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ABSTRACT: The global increase in wildfires, primarily driven by
climate change, significantly affects air quality and health. Wildfire-
emitted particulate matter (WFPM) is linked to adverse health
effects, yet the toxicological mechanisms are not fully understood
given its physicochemical complexity and the lack of spatiotem-
poral exposure data. This study focuses on the physicochemical
characterization of WFPM from a Canadian wildfire in June 2023,
which affected over 100 million people in the US Northeast,
particularly around New Jersey/New York. Aerosol systems were
deployed to characterize WFPM during the 3 day event, revealing
unprecedented mass concentrations mainly in the WFPM0.1 and
WFPM0.1−2.5 size fractions. Peak WFPM2.5 concentrations reached
317 μg/m3, nearly 10 times the National Ambient Air Quality
Standard (NAAQS) 24 h average limit. Chemical analysis showed a high organic-to-total carbon ratio (96%), consistent with brown
carbon wildfires nanoparticles. Large concentrations of high-molecular-weight PAHs were found predominantly bound to WFPM0.1,
with retene, a molecular marker of biomass burning and a known teratogen, being the most abundant (>70%). Computational
modeling estimated a total lung deposition of 9.15 mg over 72 h, highlighting the health risks of WFPM, particularly due to its long-
distance travel capability and impact on densely populated areas.
KEYWORDS: wildfires, wildfire air pollution, ultrafine particles, polycyclic aromatic hydrocarbons, Canadian wildfire, brown carbon

1. INTRODUCTION
In recent years, the significance of climate-driven wildfires in
contributing to air pollution, particularly on particulate matter
(PM) levels, has increased at national and global levels.1 This
escalation can be attributed, in part, to climate change, which has
intensified the duration, frequency, and magnitude of such
events.2 In addition, a history of fire suppression practices in
North America is likely causing wildfires to become larger and
more severe.3

In the US, over 60,000 wildfires burn an average of 2.8 million
hectares of land every year.4 Due to climate change-driven
drought, extreme heat, and reduced snowpack, recent wildfire
season lengths are expanding dramatically.5 In 2020, over 28
million people, approximately 70% of the population in
California (CA) experienced more than 100 days of unhealthy
air quality as specified by the US Environmental Protection
Agency Air Quality Index values above 100 from elevated

ambient particulate matter with an aerodynamic diameter of less
than 2.5 μm (PM2.5) and ozone.

6 During the 2020 wildfires in
CA, daily PM2.5 levels often reached 350−500 μg/m3,
significantly higher than the 24 h average limit of 35 μg/m3,
which is specified by the National Ambient Air Quality
Standards (NAAQS).7

The impacts of wildfires, however, are not limited to the US.
Worldwide, 2.2 billion people were exposed to ≥1 day of
substantial wildfire pollution per year in 2010−2019, with the
average person having almost 10 days of exposure per year.8 The
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same analysis determined that, globally from 2000 to 2019, the
population weighted average WFPM2.5 exposure was 2.5 μg/m3.
It is significant to mention that, since WFPM is dominated by
nanoscale PM, which has less mass compared to micron-scale
particulates, a 2.5 μg/m3 add on is translated to millions of
particles per volume of air with different and unique chemical
composition. Therefore, relying on PM mass concentrations
may underestimate the associations between WFPM and health
outcomes given the nanoscale nature of such particles.
Furthermore, wildfire air pollution poses a significant health
threat, particularly to socially vulnerable Americans living in
environmental justice communities already burdened with
compromised air quality. Davies et al., 2018, identified 29
million Americans at risk for extreme wildfires, of which 12
million belonging to Black, Hispanic, or Native American
communities face approximately 50% greater vulnerability to
wildfires compared to other census tracts.9 This vulnerability to
wildfires compounds the frail situation of minority groups,
which are disproportionately affected by other environmental
risks.10 In toto, in the United States and globally, the impact of
wildfires on air quality has been profound, to the extent of
reversing or stagnating the progress made in air quality
improvements over the past two decades.11

Wildfire smoke is a complex mixture of particles and gaseous
pollutants, with particles in the fine (less than 2.5 μm, PM2.5)
and contain ultrafine or nano (<100 nm, PM0.1) range.

