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Abstract

Particle mass and number of smoke aerosol exposures of firefighters were studied during prescribed fire events. In addition,
organic and elemental carbon, functional content and polynuclear aromatic hydrocarbons were determined by spectrometric
and chromatographic methods. During the study, firefighters engaged in working tasks including maintenance of the fire
front using drip torch ignition and support activities related to fire progression monitoring. Particle number concentration
was dominated by particles in the fine range (diameter 0.5-2.5 pm) including significant quantities (about 10-30%) of coarse
particles (diameter > 2.5 pm). Particle number concentrations varied substantially during a fire event and were related to
topography as well as firefighter’s activity with elevated particle number concentrations during increased walking speeds.
This variation was in agreement with the median and standard deviation of the percent relative concentration difference val-
ues indicating within-subject variability. Both organic and elemental carbon were accumulated in particles with a diameter
lower than 1.0 pm. Combustion 4- and 5-ring PAHs including pyrene, chrysene and benzo[a]pyrene were accumulated in
fine aerosol, with naphthalene being present mostly in larger particles. The values of PAHs concentration diagnostic ratios
indicated a mixture of biomass burning and fossil fuel combustion probably due to the use of gasoline and diesel to ignite
the fire. These findings may also be relevant for environmental exposures to wildifres smoke because of the proximity of
large and intense wildfires in populated centers.
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Introduction

Firefighters comprise the largest group of public safety
employees with more than 373,600 career and 682,600 vol-
unteer firefighters in the United States (US) responding to
different fire types including structural and wildfires (Haynes
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and Stein, 2017; Evarts and Stein, 2019). As a result, fire-
fighters are routinely exposed to chemical, physical, and
psychological stressors with smoke inhalation being the pre-
dominant risk factor associated with disease onset (Adetona
et al. 2013a; Banes 2014). Wildfires smoke has been asso-
ciated with increased risk of respiratory and cardiovascu-
lar diseases including COPD, acute bronchitis, pneumonia
(Delfino et al. 2008; Morgan et al. 2010), cardiovascular
mortality (Soteriadis et al. 2011, Rappold et al. 2011) and
cancer (Daniels et al. 2014, 2015) among firefighters and
the general public. However, the specific component(s) of
smoke responsible for the onset of health outcomes has yet
to be elucidated. Respiratory protection is afforded to fire-
fighters responding to structural fires, but their use in wild-
land firefighting is limited due to device weight and fixed air
capacity (Austin et al. 2001; Fabian et al. 2011). Towels and
bandanas over firefighter’s mouth and distance from the fire
are the most frequent methods to prevent smoke inhalation
during an active wildfire event.
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Deteriorated lung function, oxidative damage, and inflam-
matory responses have been observed in firefighters; albeit
only a handful of these studies simultaneously collected
exposure measurements (Greven et al. 2011; Adetona et al.
2013b; Hejl et al. 2013; Gaughan et al. 2014). The inherit
dangers, unpredictable nature, variable duration, and remote
location of wildfires makes it uniquely challenging for expo-
sure monitoring. In particular, monitoring of exposures dur-
ing wildfires is limited due to equipment interfering with
the firefighters’ physically demanding activities; resulting
in safety concerns for both firefighters and research person-
nel. Adding to safety and logistical challenges, smoke is a
variant, complex, and heterogeneous mixture of predomi-
nantly carbonaceous (elemental and organic carbon) aero-
sols. While many organic compounds have been identified,
they have only been reported as accounting for up to 20%
of the particulate mass due to limitations associated with
extraction, fractionation, and derivatization steps in chro-
matographic analysis (Kavouras and Stephanou, 2002a, b;
Po6schl, 2005). Previous studies have utilized spectroscopy
to determine the functional content and molecular profile of
smoke aerosol (Decesari et al. 2006; Chalbot et al. 2013).
Chalbot et al. (2016) determined a strong aromatic signature
for fresh biomass burning aerosol that transitioned to oxi-
dized carbonyl and carboxyl organic species in aged smoke.
Differences in the chemical content of smoke may have the
ability to modify the biological and toxicological responses
to smoke aerosol. However, there are still many knowledge
gaps in wildland biomass smoke chemical content that need
to be addressed in order to understand and prevent onset and/
or progression of associated diseases in firefighters who may
be adversely exposed to fresh wildfire smoke aerosol.

Prescribed fires (R,) are managed fires used in forest
management, restoration of native vegetation, and farming
to reduce the accumulation of dry biomass fuel and lessen
the likelihood of fast-spreading and destructive wildfires.
In the contiguous US, there were 450,335 R fires that con-
sumed over 6 million acres and 58,083 wildfires that con-
sumed approximately 8.8 million acres during the year 2018
(NFIC, 2018). In R, fires, firefighters and management per-
sonnel ignite a fire line and work within the smoke plume to
actively manage the fire’s front, progression, and boundaries.
To manage the progression of a R, fire, backing and/or flank-
ing methods are used. In these conditions, fire progression
moves against the wind (downslope) producing lower flame
heights, lower fire intensity, and moves through the stand of
vegetation at slower speed than head fires. Flanking fires are
set perpendicular to backfires aiming to speed the backfire
process. As a result, firefighters are typically within or in
close proximity of the smoke plume throughout the entire
work-shift. During R, fire, firefighters are reported as being
exposed to comparable (or higher) levels of respirable par-
ticulate mass, carbon monoxide, acrolein, formaldehyde, and
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benzene in comparison to exposures during wildfires (Rein-
hardt and Ottmar 2004; Gaughan et al. 2014; Miranda et al.
2010). Additionally, collection of exposure measures during
R, fire affords the unique opportunity to obtain precise and
realistic field occupational exposure from active duty fire-
fighters immediately before, during, and immediately after
involvement in active fires.

