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Abstract

Fine-mode particulate matter (PMazs) is a highly detrimental air pollutant produced in large
quantities from wildfires, which are increasing with climate change. Leveraging advanced
chemical measurements in conjunction with source apportionment and health risk assessments, we
quantified the stark pollution enhancements during Canadian wildfire smoke transport to New
York City at its peak over June 6-9, 2023. Interestingly, we also observed lower-intensity, but
frequent, multi-day wildfire smoke episodes during May-June 2023, which risk exposure
misclassification as generic aged organic PMzs given its extensive chemical transformations
during 1-6+ days of transport. This smoke-related organic PM2. s showed significant associations
with asthma exacerbations, and estimates of in-lung oxidative stress demonstrate the health risks
of increasingly-frequent smoke episodes and potential enhancements with chemical aging.
Avoiding underestimated contributions of aged biomass burning PM; s, especially outside of peak
pollution episodes, necessitates real-time chemically-resolved monitoring to enable next-
generation health studies, models, and policy under far-reaching wildfire impacts.

Introduction

Air quality has substantially improved in cities and other downwind areas across the U.S. over 50+
years of policies targeting anthropogenic sources (Parrish et al., 2011). Among air pollutants, fine
particulate matter (PMb 5) has the largest effects on premature mortality (Murray et al., 2020) with
contributions from both direct emissions and secondary production following the oxidation of gas-
and particle-phase precursors (Palm et al., 2020). Given its health effects, the U.S. PM» s annual
standard was recently lowered to 9 pg m™ but remains above the World Health Organization
guideline of 5 pg m>. Simultaneously, due to climate change, wildfires have emerged as
increasingly important sources of PMas as well as other air pollutants and reactive
compounds (Burke et al., 2023; Bourgeois et al., 2021). The composition of wildfire and other
biomass burning smoke has been increasingly investigated, including laboratory combustion
experiments (Koss et al., 2018; Hatch et al., 2015), oxidation chamber studies (Coggon et al.,
2019; Lim et al., 2019; Joo et al., 2019; Joo et al., 2024), and aircraft-based measurements of
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emissions and their downwind evolution (Xu et al., 2022; Hayden et al., 2022; Jolleys et al., 2012;
Permar et al., 2021), using techniques spanning from bulk characterization of chemical and
physical properties to detailed chemical speciation (Hodshire et al., 2019b; Liang et al., 2022; Palm
et al., 2020).

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 (Abatzoglou and
Williams, 2016; Burke et al., 2023). The impacts of biomass burning events, such as wildfires, are
more often exerting continental influence, with evident, but uncertain, public health risks (Rogers
et al., 2020; Wu et al., 2018; O’dell et al., 2021). The June 6-9, 2023 wildfire transport event
brought record-setting PM> 5 levels to New York City (NYC), the largest and most densely
populated city in the U.S., with evident visual effects on air quality. However, the stark nature of
this event overshadowed other more frequent, though less dramatic, wildfire smoke effects.

To better understand the extent of wildfire smoke transport and its impact on public health, we use
chemically-detailed real-time data on PM composition to examine a series of five wildfire smoke
events that influenced air quality in the Eastern U.S. during May-June 2023. This includes
advancing source apportionment using a combination of speciated PM data from multiple
instruments to better identify and quantify the impacts of such events and avoid exposure
misclassification. We then evaluate key metrics of PM composition that may modify its health
effects, while also comparing the results of our chemical analysis to asthma-related hospital
admissions rates across the study period to inform critical avenues of inquiry at the intersection of
atmospheric chemistry and public health science.

Results
Observations and analysis of far downwind wildfire smoke in New York City

Using in-situ PM2 s chemical composition data from the newly installed ASCENT (Atmospheric
Science and Chemistry mEasurement NeTwork) site in Queens, NY (40.74N, 73.82W, 16m above
sea level), we examined five different major smoke transport events of varying intensity and
chemical composition during May 15 to June 13, 2023. PM analysis occurred in real-time with 3-
60 min resolution measurements of organic and inorganic aerosol components via mass
spectrometry and spectroscopy, metals via energy dispersive X-ray fluorescence, and aerosol
sizing via scanning particle mobility, as well as complimentary gas-phase pollutant and
meteorological measurements (see Methods). The identity, origin, and impacts of the five events
were examined using these new multi-instrument measurements and further supported by
meteorological modeling and satellite imagery. Key statistical analyses included source
apportionment via positive matrix factorization of aerosol mass spectrometry data while leveraging
online metals data, as well as black/brown carbon data, to quantify the chemically-speciated
contributions of transported smoke—enabling component-specific comparisons to regional health
data and potential oxidative stress enhancements due to each event.
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June 6-9, 2023 smoke transport from the Quebec wildfire

Smoke transport from the Quebec wildfire was greatest during June 6-9, 2023, with stark regional
changes in visibility extending well beyond the metro NYC area with record-setting, reported peak
PM; 5 concentrations exceeding 24-hr EPA standards in NYC (Fig. 1a, b)}—even approaching the
prior wildfire-induced daily averaged PM: s levels in major California cities over the 21 century
(e.g., San Diego, San Francisco; Fig. S1). This 3-day concentrated plume led to increased levels
of many, but not all air pollutants, including 2000%, 1140%, 686%, and 511% increases in average
organic aerosols, black carbon, formaldehyde, and total metal concentrations, respectively (Fig.
la, c; Table S1). The PM2 5 in the plume was predominantly comprised of organic aerosols with
varying enhancements in non-carbonaceous inorganic aerosol components (215%-2240%; Fig. lc;
Table S1) with a pronounced bimodal particle diameter distribution (Fig. 1d), including sizes that
enable deep lung penetration (Hinds, 1999).