12−14

PM2.5 particles, and especially its PM0.1 size fraction, are of great
health concern as they can penetrate and deposit to the deepest
part of the lungs, cross the alveolar epithelium and other
biological barriers, enter blood circulation, and accumulate in
peripheral organs beyond the lungs.15 In addition to health
effects, WFPM absorbs16 and scatters17 the solar radiation
differently compared to PM emitted from other sources and thus
can alter radiative forcing and affect climate change as well. So, a
detailed physicochemical characterization of spatiotemporal
properties ofWFPM is essential to quantify accurately its impact
on public health and climate.
The few exposure assessment studies that have characterized

WFPM chemical composition in areas with wildfires demon-
strate that it contains primarily organic carbon (OC, >97%) and
less elemental carbon (EC).13,18−20 Its complex chemical
composition is also unique and includes heavy metals, polycyclic
aromatic hydrocarbons (PAHs), plasticizers, flame retardants,
and industrial solvents12,13,21 due to combustion of both
biomass and man-made structures.22 The authors showed in
their recently published by Singh et al. study20 that the “fuel” and
combustion characteristics affect its chemical composition.
The unique physicochemical characteristics of the WFPM

may result in higher toxicity than urban background PM, which
is mostly generated from fossil fuel combustion.23 For example,
in vitro and in vivo toxicological studies show that WFPM
exposure causes higher levels of oxidative stress and lung
inflammation due to the presence of more polar organic
compounds with higher oxidative potential compared to
ambient PM2.5.

13,20

The impact of WFPM on human disease remains largely
unquantified, demanding more epidemiological studies24 and
improved exposure assessment methods that takes proper
consideration of its unique physicochemical and toxicological
profile. Emerging epidemiological studies from around the
world have found that, at similar ambient exposure levels,
WFPM is associated with a higher risk of respiratory,23,25,26

cardiovascular,27 and neurological health outcomes28 and a

higher risk of all-cause mortality26,29 than non-WFPM, which
can be attributed to differences in their chemical composition.
While some knowledge gaps have been addressed in response

to extensive wildfires predominantly in the U.S. West Coast, the
2023 Canadian Wildfire season highlighted their potential to
significantly affect other regions and major metropolitan areas,
including the U.S. Northeast and Midwest. The 2023 wildfire
season in Canada sets new records, with over 6132 fires burning
more than 16.5 million hectares by September 5, double the
1989 record of burnt area by wildfires in Canada.30 Canada
experienced its warmest May−July period in over 80 years,
breaking previous national temperature records for the two-
month period by 0.8 °C. From June 1 to 25, more land burned in
southern Quebec than in the previous 20 years combined,
leading to the largest single fire ever recorded in southern
Quebec, consuming 460,000 ha.
In June 2023, wildfire smoke from Quebec, Canada, rose into

the jet stream and was transported into New York City (NYC),
New Jersey (NJ), and other major metropolitan areas in the
Northeast, resulting in multiple days of catastrophic air quality
with PM2.5 levels reaching over 300 μg/m331 and affecting over
100 million Americans. On June 7, the 11 Department of
environmental Pollution (DEP) monitoring sites in New York
City recorded the worst air quality level in over 50 years. The
observed maximum daily mean PM2.5 concentration reached
148.3 μg/m3, nearly 10 times the 24 h air quality guideline issued
by the World Health Organization (WHO).
In this study, a detailed physicochemical characterization of

the WFPM using real-time and time-integrated aerosol
instrumentation and analytical methods was performed in
Piscataway, NJ, approximately 43 miles southwest from New
York City during the days of the most severe impact from this
Canadian wildfire incident (June 6−9, 2023). This paper aims to
elucidate the complex physicochemical properties of PM in this
unique context, contributing to a deeper understanding of the
environmental and health impacts of wildfire-induced air
pollution episodes in a major metropolitan and heavily
populated area.