The objective of this study was to characterize the
chemical fingerprint and spatiotemporal variation of per-
sonal exposures of firefighters to smoke aerosol in R, fires.
This was achieved by in-sifu monitoring of personal expo-
sures using continuous and integrated aerosol devices dur-
ing active R, fire events. The use of R, fires was essential
in achieving the objectives of the study since it facilitates
measurement obtainment during typical field conditions
without interfering with the duties and the safety of the
firefighter’s or research personnel. We characterized the
biologically relevant water-soluble fraction of smoke expo-
sures by nuclear magnetic resonance (NMR) spectroscopy
in its entirety without fractionation or derivatization (Chal-
bot and Kavouras 2014), the size distribution of polynu-
clear aromatic hydrocarbons (PAHs) (Kavouras et al. 1998)
and geospatially-enabled fine and coarse particle number
concentrations.

Materials and Methods
R, Fire Sites

Personal exposures to firefighters were monitored in sixteen
backing or flanking R, fires performed by The Nature Con-
servancy’s crews in central Alabama (Fig. 1). The predomi-
nant objective of the R, fires was to control invasive species
encroachment and promote the growth of native vegetation.
Measurements were obtained from 29 unique individuals
resulting in 81 individual personal exposure measurements
with repeats (i.e. measurements on the same subjects) rang-
ing from 1 to 13.

Table 1 shows the characteristics of the R, fires, num-
ber and type of personal exposure measurements. R, plots
#1, 3-8, 11 and 13 were located adjacent to Cahaba River
National Wildlife Refuge in central Alabama (33°2'32"
N 87°4'35" W) (Fig. 1). Mountain longleaf pine (Pinus
palustris) mixed with Virginia (Pinus virginiana), shortleaf
(Pinus echinata) and loblolly (Pinus taeda) pine were the
dominant tree species. Longleaf pine forests depend on fires
to facilitate growth and can evolve into hardwood communi-
ties without fire. The ground cover included low-growing
blueberries, huckleberries, various bluestems, Indian grass
and other herbaceous plants. R, plots #2, 9, 14 and 16 were
located in the Camp Tukabatchee (N32° 40" 23.7' N, 86° 36"
51.66" W) on Warner Scout Reservation (Fig. 1). Finally, the
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Fig. 1 The three locations of the
R, fire plots in central Alabama
and land use/land cover (2016
National Land Cover Database)
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Table 1 Characteristics of R, fires (biomass type, burnt area and duration of the event), number of participants and personal exposure measure-
ments in each R, fire

R, Biomass type description Burnt Duration (h) Fire crew Personal exposure measurement
area
(km?)
1  Longleaf/loblolly pine; pine needles, hardwoods; ~ 0.40 6.5 6 Integrated QFF filter for EC/OC and NMR analysis
2 underbrush/litter 0.24 4.0 6
3 0.22 35 6
4 0.55 8.0 6 Continuous particle number concentration
5 1.60 6.0 10
6 0.46 7.0 5
7 0.65 8.0 6
8 0.24 6.5 6
9  Mixed pasture/grass and longleaf pine; head fire 0.64 5.0 4
10 Longleaf/loblolly pine; pine needles, hardwoods; ~ 0.36 5.5 6
11 underbrush/litter 0.56 6.5 6
12 Grass 0.48 6.2 6
13 Long leaf pine plantation 2.66 5.0 8 Continuous particle number concentration + Cas-
14 Longleaf/loblolly pine; pine needles, hardwoods;  0.30 5.0 4 cade impactor (PAHs analysis)
underbrush/litter
15 Grass 0.52 6.8 6
16 Longleaf/loblolly pine; pine needles, hardwoods;  0.46 6.0 8

underbrush/litter; sand acer plane; some old
structures within burn unit

#10, 12 and 15 R, plots were at the Pine Hills Hunting Area
within the Roberta Case Pine Hills Preserve (32°29'56.7"N,
86°2928.6"W) (Fig. 1). The preserve is approximately 400
acres of mixed longleaf pine forest with a couple open pas-
ture and grassland fields. It hosts the Alabama Canebrake

pitcher plant (Sarracenia rubra ssp. alabamensis) and Harp-
er’s ginger plant (Hexastylis speciosa). These properties are
maintained with R, fires by TNC every 2-3 years.

The R, fires were ignited with a heavy drip-torch and
re-ignited as necessary to promote advancement of the fire
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front. Mixed conditions (flaming and smoldering) were
abundant during the R, fires. However, ignition and flam-
ing phases dominated the early stages of the fires, whereas,
smoldering characteristics were observed during the later
stages of the fire. The burnt area ranged from 0.22 to
2.66 km? for a total of 9.48 km? (mean of 0.65 km?/ R)
(Table 1). The R, fires were typically initiated in the morn-
ing (9:00-10:00 am) and lasted an average of 6.0 h (from
3.5 to 8 h). An average crew of 6 firefighters burnt approxi-
mately 70-80 X 10°> m? per hour. Additional crew members
were deployed for larger R, fires.

