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ABSTRACT: Fine-mode particulate matter (PM2.5) is a highly detrimental air
pollutant, regulated without regard for chemical composition and a chief component
of wildfire smoke. As wildfire activity increases with climate change, its growing
continental influence necessitates multidisciplinary research to examine smoke’s
evolving chemical composition far downwind and connect chemical composition-
based source apportionment to potential health effects. Leveraging advanced real-time
speciated PM2.5 measurements, including an aerosol chemical speciation monitor in
conjunction with source apportionment and health risk assessments, we quantified the
stark pollution enhancements during peak Canadian wildfire smoke transport to New
York City over June 6−9, 2023. Interestingly, we also observed lower-intensity, but
frequent, multiday wildfire smoke episodes during May−June 2023, which risk exposure misclassification as generic aged organic
PM2.5 via aerosol mass spectrometry given its extensive chemical transformations during 1 to 6+ days of transport. Total smoke-
related organic PM2.5 showed significant associations with asthma exacerbations, and estimates of in-lung oxidative stress were
enhanced with chemical aging, collectively demonstrating elevated health risks with increasingly frequent smoke episodes. These
results show that avoiding underestimated aged biomass burning PM2.5 contributions, especially outside of peak episodes,
necessitates real-time chemically resolved PM2.5 monitoring to enable next-generation health studies, models, and policy under far-
reaching wildfire impacts in the 21st century.
KEYWORDS: wildland fires, organic aerosol, biomass burning, oxidative stress, long-range transport, health effects, source apportionment,
potassium

■ INTRODUCTION
Air quality has substantially improved in the United States
(U.S.) over 50+ years of policies targeting anthropogenic
sources.1 Among air pollutants, fine particulate matter (PM2.5)
has the largest effects on premature mortality with contribu-
tions from both direct emissions and secondary production
following the oxidation of gas- and particle-phase precursors.2,3

Given its health effects, the U.S. PM2.5 annual standard was
recently lowered to 9 μg m−3 but remains above the World
Health Organization guideline of 5 μg m−3. Simultaneously,
exacerbated by climate change, wildfires have become
increasingly prevalent sources of PM2.5 and other air pollutants
in the U.S.4,5 The composition of wildfire and other biomass
burning smoke has been increasingly investigated through
multiple methods, including laboratory combustion experi-
ments,6,7 oxidation chamber studies,8−11 and aircraft-based
measurements of emissions and their downwind evolu-
tion.12−15 These methods ranged from bulk characterization
of chemical and physical properties to detailed chemical
speciation.16−18

Wildfires have increased in intensity and burned acreage
over the past four decades, with projected climate scenarios
heightening the risk of more frequent and larger scale fires.4,19

The impacts of biomass burning events, such as wildfires, are
more often exerting continental influence, with evident, but
poorly constrained, public health risks.20−22 The June 6−9,
2023, wildfire transport event brought record-setting PM2.5
levels to New York City (NYC), the U.S.’s largest city. These
studies, focused on PM2.5 enhancements during these days,
showed associations with higher asthma-related health risks in
NYC.23−25 Chen et al.23 reported 1.44 times higher asthma-
related emergency department (ED) visits during these wildfire
smoke days compared to the reference nonsmoke days.
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Asthma ED visits were 1.03 times higher per 10 μg m−3

increase in daily wildfire-related PM2.5 enhancements in
Thurston et al.25 However, the stark nature of the June 6−9
wildfire transport event overshadowed other more frequent,
though less dramatic, wildfire smoke episodes.
To better understand the extent of wildfire smoke transport

and its impact on public health, we use real-time data on PM
composition to examine a series of five wildfire smoke episodes
that influenced air quality in the eastern U.S. during May−June
2023. This combines chemically resolved PM data from
multiple instruments to better identify and quantify the
impacts of such events and avoid exposure misclassification.
We then compare our source apportionment results to asthma-
related hospital admission rates across the study period while
also evaluating key metrics of PM composition that may
modify its health effects to inform critical avenues of inquiry at
the intersection of atmospheric and public health sciences.

