore seasonality in each variable by estimating the following regression for 
ozone, visitation, visibility, and weather: 
 

𝑉𝑝𝑦𝑚 = 𝛾0 + 𝜃𝑦+ 𝛾𝑚 + 𝜂𝑝 + 𝜖𝑝𝑦𝑚.     (𝑆. 3)  

 
𝑉𝑝𝑦𝑚 is either maximum ozone, the exceedance fraction, visitation, visibility, or one of 

the weather variables. Equation (S.3) estimates average month-of-year effects for each 
variable controlling for time-invariant park fixed effects (𝜂𝑝) and year fixed effects (𝜃𝑦).  

All estimates are relative to January, the omitted month category. Bootstrapped 
standard errors are robust to heteroscedasticity and clustered at the park to correct for 



 

 

autocorrelation in the error term, and are computed using a bootstrap procedure with 
500 repetitions. 
 
Figure S3 results from estimating equation (S.3) for maximum ozone, exceedance day 
fraction, visitation, visibility, and weather.  The graphs represent seasonal patterns in 
each variable relative to January. The results motivate our inclusion of seasonality 
controls in equation (2). 
 
Maximum ozone and ozone exceedance day fraction (figs. S3A to S3B) are lowest in 
November to February, and peak between April and September. Similar patterns 
emerge for visitation (fig. S3C), which peaks in the summertime, consistent with the 
positive correlation estimated between ozone and park visitation using our naïve 
ordinary least squares (OLS) model (table S4). Visibility (fig. S3D) shows the opposite 
pattern, peaking in the wintertime and is at its lowest on average in the late summer.  
Temperature (fig. S3E) displays another inverse-U shape, peaking in July at nearly 20oC 
higher than in January, on average.  Humidity (fig. S3F) typically is lowest in summer 
months, while wind and precipitation (figs. S3G and S3H) don’t display as strong a 
seasonal trend as the other variables.  
 

Mechanisms for a Negative Ozone-Visitation Association: Robustness  
 
Defining exceedance day fraction as the number of days in a park-month where 
maximum ozone exceeded 70 ppb may mask meaningful variation in visitation 
responses to especially high pollution events.  We explore this by regressing log 
visitation on the fraction of days in a month in the following AQI categories: (i) 
moderate; (ii) unhealthy for sensitive groups; (iii) unhealthy; and (iv) very unhealthy.  
The reference group (omitted category) are the fraction of days in a month with ozone 
concentrations that are in the ‘good’ category.  
 
Figure S4 presents the results. All elevated AQI levels are associated with decreased 
visitation.  The point estimate generally increases as the AQI warnings become more 
severe.  However, the estimates are only statistically significant at the 1% level for 
‘Unhealthy for Sensitive Groups’ days, and at the 10% level for ‘Very Unhealthy’ days. 
These estimates correspond to mean visitation reductions of 3% and 6% respectively.  
The results suggest that visitation responses increase as the severity of AQI warnings 
increases, though we are unable to reject the hypothesis that the estimated impacts are 
uniform across warning categories.  
 
 

Supplementary Tables 
 
Park and Metropolitan Area Monitor Data 
 



 

 

Table S1 summarizes all pollution, visitation, and weather data used in the analysis.  
Values in parentheses are the average number of pollution monitors over the 
observation period.  Parks included in the table include all national parks with any ozone 
monitoring data between 1990 and 2014.  Bolded and italicized rows are parks included 
in the final analysis.  Parks in S1 were excluded from the final analysis if we had 
insufficient ozone or weather observations, or if we were unable to construct a measure 
of upwind ozone for our instrumental variables estimation.  The latter restriction limited 
our analysis to parks in the continental United States and excluded remote parks such as 
Everglades and Great Sand Dunes National Park.  
 
Table S2 lists the estimated 2010 populations for the top 20 metropolitan areas included 
in our analysis, the counties from which we drew ozone monitor data, and the years and 
average monitors in the sample from 1990 to 2014.  Monitor data are drawn from 
counties in which the cities are located to allow a broader representation of ozone 
trends over time in each city and their surrounding area.   
 
Ozone and Visitation and National Parks: Supplementary Results 
 
Table S3 contains results for the same specifications used to produce Table 1, but with 
different controls variables and fixed effects specifications.  Columns 1 and 5 present 
results from a naïve OLS model with no controls.  Results show a positive association 
between ozone concentrations in national parks and visitation.  OLS estimates are 
confounded by a number of factors, including seasonal correlations as shown in fig. S3, 
and reverse causation because increased visitation increasing ozone precursors through 
vehicle emissions.   
 
