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Abstract: Fine particulate matter (PM2.5) from fireworks displays have been linked to serious health
concerns, particularly in infants and children. Outdoor displays in large, recurring festivals such
as state fairs thus may threaten local air quality, particularly given the proximity of fairgrounds
to substantial, nearby residential populations. Here, we identify state fairs with known firework
displays and assess their impact on air quality in nearby communities. We assessed the impact of three
large, recurring festivals on PM2.5 levels in nearby communities. Overall, our multi-year analysis
failed to identify measurable increases in PM2.5 concentrations during festival days at air quality
monitoring sites within 4–10 km of the fairgrounds, even when data were filtered by wind direction.
Results suggest that firework displays from such festivals are unlikely to violate PM2.5 air quality
standards in communities near the fairgrounds. The results suggest that identifying a potential air
pollution signal associated with fireworks is challenging, particularly in urban fairgrounds where
air quality is impacted by multiple local and distant pollution sources. Local impacts may yet be
identified in future studies if air quality is monitored closer to the fairgrounds and if the fireworks
pyrotechnic content is known.
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1. Introduction

The first state fair in United States history dates back to 1841 in Syracuse, New
York. Nearly 200 years later, state fairs are still an annual event celebrated across the
country. Typically lasting for ten days to two weeks, state fairs consist of amusement park
rides, concerts, firework displays, food vendors, games, and livestock exhibitions spread
throughout acres of fairground. In some instances, fairs can exceed daily attendance of
one hundred thousand people [1]. The Minnesota State Fair alone sees over two million
attendees annually in its twelve-day duration [2]. In some cases, county or regional fairs
have attendance rivaling or exceeding those of state fairs [3]. Fairgrounds are often located
in suburban communities outside large cities.

The literature is rich with research on impacts and increased emissions of firework
displays from professional and amateur sources during large festivals like that of the
Lantern Festival in China, Diwali Festival in India, and Independence Day in the United
States [4–6]. Firework displays involve advanced chemical technologies including igniters,
propellants, oxidizers, and color and sound producers [7]. Fireworks emissions, often
visible as clouds of smoke during displays, are linked to short-term degradation of local
air quality due to the high levels of fine particulate matter [5,6,8–14]. The particulate
matter includes hazardous trace elements such as lead, aluminum, manganese, cadmium,
chromium, and nickel [7] and can remain suspended in the area for a week or more after the
display [15]. Fireworks also release gaseous pollutants and toxics including sulfur dioxide,
carbon monoxide, and ethyl-benzene [16].
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Compounds found in firework particulates have been linked to serious health concerns
including respiratory and cardiovascular disorders, neurodevelopment deficits, and thyroid
conditions, particularly in infants and children [17–21]. Fireworks displays inside large
stadiums, due to the dispersion of harmful pollutants therein, can increase air pollution by
more than an order of magnitude [22–24]. Outdoor displays such as those found in many
state fairs would also be expected to reduce local air quality.

To mitigate the health risk of fireworks and other pollution sources, the U.S. Environ-
mental Protection Agency (EPA) sets National Ambient Air Quality Standards (NAAQS)
for fine particulates (PM2.5). The PM2.5 standard is 35 µg/m3 for a 24-h average [25],
considerably higher than the World Health Organization (WHO) guideline of 10 µg/m3.
Moreover, the specific language of EPA’s PM2.5 standard prohibits exceeding the 98th
percentile of daily values averaged over three years. This means that over a three-year
period, 24-h PM2.5 concentration can exceed 35 µg/m3 twenty-one times without violating
the standard.

Despite the known hazards of fine particulates associated with fireworks displays
in the United States, particularly those associated with Independence Day [6], there is a
void of studies that observe local air quality impacts as a result of recurring, large festivals
with firework displays taking place outside of Independence Day. A primary example
of such festivals is the state fair. In addition to fireworks displays, state fairs introduce a
mix of prolonged aerosol sources from fugitive dust and engine exhaust related to large
numbers of vehicles, cooking smoke from food vendors, and livestock exhibitions [26–28].
The proximity of fairgrounds to substantial, nearby residential populations, creates a need
to identify possible environmental impacts fairs may have on local air quality. In this study
we identify state fairs with known firework displays and assess their impact on air quality
in nearby communities.