■ METHODS AND MATERIALS
Using in situ PM2.5 chemical composition data from the newly
installed ASCENT (Atmospheric Science and Chemistry

mEasurement NeTwork (Section S1)) site in Queens, NY
(40.74 N, 73.82 W, 16 m a.s.l.), we examined five different
major smoke transport events of varying intensity and chemical
composition from May 15 to June 13, 2023. Wildfire influences
(and origins) during this period were confirmed for each
episode, along with background periods for comparison, via
144-h air-mass trajectories and satellite observations of fire
activity (Section S2).26 PM analysis occurred in real-time with
3−60 min resolution measurements of organic and inorganic
aerosol components via mass spectrometry (Aerodyne aerosol
chemical speciation monitor; ACSM), spectroscopy (Magee
Scientific AE33 aethalometer), metals via energy dispersive X-
ray fluorescence (Sailbri Cooper Xact 625i), and aerosol sizing
via a scanning particle mobility sizer (TSI SMPS), with
complementary gas-phase pollutant and meteorological meas-
urements.
Source apportionment was conducted via positive matrix

factorization (PMF; PET v.3.08) on organic aerosol (OA)
spectra (m/z 12−100) obtained from the ACSM data while
leveraging online metals data, as well as black/brown carbon
(BC/BrC) data, to quantify the contributions of transported

Figure 1. Air quality impacts from smoke transport to New York City. (A) Hourly fine particulate matter (PM2.5) concentrations (i.e., sum of OA,
inorganic aerosols, BC, and trace elements), with OA and BC concentrations shown across five major smoke transport events, including the June
6−9, 2023, transport of Quebec wildfire smoke. (B) Summary of plumes from May 15 to June 13, 2023, with more detailed descriptions of each
episode’s origin, arrival, and wind roses in Figures S2−S3. (C) June 6−9, 2023, enhancements of organic and inorganic (i.e., nitrate (NO3), sulfate
(SO4), ammonium (NH4), BC) PM components and associated trace elements, relative to nonfire influenced periods (note: total mass fraction in
yellow wedge of left pie chart is speciated in the right pie chart). (D) Submicrometer size distributions of particle number concentrations during
June 6−9, 2023, compared to nonwildfire periods.
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smoke on OA. Following the approach of Zhang et al.,27 six
OA factors (i.e., hydrocarbon-like OA, cooking OA, biomass
burning OA (BBOA), aged-BBOA, less-oxidized oxygenated
OA (LO-OOA), and more-oxidized OOA (MO-OOA)) were
identified from the PMF analysis, and the uncertainties were
examined via 100 bootstrapping runs (Section S3). We note
that the study period enabled us to examine smoke-related
contributions to LO-OOA and MO-OOA components before
hotter summertime temperatures brought temperature-de-
pendent OOA enhancements from other sources.28 Nondust
potassium associated with smoke transport was determined by
subtracting dust-related potassium determined from five other
mineral dust species (Ca, Fe, Ti, Cu, Ba) using linear
regression equations obtained during background periods
(Section S4).29,30

Our epidemiological analysis examined associations between
PM components and daily emergency department (ED) visits
for asthma-related symptoms, including asthma, wheezing,
complaints in the airway, or chronic obstructive pulmonary
disorder, using EpiQuery−Syndromic Surveillance data for
NYC.31 We focused on asthma-related symptoms as wildfire
smoke has been associated with asthma hospitalization and
asthma emergency department (ED) visits in previous studies
including those focusing on the recent Canadian wildfire

(Section S5).23,32 Separately, potential oxidative stress
enhancements were estimated for each smoke event via a
Monte Carlo approach utilizing prior studies with assay-based
observations of oxidative stress associated with OA oxidation
state and PMF-derived source factors (Section S6).33−38

Additional methods details are described in Supporting
Information Sections S1−S6.

■ RESULTS
June 6−9, 2023, Smoke Transport from the Quebec

Wildfire. Smoke transport from the Quebec wildfire was
greatest during June 6−9, 2023, when smoke brought stark
regional changes in visibility extending well beyond the metro
NYC area and record-setting,39 reported peak PM2.5
concentrations (previous daily PM2.5 record: 86 μg m−3).
These exceeded 24-h EPA standards in NYC (Figure 1A, B)
and even approached the prior wildfire-induced daily averaged
PM2.5 levels in major California cities over the 21st century
(Figure S1), where wildfire influence on PM2.5 has been more
severe than the northeastern U.S.4 This 3-day concentrated
plume with PM2.5 reaching an hourly maximum of 185 μg m−3

increased levels of many, but not all air pollutants, including
2500%, 2000%, 1140%, 686%, and 511% increases in average