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 over the study period with average PMa s concentrations ranging 7.9-
20 pg m> (Fig. 1a and 2a). The location of these wildfires spanned from Northwestern Canada to
Quebec with average transport times (i.e., ages) ranging 2-4 days (Fig. S2, S4 and Table S2).

As urban air is influenced by a complex mix of sources and chemical processes, accurately
estimating the contribution of biomass burning to urban pollution presents a challenge but is
critical for air quality research and policy to protect public health. Source apportionment analysis
via positive matrix factorization of aerosol mass spectrometry data is frequently used to quantify
contributions from organic aerosol source types (e.g., cooking, biomass burning, hydrocarbon
combustion-related) based on their distinct mass spectral features and temporal trends (Fig.
S5) (Joo et al., 2021; Jimenez et al., 2009; Ng et al., 2010; Hass-Mitchell et al., 2024).

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 biomass burning organic aerosols
(i.e., m/z 60 and 73, mass fragments of levoglucosan) (Hodshire et al., 2019b) and renders biomass
burning organic aerosols less distinguishable from other oxygenated organic aerosols with elevated
signal at m/z 44 (Fig. S6) (Cubison et al., 2011; Vasilakopoulou et al., 2023). The air quality
impacts of smoke transport to NYC were observed across four organic aerosol types (two less-
oxidized biomass burning organic aerosol types and two oxygenated organic aerosol types in Fig.
2a, b), with the majority of the PM> s enhancements (109-560%) appearing as generic oxidized
organic aerosols. Enhancements in less-oxidized and more-oxidized oxygenated organic aerosols
ranged 160-237% and 112-592%, respectively, across the four relatively smaller smoke transport
events, with their chemical composition varying with plume age (Fig. 2a and Table S3). For
example, over June 6-9, the main plume consisted of 46% “typical” biomass burning-related
organic aerosols. Then, several days later, meteorological conditions brought more aged Quebec
wildfire smoke from over the Atlantic Ocean (Fig. S2) with a greater extent of aged biomass
burning-related organic aerosols and more generic oxidized organic aerosols (Fig. 2). Furthermore,
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a comparison of the smoke events studied here demonstrates that the smoke episodes which were
more dilute during transit (i.e., 1°-3" events) had a greater extent of oxidation despite having a
similar range of transport times as the less oxidized 5™ event (Figs. 2a and Fig. S4). This is
consistent with prior work showing the rate of wildfire plume photochemical aging can accelerate
as the plumes continue to dilute during transportation, enhancing exposure to atmospheric
radicals (Xu et al., 2022), and diminishing semivolatile biomass burning tracers in organic
aerosols (Cubison et al., 2011).

Due to the photochemically-aged features of the smoke reaching NYC, our real-time trace metal
measurements were key to identifying and constraining wildfire influences, especially for low-
intensity or long-range transported aged smoke episodes (Vasilakopoulou et al., 2023). Potassium
is often one of the most abundant metals in biomass burning aerosol emissions (Reid et al., 2005),
and it has been used to ascribe PM> s enhancements to wildfire smoke (Andreae, 1983; Li et al.,
2003; Vasilakopoulou et al., 2023). In this study, we specifically estimated the non-dust potassium
associated with smoke transport via linear regression of potassium with other mineral dust species
(Ca, Fe, Ti, Cu, Ba) during background periods to quantify the fraction of potassium from other
sources (i.e., mineral dust) and resolve wildfire-associated potassium with greater certainty, similar
to the approach by Pachon et al. (2013) (see Methods for the detailed estimation). Elemental ratios
of dust established in past literature were used to validate the calculated site-specific ratios used
for dust corrections (Liu et al., 2022).

This non-dust potassium exhibited the strongest correlations with smoke-related organic aerosols
(r=0.98) (Fig. 2¢) compared to other biomass burning-related pollutants (e.g., black carbon, CO
and NOx in Fig. S7) and demonstrated consistent enhancements during periods where 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 biomass burning organic aerosol mass spectral features
with aging, but also as black/brown carbon, CO, or NOx can be outweighed by larger contributions
from other urban sources or incur losses due to photobleaching (i.e., for brown carbon), which
varies with plume age (Hems et al., 2021).

The composition of wildfire emissions has been shown to vary with fuel type, combustion
efficiency (e.g., smoldering vs flaming), pyrolysis temperature, fire size, and interactions with
background aerosol conditions (Hecobian et al., 2011; Sekimoto et al., 2018; Hodshire et al.,
2019a; Jen et al., 2019). Yet, non-dust potassium captures contributions from fresh biomass
burning-related organic aerosols through highly-oxidized biomass burning organic aerosols,
exhibiting stronger correlations (r>0.82) compared to the other biomass burning-relevant
pollutants (Fig. S7) with an overall slope of 83.1+0.7 pg ngK™! and ratios with a 26 range of 63.5-
253.3 pg pgK™! (Fig. 2¢). Thus, real-time metals data provide powerful opportunities to identify,
validate, and quantify less evident biomass burning transport events in tandem with aerosol mass
spectrometry data. Nevertheless, we note that potassium also has other sources (e.g., mineral dust,
coal combustion) that should be considered when using it to quantify wildfire influence. Other
elements characteristic of biomass burning emissions (e.g., S, Cl, Mn, Zn, Br) were also enhanced
during wildfire events here and were well-correlated with potassium during the June 6-9, 2023
event, providing additional points of confirmation (Fig. 1¢ and Table S4).
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Downwind health risks of dilute and aged wildfire smoke

Over the wide range of 1-6+ days of oxidative aging during transport (Fig. S4 and Table S2), the
organic aerosols underwent considerable transformations (Fig. 2 and Fig. S6), which can have
important implications for understanding its health risks. First, the depletion of the molecular
signatures of biomass burning organic aerosols outside of the major Quebec fire plume (i.e., June
6-9) poses the risk of exposure misclassification of far downwind smoke as generic oxidized
organic aerosols without valuable non-reactive covariate data to confirm its contributions,
specifically non-dust potassium.

