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ABSTRACT

A steady increase in wildfire event severity and season length has led to greater potential
for exposure to fine particulate matter associated with wildfire smoke. Research has found
fine particulate matter to be correlated with a myriad of health ailments and thus effective
strategies for controlling exposures are needed. In this study, a correction factor associated
with wildfire-sourced fine particulate matter was established for a TSI SidePak AM520 by
conducting sampling with a co-located MetOne BAM 1020. Portable air cleaner efficacy was
assessed by simultaneously measuring PM,5 mass concentrations in two identical offices
with the inclusion of a portable air cleaner in one. The relationship between indoor and out-
door PM, s mass concentrations was assessed by comparing concentrations recorded in an
office to those recorded at the nearest National Ambient Air Quality Standards monitoring
station. Results revealed that a portable air cleaner reduced indoor fine particulate matter
within an office by 73% and 92% during working and non-working hours, respectively, and
that a strong significant correlation (p = .91, p=0.00) existed between indoor and outdoor
fine particulate matter mass concentration measurements. A direct relationship between
indoor and outdoor PM, s mass concentrations was observed during this study, suggesting
that elevated fine particulate matter concentrations due to wildfire smoke could be a con-
cern in the indoor work environment; however the current study determined that the use
of a portable air cleaner can substantially decrease fine particulate matter concentrations
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even in an active office setting.

Introduction

Research demonstrates an upward trend in the length
of annual wildfire seasons (Jolly et al. 2015) as well as
the severity of wildfire events (Flannigan et al. 2013),
particularly in the western region of the United States
(Abatzoglou & Williams 2016; Management 2018;
Westerling 2016). A rise in wildfire activity increases
the potential for dispersion of wildfire emissions into
the ambient environment and ultimately increases the
potential for exposure to wildfire smoke. The chemical
constituents of wildfire smoke can vary depending on
factors such as the type of organic material burned
(Heilman et al. 2014; Liu et al. 2014; Urbanski 2014)
and the distance a smoke plume has traveled (Alonso-
Blanco et al. 2018; May et al. 2013; Zu et al. 2016);
however, research has consistently shown wildfire
smoke to be comprised primarily of fine particulate
matter (Makkonen et al. 2010; Vicente et al. 2013),

which is defined as particles 2.5 micrometers (Lm)
and less in aerodynamic diameter (PM,;) (Park &
Allaby 2017). Fine particulate matter stays suspended
in air substantially longer than larger particulate mat-
ter, which makes it especially harmful to human
health because it can be inhaled deep into the lung
alveoli where it can enter pulmonary circulation and
potentially systematic circulation (Wu et al. 2018).

It has been well established that combustion-related
PM, s induces cardiopulmonary disorders (Brook
et al. 2010; Crouse et al. 2012), general systematic
inflammation, and respiratory inflammation (Wu
et al. 2018). In addition to respiratory morbidity,
research has found a strong correlation between wild-
fire smoke and all-cause mortality with an estimated
339,000 deaths attributed to varying levels of exposure
to wildfire smoke globally (Analitis et al. 2012;
Johnston et al. 2012). Because of the effect wildfire-
sourced PM, s has on ambient particle concentrations,
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it has been the general practice for public health agen-
cies to recommend staying indoors during these
events, and newer guidelines suggest also using an
indoor portable air cleaner (PAC) (Elliott 2014;
Maguet et al. 2018; MTDPHHS 2017; OHA 2014;
USEPA 2016; WADOH 2015). A PAC is a device
designed to remove airborne PM within a single room
by circulating the air through some type of filter
media. Previous studies have revealed positive results
regarding the efficacy of PACs at reducing indoor
wood-sourced PM, s concentrations in homes due to
both wood stove smoke (Hart et al. 2011; McNamara
et al. 2017; Wheeler et al. 2014) and wildfire-sourced
smoke (Barn et al. 2008; Henderson et al. 2005). It is
important to note that these studies were conducted
in residential environments. Many individuals spend
40 hr a week or more in an office, and in contrast to
a residential environment, an office setting may differ
substantially due to variables of which occupants may
have little control over including open doors and win-
dows, HVAC system operation, and building occu-
pancy. Each of these variables could markedly impact
both the infiltration rate of PM, 5 and the effectiveness
of a PAC at reducing indoor PM, s especially when
ambient concentrations are elevated due to wildfire
smoke. Limited information is available regarding
methods of measuring and mitigating exposure to
wildfire-sourced PM in an office setting, presenting a
gap in research.