The fixed effects strategies attempt to overcome the empirical challenges from the OLS 
model by, for example, controlling for unobserved invariant characteristics of individual 
parks in each year (park-by-year fixed effects), unobserved seasonal factors that are 
common across all parks (month-of-year fixed effects), and observable differences in 
weather across park-month observations. Park-by-year fixed effects control, for 
example, for concerns related to parks’ proximity to large urban centers.  Parks that are 
closer to larger metropolitan areas may have higher visitation due to their lower travel 
costs for many people.  However, these parks may also have higher pollution that varies 
over time due to their proximity to cities (Fig. 1).  Park-by-year fixed effects control for 
such park-specific factors and allows them to change from year to year due to 
population growth or other phenomena.    
 
Estimates from the fixed effects model show a negative relationship between ozone and 
park visitation (Columns 2, 3).  Column 3 finds that a 1 ppb increase in maximum ozone 
is associated with a 2.6% decrease in monthly park visitation on average.  Controlling for 
contemporaneous weather reduces the estimate to 1.6%.  We find similar results when 
we decompose the impacts by season, where a 1 ppb increase in average maximum 
ozone concentrations decreases summertime and fall visitation by 2% and 1.5%, 



 

 

respectively, and has no statistically discernable impact on spring and wintertime 
visitation.  All year-round estimates are statistically significantly different from zero at 
conventional levels, as are the estimated summertime and fall ozone impacts.   
 
The instrumental variables strategy isolates changes in visitation from within-park 
variation in ozone that is due to ozone changes in counties that are upwind of every 
park.  The maintained identification assumption is that changes in upwind ozone 
concentrations are both correlated with in-park ozone concentations and uncorrelated 
with omitted factors that may bias the OLS estimates.  The IV estimate (column 4) is 
larger than the fixed effects model.  The estimate suggests that a 1 ppb increase in 
average maximum ozone concentrations reduces average monthly visitation by 
approximately 4%.  The larger estimated impact could be due to the instrument 
correcting for measurement error in park ozone monitor data (i.e., classical 
measurement error), additional unobserved confounders not controlled for in the fixed 
effects specifications, or because parks with strongly correlated upwind ozone are also 
the parks with the highest ozone levels (i.e., a stronger local average treatment effect).  
Kleibergen-Paap F statistics show that the instrument is strong, and the estimates are 
statistically significant at the 5% level. 
 
Ozone and Visitation at National Parks: Robustness   

 
Table S4 contains our robustness tests for the estimated impact of ozone on visitation 
(Table 1 results).  
 
Panel A replaces monthly maximum daily 8-hour ozone readings with the monthly 
average of the daily average 1-hour ozone readings. We include both the fixed effects 
and IV specifications.  We find larger and more precisely estimated negative effects in 
both specifications.  A 1 ppb increase in average ozone concentrations is associated with 
a 1.9% and 4.9% decrease in visitation in the fixed effects and instrumental variables 
specifications, respectively. 
 
Park clustered standard errors correct for autocorrelation but assumes independence 
across parks. Panel B presents the same estimates as in Table 1 but with two-way 
clustered standard errors at the park and year level.  Clustering at the year allows for 
arbitrary correlation in the residuals across parks within a given year. Two-way 
clustering has no impact on our inference.    
 
We use a log-level model as our main specification since the visitation data are highly 
right skewed. In Panel C, we re-estimate the fixed effects and IV specifications using a 
log-log model, replacing maximum ozone concentrations with the natural logarithm of 
the variable.  We continue to find a negative relationship in both cases, though the fixed 
effects estimates are less precise. We estimate that a 1% increase in maximum ozone 
decreases visitation by 0.4% to 2.2% in the fixed effects and instrumental variables 
specifications, respectively.   



 

 

 
Panel D explores the impacts of using alternative weather controls.  We consider the 
following alterative weather controls: a three-knot linear spline, a global cubic 
polynomial, and a set of ten bins for all weather controls.  Our results are stable across 
all specifications.  
 
An identification concern motivated by the recreation demand literature is that 
pollution at nearby park sites may have correlated ozone concentration and play a role 
individuals’ park visitation decisions.  If this is true, ozone concentrations at alternative 
parks may create time-varying omitted variable bias and confound our results. Panel E 
explores this concern.  We construct additional control variables for the average 
maximum ozone concentrations at all other national parks within a given radii of every 
park (50, 100, 250, and 500 km). Including these controls does not affect our results, 
suggesting that ozone concentrations at substitute park sites is not a major concern.  
 
A related concern is the potential influence of ozone in nearby metropolitan areas on 
park visitation.  For example, our results may be biased if poor air quality in nearby cities 
increases park visitation and increases ozone concentrations in parks.  Panel F of Table 
S4 presents results from regressions that control for average maximum ozone 
concentrations at large, nearby metropolitan areas.  We drop park observations that do 
not have a nearby large metropolitan area for each radii.  For example, only thirteen 
parks in our sample have large metropolitan areas within 100 kilometers.  Results are 
generally robust to these additional controls, though they are less precisely estimated 
due to the smaller sample sizes.  
 