2. Materials and Methods

Our analysis was designed to evaluate the hypothesis that state fairs with known
firework displays lead to measurable increases in PM2.5 concentrations in nearby com-
munities. We also required that such festivals have nearby air quality and meteorological
measurements. For these festivals we compared PM2.5 levels on days with known fire-
works displays to those on “control days”, i.e., days without a fair or known municipal
firework events.

2.1. Identification of State Fairs with Fireworks

Event selection was conducted by first identifying state fairs in which there are known
firework displays. Local newspaper articles from various state fair locations were used
to determine the presence or absence of firework displays, the timing and duration of the
displays, and the fair’s event schedule. Twenty-one state fairs with firework displays were
thus identified.

Next, a determination was made as to whether the firework display was sizable
enough to have the potential to affect local air quality. Unfortunately, this was not a
straightforward task.

The numerous studies detailing elevated particulate matter following firework dis-
plays [5,6,8–15] have not discerned a relationship between the firework display parameters
and emission strength. This is due to the lack of openly available data to quantify the size
of a firework display. In order to accurately define the emissions of a firework display, the
mass of pyrotechnic content must be known. Pyrotechnic content within a firework consists
of a lift charge (such as gunpowder) and the burst charge which contains an oxidizer,
fuel, varying chemical combinations for color, and a binder. Depending on the desired
visual effect, the mass and chemical composition of pyrotechnic ingredients will vary [29].
When transferring fireworks to display sites, pyrotechnic companies are required to share
the weight of explosive content with the U.S. Bureau of Alcohol, Tobacco, Firearms and
Explosives Agency and Department of Transportation [30]. Nevertheless, pyrotechnic
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content weight is considered proprietary information of the pyrotechnic group and is not
openly available.

Firework display parameters that are publicly available include cost and duration of
the display. However, cost is an imperfect proxy for firework emissions because several
factors unrelated to emissions are often included in reported firework cost, including
personnel, transportation, storage, insurance, and taxes. Duration is similarly of limited
usefulness. While longer displays would certainly be expected to involve higher emissions,
other key factors remain unknown such as the types of fireworks used, and the number of
fireworks launched per minute. Accurate characterization of firework emission strength is
thus impossible without proprietary knowledge of the pyrotechnic content.

After reviewing the literature on firework emissions and consulting with pyrotechnic
professionals it was decided to utilize display duration combined with fair attendance
as a qualitative proxy. State fair events were thus included in the study if they were
known to have a daily firework display of longer than five minutes, and an average daily
attendance of over 10,000 people or a total festival attendance of over 100,000. By limiting
the time duration of a display to over five minutes, short displays that likely do not produce
measurable emissions were omitted. Attendance was utilized because data suggests fairs
with a larger attendance may have greater spending power designated for firework displays,
as well as displays of longer duration. For example, a budget from the 2018 Minnesota
State Fair, which sees over two million attendees annually, allocated $32,500 USD for
fireworks, and the 2019 Michigan State Fair, which sees 92,000 attendees annually, budgeted
$10,000 USD for firework displays [31,32].

The selection criteria identified three large, recurring festivals with known daily
firework displays for use in this study: Iowa State Fair, Minnesota State Fair, and Tennessee
Valley Fair (Table 1). The Tennessee Valley Fair, a regional festival, includes daily firework
displays and similar elements as most state fairs (amusement park rides, food vendors,
livestock exhibitions). Its attendance is larger than the Tennessee State Fair and similar
to smaller state fairs [3]. These fairs ranged from 10 to 12 days in duration and had
nightly fireworks displays during the years 2013–2019 (Minnesota), 2017–2019 (Iowa), and
2018–2019 (Tennessee). These fairs also satisfied the requirement of having nearby air
quality and meteorological measurement sites (see Section 2.2 below).

Table 1. Location and details of state fairs investigated during the study. The distance between
state fair location and air quality sites (AQS) and automated surface observation stations (ASOS)
are included.

Festival Approximate Annual
Attendance Years AQS Distance

(km) and Site ID
ASOS Distance

(km) and Site ID Duration (Days) Fireworks
Details

Iowa State Fair 1,100,000 [33] 2017–2019
7

Site ID:
19-153-0030

11
Site ID: 14933 DSM 10 Nightly,

9–11 p.m.

