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Short communication

Racial-ethnic composition of U.S. school districts, wildfire smoke PM2.5 
levels, and reduced in-person learning among schoolchildren and 
adolescents during the COVID-19 pandemic
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A B S T R A C T

Background: In 2023, the U.S. Biden administration called for an “all-hands-on-deck” response to address chronic absenteeism and disrupted learning among primary 
and secondary school students due to school closures and remote learning during the pandemic. To identify student populations that might benefit from in
terventions, this study examined the racial-ethnic composition of school districts as a predictor of wildfire smoke PM2.5 levels and in-person student visits to schools.
Methods: In a lagged cross-sectional study, multivariable logistic regression was employed to investigate school district quartiles of mean percentages of non-White 
students as predictors of: 1) mean levels of wildfire smoke PM2.5 > 35 μg/m3 during school days for grade 3–8 students; and 2) being above the median for the mean 
decline in in-person K-12 student attendance (vs. pre-pandemic) during the 2020–2021 and 2021–2022 school years.
Results: The highest (vs. lowest) quartile for the district-level percentage of non-White students predicted a nearly 3-fold higher odds (adjusted odds ratio, AOR =
2.78; 95 % CI = 2.07–3.74; P < .001) of high wildfire smoke exposure and 5-fold higher odds (AOR = 4.95; 95 % CI = 3.84–6.38; P < .001) of substantially reduced 
in-person learning levels. Successively higher odds for both outcomes were observed in higher quartiles (P for trend < .001). Similar patterns were seen when 
percentages of Asian-, Black-, and Hispanic-American students were modeled simultaneously.
Conclusions: Districts with higher percentages of non-White students showed elevated odds of high wildfire smoke PM2.5 levels and distance learning. Distributing 
portable air filtration devices in these districts could be a cost-effective intervention to address these concomitant risks and mitigate learning loss among children and 
adolescents in the USA.

1. Introduction

In September 2023, the Biden administration in the United States 
called for an “all-hands-on-deck” response to address chronic absen
teeism and disrupted learning among K-12 students that spiked during 
the COVID-19 pandemic due to school closures and shifts to remote 
learning (The White House, 2023). Such learning disruptions are linked 
to test score declines with lifelong implications for earnings and well- 
being (Goldhaber and Ozek, 2019). Learning losses have been demon
strated to be larger in lower-income and minority school districts and in 
school districts that maintained distance learning for longer periods 
during the pandemic, and have only partially been reversed (Fahle et al., 
2023; Goldhaber et al., 2022; Fahle et al., 2024). Average daily cumu
lative wildfire smoke levels during the school year on school days of 35 
μg/m3 have been linked to significantly lower test scores (~0.15% of a 
standard deviation) among schoolchildren (Wen and Burke, 2022), and 
elevated wildfire smoke levels can exacerbate medical conditions in 
children such as asthma that can contribute to absenteeism (Reid et al., 
2016).

Average wildfire smoke PM2.5 levels will likely increase over time 
nationwide due to global warming, and while the coronavirus pandemic 
has been declared over, COVID-19 school outbreaks which have 
disproportionately affected communities of color are ongoing (Jones, 
2021).

There is evidence of variations in wildfire smoke exposure by racial/ 
ethnic group such as in the state of California (Velásquez et al., 2023). 
Given evidence linking wildfire smoke exposure to lower test scores 
(Wen and Burke, 2022) and evidence of higher learning losses in racial- 
ethnic minority school districts including during the pandemic (Fahle 
et al., 2023), we hypothesized that school districts with higher con
centrations of racial-ethnic minorities might experience higher levels of 
wildfire smoke as one potential mechanism for higher learning losses.

This study aimed to identify higher-risk student populations that 
might benefit from interventions to reduce learning disruptions by 
estimating the linkages between the racial and ethnic composition of 
school districts, average wildfire smoke PM2.5 levels, and year-over-year 
declines in in-person student visits to schools during the pandemic.
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2. Methods

2.1. Study population

The study population consisted of all school districts across the 
United States. Wen & Burke previously gathered data on cumulative 
smoke exposure during the school year across nearly ~11,700 school 
districts between 2009 and 2016 (Wen and Burke, 2022). Of these dis
tricts, data were available on in-person student visits to schools, as 
described in the Outcomes subsection below (Parolin and Lee, 2021), 
across 11,190 school districts.

2.2. Exposures

The percentage of non-White students in each U.S. school district was 
calculated by subtracting the percentage of White students from 1, with 
the percentage of White students being estimated through the Common 
Core of Data and aggregated by the Stanford Education Data Archive to 
the district level (Wen and Burke, 2022). 5-year (2012–2016) district- 
level mean percentages of non-White students were calculated and 
grouped into quartiles. Likewise, to take into account possible hetero
geneity in relationships across non-White racial-ethnic subgroups, 
district-level mean percentages of Black-, Hispanic-, and Asian- 
American students were estimated and used to derive high (vs. low) 
dichotomous variables according to median values (Wen and Burke, 
2022).