2. METHODS
2.1. Sampling Site Description. The PM monitoring site

was located at the Rutgers University Piscataway Campus,
approximately 43 miles southwest from New York City. A
schematic of the sampling equipment is shown in Supplemental
Figure S1. Real-time PM monitoring and time-integrated PM
sampling equipment were located in the courtyard adjacent to
the Environmental and Occupational Health Sciences Institute
(EOHSI) at a sampling height 1.5 m above ground level. Four
sampling phases throughout the 72 h wildfire incident totaling
60 h were conducted between June 6 and June 9, 2023 as
follows: (1) start phase (Phase A): June 6 19:50−June 7 14:00;
(2) peak phase (Phase B): June 7 15:00−June 7 19:06; (3)
postpeak phase (Phase C): June 7 20:12−June 8 12:02; (4) end
phase (Phase D): June 8 15:22−June 9 13:28.
In addition, 1 h average mass concentrations of PM2.5,

nitrogen oxides (NOx), and ozone (O3) were obtained from the
US EPA Photochemical Assessment Monitoring Station (AQS
Site Code 340230011) 7.3 miles from the monitoring site.
Carbon monoxide 1 h average concentrations were also
obtained from the Newark Firehouse monitoring station
(AQS Site Code 340130002), 22.3 miles northeast of our
monitoring site. Data included in this analysis were subject to
quality data assurance by US EPA.
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2.2. Wildfire Smoke Transport Modeling. Backward air
mass trajectories during the wildfire incident were examined
using the U.S. National Oceanic and Atmospheric Admin-
istration, Air Resources Laboratory (NOAA-ARL) Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
transport, and the dispersion model. The calculated trajectories
traced back up to 36 h from the Rutgers monitoring site using
500 and 1000 m as starting atmospheric heights above ground
level. These heights were chosen to avoid inaccuracies from
turbulence and frictional effects at lower heights.32

2.3. Time-Integrated and Size-Fractionated WFPM
Sampling. Size-fractionated WFPM (WFPM0.1-PM below 0.1
μm,WFPM0.1−2.5-PM between 0.1 and 2.5 μm,WFPM2.5−10-PM
between 2.5 and 10 μm, and WFPM>10=PM above 10 μm
aerodynamic diameter) was collected using Harvard Compact
Cascade Impactors (CCIs)33 and used for deriving mass particle
concentrations and for offline chemical characterization. PM0.1
was collected on prebaked quartz fiber filters (Pallflex
Tissuquartz filter: 47 mm diameter, Pall Corporation, Port
Washington, NY) for Elemental Carbon and Organic carbon
(EC-OC) analysis, as well as with Teflon filters (PTFE
membrane disc filter: 2 μm pore size, 47 mm diameter, Pall
Corporation, Port Washington, NY) for inductively coupled
plasma mass spectrometry (ICP-MS) analysis. Larger PM
fractions were collected on polyurethane foam (PUF)
substrates, as described previously.33,34 Further details are
included in the Supporting Information section. Given the large
amount of WFPM0.1 and WFPM2.5 collected during the peak
phase (Phase B), these samples were chosen for the EC-OC,
PAH, and elemental analysis described in the following sections.
2.4. Real-Time WFPM Monitoring. A Scanning Mobility

Particle Sizer (SMPS model 3080, TSI Inc., Shoreview, MN)
was used tomeasure in real-time particle number concentrations
in the 5−300 nm mobility diameter range. For larger particles
(0.5−20 μm aerodynamic diameter), an Aerodynamic Particle
Sizer (APS, model 3321, TSI Inc., Shoreview, MN) was used.
2.5. WFPM-Bound Polyaromatic Hydrocarbons (PAHs)

Analysis from the Peak Phase. For PAH analysis of WFPM
size fractions collected from the peak phase, the protocol
described in Tsiodra et al.35 was used with slight modifications
(see the Supporting Information). The analysis focused on the
identification of 25 PAHs with molecular weight between 178
and 278 g/mol. The parent PAHs species are phenanthrene
(Phe), anthracene (Ant), fluoranthene (Fla), pyrene (Pyr),
benzo[a]anthracene (B[a]A), chrysene (Chr), benzo[b,j,k]-
fluoranthenes (B[bjk]F), benzo[e]pyrene (B[e]P), benzo[a]-
pyrene (B[a]P), indeno (1,2,3-c,d) pyrene (IndP), dibenzo-
[a,h]anthracene (dBaAnt), and benzo[g,h,i]perylene (B[ghi]-
Per), and the methylated species are 1-methylphenanthrene (1-
C1-Phe), 2-methylphenanthrene (2-C1-Phe), 3-methylphenan-
threne (3-C1-Phe), 9/4 methylphenanthrene (9/4 C1-Phe),
2,6-dimethylphenanthrene (2.6-DMP), 2,7-dimethylphenan-
threne (2.7-DMP), 3,6-dimethylphenanthrene (3.6-DMP),
1.3/2.10/3.9/3.10-dimethylphenanthrene (1.3/2.10/3.9/3.10-
DMP), 1.6/2.9-dimethylphenanthrene (1.6/2.9-DMP), 1.7-
DMP-Pimanthrene (1.7-DMP), methyl-fluoranthene/pyrene
(C1-202), retene (Ret), and methyl chrysenes (MChry).
2.6. WFPM Organic and Elemental Carbon Analysis