The present study aims to address this gap by ful-
filling the following goals: (1) to establish a correction
factor associated with wildfire-sourced PM, 5 for a dir-
ect reading instrument used throughout this study; (2)
to evaluate the efficacy of a commercially available
PAC at reducing wildfire-sourced PM,s concentra-
tions in an active office setting; and (3) to assess the
relationship between outdoor and indoor PM, 5 con-
centrations during a wildfire event.

Methods
Phase I: Correction factor comparison

Data collection

A TSI SidePak Personal Aerosol Monitor (AMS520)
(TSI Inc, Shoreview, MN, USA) that uses a light-scat-
tering laser photometer to estimate particle mass con-
centration and is factory calibrated in accordance with
ISO 12103-1, using Al Arizona test dust (TSI 2016),
was used throughout this study. A correction factor
was established and applied to the AM520 mass con-
centration data to account for differences in aerosol
characteristics between the Al test dust used for

calibration and wildfire PM. All sampling conducted
throughout this study was completed during the
months of August and September, the height of the
Pacific Northwest wildfire season, 2018. Two AMS520
instruments that were factory calibrated within one
year of data collection, along with a MetOne
Instruments Beta Ray Attenuation Monitor 1020
(BAM 1020) (MetOne Instruments Inc., Grants Pass,
OR) equipped with the specified accessories required
to meet U.S. EPA Federal Equivalent Method (FEM)
designation for continuous PM,s monitoring, were
used throughout data collection. An AMS520 was
placed on the roof of the local county’s National
Ambient Air Quality Standards (NAAQS) air station
within 1.5m (60 in) of the BAM 1020 PM, ; monitor
inlet. To ensure the PM, 5 being sampled was primar-
ily associated with wildfire smoke, sampling was not
conducted unless smoke was visibly impacting the
airshed and ambient PM, s concentrations exceeded
or were trending toward an exceedance of a 12.0 pug/
m® threshold which was based on the EPA Air
Quality Index “moderate” health effects category
(12.1-35.4 ug/m’) (MTDEQ 2019). When this condi-
tion was met, an AM520 was operated simultaneously
with the BAM 1020 from 8:00 AM to 6:00PM and
8:00 PM to 6:00 AM. When successive sampling was
performed, the AM520 that was previously in use was
replaced by the second AM520 during the 2-hr win-
dow between sampling sessions.

Each AM520 was equipped with a PM, 5 impactor.
The AM520 instruments were cleaned, operated, and
calibrated per the manufacturer’s instructions before
and after each sampling session. The instruments
were calibrated to a target flowrate of 1.7 L/min with
a TSI Primary Calibrator model 4146 (Shoreview,
MN). Meteorological data was recorded during pre-
and post- calibration, and at the start and end of each
sampling period using a Kestrel 4000 Pocket Weather
Meter (Boothwyn, PA). The AMS520(s) were pro-
gramed to log measured PM, s concentrations at 1-
min intervals.

Data analysis

The timeframe in which the BAM 1020 was actively
sampling during each hour was from minute xx:03 to
xx:45; therefore, PM, s mass concentrations from the
AM520(s) were compiled into 1-hr averages using the
identical sampling period (Met One
Instruments 2016). The paired, co-located 1-hr aver-
age PM,s mass concentrations and the log-trans-
formed 1-hr average concentrations were not
normally distributed. Thus, they were compared using