Panel G varies the number of upwind counties used to construct the instrumental 
variables.  We use the top 5, 10, and 15 upwind counties as alternative controls.  The 
point estimates are relatively insensitive to the choice of upwind counties.  When we 
use only the top 5 upwind counties to construct the instrument, the estimated impact of 
ozone on visitation is smaller than in our main specification and statistically insignificant.  
Two potential reasons explain this result.  First, limiting upwind counties decreases our 
sample size as some counties nearby parks do not have monitor readings. Second, using 
less upwind counties may reduce the instrument strength. Including more counties 
allows for fewer ‘missing’ upwind averages.  
 
Panel H explores an additional concern – park congestion.  Particularly popular parks at 
times experience high congestion rates, especially during summertime months.  Our 
estimated relationship between ozone and visitation may be biased if, for example, 
congestion discourages trips to parks at the same time it increases ozone due to 
increased driving and idling on park roads.  There is no established metric for congestion 
in national parks.  We therefore ensure that our results are not impacted by excluding 
park-month observations in which congestion is likely highest.  For this, we first 
construct a measure of impervious surface area within park boundaries using data from 
the 2011 National Land Cover Database.  Impervious surfaces include roads, buildings, 



 

 

concrete trails, and parking lots.  For every park-month observation, we then calculate 
the number of visitors per acre of impervious surface.  We say that a park is likely 
‘congested’ in a given month if the number of visitors per acre of impervious surface is 
greater than the 75th or 90th percentile of all observations.  Panel H presents results that 
exclude park-month observations flagged as ‘congested.’  Results are less precisely 
estimated than in Table 1 but are broadly similar to our main results.   
 
 Impacts of Alternative Pollutants on Visitation at National Parks  
 
Here we explore whether visitation is associated with other pollutants. We run a similar 
set of regressions as in Table 1 but replace measures of ozone separately with other 
pollutants (NO2, SO2, PM2.5). We report additional visitation results for the average daily 
1-hour maximum readings of each pollutant (table S5). We do not find consistent 
significant relationships between visitation and any alternative pollutant. 
 
We may also be concerned that visibility estimates in Table 2 are confounded by 
particulate matter (PM2.5) concentrations in parks. In Panel B of table S5 we report 
visibility estimates with and without controlling for PM2.5 concentrations. We find that 
controlling for PM2.5 significantly affects our estimates of visibility such that there is 
now a statistically significant positive association. However, only 8 parks have consistent 
monitoring of both PM2.5 and visibility so we interpret this finding with caution.



 

 

 
 

 
 
Fig. S1. Unconditional trends in maximum daily 8-hour pollution and days with maximum daily 8-hour pollution exceeding 70 ppb in large metro areas and 
national parks.  (A) Average annual maximum 8-hour pollution trends. (B) Average summer maximum 8-hour pollution trends. (C) Average days per year with 
maximum 8-hour ozone concentrations exceeding 70 ppb. Shaded areas are 95% confidence intervals. 



 

 

 

Fig. S2. Nonlinear impacts of ozone and weather on visitation. The figures graph conditional, non-parametric estimates of each variable on visitation. 

Estimates are computed by regressing log visitation on ventile indicators for every variable.  (A) Max ozone. (B) Temperature. (C) Precipitation. (D) Humidity. 

(E) Wind speed. Standard errors are clustered at the park using a bootstrap procedure with 500 replications. 



 

 

 
Fig. S3. Seasonal trends in control and outcome variables. Each figure graphs seasonal patterns for each variable.  Estimates are computed by regressing every 
variable on month-of-year indicators, conditional on park and year fixed effects. (A) Max ozone. (B) Exceedance fraction. (C) Log visitation, (D) Mean visibility. 
(E) Temperature. (F) Humidity. (G) Wind speed. (H) Precipitation.  Standard errors are clustered at the park using a bootstrap procedure with 500 replications.  



 

 

 
 
Fig. S4: Estimates impact of exceedance days by AQI category on log visitation from 1990 to 2014.  The figure presents estimates of an additional day in a 
month with ozone levels the given AQI category relative to a ‘Good’ AQI day.  Dots represent point estimates, and vertical lines represent standard errors.  
Standard errors are clustered at the park using a bootstrap procedure with 500 replications. 

 

 

 

 

 

 

 

 

 



 

 

Table S1. Pollution monitors, visitation, upwind ozone, and weather data by national park and year. Parks included in analysis are bolded and italicized. 