Exposure Monitoring

The characterization of smoke exposure was done as fol-
lows: (i) collection of personal total suspended particles
(TSP) on a filter and subsequent chemical analysis by 'H-
NMR spectroscopy and thermal/optical reflectance (TOR)
analysis (18 samples in three R, fires); (ii) continuous moni-
toring of fine (with diameter between 0.5 and 2.5 pm) and
coarse (with diameter greater than 2.5 pm) particle number
concentrations (81 samples in 13 R, fires) and (ii) collection
of size fractionated aerosol samples and analysis for PAHs
and TOR analysis (4 samples in 4 R, fires). Concurrent per-
sonal continuous and integrated monitoring was only possi-
ble for a subset of measurements due to safety concerns and
backpack weight limitation carried by firefighters.

WSOC and Functional Analysis by '"H-NMR
Spectroscopy

For TSP sampling, personal exposure samples were col-
lected on quartz fiber filters (QFF) using a SureSeal™ filter
cassettes attached to small battery-powered pump (AirCheck
XR5000, SKC Inc., Eighty Four, PA). QFFs were purchased
from Whatman (QM-A grade, Tisch Environmental Inc,
Cleves, OH). These filters were pre-combusted at 550 °C
for 4 h and then kept in a dedicated clean glass container
with silica gel to avoid humidity and contamination. The
sampler was turned on when the participants left at the stag-
ing area (approximately 5—10 min prior to the initiation of
R, fire) and turned off upon their return to the staging area,
between 5—15 min after the completion of the R, fire. TSP
mass measurements were obtained using a microbalance
(Mettler-Toledo LLC, Columbus, OH). The detection limit
and relative standard deviation for mass measurements were
10 pg m~ and 5%, respectively. A 1-cm piece of the filter
was analyzed for organic (four fractions evolved at 140 °C
(OC1, volatile), 280 °C (OC2, semivolatile), 480 °C (OC3,
nonvolatile) and 580 °C (OC4, nonvolatile) and pyrolyzed
OC (POC) in a He-only atmosphere) and elemental (three
fractions evolved at 580 °C (EC1, volatile), 740 °C (EC2,
semivolatile) and 840 °C (EC3, nonvolatile) in a 98% He/
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2%0, atmosphere) carbon by TOR (DRI Model 1000 ana-
lyzer (Atmoslytic Inc., Calabasas, CA); Chow et al. 2001).
POC is defined as the carbon evolved at 580 °C by the addi-
tion of 2% O,.

The remaining filter was extracted by sonication with
5 mL of ultrapure H,O for 1 h. The water-soluble extract was
dried under vacuum and reconstituted in 700 pL of a TSP-
d, (2,2,3,3-d,-3-(trimethylsilyl)propionic acid sodium salt,
0.248 pmol mL ™!, Internal Standard), 0.2 M Na,HPO,/0.2 M
NaH,PO, (disodium phosphate/monosodium phosphate, pH
7.4) and sodium azide (NaNj; 1% w/w) in D,O solution.
"H-NMR spectra were acquired using a Bruker Advance
III spectrometer operating at 600.17 MHz (B,=18.8 T)
as described previously (Chalbot et al. 2014, 2016). The
NMR spectra were integrated in five spectral regions repre-
senting different non-exchangeable hydrogen types as fol-
lows: (i) oy 0.6-1.8 ppm: alkyl (H-C), included R—CHj,
R-CH,, and R—CH hydrogen atoms; (ii) 6 1.8-3.2 ppm:
alllylic (H-C-C=); (iii) 6y 3.2—4.4 ppm: saturated oxygen-
ated (H-C-0), containing hydrogen atoms adjacent to alco-
hols, ethers and ester functionalities; (iv) éy 5.0-6.4 ppm:
acetalic/vinylic (O—CH-O and H-C=), included hydrogen
atoms of olefins, ethers, esters and organic nitrates; and (v)
0y 6.5-8.3 ppm: aryl (H-Ar).

Continuous Particle Monitoring

Continuous particle number concentrations (PNC) were
measured using the Dylos1700 (Dylos Corp., Riverside,
CA) particle counter by light-scattering to count parti-
cles in two size ranges, particles with diameter greater
than 0.5 (PNC,,5) and 2.5 pm (PNC,,s). Fine PNC
was calculated as the difference between the two counts
(PNC, 5., s5=PNC,, s—PNC,, 5). The Dylos particle counter
has been previously used in indoor, outdoor, personal envi-
ronmental, and occupational studies (Northcross et al. 2013;
Brown et al. 2014; Steile et al. 2015; Sousan et al. 2016).
The monitor was attached on the backpack of the firefighters
with elastic cord attachments to secure it. Protective plas-
tic covers were placed over the control board and a coarse
screen was installed on the inlet to prevent the entrainment
of larger objects that may interfere with the sensor and the
fan. The monitors were compared to particle size distribu-
tion and mass concentrations measured by MSP 1000XP
Wide Particle Spectrometer using laboratory generated
aerosol (R*>>0.90). In addition, the location (latitude and
longitude), altitude, speed, and distance traveled in 1-min
intervals of each participant was continuously recorded
using a Garmin eTrex10 GPS device equipped with HotFix
satellite prediction technology to maintain satellite reception
under dense vegetative cover. 1-min averages were stored on
the instrument. We calculated R, fire averages if at least 66%
of the time period had valid data. To eliminate erroneous
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data, measurements were excluded if measured PNC,, 5 or
PNC,, 5 or computed PNC,, 5_, 5 were negative. This resulted
in less than 0.5% deletions of the original. The majority of
these deletions were due to very low counts at the beginning
of the monitoring or after extremely high counts probably
due to the saturation of the sensor.