2.3. Outcomes

5-year (2012–2016) student population-weighted mean levels of 
wildfire-smoke-attributable particulate matter <2.5 μm in diameter 
(PM2.5) across districts were based on satellite-derived smoke plume 
data from the NESDIS Hazard Mapping System (HMS) merged with 
gridded estimates of daily PM2.5 concentrations (Wen and Burke, 2022). 
A weighted average of school-level exposure based on the size of the 
student population for each school was employed to estimate aggregate 
exposure at the district level on school days for grade 3–8 students from 
August 15 to June 15 of the following year and categorized as high based 
on wildfire smoke PM2.5 levels >35 μg/m3, according to the EPA health 
standard (Wen and Burke, 2022). Smoke-attributable PM2.5 was calcu
lated as the deviation from location-specific median PM2.5 on non-smoke 
days in the same month. Hence, the resulting measure of smoke PM2.5 
isolated the smoke component from overall PM2.5 (Wen and Burke, 
2022).

In-person student attendance was estimated from the US School 
Closure and Distance Learning Database, a public database that tracked 
month-to-month distance learning for K-12 public schools based on 
aggregated, anonymized mobile phone data from SafeGraph (Parolin 
and Lee, 2021). SafeGraph captures GPS data from approximately 10% 
of US mobile devices to monitor mobility patterns and foot traffic 
including to schools (Parolin and Lee, 2021). SafeGraph data had been 
used to measure in-person visits to 80,785 public schools spanning 
12,727 school districts (94% of all US districts) to evaluate how the 
mean number of school visits in a given month from September 2020 to 
May 2021 and September 2021 to May 2022 compared with the same 
calendar month in 2019 (Parolin and Lee, 2021). A large year-over-year 
decline in in-person visits signified that a school had shifted primarily to 
distance learning (Parolin and Lee, 2021).

2.4. Covariates

All models controlled for the district-level mean percentage of stu
dents eligible for free/reduced-price school lunches provided (Wen and 
Burke, 2022) (as a proxy for socioeconomic disadvantage), student 
enrolment, number of schools, area type (i.e., city/town/suburb/rural, 
using data drawn from the Common Core of Data (Wen and Burke, 

2022)), and state fixed effects.

2.5. Statistical analysis

Using a lagged cross-sectional study design, multivariable logistic 
regression models were fit to investigate quartiles of mean percentages 
of non-White students and high (vs. low) percentages of Black-, His
panic-, and Asian-American students as predictors of: 1) high mean 
levels of wildfire smoke PM2.5; and 2) being above the median in the 
mean year-over-year decline in in-person student attendance. Standard 
errors were adjusted for clustering of school districts within states. All 
analyses were conducted using SAS Version 9.4.

3. Results

Across 11,190 (82.4% of all) US school districts, the highest (vs. 
lowest) quartile for the percentage of non-White students predicted a 
nearly 3-fold higher odds (adjusted odds ratio, AOR = 2.78; 95% CI =
2.07–3.74; P < .001) for high wildfire smoke PM2.5 levels (Fig. 1A) and 
5-fold higher odds (AOR = 4.95; 95% CI = 3.84–6.38; P < .001) for 
substantially reduced in-person learning levels (Fig. 1B). Successively 
higher odds for both outcomes were observed in higher quartiles (P for 
trend < .001). In supplementary analyses with the exposure modeled as 
continuous, a 5-percentage point increase in the percentage of non- 
White students predicted a 1.3 times higher odds (AOR = 1.30; 95% 
CI = 1.17–1.43; P < .001) for high wildfire smoke PM2.5 levels and a 
nearly 2-fold higher odds (AOR = 1.93; 95% CI = 1.77–2.11; P < .001) 
for substantially reduced in-person learning levels. When the outcomes 
were also modeled as continuous variables, the association with high 
wildfire smoke levels became non-significant (β = − 0.36, P = 0.44) 
while a significant relationship with reduced in-person learning levels 
remained present (β = − 0.055, P < .001).

Similar patterns were seen when high (vs. low) percentages of Asian-, 
Black-, and Hispanic-American students were modeled simultaneously 
(Fig. 2A and Fig. 2B). In additional analyses with the outcomes modeled 
as continuous, high (vs. low) percentages of Asian- and Hispanic- 
American students but not of Black-American students were associated 
with high wildfire smoke PM2.5 levels (β = 2.38, P = 0.003 for Asian- 
American students; β = 2.33, P = 0.01 for Hispanic-American stu
dents; and β = − 0.66, P = 0.39 for Black-American students). High (vs. 
low) percentages of each category of students were associated with high 
declines in in-person learning levels (all β < 0, P < .001).