from the Peak Phase. The analysis of organic and elemental
carbon (EC-OC) was performed on the PM0.1 quartz filter from
the peak phase, creating dedicated 1 cm2 punches, using the
thermal-optical transmission (TOT) technique with a Sunset
carbon analyzer (Sunset Laboratory Inc., Portland, OR, USA)

and the EUSAAR2 thermal protocol described in detail by
Cavalli et al.36 Given that EC-OC analysis is a thermally
destructive method, and considering that the larger PM size
fractions were collected on PUF substrates, it was not possible to
analyze the remaining size fractions for EC-OC.
2.7. WFPM0.1 Inorganic Elemental Analysis. The

elemental particle composition at the individual particle level
was determined by SP-ICP-TOF-MS (TOFWERK, Thun,
Switzerland) as described in detail in our previous studies37

and in the Supporting Information section. Select elemental
ratio distributions were determined on a particle-by-particle
basis taking into account all particles.
2.8. WFPM Respiratory Deposition Modeling.Multiple-

Path Particle Dosimetry Modeling (MPPD V3.01) was used to
estimate the total particle deposition in the human lung airway
from the head to the alveolar region.38 The calculations were
done using the Yeh/Schum symmetric human model39 with a
functional residual capacity of 3300 mL and a head volume of 50
mL. The model assumes that human bodies are exposed at an
upright orientation to a mono disperse aerosol concentration
with PM size-specific mass median aerodynamic diameter
derived gravimetrically in the peak phase as described above and
effective density summarized in Table S3. The nasal breathing
frequency was set to 12 breaths/min, the tidal volume to 625
mL, and the inspiratory fraction to 0.5.40 The deposited mass
was calculated for the 72 h exposure period of the event.

3. RESULTS AND DISCUSSION
3.1. Wildfire Plume Transport Analysis Using HYSPLIT

Backward Trajectories. Wildfire plume transport analysis
from HYSPLIT backward trajectories confirms that air masses
during the incident originated in the Quebec active wildfire were
transported southward to the monitoring site. In more detail,
Figure 1 shows the air mass taking between 18 and 24 h to arrive
at the Rutgers Piscataway site on June 7 at 18:00 EDT, around
the peak of the wildfire incident. Prior to June 5, trajectories
show air originating close to the Canadian province of New
Brunswick, where active medium-sized wildfires were taking
place on June 2. Trajectories progressively shifted west, and on
June 6, air masses were coming southward directly from the
Quebec province (Figure S4).
Documented evidence of Quebec wildfire impacts in the US

Northeast region dates to a wildfire incident in July 2002. In that
incident, backward trajectory analysis suggested longer transport
times from the active wildfire to Pittsburgh, PA and Baltimore,
MD in approximately 36−48 h.41,42
3.2. PM2.5 Mass Concentrations and Gaseous Pollu-

tants from the EPA Monitoring Site. Figure 2a shows the
time evolution of ambient PM2.5 mass concentrations from the
US EPA Photochemical Assessment Monitoring Station
throughout the wildfire incident. PM2.5 started increasing on
June 6, reaching a 24 h mass concentration of 32.7 μg/m3. On
June 7, the PM2.5 24 h average increased to 181.4 μg/m3, peaking
at 1800 EDT with a maximum 1 h average concentration of
334.6 μg/m3. The two subsequent days June 8 and 9 still
experienced higher than usual PM2.5 concentrations, with 24 h
averages of 146.7 and 22 μg/m3, respectively.
The 24 h average PM2.5 mass concentrations experienced on