0C, EC and PAHs Size Distribution

A Model 298 Marple personal cascade impactor mounted
to a battery-powered pump (AirCheck XR5000, SKC Inc.,
Eighty Four, PA) was used to collect smoke aerosol sam-
ples into eight particle size fractions on quartz fiber filters,
according to their aerodynamic cutoff diameters at 50%
efficiency: (i) the first stage: >21.3 um; (ii) second stage:
21.3-14.8 pm; (iii) third stage: 14.8-9.8 pm; (iv) fourth
stage: 9.8-6.0 pm; (v) fifth stage: 6.0-3.5 pm; (vi) sixth
stage: 3.5-1.55 pm, (vii) seventh stage: 1.55-0.93 pm; and
(viii) eighth stage: 0.93-0.52 pm at a nominal flow rate of 2
L min~!. An upper limit of 30 pm for the larger particles was
assumed based on the effective cut-point of the inlet. After
collection, filters were folded and wrapped in aluminum foil
and stored in a freezer at — 30 °C until extraction and analy-
sis. A set of filters were analyzed for OC and EC as described
previously (Sect. 2.2.1). The second set of filters was ana-
lyzed for PAHs as previously described (Gogou et al. 1998).
The recovery of PAHs varied from 72% for naphthalene to
99% for chrysene and benzofluoranthenes. PAHs concentra-
tion diagnostic ratios were used to reconcile their presence
in the atmosphere (Kavouras et al. 2001, 2012) as follows:
(i) Fluoranthene to (Fluoranthene + Pyrene): Fl/(F1+ Py);
(i1) Benzo[a]anthracene to (Benzo[a]anthracene + Chrysene/
Triphenylene): BaA/(BaA + CT); (iii) Benzo[e]pyrene to
(Benzo[e]pyrene + Benzo[a]pyrene): BeP/(BeP + BaP)l
and (iv) Indeno[1,2,3-cd]pyrene to (Indeno[1,2,3-cd]pyr-
ene + Benzo[ghi]perylene): IP/(IP + BgP).

Statistical Analysis

Two-way analysis of variance (ANOVA) for TSP, EC, OC
and functional composition and Kruskal-Wallis H-test for
PNC (log-normal distribution) was applied to compare the
measurements across multiple R, fires and among partici-
pants within a single R, fire IBM SPSS, version 22.0, Chi-
cago, IL). Note that to determine whether significant differ-
ences exist among firefighters and R, fires with log-normal
distribution, the geometric mean (u) and standard deviation
(o) were used. To assess the variability of exposures among
the participants the percent relative particle number concen-
tration difference (%A C/Cy,,) between the participant and the
crew leader was computed (Lianou et al. 2007). The median
percent relative difference is a metric of systematic differ-
ences between participants across all R, fires (i.e. whether

firefighters were exposed consistently higher (or lower) than
the crew leader, whereas participant-to-participant varia-
tion is evaluated by the standard deviation of the percent
relative difference. The crew leader was chosen as the ref-
erence measurement for consistency across all R, fires. In
addition to fire management tasks, the crew leader was also
carrying out tasks related to oversight of R, fire bounda-
ries that could modify the exposure profile as compared
to other crewmembers. The locations and particle number
concentrations were geospatially analyzed to calculate the
gridded (100 mx 100 m) average exposures in each R, fire
plot (QGIS3.4.16).

Results and Discussion

TSP, EC, OC and Functional Non-exchangeable
Hydrogen Composition

The mean + 3 s (minimum and maximum in parentheses)
levels of TSP mass, OC, EC, non-exchangeable organic
alkyl, allylic, oxygenated, acetalic + vinylic and aryl hydro-
gen concentrations, specific molecular markers in personal
exposures are presented in Table 2. TSP personal exposures
varied from 0.7 mg m~ to 5.6 mg/m> with mean TSP mass
concentration of 2.3 +0.2 mg m~>. OC levels ranged from
153 ugC m=3 to 2,018 ugC m~3 with average concentrations
of 586+ 112 pgC m~>. EC levels varied from 33 pgC m™>
to 343 pgC m~> with average of 130 +20 ugC m~>. They
were comparable to those previously measured in R, fires
and hot-spot wildland firefighters (Reinhardt and Ottmar
2004; Miranda et al. 2010). The OC/EC ratio (5.1 +0.7)
was indicative of mixed vegetation combustion; from 1.45
in early/ignition phases up to 11.69 in subsequent phases
(Kavouras et al. 2012). In this study, ignition and fire man-
agement occurred throughout the R, fire, as the fire front
was continuously maintained through re-ignition. Assum-
ing a conversion factor of organic carbon to organic mass
(OC-t0-OM) equal to 3.1, the reconstructed OC and EC
accounted for up to 98% of measured TSP mass (Kavouras
et al. 2012). This was comparable to the overall contribution
of carbonaceous aerosol to particle mass in R, fires and was
attributed to the potential for the release of soil organic mat-
ter particles by rapidly changing wind patterns and turbu-
lence ahead of the fire front. It was further corroborated by
the relative distribution of OC fractions with maximum for
OC3 (compounds evolved at temperatures between 280 and
480 °C) (Fig. 2). OC3 was the predominant OC fraction in
sites heavily impacted by biomass burning (Pani et al. 2019).
Although we did not measure soil minerals (i.e. Si, Al, Fe
and Ca) in this study; soil elements accounted for no more
than 2.5% of particle mass in R, fires (Kavouras et al. 2012).
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Table 2 Personal exposure concentrations of TSP, OC, EC, non-
exchangeable hydrogen types and molecular markers concentra-
tions [mean (£ 3 s) and min—max (in parentheses)], 1-min fine (0.5—
2.5 pm) and coarse (>2.5 pm) PNC [median (#) and min—max (in
parentheses)] of firefighters in R, events, and the median (x) and o of
the relative concentration difference