Minnesota State
Fair 2,000,000 [34] 2013–2019

10
Site ID:

27-123-0871

10
Site ID: 14927 STP 12 Nightly,

9–11 p.m.

Tennessee
Valley Fair 130,000 [3] 2018–2019

4
Site ID:

47-093-1013

3
Site ID: 13891 TYS 10 Nightly

2.2. Air Quality and Meteorological Data

The selection criteria for state fairs to include in the present analysis also required the
availability of appropriate air quality and meteorological data. Specifically, hourly PM2.5
and meteorological parameters corresponding to “Firework days” and “Control days”
were required. Firework days were defined as state fair festival days with known firework
displays. Control days, i.e., days without a fair or known municipal firework events, were
determined to be the five days before and after each event, with the requirement that no
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festival or control days align with Independence Day events. This reduced the possibility
of additional firework display emissions outside the fairgrounds.

Hourly PM2.5 measurements were obtained from the EPA’s Air Quality System (AQS)
database [35,36]. For the state fairs selected, the associated AQS sites are located within
4–10 km of the fairgrounds (Figure 1), in accordance with the recommendations of Lin [15].
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Hourly meteorological parameters of wind speed and wind direction were obtained
from the U.S. Weather Service’s Automated Surface Observing Systems (ASOS) [37]. For
the state fairs utilized, the associated ASOS locations are located within 3–31 km of the
fairgrounds (Figure 1). Site IDs for the AQS and ASOS monitors are included in Table 1.

All AQS and ASOS data were subjected to quality control procedures. We removed
repeated or erroneous records and required that at least 21 hourly measurements in a 24-h
cycle were present for both air quality and ASOS data, and that 90% of hourly measurements
were available for the entire duration of an event.

2.3. Data Filtering by Cooperating Meteorological Variables

In order to identify periods when air was moving from the festival sites toward the air
quality monitors, hourly PM2.5 concentrations were filtered by wind direction and speed.
Such periods, termed “cooperating meteorological variables” (CMV), required non-zero
wind speeds and wind direction within ±30◦ of the azimuth of the fairground. Hours
satisfying CMV criteria thus represented periods where wind was blowing in the general
direction from the fairgrounds toward the AQS monitor (Table 2).

Table 2. The number of festival days (considering all years) that met the data completeness require-
ment for meteorological and air quality measurements for each fair. In parenthesis is the total number
of festival days that met the CMV criteria at that hour (bolded values are hours that met the sample
size requirement for statistical testing).

Hour (Local)
Festival

Iowa Minnesota Tennessee

0 32 (3) 85 (14) 20 (3)

1 32 (2) 84 (8) 20 (3)

2 31 (7) 85 (8) 20 (5)

3 31 (10) 85 (7) 20 (4)

4 32 (8) 85 (8) 20 (3)

5 31 (8) 83 (7) 20 (3)

6 32 (5) 85 (6) 20 (1)

7 32 (5) 85 (8) 20 (2)

8 32 (7) 85 (5) 20 (4)

9 32 (6) 84 (7) 20 (2)

10 31 (4) 84 (3) 20 (1)

11 32 (5) 76 (4) 20 (5)

12 31 (6) 77 (5) 20 (4)

13 32 (7) 81 (5) 20 (6)

14 31 (6) 84 (10) 20 (5)

15 32 (4) 85 (8) 20 (8)

16 32 (3) 85 (10) 20 (5)

17 31 (3) 85 (10) 20 (1)

18 33 (3) 85 (10) 20 (1)

19 32 (2) 84 (14) 20 (3)

20 31 (0) 84 (10) 20 (3)

21 32 (2) 85 (14) 20 (2)

22 33 (1) 83 (9) 20 (2)

23 33 (2) 85 (10) 20 (2)
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2.4. Air Pollution Rose Analysis

An air pollution rose depicting the frequency with which wind blows from different
directions, and the PM2.5 concentrations associated with that direction, were prepared
using both hourly ASOS and air quality monitoring site data during both control and
festival days.

2.5. Statistical Significance Testing Using Bootstrap Sampling

Bootstrap sampling [38] was utilized to evaluate the hypothesis that state fairs with
known firework displays lead to measurable increases in PM2.5 concentrations in
nearby communities.