Park 
Ozone (O3) Visitation  

Upwind Ozone 
(O3) 

Temperature Precipitation Visibility 
Nitrogen Dioxide 

(NO2) 
Sulfur Dioxide 

(SO2) 
Particulate Matter 

(PM2.5) 

Acadia  1990-2014 
1990-
2014 

1990-2014 1991-2014 1999-2014 1990-2014 1991, 1993 1990-1991 2005-2013 

  (1.80) -- -- -- -- (1) (1) (1) (1) 

Arches   1990-1992 
1990-
2014 

1990-1992 1990-1992 1990-1992 1990-1992 -- -- -- 

 
(1) -- -- -- -- (1) (0) (0) (0) 

Badlands  
1990-1992, 2003-

2014 
1990-
2014 

1990-2014 
1990-1991, 2003-

2007 
1990-1992, 2004-

2007 
1990-1992, 2003-

2014 
2005-2014 2005-2014 2005-2014 

  (1) -- -- -- -- (1) (1) (1) (1) 

Big Bend  1990-2014 
1990-
2014 

1990-2014 1990-2014 1990-2014 1990-2014 -- 2000 -- 

 
(1) -- -- -- -- (1) (0) (1) (0) 

Black Canyon of the 
Gunnison   

2003-2005 
1990-
2014 

2003-2005 2003-2005 2003-2005 -- -- -- -- 

  (1) -- -- -- -- (0) (0) (0) (0) 

Canyonlands   1992-2014 
1990-
2014 

1992-2014 1992-2014 1992-2014 1992-2014 -- -- -- 

 
(1) -- -- -- -- (1) (0) (0) (0) 

Carlsbad Caverns  2006-2014 
1990-
2014 

2006-2014 2006-2014 2006-2014 -- -- -- -- 

  (1) -- -- -- -- (0) (0) (0) (0) 

Channel Islands  1997-2004 
1990-
2014 

1997-2004 -- 2010-2012 -- -- -- -- 

 
(1) -- -- -- -- (0) (0) (0) (0) 

Congaree  1990-2014 
1990-
2014 

1990-2014 -- -- -- 
1990, 1992-1993, 

1995-1997 
1990-2014 -- 

  (1.04) -- -- -- -- (0) (1) (1.04) (0) 

Cuyahoga Valley  
1990-1992, 2003-

2008 
1990-
2014 

1990-1992, 2003-
2008 

1990-1992 1990-1992 -- -- 1990-1992   -- 

  (1) -- -- -- -- (0) (0) (1) (0) 

Death Valley  1993-2014 
1990-
2014 

1993-2014 1993-2014 1993-2013 2000-2014 -- -- -- 

  (1) -- -- -- -- (1) (0) (0) (0) 

Denali  1990-2014 
1990-
2014 

-- 1990-2014 1990-2014 1990-2014 -- -- -- 

  (1) -- -- -- -- (1) (0) (0) (0) 

Everglades  1990-2014 
1990-
2014 

-- 1990-2014 1994-2014 
1990-1991, 2000-

2014 
-- -- -- 

  (1.08) -- -- -- -- (1) (0) (0) (0) 



 

 

Park 
Ozone (O3) Visitation  

Upwind Ozone 
(O3) 

Temperature Precipitation Visibility 
Nitrogen Dioxide 

(NO2) 
Sulfur Dioxide 

(SO2) 
Particulate Matter 

(PM2.5) 

Glacier  1992-2014 
1990-
2014 

1992-2014 1992-2014 1992-2013 1992-2014 -- -- -- 

 

(1.08) -- -- -- -- (1) (0) (0) (0) 

Grand Canyon  1993-2014 
1990-
2014 

1993-2014 1995-2014 1995-2014 1993-2014 -- -- -- 

  (1.09) -- -- -- -- (1.09) (0) (0) (0) 

Grand Teton 2011-2014 
1990-
2014 

2002-2003, 2011-
2014 

2002-2003, 2011-
2014 

2011-2014 -- 2011 -- -- 

  (1) -- -- -- -- (0) (1) (0) (0) 

Great Basin  1993-2014 
1990-
2014 

1993-2014 1993-2014 1993-2014 1993-2014 -- -- -- 

  (1) -- -- -- -- (1) (0) (0) (0) 

Great Sand Dunes  1990-1991 
1990-
2014 

-- 1990-1991 1990-1991 1990-1991 -- -- -- 

  (1) -- -- -- -- (1) (0) (0) (0) 

Great Smoky 
Mountains  

1990-2014 
1990-
2014 

1990-2014 1990-2014 1991-2014 1990-2014 -- 2006-2014 2005-2014 

  4.54 -- -- -- -- (1) (0) 1.22 (1) 

Guadalupe 
Mountains   

1990-1993 
1990-
2014 

1990-1992 -- -- -- -- -- -- 

 

(1) -- -- -- -- (0) (0) (0) (0) 

Haleakala  1991-1995 
1990-
2014 

-- 1991-1995 1991-1995 -- -- -- -- 

  (1) -- -- -- -- (0) (0) (0) (0) 

Hawaii Volcanoes   
1990-1995, 1999-

2004 
1990-
2014 

-- 1990-2014 1990-2014 
1990-1992, 2001-

2004 
-- 

1990-1995, 1999-
2004 

-- 

 

(1) -- -- -- -- (1) (0) (1.33) (0) 

Isle Royale   
1990-1991, 2002-

2004 
1990-
2014 

1990-1995, 2002-
2004 

1990-1995, 2002-
2004 

1990-1995, 2002-
2004 

1990-1991 -- -- -- 

  (1) -- -- -- -- (1) (0) (0) (0) 