Variable Concentration %ACIC ¢
u c
Particulate matter [R, fires: 1, 2 and 3]
TSP mass (mg m™3) 2.3+0.2 (0.7-5.6) —-34.6 50.7
OC (ug m™) 586+112 (153-2,018) 43 903
EC (ug m™>) 130+20 (33-343) 62.5 932

OC/EC conc. ratio 5.1+0.7
Non-exchangeable hydrogen (umolH m~3) [R, fires: 1, 2 and 3]

Alkyl (H-C) 7.1+2.1(2.0-42.5) 163 45.0
Allylic (H-C-C=) 43+1.1(1.1-21.3) 7.1  68.5
Oxygenated (H-C-O) 7.2+1.6 (1.1-29.0) —-231 776
Acetalic (O—-CH-0) 0.7+0.1 (0.1-2.6) — 180 863
and vinylic (H-C=)
Aryl (H-Ar) 1.0+0.2 (0.2-3.0) -173 999
Molar H/C ratio 0.42+0.05
Molecular markers (pg m™) [R, fires: 1, 2 and 3]

Levoglucosan 0.90+0.20 (0.05-3.47) —-8.0 224.1
Formate 0.16+0.05 (0.02-0.76) 244 92,6
Acetate 0.29+0.05 (0.11-0.87) 325 350
Succinate 0.60+0.10 (0.22-1.95) 19.1 62.6
Lactate 1.80+0.20 (0.71-3.64) 193 86.9

Particle number concentration (part LY [R, fires: 4-16]

Fine PNC 19,545 (3-216,376) —14.1 2199
Coarse PNC 1,411 (3-190,419) —-13.0 482.1

50 '[

40
=
S 301 T
N 1

20 '|'

10- I

1
0 - . .
OCl 0C2 0C3 oc4
OC fraction

Fig.2 The relative concentration distribution of OC fractions in per-
sonal exposures
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Table 2 also shows the median (i) and o of the %AC/C,¢
of TSP mass, OC, EC, non-exchangeable organic alkyl,
allylic, oxygenated, acetalic + vinylic and aryl hydrogen
concentrations and specific molecular markers. Negative
%ACIC, values indicated that crew leader concentrations
were higher than those measured for other crewmembers at
the same time. The median %AC/C,; for TSP (ca. — 34.6%)
may be associated with a potentially increased contribution
of coarse soil particles generated by an all-terrain vehicle
used by the crew leaders to monitor the fire boundaries. The
highest median %AC/C,; was computed for EC (62.5%),
which may be indicative of sporadic exposures to primary
EC during smoldering or ignition at close proximity to the
firefighter. The majority of the R, fires in this study were
backing fires where firefighters were continuously following
the fire front through smoldering conditions, reigniting the
fire line as needed. Low to moderate %AC/C,; for OC, non-
exchangeable organic hydrogen and organic species indi-
cated little difference in exposure between the crew leaders
and members. However, high %AC/C,; ¢ values indicated
strong firefighter-to-firefighter variations probably due to
different activity patterns and localized fire conditions.
Crewmembers have different tasks ranging from actively
maintaining the fire using a drip torch, monitoring the fire
boundaries and supporting fire progression. As a result,
exposures to chemical species emitted during combustion
could vary substantially.

Figure 3a—c show a representative 'H-NMR spectra of
the personal exposures water-soluble extract, the structures
of five molecular markers and the functional distribution
plot of personal exposures, respectively. Both sharp reso-
nances associated with the abundant organic species and an
envelope of convoluted resonances, shown by the baseline
hump in the aliphatic saturated and unsaturated range con-
sistent with the presence of soil humic and fulvic acids, were
observed (Chalbot et al. 2013). Non-exchangeable saturated
oxygenated (H-C-0) (7.2+1.6 (1.1-29.0) pmolH m™) and
alkyl (H-C) (7.1 +2.1 (2.0—42.5) pmolH m~>) were the pre-
dominant types of hydrogen accounting for 38% and 32%
of total non-exchangeable organic hydrogen, respectively.
This was followed by aliphatic allylic (H-C-C=) (4.3+1.1
(1.1-21.3) pmolH m~3; 21%) and aryl (H-Ar) (1.0+0.2
(0.2-3.0) pmolH m~; 6%) non-exchangeable organic hydro-
gen (Table 2). The functional distribution was comparable to
the relative distribution of non-exchangeable hydrogen types
in fresh wood burning indicating the release of oxygenated
compounds (Chalbot et al. 2014; Chalbot and Kavouras
2019). Differences in the relative abundance of saturated
alkyl and allylic in wood burning and personal exposures
may be attributed to higher emissions of unsaturated spe-
cies during smoldering of wood combustion in fireplaces as
compared to charring in R, fires. The mean H/C molar ratio
(0.42 +0.05) was comparable to those previously measured
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for vegetation combustion (0.39) and downwind of R, fires
(0.64-0.68), suggesting a strong polyaromatic content that
is typically observed in combustion-related process (Adler
et al. 2011; Chalbot et al. 2013). However, the molar H/C
ratio should be cautiously evaluated because of the inher-
ent inability of NMR spectroscopy of aqueous samples to
identify liable protons in hydroxyl, carboxylic and amine
functional groups due to H/D exchange (Duarte et al. 2007).