Hourly PM2.5 measurements from different festival days were combined to create a
sampling dataset for each of the 24 h of a state fair’s annual festival days. For example,
all measurements from 0600 LST over the course of all festival days were prepared for
the subsequent bootstrap sampling. This process was repeated for all 24 h of both festival
and control days. Control day and festival day PM2.5 measurements were then randomly
selected with replacement from the sampling datasets for each hour. These new randomly
selected measurements represent synthetic distributions of festival and control day concen-
trations. Mean PM2.5 concentrations were determined for the synthetic festival and control
day distributions, and differences were found (festival day mean minus control day mean).
This bootstrap sampling procedure was conducted 1000 times for each of the 24 h, resulting
in a distribution of concentration differences at each hour. The null hypothesis, that festival
day concentrations are not larger than control day concentrations, was rejected at the 5%
confidence level if the fifth percentile of the 1000 differences was less than zero.

A minimum hourly sample size of five was required to be included in the bootstrap
analysis. CMV filtering of meteorological data often significantly reduced the sample size.
As a result, hypothesis testing was not possible for some hours, particularly at the Iowa
and Tennessee fairs (Table 2).

3. Results and Discussion

Hourly distributions of PM2.5 concentrations for festival and control days during all
years of the Iowa, Minnesota, and Tennessee fairs are shown in Figure 2. Mean hourly con-
centrations at all fairs range from 7–13 µg/m3 on both festival and control days. Individual
hourly concentrations rarely exceeded the 35 µg/m3 standard, and higher concentrations
(above 20 µg/m3) occurred most frequently in the overnight hours from 8 p.m.–1 a.m. LST.
Of the three fairs analyzed, the highest frequency of elevated concentrations was observed
in Minnesota. Several of these instances occurred in 2018 and were likely influenced by
wildfire smoke from British Columbia (discussed below).

In general, no clear impact of festival emissions on measured PM2.5 concentrations
was evident. This is particularly true for Tennessee, where at all hours mean control day
concentrations exceed festival day concentrations by nearly 5 µg/m3. Statistical signifi-
cance testing for all hours, using multiyear aggregates at each fair, revealed that the null
hypothesis (that festival day concentrations are not larger than control day concentrations)
could not be rejected.

When only those hours where winds are blowing from fairground to AQS monitor
were included (CMV filtering), fewer statistical comparisons were possible because many
hours failed to meet the minimum threshold of 5 samples (Table 2). At Iowa, statistical test-
ing results indicate that festival day concentrations during the early morning hours of 0200,
0300, 0400, 0600, and 0700 LST were significantly larger than control day concentrations
at these hours. The significantly elevated concentrations at these hours could be a result
of residual particulates from the previous night’s fireworks display. The null hypothesis
could not be rejected for any hours at Minnesota or Tennessee, however.
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Figure 2. Box and whisker plots of hourly PM2.5 concentrations for Iowa (top row), Minnesota
(middle row), and Tennessee (bottom row) fairs during festival and control days. The lower and
upper boundaries of each box show the 25th and 75th percentiles; the lower and upper “whiskers”
identify the 10th and 90th percentiles; the horizontal line within the box denotes the median; the ‘x’
represents the mean; blue and orange circles represent the individual hourly concentrations. Left
column: unfiltered data. Right column: data filtered for CMV.
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Substantial interannual variability in hourly PM2.5 concentrations was observed at
individual fairs. At the Iowa State Fair (Figure 3) for example, which has nightly fireworks
generally between 9 p.m. and 11 p.m. [39], mean hourly PM2.5 concentrations during
festival days were generally larger than control days for 2017 and 2018, but not in 2019.
Bootstrap analysis revealed significantly larger concentrations during festival days during
9 h in 2017, and during 4 h in 2018. Hourly concentrations of PM2.5 for both control
and festival day were likely larger in 2018 due to wildfire smoke from British Columbia.
Wildfire smoke confounds the attempt to assess the impact of state fair emissions on air
quality, as it can increase PM2.5 concentrations on both festival and control days (Figure 4).
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Figure 4. MODIS satellite imagery of wildfire smoke from British Colombia being transported across
the United States from NASA Worldview application on 17 August 2018, a control day for the
Minnesota State Fair.