Figure 2. Transported smoke observed predominantly as OOA with the fraction of evident biomass burning-related OA varying between fire
events. (A) The influence of transported smoke detected across different aerosol types (i.e., factors) observed as BBOA, aged-BBOA, and OOA
factors with (B) increasing average oxygen-to-carbon ratios (O:C) and oxidation states (OSc), which together capture the contributions of OA
from transported smoke during the study period. (C) The sums of smoke-related enhancements in these four OA types were best correlated with
nondust potassium, during June 6−9, 2023, and across the other smoke events. Black dashed lines signify the 2σ range of μg μgK−1 ratios during all
wildfire smoke transport episodes. Contributions of cooking- and hydrocarbon-related OA can be found in Figure S5.
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PM2.5, OA, BC, formaldehyde, and trace elements concen-
trations, respectively (Figure 1A−C, Table S1), relative to
nonsmoke periods (May 25−26 and June 4−5). The PM2.5 in
the plume was predominantly composed of OA (85%) with
varying enhancements in noncarbonaceous inorganic aerosol
components (215%−2240%; Figure 1C, Table S1) and a
pronounced bimodal particle diameter distribution (Figure
1D), including sizes that enable deep lung penetration.40

Capturing the Broader Influence of Aged Wildfire
Smoke. While the June 6−9 smoke transport event brought
the most striking deterioration in air quality, our high temporal
resolution observations show that there were several other
pollution episodes attributed to smoke transport, with average
PM2.5 concentrations ranging 7.9−20 μg m−3 (Figures 1A;
Table S1). The location of these wildfires spanned from
northwestern Canada to Quebec with average transport times
(i.e., atmospheric ages) ranging from 2 to 4 days (Figures S2
and S4; Table S2).
Given the complex mix of sources and chemical processes

influencing urban air, accurately estimating the contributions
of biomass burning is a critical challenge for research and
policy to protect public health. Source apportionment of
aerosol mass spectrometry data is frequently used to quantify
contributions from BBOA and other OA source types (Figure
S5).28,41−43 However, in this study, outside of the major
Quebec smoke transport episode, aerosol mass spectrometry
alone loses its ability to identify the extent of wildfire smoke
after long-distance oxidative aging diminishes the characteristic
spectral peaks of BBOA (i.e., m/z 60, 73; levoglucosan
fragments), rendering it less distinguishable from other-source
originated OOA with elevated m/z 44 abundance (Figure
S6).16,44,45

Smoke transport to NYC was observed across four OA
types�two BBOA-like factors and two OOA factors, with the

majority of PM2.5 [i.e., 70.4% (42−87%)] appearing as OOA
(Figure 2A, B). Concentration enhancements in the sum of
these four factors was, on average, 13.9 μg m−3 ± 6.0 μg m−3

(3.7−40.6 μg m−3) during the five smoke events relative to the
background periods. Enhancements in LO-OOA and MO-
OOA ranged 160−237% and 112−592%, respectively, across
the four relatively smaller smoke transport events, and their
chemical composition varied with plume age (Figure 2A, Table
S3). Only the June 6−9 episode primarily consisted of “typical”
BBOA (46%) and had shorter transport times compared to the
other identified smoke events (48 h on average). Several days
later, meteorological conditions brought more-aged Quebec
wildfire smoke from over the ocean with a greater extent of
aged-BBOA and OOA (Figure 2, Figures S2 and S4; average
transport time of 100 h). A comparison of the smoke events
studied here demonstrates that the smoke episodes which were
more diluted during transit (i.e., first−third events; average
transport times of 67, 86, 71 h) had a greater extent of
oxidation despite having a similar range of transport times as
the less-oxidized fifth event (Figure 2A, Figure S4; Table S2).
This is consistent with studies showing photochemical aging
can accelerate with wildfire plume dilution, enhancing
exposure to atmospheric radicals,12 and diminishing semi-
volatile biomass burning tracers in OA.44

Due to the photochemically aged features of smoke reaching
NYC, our real-time trace element measurements were key to
identifying and constraining wildfire influences, especially for
low-intensity or long-range aged smoke.45 While other
elements were also enhanced during wildfire events (e.g., Cl,
Mn, Zn) (Figure 1C, Table S4), potassium is typically
abundant in biomass burning aerosol emissions46 and has
been used to ascribe PM2.5 to wildfires.45,47−49 Nondust
potassium concentrations calculated for this study exhibited
the strongest correlations with smoke-related OA (r = 0.98)