Five organic compounds were identified by means of their
NMR reference spectra. These were lactate (La in Fig. 3a,
b; H-6, duplet at & 1.33 ppm; H-4, multiplet at 5 4.12 ppm),

(H-C-O)/Z(H-R)

acetate (Ac in Fig. 3a-b; H-4 at 8 1.92 ppm), succinate (Su
in Fig. 3a, b; H-4 and H-5 at d 2.41 ppm), levoglucosan (L
in Fig. 3a, b; H-6, multiplet at  3.52 ppm; H-7 and H8,
multiplet at 6 3.67; H2, multiplet at & 3.73-3.75 ppm and
at 4.08 ppm; H-5, singlet at 5.45 ppm; H-3 at 4.64 ppm was
not visible of solvent residues) and formate (F in Fig. 3a,
b; H-2, singlet at 8.47 ppm). Levoglucosan is a unique
tracer of biomass burning emissions (Simoneit et al. 2004).
These findings are consistent with those reported previ-
ously by the analysis water-soluble organic fraction of
aerosol samples collected during the flaming phase of R,
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fires (Chalbot et al. 2013). Carboxylic acids (i.e. formate,
acetate and succinate) may be associated with both biomass
combustion and soil organic matter. Lactate had the high-
est concentrations (1.8 +0.2 pg m=), followed by levoglu-
cosan (0.9 +0.2 pg m~>) and succinate (0.6+0.1 pg m™>)
(Table 2).

The ratios of a-carboxyl/keto (H-C—C=0) and oxygen-
ated (H-C-O) to total aliphatic carbon (H-R) were cal-
culated using molar H/C ratios of 2, 1.1, and 0.4 for non-
exchangeable aliphatic alkyl and allylic, oxygenated and aryl
hydrogen, respectively (Fuzzi et al. 2001). The a-carboxyl/
keto carbon fraction was calculated by subtraction of the
aromatic from aliphatic allylic carbon. The sum(H-R) car-
bon included saturated and unsaturated carbon in acids
and ketones, aryl (H-Ar) and alkyl (H-C) hydrogen). The
(H-C—C=0)/sum (H-R) ratio values ranged from 0.198 to
0.325 and (H-C-O)/sum(H-C) ratio values from 0.316 to
0.583 (Fig. 3c). These values were comparable to those cal-
culated for fresh biomass burning emissions and were char-
acteristic of the presence of polyols and anhydrides associ-
ated with fresh smoke particles (Chalbot et al. 2013, 2016).

Spatiotemporal Variability of Particle Number
Exposures

The 1-min PNC varied from 3 to 216,876 part L™! for the
fine fraction and to 190,419 part L~! for the coarse frac-
tion, with a mean of 19,455 and 1296 part L, respectively
(Table 2). Personal PNC exposure of firefighters were higher
than those measured at the staging area (median fine PNC:
5942 part L~!, coarse PNC: 327 part L_l; p<0.001). Note
that the staging area was impacted by smoke for most of the
R, fires, however, at considerably lower concentrations and

Fig.4 Distribution of personal

for shorter durations (i.e. when the fire line was burning
near the staging area or the wind redirected smoke outside
of the burn unit). The fine PNC accounted for more than
70% of total (fine + coarse) particle number indicating that
significant quantities of coarse particles may be released
during fires. Similarly, coarse PM has been reported after
large US wildfires to be a smaller, yet significant, contribu-
tion of wildfire smoke composition (Schweizer et al. 2019).
Additionally, when compared to background levels, mean
PM, 5 concentrations had a greater increase in concentra-
tion between wildfire versus non-wildfire days in compari-
son to PM, 5_;, indicating a greater contribution of PM, 5
from wildfire smoke than soil sources. This also supports
the increased abundance of coarse particles being associated
with soil organic matter, as indicated by OC and markers in
smoke aerosol (Fig. 3 and Table 2).

The p and 1o range (4 — p/o to yu+ p-o) of fine and coarse
PNC levels for R, fires #4—16 as well as the average dis-
tance travelled and change in elevation by firefighters for R,
fires #9—-16 are depicted in Fig. 4. Differences of both fine
and coarse PNC levels among firefighters were statistically
significant (p <0.001). This was consistent with the high
%AC/C s o values (219.9 and 482.1; Table 2) indicating a
strong variability among firefighters. However, for both fine
and coarse PNC values, exposure conditions were compa-
rable to those measured to the crew leader/fire manager for
this study (as determined by the median %AC/C,,; values).
These fine PNC do not include particles with diameter less
than 0.5 pm that typically account for the majority of PNC
and thus may not comprehensively represent the fine fraction
of particles available in biomass smoke. This is consistent
with previous studies which showed variability in exposure
based on the firefighting task. According to Adetona et al.
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(2013a), exposure intensity changed for firefighting of dif-
ferent working tasks where fire line holding and mop-up had
the highest PM, 5 exposures. There was no additional rela-
tionships evident between personal PNC levels and biomass
type (woodland or grass), burnt area nor duration of the R,
fire. Therefore, these differences in particle concentration
may be the result of firefighter location in relation to the fire
front coupled with the intensity of the fire at that time point
and weather conditions such as wind direction, wind speed,
and humidity.