Epidemiological analysis using chemically-speciated aerosol data for the May 15 - June 13, 2023
study period with repeated wildfire smoke transport events identified statistically-significant
associations between daily emergency department (ED) visits for asthma and concentrations of all
smoke-related organic aerosols, and also with non-dust potassium (Fig. 3a and Table S5). For
example, an interquartile increase in non-dust potassium was associated with a 2.23% increase in
risk of asthma ED visits (95% CI: 0.40%-4.08%). While prior analyses have observed effects when
looking at the major smoke event (i.e., June 6-8) with PM; s alone (Table S6) (Chen et al., 2023;
Mcardle et al., 2023; Meek et al., 2023; Thurston et al., 2023), in Fig. 3a, we now show associated
health effects specifically with the mix of smoke-related organic aerosols (i.e., sum of 4 factors;
Fig. 2a) as well as non-dust potassium as a well-correlated independent marker of wildfire smoke
(Fig. 2c), regardless of plume age. Moreover, the sum of smoke-associated organic aerosols
contributions had greater health effects estimate than fresh biomass-burning organic aerosols alone
(i.e., BBOA factor; Table S5).

Second, while overall PM» s mass concentrations remain an important metric for evaluating health
risks, multiple laboratory and epidemiological studies have presented growing evidence for the
greater health effects of secondary organic aerosols compared to other aerosol components (e.g.,
(NH4)2S04, NH4NO3, primary organic aerosols). This includes cardiovascular risks for premature
mortality (Pye et al., 2021) and enhanced potential oxidative stress of secondary organic aerosols
observed via cellular and acellular assays (Liu et al., 2023; Daellenbach et al., 2020; Zhou et al.,
2019; Tuet et al., 2017; Yu et al., 2022; Verma et al., 2015). There is also clear evidence for
increased potential oxidative stress from more-aged, oxidized aerosols with greater reactive
oxygen species (ROS) production in the respiratory track (Liu et al., 2023). 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 available literature data while considering uncertainties (Fig. 3b and Fig. S8).
This enhancement in potential oxidative stress was recently confirmed by Vasilakopoulou et al.
(2023) who observed 470-3730% enhancements in dithiothreitol (DTT) assays relative to urban
background sites, concurrent with downwind wildfire-associated enhancements in aged
oxygenated organic aerosols and potassium in Europe. Furthermore, while the smoke plumes
transported to NYC often lost their molecular signatures (Fig. 2), the more-aged particulate matter
presents a greater potential oxidative stress per unit mass on average (Fig. 3b, right axis), which
could be further exacerbated by coincident wildfire- and dust-related enhancements of redox-
active metals (i.e., Mn, Fe, Cu) across the smoke transport events (Table S4) (Liu et al., 2023;
Lakey et al., 2016; Verma et al., 2015).
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Discussion

Increased wildfire activity and its emissions are anticipated to worsen air quality thereby impacting
human health over the coming decades under a changing climate. However, its effects on human
health remain uncertain and potentially underestimated, which is further complicated by
downwind oxidation and potential exposure misclassification of less-evident smoke-related
aerosol enhancements. The acute effects of the smoke were observed in epidemiological
associations (Fig. 3a). Yet, the chronic effects of increasingly frequent low-level exposures to
more-aged, dilute smoke represent a major potential concern and a clear priority for future research
given the enhanced potential for oxidative stress with highly-aged smoke (Fig. 3b) and repeated
exposures, even far downwind.

There are multiple areas where cross-disciplinary research linking atmospheric sciences and public
health communities is necessary to address pressing issues. This includes accurately categorizing
the pollutant contributions, especially PMa s, from wildfires relative to other sources to empower
next-generation epidemiological studies that advance our understanding of source-specific and
speciated PM-specific health effects.

With a greater fraction of future PM»s likely attributed to wildfires (and intentional biomass
burning such as prescribed fires) and multi-day oxidation depleting biomass burning-related
organic aerosols of key identifying mass spectral features, the PM,s source apportionment
strategies employed here to identify the extent of oxidation and use non-dust potassium as a
confirmational analysis are key to avoid undercounting biomass burning contributions across the
continuum of plume ages—both of which can be used in epidemiological studies (e.g., Fig. 3a).
Thus, future studies across broader spatial scales, necessitate real-time metals measurements with
corrections for other source types (e.g., dust) to effectively attribute low-level wildfire influences
that appear as generic aged aerosols. Such measurements will also facilitate model validation to
accurately attribute biomass burning influences, especially its likely increasing contributions to
background aerosol levels, (Vasilakopoulou et al., 2023) which are increasingly important to
accurately constrain with recent revisions to the PMa s annual U.S. standard.