June 7 in this area (181.4 μg/m3) were the highest on more than
50 years of ambient air quality records and were 5.2 times higher
than the 24 h average limit set by the National Ambient Air
Quality Standards (NAAQS). In comparison to the July 2002
wildfire incident, air quality measurements back then in
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Baltimore, Pittsburgh, New York, and Boston showed 24 h
average PM2.5 concentrations between 63 and 86 μg/m3,41,43

which are PM2.5 mass concentrations considerably lower than
those reported in this study.
Figure 2b depicts the progressive increase in local outdoor

levels of CO starting on June 5, peaking on June 7 at between
1700 and 1900 EDT, and going back to preincident levels on
June 11. A maximum 1 h average for CO of 1.5 ppm was
registered on June 7 at 1800 EDT.
During the incident, NOx and ground-level O3 levels showed a

typical diurnal pattern, with two pronounced O3 surges on June
2 and June 6 when 1 h average O3 reached the maximum
concentrations of 111 and 65 ppb, respectively (Figure 2b). O3
concentrations on June 7 (peak phase) were noticeable lower
than the previous day despite the dramatic increase in PM2.5 and
CO concentrations. The small O3 concentrations on June 7
could be attributed to high PM2.5 concentrations that contain
mostly OC. Such “brown nanoparticles” scatter strongly solar
light44 and may reduce the transmission of solar irradiation
resulting in reduction of O3 production. Photoacoustic
extinctiometer measurements of the WFPM strong light
scattering and absorption on June 7 support this claim and
will be presented in the aforementioned companion paper
focusing on WFPM optical properties.
3.3. Time-Integrated WFPM Mass Size Distributions.

The time evolution during the event of WFPM mass
concentration for each size fraction is shown in Figure 3.
WFPM0.1 and WFPM0.1−2.5 mass concentrations experienced a
sharp increase starting in the late afternoon of June 6 during the
start phase (WFPM0.1 = 48.1 μg/m3 andWFPM0.1−2.5 = 48.1 μg/
m3), reaching the maximum around June 7 afternoon (peak
phase, WFPM0.1 = 145.8 μg/m3 and WFPM0.1−2.5 = 171.6 μg/
m3). Concentrations reduced gradually on June 8 (postpeak

phase, WFPM0.1 = 68.3 μg/m3 and WFPM0.1−2.5 = 83.7 μg/m3)
and June 9 (end phase,WFPM0.1 = 21.9 μg/m3 andWFPM0.1−2.5
= 17.0 μg/m3).
As shown in Figure 3, WFPM0.1 mass concentration during

the peak phase is at the same level with WFPM0.1−2.5. This is
expected, primarily because, as shown both in this study (Figure
4), and as published by our group before,19,20 WFPM are by
number mostly nanoscale size particles. It is important to
mention that the WFPM0.1−2.5 size fraction contains the “tail” of
the wildfire-emitted particles but also particles from other local
and other sources inclusive of traffic.45 Also important is that
both the time course and WFPM mass concentrations agreed
with the data from the EPAmonitoring station at Rutgers shown
in Figure 2a. Other studies reporting PM size distribution from
large-scale mass burning incidents have found large increases
predominantly in PM0.1

46 and PM1.0.
12 Further details on the

size distributions are reported in the Supporting Information
section.
3.4. WFPM0.1 EC-OC. Analysis of carbon mass fractions

during the peak phase was dominated by OC (139.7 μg/m3) in
comparison to EC (6.1 μg/m3) resulting in an organic-to-total
carbon ratio, OC/TC = 96%. This is consistent with the high
OC/TC associated with biomass burning.19,20 The literature
reports a wide range of OC/TC values attributed to differences
in the fuel type, burning process (i.e., flaming vs smoldering),47

degree of photochemical aging,48 and contribution of wildfire
smoke with respect to local pollution sources.13 Importantly, a
source apportionment modeling to attribute the contributions
to PM pollution of other sources would be important to pursue
in a future study.
The EC/TC fraction of 4.3% observed here is within the range

of reported values (EC/TC= 1−5.5%) in the literature for
prescribed fires and wildfires.49 During the Quebec wildfires of
2002, a maximum EC/TC = 2.7% was measured in Baltimore,
MD.42 The higher OC relative content in such measurements
could have resulted from plume aging during the longer
transport times in that episode (36−48 h). Moreover, based
on light absorption and scattering measurements collected by
the authors and presented in an accompanying manuscript, the
WFPM sampled on June 7 is less photochemically aged
compared to that sampled on June 8.
3.5. WFPM PAH Analysis. Concentrations of the 20

detected out of 25 targeted PAHs in PM size-speciated samples
from the peak phase are shown in Figure 4. Total PAH
concentration was 98.1 ng/m3 of which 13.8 ng/m3 (14.1%) was
found in PM0.1, 40.5 ng/m3 (41.3%) in PM0.1−2.5, 30.6 ng/m3