Joshua Tree  1990-2014 
1990-
2014 

1990-2014 1990-2014 1990-2014 1991-1992 -- -- -- 

 

(1.85) -- -- -- -- (1) (0) (0) (0) 

Lassen Volcanic   1990-2014 
1990-
2014 

1990-2014 1990-2014 1990-2014 1990-2014 -- -- -- 

  (1) -- -- -- -- (1) (0) (0) (0) 

Mammoth Cave  1990-2014 
1990-
2014 

1990-2014 1990-2014 1990-2014 1991-2014 2010-2015 2009-2015 -- 

  (1.23) -- -- -- -- (1) (1) (1) (0) 

 



 

 

Park 
Ozone (O3) Visitation  

Upwind Ozone 
(O3) 

Temperature Precipitation Visibility 
Nitrogen Dioxide 

(NO2) 
Sulfur Dioxide 

(SO2) 
Particulate Matter 

(PM2.5) 

Mesa Verde   1993-2014 
1990-
2014 

1990-2014 1993-2014 1993-2014 1993-2014 -- -- -- 

  (1) -- -- -- -- (1) (0) (0) (0) 

Mount Rainier   1991-2014 
1990-
2014 

1991-2014 1992-2013 1992-2013 1991-2014 -- -- -- 

 

1.92 -- -- -- -- (1) (0) (0) (0) 

North Cascades   1996-2007 
1990-
2014 

1996-2007 1996-2007 1996-2007 2000-2007 -- -- -- 

  (1) -- -- -- -- (1) (0) (0) (0) 

Olympic  
1990-2008, 2010-

2011 
1990-
2014 

1990-2014 1991-2011 1991-2011 
2001-2008, 2010-

2011 
-- 1990-2004 -- 

 

(1.14) -- -- -- -- (1) (0) (1) (0) 

Petrified Forest  
1990-1992, 2002-

2014 
1990-
2014 

1990-1992, 2002-
2014 

1990-1992, 2002-
2014 

1990-1992, 2002-
2013 

1990-1992, 2002-
2014 

-- -- -- 

  (1) -- -- -- -- (1) (0) (0) (0) 

Pinnacles  1990-2014 
1990-
2014 

1990-2014 1990-2014 1990-2014 1990-2014 1993-1994 -- -- 

 

(1) -- -- -- -- (1) (1) (0) (0) 

Redwood   1990-1995 
1990-
2014 

1990-1995 1990-1995 1990-1995 1990-1995 -- -- -- 

  (1) -- -- -- -- (1) (0) (0) (0) 

Rocky Mountain  1990-2014 
1990-
2014 

1990-2014 1990-2014 1994-2014 1990-2014 -- -- -- 

 

(1.27) -- -- -- -- (1) (0) (0) (0) 

Saguaro   1990-2014 
1990-
2014 

1990-2014 1990-2014 1990-1999 
1990-1993, 2001-

2014 
1995 1990-1993 -- 

  (1.16) -- -- -- -- (1) 1 (1) (0) 

Sequoia  1990-2014 
1990-
2014 

1990-2014 1990-2014 1996-2014 -- -- -- 2007-2015 

 

(2.58) -- -- -- -- (0) (0) (0) (1) 

Shenandoah   1990-2014 
1990-
2014 

1990-2014 1990-2014 1990-2014 1990-2014 -- 
1990-1994, 1999-

2006 
2005-2010, 2013-

2014 

  (1.38) -- -- -- -- (1) (0) (1.38) (1) 

Theodore Roosevelt  1992-2014 
1990-
2014 

1990-2014 1992-2014 1998-2014 1999-2014 -- 1992-2014 2005-2014 

 

(1) -- -- -- -- (1) (0) (1) (1) 

Virgin Islands   1998-2003 
1990-
2014 

-- 1998-2003 1998-2003 1998-2003 -- -- -- 

  (1) -- -- -- -- (1) (0) (0) (0) 

 

 



 

 

Park 
Ozone (O3) Visitation  

Upwind Ozone 
(O3) 

Temperature Precipitation Visibility 
Nitrogen Dioxide 

(NO2) 
Sulfur Dioxide 

(SO2) 
Particulate Matter 

(PM2.5) 

Voyageurs   1990-2014 
1990-
2014 

1990-2014 1990-2014 1990-2014 
1990-1993, 1999-

2014 
-- -- -- 

 

(1.04) -- -- -- -- (1) (0) (0) (0) 

Wind Cave  2005-2014 
1990-
2014 

2000-2014 2004-2014 2004-2014 2005-2014 2005-2010 2005-2010 2005-2014 

  (1) -- -- -- -- (1) (1) (1) (1) 

Yellowstone   1990-2014 
1990-
2014 

1992-2014 1990-2014 1990-2014 1990-2014 2009-2015 -- 2002-2015 

 