Figure 3. Observed health effects associated with smoke transport and potential oxidative stress enhancements across study period. (A) Observed
association between asthma emergency department (ED) visits and smoke-related OA (i.e., sum of four factors) over May 15 to June 13, 2023, as
well as nondust potassium as a confirmational marker of both “fresh” and aged smoke. Epidemiological results are shown as the % change in ED
visits for an interquartile range (IQR) increase in concentrations with vertical lines displaying 95% confidence intervals (CI). It also shows the
association of ED visits with PM2.5, which is in line with prior studies summarized in Table S6, confirming that our epidemiologic model was valid
to assess exposure−response associations for chemical components of PM during the study period. (B) Estimates of potential oxidative stress
enhancements (left axis) for each of the five smoke transport events compared to background conditions (May 25−26 and June 4−5), determined
via Monte Carlo analysis (N = 1 × 106) using available studies. Shown alongside the concentration-normalized potential oxidative stress
enhancement (right axis, error bar refers to 25 and 75 percentile values calculated based on box-whisker plot results), more-aged smoke shows
greater potential oxidative stress per OA mass, on average, for the episodes outside of June 6−9.
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(Figure 2C) compared to other biomass burning-related
pollutants (e.g., BC, CO, NOx; Figure S7A−C) and
demonstrated consistent enhancements during periods when
air-mass trajectories confirmed wildfire influences. While other
pollutants are also associated with wildfire smoke, the results of
this study exemplify dust-corrected potassium’s pronounced
utility as a reliable indicator of transported smoke across
diverse spatial scales, combustion conditions, and age. This is
not only due to the loss of key BBOA mass spectral features
with aging, but also since BC/BrC, CO, or NOx can be biased
by urban source contributions or incur losses due to
photobleaching (i.e., for BrC), which varies with plume age.50

The composition of wildfire smoke has been shown to vary
with fuel type, fire size, temperature, combustion efficiency
(e.g., smoldering vs flaming), and interactions with background
aerosols.51−54 Yet, nondust potassium captures contributions
from both fresh biomass burning-related OA and highly
oxidized biomass burning-related OA, exhibiting stronger
correlations (r ≥ 0.82) compared to the other wildfire-related
pollutants (Figure S7A−C) with a slope of 83.1 ± 0.7 μg μg
K−1 and a 2σ range of 63.5−253.3 μg μg K−1 (Figure 2C).
Thus, real-time metals data provide powerful opportunities to
identify, validate, and quantify less-evident biomass burning
transport events, yet other sources (e.g., mineral dust, coal
combustion) must be considered when quantifying wildfire
influence.
Downwind Health Risks of Dilute and Aged Wildfire

Smoke. Over the 1 to 6+ days of oxidative aging during
transport (Figure S4, Table S2), the OA underwent
considerable transformations (Figure 2, Figure S6), and this
can have important implications for its health risks. First, the
depletion of BBOA’s molecular signatures outside of the major
June 6−9 episode poses the risk of exposure misclassification
of far downwind smoke as indistinct OOA without valuable
nonreactive covariate data, specifically nondust potassium.
Epidemiological analysis spanning the repeated wildfire smoke
episodes identified statistically significant associations between
daily emergency department (ED) visits for asthma and
concentrations of total smoke-related OA, and also with
nondust potassium (Figures 3A, Table S5). For example, an
interquartile (IQR) increase in smoke-related OA and nondust
potassium was associated with a 3.35% and 2.23% increase in
risk of asthma ED visits (95% confidence intervals (CI):
0.83%−5.93% and 0.40%−4.08%), respectively, similar in
magnitude to relative risks increases from prior PM2.5
assessments.55,56 If such health risks are evaluated based on
the average ED visit numbers (203 visits day−1) during the
analysis period (May 15−June 13, 2023), approximately 6.9
(95% CI: 1.6, 11.7) more cause-specific ED visits day−1 and
2068 (95% CI: 49.0, 350.3) more cause-specific ED visits
throughout the study period were estimated for an IQR
increase in smoke-related OA (e.g., 4.74). Given the
prominence of smoke-related OA during the study period
and its covariance with PM2.5, total PM2.5 mass concentrations
were similarly strongly associated with daily asthma ED visits
(Figure 3a). The consistency with prior studies validates the
robustness of our epidemiologic model (Table S6, Section
S5).23−25,32 Though, we note that prior analyses were focused
on the major smoke event (i.e., June 6−8) and examined PM2.5
alone. Here, we now associate health effects specifically with
the sum of smoke-related OA as well as nondust potassium as a
well-correlated independent marker of biomass burning
(Figure 3A), regardless of plume age. Moreover, the sum of

smoke-associated OA had a greater estimated health effect than
that of BBOA alone (Table S5). We note that the
epidemiologic analysis in this study was performed within a
relatively shorter period than typical studies with limited
considerations for lagged effects, causing uncertainties in some
age groups.57