An example of the spatial variability of PNC is shown in
Fig. 5a and b. The mean gridded (100 x 100 m) fine PNC
portrayed highly variable exposure conditions during the
fire with higher levels being measured in topographically
favorable locations (i.e. on the base of the ridge). The fire-
fighters monitored both the perimeter of the fire plot as well
as walked within the plot to maintain the fire front. The fine

Fig.5 a Gridded average PNC

and the locations of firefighters (a) . F#6
in R, #12 and b representative - F#5
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PNC, walking speed (m s~ and elevation (meters above sea
level, masl) were mapped for a firefighter in the R, #12 fire
revealing that approximately 50 min elapsed between the
start of PNC monitoring at the staging area and exposure
to elevated fine PNC (Fig. 5b). In that period, the firefighter
joined the briefing by the fire manager and descended about
50 m to the base of the hill. During the fire, there were inter-
mittent periods of moderate (between 1200 and 10,000 part
L~!) and high (higher than 10,000 part L=') PNC levels,
indicating highly variable exposure patterns during the fire.
The quartiles of PNC area measurements at the staging area
were set as the threshold for moderate and high PNC expo-
sure levels. High PNC levels were associated with increased
walking speed as the firefighter was ascending or descending
the hill to manage the wildfire. Low or moderate PNC levels
were more commonly associated with firefighters standing
along the edge of the fire boundary.
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Figure 6 shows p and 1o range of fine and coarse PNC
and p + o of walking speed for high (higher than 10,000 part
L~!), moderate-high (between 5,000 and 10,000 part L)
and moderate-low (between 1,200 and 5,000 part L_l) fine
PNC exposure periods for all R, fires. The thresholds for
moderate-low versus moderate-high were chosen to exclude
measurements away from the R, plot (or on a vehicle to/
from the plot). Assuming spherical particles with a diam-
eter of 1.8 um and density of 1,000 kg m~3, a 1-min fine
PNC of 5,000 part L™! corresponds to 15 pg m™>. This is
a conservative estimate since most of particle number is
associated with ultrafine (diameter less than 100 nm) par-
ticles but their overall contribution to particle mass is lim-
ited. For both fine and coarse PNC, walking speed increased
from 0.26+0.03 m s~! for low-moderate exposure period to

—o— Fine PNC

100000 4 —&— Coarse PNC

10000 4

1000 w

100 T T T T 1
0.20 0.25 0.30 0.35 0.40 0.45

Walking speed (ms™)

PNC (part L")
|
|

Fig.6 Fine and coarse PNC (u =+ lo) and p + 0 walking speed of fire-
fighters for three exposure regimes (high (> 10,000 part L™"), mod-
erate-high (between 5,000 and 10,000 part L") and moderate-low
(between 1,200 and 5,000 part L™1))

0.33+0.06 m s~! for moderate-high and 0.40+0.03 m s~
for high exposure periods (covering a distance of 15 to
24 m over a minute). While the range of measured walk-
ing speed are substantially lower than those recommended
by CDC for physical activity (DHHS 2018), the association
between PNC and walking speed provided an indication
for the potential of higher exposures when the firefighter
was in motion such as when actively maintaining the fire
front through re-ignition. The increased walking pace could
modify the inhaled dose because of increased breathing rate.

Size Fractionated OC, EC and PAHs

Table 3 shows the y+ o of OC, EC and total PAHs con-
centrations, abundant PAH and y + ¢ of OC/EC and PAHs
diagnostic ratios for the eight particle size fractions rang-
ing from 0.52 to greater than 21.3 pm. OC concentrations
varied from 2.1 +0.2 pg m~> for particles in the 6.0-9.8 pm
range to 450.7 +19.1 ug m~ for 0.52-0.93 pum particles.
Similarly, EC concentrations varied from 0.2+0.1 pg m™>
for particles in the 6.0-9.8 pm range to 19.4 +2.5 ug m~ for
0.93-1.55 pm particles. The OC/EC values for particles with
diameter greater than 6.0 pm was lower than 4.0, while OC/
EC values > 8.0 were computed for smaller particles indi-
cating the accumulation of organic species formed during
biomass burning in the accumulation mode particles. PAH
concentrations varied from 7.1+0.6 ng m~ for particles in
the 9.8-14.8 um size range to 33.7 + 12.2 ng m~ for parti-
cles in the 0.52-0.93 um size range. Naphthalene was the
most abundant PAH for particles with diameter > 3.5 um
and pyrene was the dominant PAH for particles with diam-
eter < 3.5 um. Overall, PAHs were predominantly accumu-
lated in the particle size fraction < 1.52 um (47%; Table 3)
and a MMAD of 1.90 um. The size distribution of OC, EC
and 2-,3-, 4- and 5-ring PAHs are presented in Figs. 7a—f.
Low molecular weight petrogenic 2- and 3-ring PAHs were

Table 3 Personal exposures OC, EC and PAHs concentrations and concentration diagnostic ratios (i + ¢) per particle size range of firefighters

Particle size (pm)

>21.3 14.8-21.3 9.8-14.8 6.0-9.8 3.5-6.0 1.55-3.5 0.93-1.55 0.52-0.93
OC (ug m™) 3.7+0.1 21+02 39+04 6.9+0.7 132412 67.5+£3.6 167.4+9.2 450.7+£19.1
EC (ug m™>) 0.8+0.1 0.2+0.1 0.3+0.1 1.5+0.2 1.6+£0.3 3.0+1.0 19.4+2.5 15.0+5.1
OC/EC 4.90+0.26 9.54+2.78 3.07+0.39 4.49+0.75 8.09+1.82 22.17+7.15 8.64+1.19 28.40+9.14
Polynuclear aromatic hydrocarbons
Abundant PAH Nap (128) Nap (128) Nap (128) Nap (128) Nap (128) Pyr (202) Pyr (202) Pyr (202)
Conc. (ng m™) 11.0+24 10223 7.1£0.6 94+1.1 78+£12 11.8+29 124+2.0 33.7+£122
Cumul. Conc 99.9 85.8 76.8 71.4 63.2 57.1 47.0 35.6
Fl/(F1+Py) 0.50£0.02 0.50£0.05 0.47+0.04 0.42+0.03 0.47+£0.02 0.40+£0.04 0.41+£0.02 0.43+£0.01
BaA/(BaA+CT) 0.36£0.03 0.39+£0.03 0.48£0.04 0.39+£0.05 0.41+£0.06 0.52+£0.06 0.58+0.03 0.46+0.03
BeP/(BeP+BaP) 0.35 0.24+0.03 0.21+£0.04 0.58 0.31 0.37+0.16 0.36£0.05 0.41+£0.03
IP/(IP+BgP) 0.48 0.55+0.01 0.59+0.08 0.51 0.55+0.01 0.58+0.03 0.57+0.02 0.62+0.03
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(naphthalene), ¢ 3-ring (acenaphthene, acenaphthylene, fluorene and
phenanthrene), d 4-ring (fluoranthene, pyrene, benz[a]anthacene and