(31.1%) in PM2.5−10, and 13.2 ng/m3 (13.4%) in PM>10. High-
molecular-weight (HMW, >220g/mol) PAHs, associated with
higher bioaccumulation and toxicity, and characteristic of
biomass burning, were found at higher concentration (66.3
ng/m3, 67.6%) than low-molecular PAHs (LMW, <220 g/mol).
LMWwere mostly found on PM size fractions larger than PM2.5,
and virtually none were detected in the nanoparticle range
(0.08%).
Only 8 of the detected PAHs are part of the 16 PAHs in EPA’s

priority list, accounting for 26.3% of the PAH total
concentration (Figure S2). In terms of individual PAHs, retene
had the highest overall concentration with 37.4 ng/m3 in PM2.5
and 53.7 ng/m3 in PM10, followed by phenanthrene (PM2.5 = 4.2
ng/m3 and PM10 = 11.0 ng/m3) and methylphenanthrene
isomers 1-C1-Phe (PM2.5 = 1.3 ng/m3 and PM10 = 3.2 ng/m3)
and 2-C1-Phe (PM2.5 = 0.7 ng/m3 and PM10 = 3.0 ng/m3).

Figure 1.HYSPLIT backward trajectories calculated at 500 and 1000m
above ground level for air mass arriving at the Rutgers Piscataway
Campus (Lat: 40.5240, Long: −74.4684; depicted on the figure with a
star) on June 7th, 2023 1800 EDT. Red dots represent active forest fire
sites on June 7th according to the Canadian Wildland Fire Information
system (https://cwfis.cfs.nrcan.gc.ca/home; consulted 12/01/2023).
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These four isomers represented 80.2 and 83.8% of the total PAH
concentration in PM2.5 and PM10, respectively.

Elevated concentrations of PAH congeners such as retene
(Ret), phenanthrene (Phe), and fluoranthene (Fla) were found

Figure 2. One hour average ambient concentrations for (a) PM2.5; and (b) CO, O3, and NOx. PM2.5 and O3 data were obtained from the US EPA
Photochemical Assessment Monitoring Station near Rutgers University and CO and NOx from the EPA Newark site. Shaded gray areas indicate the
sampling phases with real-time and integrated measurements at Rutgers Piscataway Campus.

Figure 3. Time-integrated ambient particle mass concentration as a function of PM aerodynamic size fraction from four sampling phases: start phase
(Phase A): June 6 19:50−June 7 14:00; peak phase (Phase B): June 7 15:00−June 7 19:06; postpeak phase (Phase C): June 7 20:12−June 8 12:02; end
phase (Phase D): June 8 15:22−June 9 13:28. Error bars show 95% confidence interval.
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in the peak period samples, suggesting a PAH emission profile
similar to previous reports from boreal forests wildfires in
North.50 Portugal fires in 2009 were also dominated by Ret and
Phe concentrations.51 The predominance of wildfire pollution in
this analysis is validated by PAH diagnostic ratios above 0.5 for
Fla/Pyr and IndP/B[ghi]Per, both associated with biomass
combustion.52 Furthermore, the diagnostic ratio of Ret/(Ret+
Chry) is very high (>0.9) for WFPM0.1 and WFPM0.1−2.5

confirming the hypothesis that the collected WFPM is
dominated by softwood combustion.53