42-min



Spearman’s rank-order correlation (Hy: p=0 and H,:
p # 0). The relationship between the two measurement
methods was assessed with the BAM 1020 data being
treated as the reference concentration and the AM520
data being treated as the unknown concentration. An
inverse regression equation based on this linear rela-
tionship was developed as one of the potential correc-
tion factors. A second correction factor was developed
according to the manufacturer’s instructions, and a
third correction factor was adopted from previous
research involving a TSI DustTrak light-scattering
instrument and wood  smoke-specific PM,;
(McNamara et al. 2011). Using each of the three cor-
rection methods, the mean, corrected PM, s concen-
trations from the AMS520(s) and the mean, PM,;
concentrations from the BAM 1020 were compared
using a Welch’s ANOVA (H, = all means equal) due
to the data lacking homogeneity of variance. The
mean concentrations from each group were then com-
pared using a post-hoc Games-Howell multiple com-
parisons test. Based on objective statistical analysis
and subjective review of the data distributions, the
correction factor that provided predicted concentra-
tions that most closely resembled that of the reference
concentrations was applied to all PM, s mass concen-
trations collected via the TSI SidePak AM520(s) dur-
ing later phases of this research.

Phase 2: Office PM, s comparison

Data collection

In the second phase, the effectiveness of a portable air
cleaner at reducing indoor PM, 5 concentrations asso-
ciated with wildfire smoke in an office setting was
evaluated, and the infiltration of this smoke into an
office setting was assessed. A 3M Filtrete Ultra Clean
Air Purifier FAP02-RS equipped with a pleated fabric
filter impregnated with electrostatically charged fibers
that attract and capture airborne PM as small as
0.1um at 99.9% efficiency and is intended for room
sizes up to 14.8 m? (160 ft*) (3M 2006) was used dur-
ing this phase. The Clean Air Delivery Rates for this
unit are 253 m’/hr (149 ft*/min) for pollen, 217 m>/hr
(128 f£/min) for dust, and 175m?>/hr (103 ft’/min) for
tobacco smoke (AHAM 2011). Two 12.2m? (132 ft%)
single-occupancy university campus offices consisting
of a single door, single window, and comparable fur-
nishings were used. An AM520 was placed on the
desk in both office environments 0.81 m (32 in) from
the floor. The 3M Filtrete PAC, equipped with a
newly replaced FAPF02 filter, was placed on the floor
in one of the two offices approximately 2.1 m (84 in)
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from the AMS520. Placement of the PAC and the
AM520(s) with respect to the single door, single win-
dow, and the occupant’s seat was approximately
equivalent within each office. The PAC was operated
on the high setting and was only run for the duration
of each sampling session. The PAC was rotated
between the two offices each day. Both AM520 instru-
ments, one in each office, ran simultaneously for two
8-hr sampling sessions per 24-hr period. Measurement
sessions were conducted during both working and
non-working hours. The daytime office sampling ses-
sion was conducted from 8:00 AM to 4:00PM in an
active office setting in which both offices were occu-
pied, the doors remained open, and visitors came and
went as per usual. The nighttime office session was
conducted during non-working hours from 10:00 PM
to 6:00 AM when the offices were not occupied, and
the office doors remained shut for the duration of the
sampling period. The each office
remained closed during both the working and non-
working sampling sessions.

To estimate PM, 5 infiltration, the mass concentra-
tion data from the AM520 located in the office with-
out the PAC was compared with paired hourly PM, 5
readings from the BAM 1020 used during Phase I of
this study at the local NAAQS air station located
approximately 3 miles from campus. The AM520 sam-
pling and calibration methods followed those
described in Data Collection under Phase I of
this narrative.

windows in

Data analysis

The correction factor chosen in Phase I was applied
to all PM,s concentrations measured by the
AMS520(s). To assess the effectiveness of the PAC, the
corrected day and night PM, s concentrations from
each AMS520 were categorized as “w/PAC” or “w/o
PAC” based on the presence of the PAC. The PM, s
concentrations were compiled into 1-hr averages, and
the differences of the sessions were compared using a
paired, two-sample, one-sided, Wilcoxon Signed Rank
test (Ho: 1t (wio paAC) = H (wpac)y < 0 and Hat it o
pAC) — I (wrpacy > 0) due to the paired differences
lacking normality.