Currently, PM is the only air pollutant worldwide regulated without regard to chemical form.
Epidemiological research clearly demonstrates that the chemical composition of PM impacts its
risk to human health (Masselot et al., 2022). However, the characteristics of particles that are most
harmful are not well established, though secondary, more-oxidized organic aerosols present likely
exacerbating factors (Pye et al., 2021; Liu et al., 2023; Tuet et al., 2017). Moreover, the existing
regulatory monitoring network typically used in epidemiological studies, which primarily
measures PMys total mass—with many PMazs components measured only via filters at
approximately weekly or semi-weekly sampling frequency—does not fully capture PM’s chemical
or spatiotemporal complexities. Although a growing number of health studies use modelled
exposure estimates, the lack of speciated measurements in some areas hinders the full validation
of such methods.

While previous health studies differentiated source-specific events via PMbs concentration
changes (e.g., Table S6), here, chemical composition measurements allowed us to exclusively
target wildfire organic aerosols and evaluate source-based health effects. This can be further
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enabled by long-term, continuous, and accurate monitoring of the speciated PM; s measured here
(e.g., ASCENT network) in major populated areas to enable future 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 PM» s reductions have largely
stagnated at levels with continued health risks (Hass-Mitchell et al., 2024; Weichenthal et al.,
2022). In addition to real-time PM speciation like that leveraged here, characteristics such as
potential oxidative stress are not routinely measured in large-scale regulatory networks, further
demonstrating the need for additional monitoring and subsequent health analysis.

Additional pressing health-focused research needs include the effects of different fire types (e.g.,
fuel type, combustion conditions), downwind plume transformations (e.g., oxidation conditions,
formation of secondary organic aerosols), key hazardous gas-phase co-pollutants (e.g.,
formaldehyde; Fig. S9), the impacts of multiple stressors (i.e., repeated exposure to wildfire smoke
over multiple events), and different lag times (e.g., same day, weeks or months later).

In all, these observations in summer 2023 clearly established a prominent role for wildfire smoke
transport to NYC and other cities largely insulated from wildfire’s air quality impacts, with
increases in exposure to be expected well beyond the populous Eastern U.S. Therefore, effectively
achieving co-benefits for air, climate, and health during ever-expanding wildfire seasons that
threaten to setback urban air quality necessitates holistic science and policies to capture the
complex multipollutant emissions from wildfires. This includes its relative contributions to air
pollution in the context of other sources, oxidative transformations in chemical composition, and
multidisciplinary understanding of how these multifaceted pollutant mixtures, including aged
aerosols, impact human health over the coming decades.

Methods

Study period selection

The May 15 to June 13, 2023 study period included the major Quebec wildfire smoke transport
episode (i.e., June 6-9), as well as several other smoke transport events spanning Western to
Eastern Canada. Yet, equally important, this study period allowed us to focus on smoke-related
contributions to less- and more-oxidized organic aerosol components prior to the onset of hotter
summertime temperatures with more secondary organic aerosol contributions from other
temperature-dependent sources and processes, as shown in prior work at the site (Hass-Mitchell et
al., 2024). By using this study period, we were able to better isolate the contributions of oxidized
transported smoke to the generic oxidized organic aerosol factors across the 5 different smoke
events with reduced temperature-related influences compared to during the summer.

Instrumentation, measurement, and field site details

The ASCENT site is located at Queens College (40.74°N, 73.82°W, 16.2-16.6 m above sea level),
in one of the New York State Department of Environmental Conservation (NYS DEC) air quality
monitoring stations. It is situated on a college campus that is located near an interstate highway
and surrounded by a mix of residential and commercial neighborhoods. ASCENT is a new, long-
term, advanced aerosol measurement network in the U.S. for advancing knowledge on the impacts
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of aerosols on air quality, climate, human health, visibility, and ecosystems
(https://ascent.research.gatech.edu/).

The Aerodyne Time-of-Flight Aerosol Chemical Speciation Monitor (ACSM) equipped with a
standard vaporizer PM» 5 aerodynamic lens was deployed to measure the mass concentration and
chemical composition of organic, nitrate, ammonium, sulfate, and chloride aerosol
components (Frohlich et al., 2013; Ng et al., 2011b). The time resolution was set to 10 min per
data point, switching between ambient and the filter sampling every 20 sec. Data was processed
and analyzed with Tofware v3.3.0, operated in IgorPro 9.0.2.4 (Wavemetrics). The ionization
efficiency (IE) for nitrate and relative ionization efficiency (RIE) for sulfate and ammonium were
determined by atomizing ammonium nitrate and ammonium sulfate solutions into the ACSM.

The Magee Scientific AE33 aethalometer was used to measure black carbon (BC) and brown
carbon (BrC) concentrations. Optical absorption at wavelengths of 370, 470, 520, 590, 660, 880
and 950 nm were measured at the time resolution of 1 min. Absorption at 880 nm was used to
determine the BC mass concentrations, assuming a mass absorption cross-section coefficient of
7.77 m? g''. BrC mass concentrations were estimated by subtracting BC from the total absorption
at 370 nm and a mass absorption cross-section coefficient of 18.47 m? g'! is applied for the
conversion. The Sailbri Cooper Xact 6251 Ambient Continuous Multi-metal Monitor was used to
measure trace metal concentrations at 1-hour resolution. 24 elements (Si, S, Cl, K, Ca, Ti, V, Cr,
Mn, Fe, Co, Ni, Cu, Zn, As, Se, Cd, Sn, Sb, Ba, Pt, Hg, Pb, Bi) were measured via X-ray
fluorescence (EDXRF) analysis. Scanning Mobility Particle Sizer (SMPS) was used to monitor
size-dependent particle number and volume concentrations. The SMPS consists of an Electrostatic
Classifier (EC, TSI 3082) and a water-based Condensation Particle Counter (WCPC, TSI 3789).