(1.04) -- -- -- -- (1) (1) (0) 2.57 

Yosemite   1990-2014 
1990-
2014 

1990-2014 1995-2014 1995-2014 1990-2014 
2002-2003, 2006-

2007 
-- 2005-2014 

  (2.38) -- -- -- -- (1) (1) (0) (1) 

Zion   2004-2014 
1990-
2014 

2004-2014 2004-2014 2004-2014 2004 -- -- 2009-2013 

  (1) -- -- -- -- (1) (0) (0) (1) 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 
Table S2. Top 20 U.S. cities: The table presents the rank, estimated 2015 population, and counties from which pollution monitor readings were drawn. The 
table also presents years for which we observe ozone pollution readings and the average number of monitors per location per year. (Sources: U.S. Census 
Bureau; Environmental Protection Agency) 
 
 
 

 
 
 
 

Rank City Counties Population Estimate (2015) Ozone (O3) 

1 New York City, NY 
Bronx, Kings, New York, 
Queens, Richmond 

8,550,405 1990-2015 

        (7.73) 

2 Los Angeles, CA Los Angeles 39,71,883 1990-2015 

   
 

(15.04) 

3 Chicago, IL Cook 2,720,546 1990-2015 

        (12.65) 

4 Houston, TX Harris 2,296,224 1990-2015 

   
 

(14.62) 

5 Philadelphia, PA Philadelphia 1,567,442 1990-2015 

        (3.58) 

6 Phoenix, AZ Maricopa 1,563,025 1990-2015 

   
 

(19.81) 

7 San Antonio, TX Bexar 1,469,845 1990-2015 

        (2.96) 

8 San Diego, CA San Diego 1,394,928 1990-2015 

   
 

(9.73) 

9 Dallas, TX Dallas 1,300,092 1990-2015 

        (3.37) 

10 San Jose, CA Santa Clara 1,026,908 1990-2015 

        (5.50) 



 

 

Rank City Counties Population Estimate (2015) Ozone (O3) 

11 Austin, TX Travis 931,830 1990-2015 

        (2.19) 

12 Jacksonville, FL Duval 868,031 1990-2015 

   
 

(2.31) 

13 San Francisco, CA San Francisco 864,816 1990-2015 

        (1.08) 

14 Indianapolis, IN Marion 853,173 1990-2015 

   
 

(6.31) 

15 Columbus, OH Franklin 850,106 1990-2015 

        (5.19) 

16 Fort Worth, TX Tarrant 833,319 1990-2015 

   
 

(3.92) 

17 Charlotte, NC Mecklenburg 827,097 1990-2015 

        (2.96) 

18 Seattle, WA King 684,451 1990-2015 

   
 

(3.77) 

19 Denver, CO Denver 682,545 1990-2015 

        (1.85) 

20 El Paso, TX El Paso 681,124 1990-2015 

        (7.15) 

 
  



 

 

Table S3. Estimated impact of monthly average maximum ozone concentrations (ppb) in national parks on log visitation from 1990 to 2014 (additional 
specifications). Some specifications include weather controls, park-by-year fixed effects, and month-of-year fixed effects. Column 4 instruments in-park 
monthly average maximum ozone using ozone concentrations from upwind counties. Columns five to seven examine effects of ozone by season. Values in 
parentheses are robust standard errors clustered at the park using a bootstrap procedure with 500 replications.  ***P<0.01, **P<0.05, *P<0.1.  The Stock-Yogo 
weak identification critical value for the Kleibergen-Paap F-Test is 16.38 for a 10% maximal instrumental variable bias relative to OLS. 
 

             

Max Ozone (ppb) 0.0603*** -0.0265* -0.0162** -0.0394**    

    

 

(0.0179) (0.0138) (0.00744) (0.0153)    

    Summer Avg. 8-Hour O3 Max (ppb)    

 

0.0572** -0.0344** -0.0198** 

 
   

 

(0.0217) (0.0149) (0.00887) 

Fall Avg. 8-Hour O3 Max (ppb)     0.0554** -0.0165 -0.0149** 

     (0.0263) (0.0114) (0.00599) 

Spring Avg. 8-Hour O3 Max (ppb)     0.0443* 0.00320 0.00198 

     (0.0222) (0.0125) (0.00635) 

Winter Avg. 8-Hour O3 Max (ppb)     0.0357 0.0244 0.0194 

     (0.0301) (0.0229) (0.0165) 

        

Observations 5,603 5,603 5,603 5,603 5,603 5,603 5,603 

R-squared 0.175 0.847 0.903 0.904 0.220 0.857 0.908 

Month FE No Yes Yes Yes No Yes Yes 

Park X Year FE No Yes Yes Yes No Yes Yes 

Weather Controls No No Yes Yes No No Yes 

IV No No No Yes No No No 

Average Max Ozone (ppb) 47.51 47.51 47.51 47.51 47.51 47.51 47.51 

Number of Parks 33 33 33 33 33 33 33 

Mean Days Above 70 ppb 
    

   