To estimate infiltration, the PM, 5 mass concentra-
tions collected from the AM520 in the office without
the PAC were compiled into 1-hr averages using the
identical 42-min sampling period as the BAM 1020.
The paired, 1-hr average PM,s mass concentrations
and log-transformed concentrations were not nor-
mally distributed and were therefore compared using
the Spearman rank-order correlation test (Hy: p=0
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Table 1. Summarized statistics of PM, s mass concentrations (ig/m?) measured using a MetOne BAM 1020 and both uncorrected
and corrected PM, s mass concentrations (ug/m?) measured using a TSI SidePak AM520 after applying one of three correction
factors (CF 1-3). All PM,s concentrations were recorded during periods in which the ambient airshed was impacted by wildfire

smoke (n=157).

SidePak AM520

BAM 1020
Uncorrected Uncorrected CF-2 CF-3
Established DustTrak
Regression Equation Manufacturer Instructed CF (McNamara et al. 2011)

Mean (+SD) 22.80 (£14.21) 167.10 (+£90.66) 22.80 (£15.72) 22.80 (£12.37) 101.27 (+54.95)
Median 19.70 146.50 19.99 88.79
Range 5.40 - 76.60 14.64 - 442.19 —3.63 - 70.49 1.99 - 60.33 8.87 - 267.99
Coef. Var. 62.33 54.26 54.26 54.26

and H,: p#0). A significance level of 0.05 was used
for all tests, and all statistical analyses were performed
using Minitab Statistical Software version 18 (State
College, PA, USA).

Results
Phase I: Correction factor comparison

One-hour average PM, 5 concentrations ranging from
14.64-442.19 pg/m> and  5.40-76.60 pg/m’>  were
recorded by the AM520(s) and BAM 1020, respect-
ively. A total of 168 co-located 1-hr averaged concen-
trations were collected. Paired concentrations that
were below the BAM 1020 1-hr measurement cycle
Limit of Detection (LOD) of 4.8 ug/m’ were not
included in the analysis, resulting in an effective sam-
ple size of n=157. Using each of the three correction
factor methods, descriptive statistics of the corrected
and raw PM, 5 concentrations are presented in Table
1. Mean (£SD) PM,s concentrations of 167.10
(+£90.66) ug/m3 and 22.80 (+14.21) ug/m3 were meas-
ured using the AM520(s) and BAM 1020, respectively.
The median PM,; concentration measured by the
AM520(s) was 146.5pug/m> and 19.70 pg/m’> for the
BAM 1020. The concentrations measured using both
instruments were not normally distributed, even after
log-transformation. A moderately strong (p = .84)
and statistically significant (p =0.00) Spearman correl-
ation was observed between the uncorrected AMS520
and BAM 1020 PM, 5 concentrations. This monotonic
relationship is shown in Figure 1.

The inverse regression equation derived from the
line of best fit represented in Figure 1 was used as
CF-1 shown in Table 2. Per the manufacturer’s
instructions (TSI 2016), the ratio of an average gravi-
metric concentration over an average photometric
concentration can be used to develop a correction fac-
tor for the AM520. An averaged reference concentra-
tion from an FEM-designated instrument was used in
place of the average gravimetric concentration to
develop CF-2 in Table 2. Previous research involving

a TSI DustTrak revealed that this light scattering
instrument, which is similar to the TSI SidePak
AM520, reports wood smoke-specific PM, s concen-
trations 1.65 times higher than filter-based methods;
therefore, the third CF compared in this study was
the inverse of this ratio shown as CF-3 in Table 2
(McNamara et al. 2011).