abundant in the coarse particles size ranges (d> 3.5 um)
with MMAD values of 12.5 um for naphthalene, 4.64 um
for acenaphthylene, 6.06 pm for acenaphthene, 9.07 um for
fluorene and 4.70 um phenanthrene. On the contrary, heavier
combustion 4- and 5-ring PAHs were mostly present in the
fine and ultrafine size ranges and MMADs ranging from
0.18 um for chrysene and 0.22 um for benz(a)anthracene
to 0.83 pum for benzo[a]pyrene and 1.04 um for benzo(k)
fluoranthene. The differences in the relative abundance of
PAHs for different particle size ranges is related to the for-
mation mechanisms with petrogenic PAHs being formed
during the low-temperature smoldering phase and combus-
tion PAHs during the flaming phase. The abundance of 2-
and 3-ring PAHs on coarse particle may be associated by
scavenging by soil organic matter particles released at the
fire front, as previously indicated by the modified OC-to-OM
conversion factor and the elevated coarse particle number
concentration (Venkataraman et al. 1999). These PAHs
have also been measured on the hoods of firefighters in
post-municipal fire as well as in residential dust and surface

chrysene), e 5-ring (benzo[b]fluoranthene, benzo[k]fluoranthene,
benzo[e]pyrene and benzo[a]pyrene) and f 6-ring (indeno[1,2,3-cd]
pyrene, dibenz[a,h]anthracene and benzo[ghi]perylene)

water contaminated with wildfire ash suggesting that PAHs
from these wildfire event have the potential to effect larger
populations in addition to active duty wildland firefighters
(Fent et al, 2014, Kohl et al. 2019, Manshilha et al. 2018).
A mixture of biomass and fossil fuel combustion
sources were identified using PAHs concentration diag-
nostic ratios. This could be associated with the use of fuel
(gasoline:diesel =50:50) to start and control the fire front
by crew members, in the proximity of the personal sam-
pling. The mean [FI/F1+ Py] ratio ranged from 0.40 +0.04 to
0.50+0.02 that is comparable to those reported for gasoline
combustion (Table 3) (Rogge et al. 1993). The ratio BaA/
(BaA + CT) ratio values (from 0.36+0.03 to 0.58 +0.03;
Table 3) indicated gasoline combustion for coarse particles
and biomass burning for fine particles. The mean [BeP/
BeP + BaP] measured for particles in the 0.52-0.93 um was
0.41 +0.03 (Table 3) similar to that reported for biomass
burning; however, ratio values for larger particles indicated
gasoline combustion (Rogge et al. 1993; Kavouras et al.
2012). The [IP/TIP + BgP] ratios obtained in our study were
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higher than 0.48 which is similar to that for fossil fuel com-
bustion (Rogge et al. 1993).

Conclusions

Exposures to smoke aerosol of wildland firefighters were
assessed over multiple prescribed fire events to facilitate
monitoring under real conditions without interfering with
their assigned tasks and safety. Both continuous and inte-
grated devices were used to measure particle mass and num-
ber concentrations, OC, EC, non-exchangeable functional
hydrogen types and PAHs. Smoke aerosol was mostly com-
posed on fine particles with significant quantities of coarse
particles accounting for 30% of fine and coarse PNC. Per-
sonal PNC varied greatly throughout the prescribed fires
and among firefighters reflecting differences in assigned
tasks, activities and location with respect to the fire front.
Higher PNC levels were measured in topographies favoring
the accumulation of smoke (low elevation) and for higher
walking speeds as the firefighter moved within and/or along
the perimeter of the burn plot. OC originated mostly from
biomass burning and to a lesser extent from resuspended
soil organic matter. Tracers of biomass burning (i.e. levoglu-
cosan) and soil organic matter (i.e. formate) were detected
by "H-NMR spectroscopy. The water-soluble fraction of OC
consisted of a mixture of saturated oxygenated, alkyl, aryl
and carboxyl groups that was consistent with the formation
of phenols, polyols and polyaromatics during biomass burn-
ing. OC, EC and combustion PAHs were associated with fine
particles (diameter less than 1.55 pm) with pyrene being the
dominant PAHs. The abundance of heavier PAHs including
benzo[a]pyrene increased as particle size decreased. The
values of PAHs concentration diagnostic ratios indicated the
presence of fossil fuels that may be associated with gasoline/
diesel combustion to ignite and maintain the fire front as
well as emissions from support vehicles. Given the scale
and close proximity of wildfires to populated centers, the
findings of this study may be suggestive of non-occupational
exposures to wildfire smoke, too.
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