The ACSM and SMPS shared an inlet and the AE33 and Xact each had dedicated inlets (5.2-5.6
m above ground). ACSM, SMPS, and AE33 were outfitted with PMz s cyclones (3 and 5 Ipm,
respectively) and 1/2” OD stainless steel inlets with Nafion dryers to dry the particles (RH<35%).
The Xact was equipped with a PM2s cyclone (16.7 lpm) and 1.25” ID aluminum inlet, followed
by a heater to dry particles before the instrument.

In addition to ASCENT instrumentation, a range of criteria pollutants were measured at the Queens
College monitoring station. Ozone was measured via Teledyne API T400 ozone analyzer. Nitrogen
oxides were measured using total nitrogen oxides (i.e., NOy) with an inlet mounted catalyst
(Thermo Scientific Model 42i-Y NOy Analyzer) and NOx (i.e., NO + NO2) (Thermo Scientific
Model 42i-TL TRACE Level NOx Analyzer). SO, was measured via a Thermo Fisher analyzer
(TEI 431 - TLE). Carbon monoxide (CO) was measured via a Thermo Fisher analyzer (TEI 48i -
TLE). Formaldehyde was unavailable at the Queens College but was measured at the NYS DEC
Bronx site via a Picarro G2307 Gas Concentration Analyzer. NYS Mesonet provided
meteorological data collected via a Lufft V200A sonic anemometer (Brotzge et al., 2020).

Identification of wildfire-influenced events and background periods

Locations of active fires were identified using the Fire Detection and Characterization (FDC)
product from NOAA’s Geostationary Operational Environmental Satellite (GOES) system. This
system provides 10 min observations over the entire western hemisphere, with an automated active

https://doi.org/10.26434/chemrxiv-2024-6zb16 ORCID: https://orcid.org/0000-0002-8252-4232 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-6zb16
https://orcid.org/0000-0002-8252-4232
https://creativecommons.org/licenses/by-nc-nd/4.0/

328
329

330
331
332
333

334
335
336
337
338

339
340
341
342
343
344

345

346
347
348
349
350
351
352
353
354
355
356
357
358
359

360
361
362
363
364
365
366
367

fire product (at 2 km nominal spatial resolution) built primarily from mid-wave infrared and long-
wave infrared data.

Smoke maps were retrieved from the NOAA/NESDIS Satellite Analysis Branch’s Hazard
Mapping System (HMS), where analysts use GOES true-color imagery available during the sunlit
period of orbit to outline smoke polygons. The system assigns qualitative labels of light, medium,
and heavy based on the apparent opacity of smoke in the satellite images.

144-hr long backward air-mass trajectories were calculated using the HYSPLIT model at a starting
height of 500 m above sea level (Stein et al., 2015). Trajectories were calculated at 1 hr intervals
between May 10, 2023 to June 16, 2023 using meteorological data from the GDAS (Global Data
Assimilation System) archive, which has global, 3-hr, 1° latitude/longitude meteorological data at
23 pressure surfaces between 1000 hPa and 20 hPa.

For the purposes of enhancement calculations, two distinct background periods were chosen when
there were no evident wildfire influences in the speciated PM data or from Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) backward trajectories and smoke maps (Fig. S10).
Still, the backward trajectories cover a broad regional background with similar back trajectories to
several of the other smoke events, include similar local urban influences, and were not affected by
rain events.

Estimation of wildfire smoke plume transport times

In addition to backward trajectory analysis, we performed forward trajectory analysis using GDAS
meteorological data with the HY SPLIT model to estimate the distribution of transport times of the
5 major wildfire smoke transport events (Fig. S2). 144-hr long forward trajectories were initialized
from GOES fire detection points at three different heights (500, 1500, and 2500 m) to account for
the effect of variabilities in burning conditions and meteorology on plume injection heights (Val
Martin et al., 2010), following the methodology from Brey et al. (2018) For each wildfire smoke
transport event window, points detected between 144 hr before the start of the event to the end of
the event with fire radiative power (FRP) > 250 were selected to construct a list of starting points.
Trajectories were initiated at multiple start times to include forward trajectories over the day as
burning conditions shift and to account for the influence of sunlight on fire detection. The start
time of each trajectory was set to the nearest hour of fire detection time as well as every hour
within +12 hr of the fire detection time (i.e. 25 starting times per fire detection). Duplicate (latitude,
longitude, start time) points were then removed from this expanded list of starting points before
computing forward trajectories.