After each correction factor was applied to the raw
AMS520 PM, 5 concentrations, the mean concentrations
were compared using a Welch’s ANOVA. There was a
statistically significant difference between at least one
of the means tested (F=173.91, p=0.00). Post-hoc
Games-Howell analysis results are provided in Table
3. A mean difference of 0.00 was found for both CF-1
and CF-2 as compared to the reference concentration,
and these differences were not statistically significant
(adj. p=1.00). The 95% confidence interval of the
mean difference was -4.62 - 4.62 and -4.10 - 4.10 for
CF-1 and CF-2, respectively. Box and whisker plots of
the BAM 1020 PM, 5 concentrations and the corrected
AM520 concentrations are shown in Figure 2 (see
additional histogram plots in Figure S1 of the online
supplemental material). These plots demonstrate simi-
larity between the data sets where CF-1 and CF-2
were applied; however, as shown in the CF-1 boxplot
in Figure 2 and under the range column of Table I,
CF-1 produced negative corrected concentrations.
Although CF-2 may skew PM, s concentrations near
the upper and lower limits as demonstrated by the
narrower interquartile range shown in Table 1, PM, 5
concentrations corrected using CF-2 proved to be stat-
istically similar to the BAM 1020PM,s concentra-
tions, did not contain any negative concentrations,
and the difference in means testing produced a nar-
rower 95% confidence interval. Additional comparison
of correction methods one and two was conducted
using a Bland-Altman analysis plot and revealed both
a narrower limit of agreement and mean difference
95% confidence interval for CF-2, which is shown in
Figure 3. Due to these factors it was determined that
CF-2, based on the manufacturer’s instructed ratio
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y=5.77x+35.59
p=0.84
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Figure 1. The y-axis represents uncorrected PM, s concentrations (ig/m?) measured using a TSI SidePak AM520 vs. PM, s concen-
trations (ug/m’) measured using a MetOne BAM 1020 which are shown on the x-axis. Each & symbol represents a paired 1-hr
average PM, s concentration recorded during periods in which the ambient airshed was impacted by wildfire smoke (n=157). The
line of best fit equation for the AM520 vs. BAM 1020 and Spearman rho are displayed in the bottom right-hand corner.

Table 2. Potential correction factors considered for wildfire-sourced PM, 5 concentration (ug/m3)
measurements recorded using a TSI SidePak AM520 where y represents the concentration to which
the correction factor is applied, and x represents the estimated true concentration.

Correction Factor Equation

CF-1: Inverse Regression Equation X = %

CF-2: Manufacturer Instructed X=y (%) X=y (1252781)
CF-3: Established DustTrak (McNamara et al. 2011) X=Yy (117)

Table 3. Results of Games-Howell simultaneous tests for dif-
ferences of mean PM,s concentrations (ig/m>) measured by
a BAM 1020 against both uncorrected and corrected mean
PM,s concentrations (ug/m?) measured by a TSI SidePak
AM520 (n=157). The correction factors applied to the TSI
SidePak AM520 include the Inverse Regression Equation (CF-
1), the Manufacturer Instructed (CF-2), and the DustTrak
Recommended (CF-3).

Difference Adjusted

of Means 95% Cl p-value
BAM vs CF-1 0.00 (-4.62, 4.62) 1.000
BAM vs CF-2 0.00 (-4.10, 4.10) 1.000
BAM vs CF-3 78.47 (65.98, 90.96) 0.000
BAM vs Uncorrected 144.30 (124.10, 164.50) 0.000

method of developing a correction factor for the TSI
SidePak AMS520, provided the best representation of
the reference PM, s concentrations collected by the
BAM 1020. A scatterplot of the corrected
AM520PM, s concentrations versus the BAM 1020
reference PM, s concentrations is provided in Figure
4. The association remained moderately strong
(p=0.84) and statistically significant (p < 0.001).

Phase lI: Office PM, s comparison

Six sampling sessions were completed during the day
and eight sampling sessions were completed during
the night during wildfire smoke events, resulting in a

1-hr averaged PM,; concentration sample size of
n=48 and n =64, respectively. Mean PM, s concen-
trations (pg/m®) were significantly reduced by the
PAC as shown in Table 4 and illustrated in Figure 5.
During the day, a mean (+SD) concentration of 11.09
(£9.70) ug/m3 was measured in the office without the
PAC, and a mean concentration of 2.95 (+2.39) ug/m3
was measured in the office with the PAC. Overall,
mean concentrations were found to be lower during
the night sessions, with a mean concentration of 6.55
(£7.10) ug/m3 without the PAC and 0.50 (+0.39) ng/
m® with the PAC. Mean concentration percent change
reductions of 73 and 92% were observed during the
day and night, respectively. A paired, two-sample, one-
sided, Wilcoxon Signed-Rank test run on the differences
demonstrated there was a statistically significant mean
difference between the “w/PAC” and “w/o PAC” pairs
during both the day (Wilcoxon Test Statistic = 1176,
P <0.001) and night (Wilcoxon Test Statistic = 2080, p =
<0.001) sessions.