Two important findings in this study are (1) the high PAH
concentrations during the peak phase and (2) the large presence
of HMWPAHs, predominantly in the nanoparticle range. While
comparisons with previously reported wildfires are difficult due
to the variety of factors involved including pollution intensity,
fuel type, atmospheric transport conditions, among others, the
PAH concentrations in our samples were higher than previously
reported for wildfire incidents with similar WFPM concen-
trations. Reported for strong haze episodes in southern Thailand
show total PAH and total suspended PM concentrations of 2.5
ng/m3 and 40 μg/m3, respectively, in 2019, and 34.1 ng/m3 and
340.1 μg/m3, respectively, in 2015.46 These concentrations are
lower than the total PAH concentration of 98.1 ng/m3 in PMTSP
during the peak phase (PMTSP = 509.6 μg/m3). Higher
concentrations of HMW PAHs in fine and ultrafine PM size
fractions agree with previous reports.12,46,54

Retene concentrations per mass WFPM during the peak
phase (226.8 μg/g) are 2 orders of magnitude higher than those
reported by Verma et al. (6.68 μg/g).13 This discrepancy exists
despite both studies reporting similar 24 h mean PM2.5
concentrations (Verma et al.: 140−150 μg/m3; this study: 148
μg/m3 on June 7th). One potential explanation is that, in the
Verma et al., 2009, the distance from the wildfire to the
monitoring site is considerably shorter than in our study, with
potential shorter aging times. In their study, they report a higher
B[a]P/(B[a]P+B[e]P) ratio, which is used for the character-
ization of aerosol aging.55 The complete absence of B[a]P in our
study suggests a higher degree of aging, since B[a]P is more
reactive than B[e]P.56 It is worth noting that, while in this study,
background levels of retene were not measured, such levels are
expected to be miniscule, given the absence of any local wildfires
of coniferous forests during the Canadian wildfire event or other
significant biomass burning (e.g., for heating purposes).

Figure 4. Percent mass concentration of size-fractionated PM-bound
PAHs collected in the peak phase (Phase B). Detected methylated
phenanthrenes are shown aggregated in Σ-C1-Phe and Σ-DMP.

Figure 5. Size-fractionated mass of deposited wildfire PM in the head, tracheobronchial (TB), pulmonary (P), and total region of the human
respiratory tract derived by MPPD for a 72 h exposure to concentrations measured during the peak phase (Phase B).
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3.6. WFPM0.1 Inorganic Elemental Analysis. Single
particle analysis detected 12 inorganic elements in the PM0.1
particle size fraction, including a combination of crustal
elements (Fe, Mn, and Al) and metals associated with
anthropogenic sources (e.g., Ba, Ti, Cr, Zn, Pb, Sn, Ni, Sb,
and Cu; Figure S3). Iron, Ba, and Zn were dominated by single-
metal nanoparticles (NPs). In contrast, all other elements were
dominated bymultimetal NPs.Most of themultimetal NPs were
Fe-bound. The elemental ratios of Ti/Fe, Mn/Fe, Cr/Fe, Al/Fe,
Ba/Fe, and Ni/Fe are higher than the average crustal ratios and
are typical of those observed in vegetation and atmospheric
deposition wildfire ash (e.g., Ti/Fe = 0.001−2.0, Mn/Fe =
0.01−5.0, Cr/Fe = 0.002−0.5, Al/Fe = 0.05−20, Ba/Fe =
0.005−0.2, and Ni/Fe = 0.01−0.2), with higher elemental ratios
in the atmospheric deposition ash relative to the vegetation ash57

suggesting that these NPs originated from the Canada fire
plume.
While the concentration of transition elements such as Mn,

Cr, and Cu in the reportedWFPM samples (Figure S3) was low,
their presence is relevant for environmental and human health
implications. Cu and Mn nanoparticles have been found to
induce oxidative stress, form reactive oxygen species, and lead to
DNA damage among other effects.58 Wildfire-specific character-
istics such as fuel type, location, and fire temperature influence
these metals’ availability and toxicological properties in
WFPM,59 but potential synergistic effects from other chemical
compounds remain poorly understood, and mechanistic
toxicological studies are needed.
3.7. WFPM Respiratory Deposition Modeling. Particle

mass deposition in the human lung airway during the 72 h event
from theMPPDmodeling is shown in Figure 5. Mass deposition
for WFPM0.1 and WFPM0.1−2.5 size fractions was the highest in
the pulmonary region, followed by the head and tracheobron-
chial regions. Notably, the deposition of particles in the
respiratory tract is size specific.60 In other words, the three
inhalable size fractions, namely, WFPM0.1, WFPM0.1−2.5, and
WFPM2.5−10, will deposit differentially in various areas of the
respiratory tract. The WFPM10 is the sum of all three size
fractions and their deposition in each respiratory tract area.
Total deposition was 9.15 mg for the inhalable WFPM10,