Due to the physical, computational, and measurement limitations of the HY SPLIT model, the error
in trajectory point location can range from 15% to 30% of the trajectory travel distance (Draxler
and Rolph, 2007). To account for this error and retrieve the atmospheric age distribution of
transported smoke reaching the measurement site, we included the transport time of trajectory
points that distanced within 500 km from the site during the wildfire event window. This approach
allowed us to capture both “fresh” and aged smoke reaching the site during each event window.
The filtering and plotting of trajectory points was performed using the ‘simple features’ R
package (Pebesma and Bivand, 2023).
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Identification of dust and non-dust potassium

While potassium is one of the most abundant metals in biomass burning emissions (e.g., 2-5% by
particle mass) (Reid et al., 2005) and thus has been previously used as a tracer of wildfire
events, (Andreae, 1983; Li et al., 2003; Sullivan et al., 2008; Pachon et al., 2013) it can also
originate from mineral dust or coal combustion (if used in the study region). (Finkelman, 1999;
Chow et al., 2003; Thorpe and Harrison, 2008) To apportion potassium from biomass burning, we
performed linear regressions on potassium with other trace metals during background periods to
estimate mineral dust potassium and subtract it. Five metals (Ca, Fe, Ti, Cu, Ba), which were
confirmed to have weak correlations with potassium during the extreme smoke event (June 6-9
Quebec wildfire smoke episode) (Fig. S11), were investigated as possible candidates for resolving
mineral dust potassium. The ratios of these metals to potassium have also been utilized to identify
different sources of mineral dust elsewhere (Liu et al., 2022; Apeagyei et al., 2011; Yuetal., 2018;
Pachon et al., 2013).

For all points measured during the background period, linear regression analysis was performed
on potassium against each of the five selected metals to obtain unique site-specific prediction
equations for the concentration of potassium from mineral dust (Fig. S12). Mean values of
predictor metal species during each event were then used to estimate the corresponding mean
amount of mineral dust potassium. The results of this approach in Fig. S13 show that when using
the different predictor metals, the predicted concentration of mineral dust potassium remains
similar across both the wildfire smoke events as well as the average potassium concentration
measured during the background events. Contributions from coal combustion in our study region
are expected to be minimal as U.S. coal combustion has undergone steep declines since 2008, and
furthermore particle lead concentrations, which can be a coal combustion tracer (Yu et al., 2018),
was only detected in 5.1% of hourly data points during the study period (MDL: 0.22 ng m™).

We note that trace metal species utilized for the background mineral dust estimation can be
affected by other factors: resuspension of trace metals in soil by wildfires (Isley and Taylor, 2020),
local activities, and other emission sources. Thus, the proper identification of background periods
using meteorology and gas-phase/aerosol measurements alongside a comprehensive understanding
regarding sources of metal emissions upwind of the measurement site is imperative for applying
this approach.

Source apportionment of organic aerosols via positive matrix factorization

Positive matrix factorization (PMF) analysis was performed on the organic aerosol spectral matrix
(m/z 12-100) obtained from the ACSM, using the PMF Evaluation Toolkit (PET v.3.08) to
determine the source contributions of organic aerosol source types. PMF solves bilinear unmixing
problems via a least-squares approach, which is based on a receptor-only multivariate factor
analytic model. PMF deconvolves the organic aerosol data matrix as a linear combination of
multiple factors with constant mass spectra while varying concentrations. PMF solutions are
examined following the procedures in Zhang et al. (2011) The optimal solution was determined
after examining the residuals of PMF fits, diurnal trends of each factor, known-tracer ion
signatures of factor mass spectra, and correlations with external tracers. The rotational ambiguity
of PMF solutions was examined by changing FPEAK. An FPEAK value of -0.2 was chosen based
on the tracer ion signatures and correlation with external tracers. This solution resolved an aged
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biomass burning organic aerosol (BBOA) factor that significantly contributed to organic aerosols
from June 10 to 13, when the aged Quebec wildfire plume arrived after being transported over the
Atlantic Ocean (Fig. S2). Using this solution, the aged BBOA factor included biomass burning
tracer ions (m/z 60, 73) but with a greater extent of aging (e.g., higher fa4 and OSc) than the fresh
biomass burning factor (BBOA). Additionally, the FPEAK = -0.2 solution better resolved HOA
and COA factors with improved separation from the other factors, and a more typical COA and
HOA temporal variation (e.g., diurnal patterns) and mass spectra for COA (i.e., f55/f57). Key
diagnostic plots were shown in Fig. S14.

We resolved six factors from the organic aerosols: more-oxidized oxygenated organic aerosols
(MO-00A), less-oxidized OOA (LO-OOA), BBOA, aged-BBOA (aBBOA), hydrocarbon-like
organic aerosols (HOA), and cooking organic aerosols (COA) (Fig. S5). MO-OOA and LO-OOA
were relatively more oxidized compared to the other factors and were differentiated by relative
fractions of m/z 43 and 44 (Ng et al., 2011a). BBOA and aBBOA have enhanced signals at m/z 60
and 73. HOA includes a morning commute maxima and enhanced signals at m/z 55 and 57. COA
is determined by prominent signals at m/z 41 and 55 with a higher fss-to-fs7 ratio than that of HOA
with elevated concentration at around lunch and dinner times. Other than BBOA and aBBOA, the
types of organic aerosol factors apportioned in this study are consistent with a previous study
performed at the same location during the previous summer (without major wildfire
activity) (Hass-Mitchell et al., 2024).

Monte Carlo estimates of potential oxidative stress enhancements

Potential oxidative stress enhancements for each of the five major wildfire smoke transport events
were estimated via a Monte Carlo analysis (N=1x10°) with input values adopted from multiple
prior studies that utilized assay-based observations of oxidative stress associated with PMF-
derived source factors and/or degree of oxidation. Relative enhancements (%) for each event were
determined by estimating the potential oxidative stress resulting from PM s during each smoke
episode (Eqn. 1) in comparison to that estimated during the average of the two background periods
(Eqn. 2). We adopted a series of coefficients (a;«) based on the findings of six different studies in
the literature that attributed observed oxidative stress across organic aerosol source types or based
on degree of oxidation (Table S7) (Liu et al., 2023; Daellenbach et al., 2020; Zhou et al., 2019;
Tuet et al., 2017; Yu et al., 2022; Verma et al., 2015), and we employed them in the following
equations.