Air pollution rose analysis (Figure 5) presents further insight into differences between
multi-year aggregate festival and control day PM2.5 concentrations. For the Iowa State Fair,
the wind blew somewhat less frequently from the direction of the state fair during festival
days as compared to control days. The largest measured PM2.5 concentrations during
festival days, 25–30 µg/m3, were associated with winds from the north and west, not from
the direction of the state fair. The highest hourly concentrations measured at the air quality
site were thus not from state fair emissions, but from other local or distant emission sources.
Nevertheless, PM2.5 concentrations associated with wind coming from the direction of
the state fair were 5–10 µg/m3 larger for festival days compared to control days. These
results suggest the possibility of a signal of increased PM2.5 concentrations from the Iowa
State Fair during festival days, however more data would be required in order to confirm
the presence of this signal. Additionally, we note that the Iowa AQS site is not adjacent to
the fairgrounds but is 7 km away (Table 1). Source attribution in the presence of alternate
emission sources may be difficult at this distance.

For the Minnesota State Fair the largest PM2.5 concentrations during festival days
were associated with winds from the north and southeast, while during control days the
highest concentrations occurred with northerly winds (Figure 5). PM2.5 concentrations
accompanying winds from the direction of the fairgrounds (west-southwest) were slightly
larger during control days. These results help explain why the festival and control day
concentration distributions in Figure 2 are similar, and further highlight the challenges
in assessing the air quality impact of state fair emissions in urban areas with multiple
pollution sources.
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Figure 5. Air pollution rose analysis depicting wind direction and associated PM2.5 concentrations
frequencies for control (left) and festival (right) days for cumulative years at the Iowa (top) and
Minnesota (bottom) State Fairs. Black arrows denote directional bearing toward state fair location.

4. Conclusions

In this study we identified three large, recurring festivals (Iowa State Fair, Minnesota
State Fair, and Tennessee Valley Fair) with known firework displays and assessed their
impact on air quality in nearby communities. Overall, our multi-year analysis failed to
identify measurable increases in PM2.5 concentrations during festival days at air quality
monitoring sites within 4–10 km of the Iowa, Minnesota, or Tennessee fairgrounds. These
results suggest that in communities located near fairgrounds where state fairs or other large
festivals with fireworks displays are held, PM2.5 air quality standards are not likely to be
exceeded due to emissions associated with the nearby state fairs.

However, identifying a potential air pollution signal associated with fireworks or other
state fair activities is challenging. State fairgrounds are often located in suburban communi-
ties outside large cities where air quality is impacted by multiple local and distant pollution
sources. Our analysis revealed cases in Minnesota where fine particulate loadings were
elevated due to regional intrusions of smoke from distant wildfires, potentially masking a
signal from the nearby state fair. A directional analysis using air pollution roses revealed
that in Iowa, the largest measured PM2.5 concentrations during festival days were associ-
ated with winds from directions other than the direction of the state fair, again emphasizing
the difficulty in quantifying source-receptor relationships in urban environments.

The known health risks of inhalable fireworks aerosols [7] may very well be problem-
atic even if air quality standards are not violated, as experts have not agreed upon a set
lower limit of PM2.5 concentration lacking health consequences [40]. One study found
that PM2.5 measurements as low as 4.0 µg/m3 to 7.06 µg/m3 increases asthma symptoms
and within this range, each increase of 1 µg/m3 increases symptoms by 3.4% [41]. Even
short-term exposure to elevated PM2.5 can cause cardiovascular inflammation [42]. These
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risks limit the effectiveness of the NAAQS standards in communicating air quality hazards
to the public, as fireworks can temporarily degrade PM2.5 conditions to unhealthy levels
without raising the 24-h average above the set standard to alert the public.

The results of the present study suggest that identifying a potential air pollution
signal associated with fireworks or other state fair activities may yet be possible if certain
experimental design considerations are addressed. Principal among these is the distance of
the air quality monitor from the fairgrounds: a shorter distance would reduce dispersion
and maximize the influence of the state fair emissions relative to other pollution sources.
Knowledge of pyrotechnic content and the exact timing of fireworks displays would also
be valuable, as would consideration of other controlling meteorological factors including
precipitation and atmospheric stability.
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