To estimate infiltration, PM, 5 concentrations meas-
ured by the AM520(s) located in the office without
the PAC were compiled into 1-hr averages that
chronologically matched the 42-min sampling time-
frame of the BAM 1020. Measured PM, 5 concentra-
tions that were below the BAM 1020 LOD (4.8 ug/m3 )
were not included in the analysis, resulting in an
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Figure 2. Box and whisker plot showing PM, s concentrations (ug/m’) recorded by a MetOne BAM 1020 and corrected PM, s con-
centrations (ug/m’) recorded by a TSI SidePak AM520 after applying the Inverse Regression Equation (CF-1), the Manufacturer
Instructed (CF-2), and the Established DustTrak CF (McNamara et al. 2011) (CF-3) correction factors. All PM, 5 concentrations were
recorded during periods in which the ambient airshed was impacted by wildfire smoke (n=157). (The box represents the
25™-75" percentiles; the centerline represents the median, the diamond represents the mean, and the circles represent outliers
which are defined as concentrations that were 1.5 times the interquartile range above the third quartile.).

effective paired sample size of n=83. Descriptive sta-
tistics of the indoor and outdoor PM, 5 concentrations
are presented in Table 5. One-hour average PM,;
concentrations ranging from 4.90-64.90 ug/m> were
measured outdoors, and corrected PM, s concentra-
tions ranging from 2.25-46.19 ug/m> were measured
indoors. Mean (+SD) PM, s concentrations of 17.47
(+13.07) and 10.44 (+9.07) pg/m’ were observed out-
doors and indoors, respectively. A Spearman correl-
ation test of the TSI SidePak AM520(s) and the BAM
1020 PM, 5 concentrations demonstrated a strong, sig-
nificant association (p=0.91, p <0.001). This rela-
tionship is shown in Figure 6.

Discussion

The present study found that when wildfire smoke
impacted the ambient airshed, the TSI SidePak AM520
overestimated PM, 5 concentrations by a factor of nearly
seven while maintaining a moderately strong positive lin-
ear correlation (R> = 0.82) when compared to a co-
located U.S. EPA FEM which is consistent with other
studies (R*> = 0.98-0.86) (McNamara et al. 2011; Wang
et al. 2016; Yanosky et al. 2002; Zhu et al. 2011). To
improve accuracy and compensate for laser photometer
instruments overestimating PM, s concentrations, vari-
ous methods of developing and applying a correction
factor have been published for a similar instrument, the
TSI DustTrak. While a statistically significant difference
was found when a previously developed wood smoke-
specific correction factor of 0.61 (1/1.65) (McNamara
et al. 2011) was applied to the concentrations measured
during this study, no statistically significant difference
was observed when an inverse regression (Yanosky et al.

2002) correction method was used. It was determined
that a correction factor of 0.14, developed using the man-
ufacturer’s instructed ratio method, provided the best
representation of the reference concentrations which
suggests that correction factors are not only source spe-
cific but instrument specific as well, even when the
instruments use similar measurement technology.