Potential Oxidative Stress,; = X (a;x * gnoise(0.2) * Sy) (Equation 1)

POSsmoke Episode #_POSBackground

APotential Oxidative Stress = (Equation 2)

POSBackground
Where Eqn. 1 sums the potential oxidative stress resulting from each smoke episode-averaged
PMF factor (Sk) for each factor type k (e.g., MO-OOA), and i represents the randomly chosen (i.e.,
L’Ecuyer with added Bayes-Durham shuffle in IgorPro) literature scenario from Table S7, which
contains the weighting coefficients for each PMF factor (a;«) based on scenarios from each of the
applicable studies. In each iteration of the Monte Carlo analysis, the potential oxidative stress for
each PMF factor was estimated by multiplying the oxidative stress coefficients of each organic

aerosol factor (a;x) with uncertainty fitting +20% Gaussian-distributed noise (gnoise(0.2)), which
was multiplied by the episode-averaged organic aerosol contribution for each source factor
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obtained via PMF analysis (Sx) (Table S3). Then, these values are summed (Eqn. 1) for both the
smoke event and the background period and the relative difference was determined via Eqn. 2.
Other uncertainty ranges spanning from £10% to +50% were tested and are shown in Fig. S8.

This analysis was designed to be as inclusive of prior work and as possible, noting that prior studies
on PM toxicity of organic aerosol source types/factors use different oxidative stress estimation
methods and contain a varying mix of source factors. For example, the adopted literature
coefficients from the literature used two different methods to measure the indicators of oxidative
stress from PM exposure: acellular and cellular assays. Acellular (chemical-based) assays were
used to measure oxidative potential (via dithiothreitol, ascorbic acid, and dichlorofluorescin
assays) (Daellenbach et al., 2020; Yu et al., 2022; Verma et al., 2015) or intracellular/particle-
bound reactive oxygen species (via dichlorofluorescin assay) (Zhou et al., 2019). Meanwhile,
cellular assays were used to measure both chemically and biologically generated reactive oxygen
species (via alveolar macrophage assay) (Tuet et al., 2017; Liu et al., 2023). Furthermore, in prior
work using ambient data (Daellenbach et al., 2020; Liu et al., 2023; Yu et al., 2022; Zhou et al.,
2019; Verma et al., 2015), multiple linear regression models were used (in those studies) to
quantify associations (i.e., o) between observed oxidative stress and PM composition (e.g., PMF
source factors derived from AMS data). Whereas, Tuet et al. (2017) examined oxidative stress as
a function of degree of oxidation. They are all used here in Table S7 to provide the a; « coefficients,
which are normalized to avoid bias when cross-comparing across studies (i.e., secondary approach
below). While the specific assays and methods vary across these studies, the units of o, x represent
quantity of oxidative stress per pg m> of a given PMF source factor (Sk).

A Monte Carlo approach is specifically employed here given the uncertainties associated with
estimating the potential oxidative stress from each of the smoke episodes based on the available
studies. It is focused on the oxidative stress associated with the organic aerosols and does not
include coincident enhancements of redox-active metals (i.e., Mn, Fe, Cu) (Table S4), which
would likely increase estimates of the generation or reactive oxygen species (Liu et al., 2023;
Lakey et al., 2016). Given the varying methods employed across the applicable prior work, the
results of Monte Carlo analysis are presented as the percentage (%) enhancements and not as
absolute enhancements. In a sensitivity analysis, we tested two different approaches for choosing
potential oxidative stress coefficients across the studies. In the first and main approach (Fig. 3),
the potential oxidative stress calculated in Eqn. 1 for background and wildfire periods were
determined using the same scenario i in each Monte Carlo iteration. In the secondary approach,
the potential oxidative stress for background and wildfire periods used randomly varying scenarios
i in each Monte Carlo iteration. This second approach yielded consistent results with similar
median values across the varying uncertainty cases (Fig. S8), and an expectedly broader spread in
results given the study-to-study variations in methods, assays, and study designs.

In all, the Monte Carlo analysis captures the enhancements in oxidative stress across the five
wildfire events by mapping the cellular or acellular results from prior work to the observed source
factors in this study. We acknowledge the prior studies have PM> s compositional differences
relative to this work as most of the studies were not predominantly focused on oxidized biomass
burning related organic aerosols and all were at different locations. Yet, our findings highlight the
key role that oxidation plays in enhancing oxidative stress (consistent with Tuet et al. (2017) and
Liu et al. (2023)) and emphasizes the uncertainty and important future reach priorities around the
relative impacts of fresh vs. highly-aged biomass burning organic aerosols.