predominantly in the head region (5.31 mg). The deposited
mass rate per minute for each individual region of the respiratory
tract and per respiratory surface area are summarized in Table
S3. Based on this, the estimated PM10-bound PAH mass
deposition values in the head, tracheobronchial, and pulmonary
were 2.9, 0.8, and 1.3 mg, respectively, during the 72 h wildfire
incident. Given the known effects of PAHs on disease
development including carcinogenicity and metabolic diseases
among others,61 more toxicological studies are needed to assess
potential health effects.
The large PM doses across the human respiratory system as a

result from this 72 h incident and their unique and complex
chemical load (e.g., PAHs, heavy metals) raise concerns for
potential adverse health effects and disease development,
especially among susceptible and vulnerable populations.
Emerging epidemiological studies associated with this particular
wildfire event have reported that asthma-associated emergency
department (ED) visits in New York State on June 7 rose 81.9%
with respect to before the wildfire incident (June 1−June 5
2023).62 In another study inNewYork City, a 10 μg/m3 increase
in PM2.5 was associated with an asthma ED incidence rate ratio
(IRR) of 1.03 (95% CI, 1.02−1.04).63

Health impacts of WFPM are expected from the detrimental
effects on other organs beyond the respiratory system. Given the
large proportion of deposition in the head region and the known
translocation to the brain via the olfactory nerve of nanoscale
particles,64 it is important to consider the potential effects of
wildfire pollution on the nervous system. Several epidemio-
logical studies have linked WFPM with impacts on cerebrovas-
cular ED visits,65 mental health,66 cognitive function (Cleland et
al. 2023), and performance on standardized tests.67

Similarly, emerging findings from other incidents shown
associations of WFPM2.5 with reproductive health outcomes
such as increased risk of preterm birth68 and birth defects.69 Of a
particular interest is the presence of highmolecular PAHs, which
have linked to long-term carcinogenesis and have also been
associated with a very high odds ratio (OR = 2.74, 95% CI,
2.24−3.34) of preterm birth.70 More epidemiological and
toxicological studies are needed to assess the impact on health
from this and other wildfire events.
Our study confirms the complex chemistry of WFPM,

characterized by its elevated content of toxicologically
concerning species such as high molecular PAH, found
predominantly in the nanoparticle scale. Retene, a molecular
marker of conifer biomass pyrolysis,71 represented more than
70% mass concentration of all detected PAHs. Evidence from in
vitro studies links retene to induction of oxidative stress in the
lung,72,73 hepatotoxicity,74 neurotoxicity,75 developmental
toxicity, and endocrine disruption.76 Unfortunately, there are
extensive knowledge gaps on the effects of WFPM-bound PAHs
from ambient air exposures. As explained elsewhere,73,77 part of
this knowledge gap is due to the exclusion of PAHs associated
with biomass burning, such as retene, from the EPA priority list.
While epidemiological studies have found significant

associations between WFPM exposure and respiratory,
cardiovascular, neurological, and reproductive health outcomes,
the mechanisms behind them are largely unknown. More
toxicological studies are needed to understand potential adverse
outcome pathways related to WFPM. This is especially
important since projections based on current climate change
trajectories indicate an increased frequency and intensity of
regional wildfires, suggesting a heightened risk of similar wildfire
events in the future and highlighting the importance of
understanding the health implications of such events.78

As wildfires increasingly contribute to air pollution and air
quality, affecting the health and well-being of millions, it is
imperative that these events no longer be considered exemptions
under EPA regulatory standards. Historically, such natural
events were seen as rare and unpredictable, leading to their
exemption from daily and annual air quality evaluations.
However, with climate change enhancing the frequency and
intensity of wildfires, these are no longer sporadic events but
recurrent ones, necessitating a shift in regulatory paradigms. In
summary, the magnitude, size distribution, and chemical
composition of WFPM in a major densely populated
metropolitan area warrant further studies to better understand
the impact on human health.
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