Kliebergen-Paap F Statistic       95.85    

 
 

 

 

 

 



 

 

Table S4. Estimated impact of monthly average maximum ozone concentrations (ppb) in national parks on log visitation from 1990 to 2014 (robustness checks). Some 
specifications include weather controls, park-by-year fixed effects, and month-of-year fixed effects. Instrumental variable specifications instrument for in-park ozone using ozone 
concentrations from upwind counties. Values in parentheses are robust standard errors clustered at the park using a bootstrap procedure with 500 replications.  ***P<0.01, 
**P<0.05, *P<0.1.  The Stock-Yogo weak identification critical value for the Kleibergen-Paap F-Test is 16.38 for a 10% maximal instrumental variable bias relative to OLS. 

 

 

 
Panel A: Mean Ozone 
     

Panel B: Two-way Clustered SEs Panel C: Log-Log Specification 

Mean Ozone (ppb) -0.0188** -0.0491** Max Ozone (ppb) -0.0162** -0.0394** Log(Max Ozone) -0.421* -2.152** 

 
(0.00891) (0.0208)  (0.00755) (0.0169)  (0.239) (0.955) 

Observations 5,603 5,603 Observations 5,603 5,603 Observations 5,603 5,603 

Number of Parks 33 33 Number of Parks 33    33 Number of Parks 33    33 

Average Mean Ozone (ppb) 39.10 39.10 Avg. Max Ozone (ppb) 47.51 47.51 Avg. Max Ozone (ppb) 47.51 47.51 

Weather Controls Yes Yes Weather Controls Yes Yes Weather Controls Yes Yes 

Month FE Yes Yes Month FE Yes Yes Month FE Yes Yes 

Park-by-Year FE Yes Yes Park-by-Year FE Yes Yes Park-by-Year FE Yes Yes 

Instrumental Variables No Yes Instrumental Variables No Yes Instrumental Variables No Yes 

Kleibergen-Paap F-Test  -- 101.7 Kleibergen-Paap F-Test   -- 78.30 Kleibergen-Paap F-Test   -- 78.30 

R2 0.903 0.899 R2 0.903 0.899 R2 0.903 0.899 

 
Panel D: Alternative Weather Controls 
 

Max Ozone (ppb) -0.0131* -0.0360** -0.0178** -0.0350** -0.0146* -0.0383*** 

 
(0.00753) (0.0143) (0.00850) (0.0158) (0.00741) (0.0135) 

Observations 5,603 5,603 5,603 5,603 5,603 5,603 

Number of Parks 33 33 33 33 33 33 

Average Max Ozone (ppb) 47.51 47.51 47.51 47.51 47.51 47.51 

Weather Controls Splines Splines Cubic Cubic All Binned All Binned 

Month FE Yes Yes Yes Yes Yes Yes 

Park-by-Year FE Yes Yes Yes Yes Yes Yes 

Instrumental Variables No Yes No Yes No Yes 

Kleibergen-Paap F-Test -- 100.4 -- 92.93 -- 120.2 

R2 0.906 0.902 0.894 0.892 0.907 0.903 

 



 

 

 

 
Panel E: Substitute Site Ozone Controls 
 

  

Max Ozone (ppb) -0.0161** -0.0394** -0.0164** -0.0397*** -0.0154** -0.0375** -0.0145** -0.0361** 

 
(0.00744) (0.0166) (0.00748) (0.0166) (0.00717) (0.0169) (0.00727) (0.0181) 

Observations 5,603 5,603 5,603 5,603 5,603 5,603 5,603 5,603 

Number of Parks 33 33 33 33 33 33 33 33 

Average Max Ozone (ppb) 47.51 47.51 47.51 47.51 47.51 47.51 47.51 47.51 

Subs. Site Radius (km) 50 50 100 100 250 250 500 500 

Weather Controls Yes Yes Yes Yes Yes Yes Yes Yes 

Month FE Yes Yes Yes Yes Yes Yes Yes Yes 

Park-by-Year FE Yes Yes Yes Yes Yes Yes Yes Yes 

Instrumental Variables No Yes No Yes No Yes No Yes 

Kleibergen-Paap F-Test  -- 95.25 -- 91.26 -- 50.11 -- 29.48 

R2 0.903 0.900 0.904 0.900 0.904 0.900 0.904 0.901 

 
Panel F: Nearby City Ozone Controls 
 

  

Max Ozone (ppb) 0.00375 -0.0484 -0.0217* -0.0383 -0.0155 -0.0256 -0.0206** -0.0382* 

 
(0.00461) (0.0434) (0.0117) (0.0253) (0.0101) (0.0270) (0.00818) (0.0196) 