12

https://doi.org/10.26434/chemrxiv-2024-6zb16 ORCID: https://orcid.org/0000-0002-8252-4232 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-6zb16
https://orcid.org/0000-0002-8252-4232
https://creativecommons.org/licenses/by-nc-nd/4.0/

495

496
497
498
499
500
501
502
503
504
505
506
507
508
509
510

511

512
513
514
515
516
517
518
519

520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537

Epidemiological Analysis

We evaluated the risks associated with the wildfire events over the course of the study period via
investigating changes in the number of daily emergency department (ED) visits of asthma in NYC
against the chemically-resolved PM data and source apportionment results. Temporal variations
in biomass burning organic aerosols, the sum of smoke-related organic aerosol contributions
(BBOA + aBBOA + LO-O0A + MO-00A), and potassium were assessed as the exposures. The
outcome variable was the daily asthma ED visits in NYC obtained from the EpiQuery — Syndromic
Surveillance data, which provided data reported by 53 emergency departments in NYC to the New
York Health Department (New York City Department of Health and Mental Hygiene. Epiquery -
[Syndromic Surveillance Data 2023]. [Accessed on September 26, 2023). For each day, this
surveillance provided nearly real-time data on the daily number of ED visits for target acute
diseases until 2 prior days. The number of daily ED visits for asthma-related symptom (asthma,
wheezing, complaint in airway, or chronic obstructive pulmonary disorder) from May 15 to June
13, 2023 was classified into six age groups: all ages, 0—4 years, 5-7 years, 017 years, 18—64
years, and >65 years. We applied a time-dependent model based on a generalized additive model
as follows (Zeger et al., 2006; Bhaskaran et al., 2013):

Where In[E(Y,)] is the expected number of age-specific asthma ED visits on day ¢, o is the model
intercept, and P; is concentration of the input parameter (i.e., separate models for K, BBOA only,
and BBOA + aBBOA + LO-OOA + MO-OOA) on day ¢. The models considered potential
confounding effects from temporal trends (7ime;), day of the week (DOW;), and federal holidays
(Fed;). A natural spline function with 4 degrees of freedom (df) was applied for the temporal trend.
The risk estimation was represented as the estimated percent change of daily number of ED visits
for an interquartile range (IQR) increase in concentration of exposure (i.e., [exp(IQR*B1)-1]*100).
The models were also separately applied for each age group.
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1067
1068 Fig. 1. Air quality impacts from smoke transport to New York City. (A) Hourly fine particulate matter (PM,.s)

1069 concentrations (i.e., sum of organic, inorganic, black carbon, and trace metals), with organic aerosols and black carbon
1070 concentrations shown across five major smoke transport events, including the June 6-9, 2023 transport of Quebec
1071 wildfire smoke. (B) Summary of plumes from May 15 to June 13, 2023, with more detailed descriptions of each
1072 episode’s origin, arrival, and wind roses in Fig. S2 and S3. (C) June 6-9, 2023 enhancements of organic and inorganic
1073 (i.e., nitrate (NO3), sulfate (SO4), ammonium (NH4), black carbon) particulate matter components and associated trace
1074 metals, relative to non-fire influenced periods (Note: total mass fraction in yellow wedge of left pie chart is speciated
1075 in the right pie chart). (D) Submicron size distributions of particle number concentrations during June 6-9, 2023,
1076  compared to non-wildfire periods.
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Fig. 2. Transported smoke observed predominantly as generic aged organic aerosols with the fraction of evident
biomass burning-related organic aerosols varying between fire events. (A) The influence of transported smoke
detected across different aerosol types (i.e., factors) observed as both directly-emitted biomass burning organic
aerosols and oxidized organic aerosol types with (B) increasing average oxygen-to-carbon ratios (O:C) and oxidation
states (OSc), which together capture the contributions of organic aerosols from transported smoke during the study
period. (C) The sum of smoke-related enhancements in these four organic aerosol types were best correlated with non-
dust potassium, during June 6-9, 2023 and the other smoke events. Black dashed lines signify the 2c range of pg pgK”
! ratios during all wildfire smoke transport episodes. Contributions of cooking- and hydrocarbon-related organic
aerosols can be found in Fig. S5.

27

https://doi.org/10.26434/chemrxiv-2024-6zb16 ORCID: https://orcid.org/0000-0002-8252-4232 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-6zb16
https://orcid.org/0000-0002-8252-4232
https://creativecommons.org/licenses/by-nc-nd/4.0/

1090
1091

1092
1093
1094
1095
1096
1097
1098
1099
1100
1101

>
w

4841%

105 £ 3000 — 70

s 5 : -

e 1 - E 2500 60 O

7] - - ] ] . 3 Jd
g 54 B g ] 5 3 8
o ] * £ 2000 2 g 2
w o ® w ] - 5 2
2 ] @ ] 40 2 0
= . 1 1 g ] -7 E x
8 (desmemcemahlecctccce e ccaanana 4= £ 1500 C Ba
o . 2] ] - Q2
0 n L © N — 30 > Z
] - L ] 2 ] 8 s ®
2 § 1000 u )
© 5; - = ] — 20 b Q
> 7 - . (e} . C o
. . Association with: = 500 C 3,
[a] 4 - M Smoke-related OA = . é $ - 10

< ] L ® Non-dust potassium g 1 =3 -

0 — —0
[ S S S . ) So fo & & Seo
9 & & FL T & S .
g & & & & &5 e ¢ & § 8
S & &g &4 S e & & 58
< w A A & 4@ 80 @o o PR
M S F & <
~ & & S i
N <

Fig. 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
organic aerosols (i.e., sum of 4 factors) as well as non-dust potassium as a confirmational marker of both “fresh” and
aged smoke. Epidemiological results shown as the % change in ED visits for an interquartile range increase in
concentrations with vertical lines displaying 95% confidence intervals. (B) Estimates of potential oxidative stress
enhancements (left axis) for each of the 5 smoke transport events compared to background conditions, determined via
Monte Carlo analysis (N=1x10°) using available studies. Shown alongside the concentration-normalized potential
oxidative stress enhancement (right axis) with more-aged smoke showing greater potential oxidative stress per organic
aerosol mass, on average, for the episodes outside of June 6-9.
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