4. Discussion

U.S. school districts with higher percentages of non-White students 
exhibited a convergence of elevated odds of high wildfire smoke PM2.5 
levels and distance learning, with evidence of dose-response 
relationships.

In subgroup comparisons, Wen & Burke (Wen and Burke, 2022) re
ported that U.S. school district levels of ambient wildfire smoke PM2.5 
were comparable across racial-ethnic subgroups and levels of socio
economic disadvantage. The mean percentages of U.S. public school 
closures have been found to be inversely associated with the school 
percentages of White students (Parolin and Lee, 2021).

In the present study, racial-ethnic composition was determined to be 
a key predictor of exposure to both high wildfire smoke levels and dis
tance learning. Possible reasons for higher wildfire smoke levels among 
racial-ethnic minorities might include lower home prices in fire-prone 
areas and historical patterns of settlement and migration that have 
shaped the geographic distribution of racial and ethnic groups in the 
country (Davies et al., 2018; Loomis, 2004; Downey and Hawkins, 
2008). For example, American Indians are concentrated on federal res
ervations in regions that are more vulnerable to wildfires (Davies et al., 
2018).

Consistent with this study’s main findings, a previous study (Davies 
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et al., 2018) identified residents (not limited to schoolchildren) of 
racial/ethnic minority Census tracts as experiencing larger increases in 
the number of days of heavy smoke between 2011 and 2021. In a study 
of wildfire smoke PM2.5 levels among schoolchildren in California 
(Velásquez et al., 2023), only American Indian and Alaskan Native 
students showed consistently elevated mean number of days with 
elevated wildfire smoke levels from 2008 to 2016 coincident with the 
timeframe for wildfire smoke measurements in the current study, while 
Hispanic American students had a lower mean number of days with 
elevated wildfire smoke levels from 2016 to 2021 than non-Hispanic 
White American students. However, in contrast to these prior studies 
as well as the Wen & Burke study (Wen and Burke, 2022) which all 
reported on bivariate relationships, the current study fit multivariable 
regression models with racial-ethnic composition co-adjusted for so
cioeconomic disadvantage, thereby reducing residual confounding and 
allowing for examination of independent relationships.

4.1. Study limitations

Study limitations include measurement of racial-ethnic composition 
and wildfire smoke PM2.5 levels during pre-pandemic time periods and 
prior to the measurement of in-person student learning (Wen and Burke, 
2022), and its reliance on GPS data as a proxy for location of school
children (Parolin and Lee, 2021). The study’s findings should be 
generalizable to all U.S. school districts included.

4.2. Public health implications

Under the conditional assumption of an independent causal rela
tionship between higher wildfire smoke PM2.5 levels at school and lower 
test scores (e.g., despite the Wen & Burke study’s lack of control for 
PM2.5 levels at home or for school closures due to wildfire smoke (Wen 
and Burke, 2022)), reducing exposure to high wildfire smoke levels 
could be beneficial to student learning. With higher percentages of non- 
White students being at greater risk of both higher wildfire smoke levels 
and distance learning, these elevated risks could be jointly mitigated 

Fig. 1. Multivariable-adjusted odds ratios of A) mean levels of wildfire smoke PM2.5 above 35 μg/m3 during school days for grade 3–8 students and of B) high mean 
decline in in-person student attendance from September 2020 to May 2021 and September 2021 to May 2022 (vs. same month in 2019) for K-12 students, according 
to quartile of percentage of non-White students across 11,190 school districts in the United States, 2012–2016. All models are adjusted for the school district-level 
mean percentage of students eligible for free/reduced-price school lunches, total student enrolment, number of schools, area type (city/town/suburb/rural), and state 
fixed effects.
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through DIY inexpensive portable devices such as Corsi-Rosenthal (C-R) 
boxes. Evidence has shown the effectiveness of these boxes in reducing 
PM2.5 concentrations and the transmission of airborne particulates car
rying the coronavirus in classrooms (Gasparrini et al., 2022).

Supplying C-R boxes to districts in the highest three quartiles of 
percentages of non-White students nationally could markedly reduce 
learning disruptions and wildfire smoke and COVID-19 health impacts 
(Wilson, 2023) and related inequities at less than $1 billion annual
ly—on the basis of three-quarters of the 129,069 K-12 schools in the USA 
(National Center for Education Statistics, 2025) employing C-R boxes in 
up to 50 spaces per school, and each C-R box assumed to have a 
maximum cost of $100 and an operational duration of half the school 
year. This total cost represents less than 2% of the $51 billion (out of an 
original $191 billion) in federal relief that were available to school 
districts until September 2024 to address pandemic-related needs 
including learning loss (Dellinger, 2023). Without such an intervention 
to address learning disruptions, even at current levels of recovery, 
widened student achievement gaps will persist and are more likely to 
become permanent (Fahle et al., 2024).
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