Observations 486 486 2,243 2,243 3,876 3,876 4,954 4,954 

Number of Parks 5 5 13 13 22 22 31 31 

Average Max Ozone (ppb) 47.51 47.51 47.51 47.51 47.51 47.51 47.51 47.51 

Nearby City Radius (km) 50 50 100 100 250 250 500 500 

Weather Controls Yes Yes Yes Yes Yes Yes Yes Yes 

Month FE Yes Yes Yes Yes Yes Yes Yes Yes 

Park-by-Year FE Yes Yes Yes Yes Yes Yes Yes Yes 

Instrumental Variables No Yes No Yes No Yes No Yes 

Kleibergen-Paap F-Test  -- 13.27 -- 22.44 -- 15.42 -- 50.26 

R2 0.919 0.894 0.907 0.905 0.931 0.931 0.912 0.910 

 

 

 

 
 



 

 

Panel G: Alternative Upwind County IV Specifications 
 

Max Ozone (ppb) -0.0248 -0.0356* -0.0347** 

 
(0.0205) (0.0185) (0.0170) 

Observations 4,876 5,366 5,594 

Number of Parks 31 33 33 

Average Max Ozone (ppb) 48.92 47.87 47.54 

No. Upwind Counties 5 10 15 

Weather Controls Yes Yes Yes 

Month FE Yes Yes Yes 

Park-by-Year FE Yes Yes Yes 

Instrumental Variables Yes Yes Yes 

Kleibergen-Paap F-Test 35.62 64.54 85.52 

R2 0.913 0.907 0.901 

 
Panel H: Congestion and Visitation 

     

Max Ozone (ppb) -0.0147 -0.0609* -0.0178* -0.0521** 

 
(0.0131) (0.0340) (0.00956) (0.0248) 

Observations 4,021 4,021 4,839 4,839 

Number of Parks 31 31 32 32 

Average Max Ozone (ppb) 47.51 47.51 47.51 47.51 

Included Congestion Pcts.  <75th  <75th <90th  <90th 

Weather Controls Yes Yes Yes Yes 

Park-by-Year FE Yes Yes Yes Yes 

Instrumental Variables No Yes No Yes 

Kleibergen-Paap F-Test  -- 33.33 -- 62.42 

R2 0.875 0.864 0.893 0.887 

 

  



 

 

Table S5. Estimated impact of alternative monthly average pollution levels in national parks on log visitation from 1990 to 2014. Max ‘Pollutant’ is the average 1-hour 
maximum daily average monitor reading for each pollutant. Monitor data report these pollutants as 1-hour measures instead of 8-hour like ozone. Specifications include 
weather controls, park-by-year fixed effects, and month-of-year fixed effects. Instrumental variable specifications instrument for in-park ozone using ozone concentrations from 
upwind counties. Values in parentheses are robust standard errors clustered at the park using a bootstrap procedure with 500 replications.  ***P<0.01, **P<0.05, *P<0.1.  The 
Stock-Yogo weak identification critical value for the Kleibergen-Paap F-Test is 16.38 for a 10% maximal instrumental variable bias relative to OLS. 
 
 
Panel A: Alternative Pollutants 

 

 

 

 

 

 

 
 

  
            

Max NO2 (ppb) 0.0254 0.140     

 

(1.262) (0.531)     

Max SO2 (ppb)   0.0149 0.00812   

 

  (0.0271) (0.0664)   

Max PM2.5 (mg/cl)     -0.00275 -0.00268 

 

    (0.00419
) 

(0.0179) 

       

       
Observations 211 211 697 697 897 897 

Number of Parks 7 7 10 10 10 10 

Mean Pollution Reading 4.951 4.951 3.905 3.905 17.34 17.34 

Weather Controls Yes Yes Yes Yes Yes Yes 

Month FE Yes Yes Yes Yes Yes Yes 

Park-by-Year FE Yes Yes Yes Yes Yes Yes 

Instrumental Variables No Yes No Yes No Yes 

Kleibergen-Paap F-Test -- 1.214 -- 10.23 -- 1.985 

R2 0.938 0.914 0.928 0.928 0.930 0.901 



 

 

Table S5 (cont.). Estimated impact visibility on log visitation controlling for PM2.5 concentrations from 1990 to 2014.  Specifications include weather controls, park-by-year 
fixed effects, and month-of-year fixed effects. Values in parentheses are robust standard errors clustered at the park using a bootstrap procedure with 500 replications.  
***P<0.01, **P<0.05, *P<0.1.    
 
Panel B: Effect of Visibility While Controlling for PM 

   

Max PM2.5 (mg/cl) -0.00189 -0.000835 

 
(0.00528) (0.00554) 

Max Visibility (km) 0.00145*** 
 

 
(0.000472) 

 Mean Visibility (km) 
 

0.00244* 

  
(0.00147) 

   Observations 765 765 

Number of Parks 8 8 

Weather Controls Yes Yes 

Month FE Yes Yes 

Park X Year FE Yes Yes 

IV No No 

R-squared 0.932 0.932 

 

 
 