Second, while total PM2.5 mass concentrations remain
important for evaluating health risks, multiple laboratory and
epidemiological studies have observed greater health effects for
SOA compared to other aerosol components (e.g.,
(NH4)2SO4, NH4NO3, and primary OA). This includes
cardiovascular premature mortality risks and enhanced
oxidative stress via cellular and acellular assays.3,33−38 There
is also evidence for increased oxidative stress from more-aged,
oxidized aerosols with greater reactive oxygen species
production in the respiratory track.33 Across the five major
smoke transport episodes studied here, our Monte Carlo
analysis consistently showed pronounced increases in potential
oxidative stress of 124−1631% (median enhancements) with
variations constrained using the available literature while
considering uncertainties (Figure 3B, Figure S8). This
enhancement in potential oxidative stress was recently
confirmed in Europe by Vasilakopoulou et al.45 who observed
470−3730% enhancements in dithiothreitol assays concurrent
with downwind wildfire-associated enhancements in OOA and
potassium in Europe. Additionally, while the smoke trans-
ported to NYC often lost its molecular signatures, the more-
aged aerosols present a greater potential oxidative stress per
unit mass on average (Figure 3B), which could be further
exacerbated by coincident wildfire- and dust-related enhance-
ments of redox-active metals (i.e., Mn, Fe, Cu) across the
smoke transport events (Table S4).33,38,58

■ DISCUSSION
Increased wildfire activity is anticipated to worsen air quality
under a changing climate, contributing an increasing fraction of
ambient PM2.5. However, its human health effects remain
uncertain and potentially underestimated, which is further
complicated by multiday downwind transformations and
potential exposure misclassification of less-evident PM2.5
enhancements. Acute effects were observed in epidemiological
associations (Figure 3A). Yet, chronic effects of increasingly
frequent low-level exposures to more-aged, dilute smoke
represent a major concern and research priority given the
enhanced potential oxidative stress with highly aged smoke
(Figure 3B) and repeated exposures, even far downwind.
Cross-disciplinary research linking atmospheric sciences and

public health communities is necessary to address pressing
issues. This includes accurately categorizing pollutant con-
tributions, especially PM2.5, from wildfires and other sources to
empower next-generation epidemiological studies that advance
our understanding of source-specific and speciated PM-specific
health effects. The PM2.5 source apportionment strategies
employed here avoid undercounting biomass burning con-
tributions across the continuum of plume ages and serve as key
inputs to epidemiological studies. These future studies should
also examine the health effects of different fire types (e.g., fuel
type and combustion conditions), downwind plume trans-
formations (e.g., oxidation conditions and SOA formation),
associated hazardous volatile−semivolatile gas-phase pollutants
(e.g., formaldehyde), the health impacts of multiple stressors
(i.e., repeated exposure to wildfire smoke over multiple
events), and different lag times. Doing so necessitates real-
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time trace metal measurements with corrections for other
source types (e.g., dust) to effectively attribute otherwise
indistinct wildfire influences. This will also facilitate model
validation, especially with greater biomass burning contribu-
tions to background aerosol levels,45 which are increasingly
important to accurately constrain with recent revisions to the
U.S. PM2.5 standard.
Epidemiological research demonstrates that PM’s chemical

composition influences its health risks and specific effects.59

However, the most harmful PM characteristics are not well
established, though more-oxidized secondary aerosols present
likely exacerbating factors.3,33,36 Epidemiological studies to
date generally lack chemical or spatiotemporal complexity and
are typically limited to total PM2.5 measurements with
additional filter-based speciation, which has sparse temporal
resolution (weekly or semiweekly), following existing monitor-
ing network procedures. In other cases, health studies instead
use modeled exposure estimates, though a lack of sufficient
speciated measurements hinders their validation. Although a
growing number of health studies instead use modeled
exposure estimates, a lack of sufficient speciated measurements
hinders their validation. While previous health studies
examined individual source-specific events via total PM2.5
concentration changes (e.g., Table S6), here, routine chemical
speciation allowed us to target wildfire-related OA and evaluate
source-based health effects. This can be furthered by long-
term, continuous, and accurate monitoring of speciated PM2.5,
possibly supplemented by routine potential oxidative stress
measurements to enable multipollutant epidemiological studies
across different populations and health outcomes. The ensuing
scientific evidence on which sources and chemical/physical
particle characteristics (e.g., age, oxidation) are most harmful
could aid effective decision-making to protect public health,
especially as PM2.5 reductions have largely stagnated at levels
with continued health risks.28,60

Summer 2023 established a prominent role for transported
wildfire smoke exposure in NYC and other populous areas
typically insulated from wildfire’s worst air quality impacts�
raising timely questions about effectively achieving cobenefits
for air, health, and climate. The path forward necessitates
multidisciplinary science employing next-generation ap-
proaches to develop policies that address the public health
burden of both peak and unapparent smoke episodes expected
over the coming decades.
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