Phase II of this study determined that when the
ambient airshed was impacted by wildfire smoke, a
PAC resulted in a percent change reduction in mean
indoor PM, s concentrations of 73 and 92% during
working hours and non-working hours, respectively.
The lower percent reduction observed during working
hours was expected due to the potential introduction
of new PM via the open door, the resuspension of
PM due to occupancy (Chatoutsidou et al. 2015), and
the reduced efficiency of a PAC at controlling spor-
adic peaks as opposed to background PM concentra-
tions (Cheng et al. 2016). The percent change
reductions of mean indoor PM, s concentrations due
to a PAC observed in this study are slightly higher
than those reported by previous research, which found
a mean percent reduction range of 40-76% (Allen
et al. 2011; Chen et al. 2015; Hart et al. 2011;
Kajbafzadeh et al. 2015). Two additional studies that
evaluated PAC efficacy in residences during wildfire
events reported percent reductions of 63-88%
(Henderson et al. 2005) and 65% (Barn et al. 2008),
which are more similar to those observed in the cur-
rent study; however, each of these studies utilized an
equation to determine PAC efficacy rather than
reporting mean percent change reduction. The higher
percent reductions observed in these two studies and
in the current study could be attributed to the
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Figure 3. Bland and Altman plots of the differences between PM, s concentrations measured by the BAM 1020 and the AM520 (y-
axis) vs. the mean of the two instrument measurements (x-axis). Corrected AM520 concentrations using the Inverse Regression
Method (CF-1) are shown in plot A, and corrected concentrations using the Manufacturer’s Instructed Method (CF-2) are shown in
plot B. All PM,s concentrations were recorded during periods in which the ambient airshed was impacted by wildfire smoke
(n=157). The solid line represents the mean difference, the shaded area represents the 95% confidence interval of the mean dif-
ference, and the dotted lines represent the upper and lower Limits of Agreement.

elevated PM, 5 concentrations that occur during wild-
fire events, which may introduce a higher potential
for PM, s reduction via PAC use. Regardless of why
higher percent reductions were observed in this study,
these results provide strong evidence suggesting that
the use of a relatively inexpensive PAC may be an
effective means of reducing office PM,s exposures
during a wildfire event.

The results of this study also demonstrated a
strong, significant correlation (p=0.91, p<0.001)
between PM, s concentrations measured within the
offices and PM,s concentrations measured at the
nearest NAAQS monitoring station. This relationship
is consistent with previously mentioned residential
studies which claimed that elevated ambient PM, 5

concentrations due to wildfire smoke can significantly
impact indoor air quality (Henderson et al. 2005; Kirk
et al. 2018). These results suggest that, although ambi-
ent PM, 5 measurements should not be used to predict
indoor PM, s concentrations during a wildfire event,
higher ambient PM,s concentration measurements
may be indicative of higher indoor concentrations in
an office building raising the concern that PM, 5 asso-
ciated with wildfire smoke could be an occupational
hazard under these conditions.

Limitations

It is important to note that the relationship of out-
door and indoor PM, s concentrations determined in
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Figure 4. The y-axis represents corrected PM, 5 concentrations (ug/m3) measured using a TSI SidePak AM520 vs. PM, s concentra-
tions (ig/m?) measured using a MetOne BAM 1020 which are shown on the x-axis. Each & symbol represents a paired 1-hr aver-
age PM, 5 concentration recorded during periods in which the ambient airshed was impacted by wildfire smoke (n=157). The line
of best fit equation for the AM520 vs. BAM 1020 and Spearman rho are displayed in the bottom right-hand corner.

Table 4. Summarized statistics of corrected PM, s concentrations (ug/m?®) measured using a TSI SidePak AM520 in offices with
and without a Portable Air Cleaner during working (Day) and non-working (Night) hours. All PM, s concentrations were recorded
during periods in which the ambient airshed was impacted by wildfire smoke.

Day Night
Mean % reduction —73% —92%
p-value 0.00 0.00
Wilcoxon Test Stat. 1176 2080
Sample size 48 64
PAC presence Yes No Yes No
Mean (+SD) 2,95 (%2.39) 11.09 (£9.70) 0.50"(x0.39) 6.55 (£7.10)
Median 217 6.49 0.37 333
Range 0.77-10.88 3.23-46.27 0.25-1.76 1.12-24.58

this study was assessed using simultaneously measured
PM, 5 concentrations recorded approximately 3 miles
apart. Ideally, this relationship should be assessed by
collecting simultaneously recorded PM,s measure-
ments both within and directly outside of the struc-
ture of interest, as several previously referenced
studies, which also determined structure-specific infil-
tration factors, have done (Barn et al. 2008; Chen &
Zhao 2011; Kearney et al. 2014; Macneill et al. 2014).
No components of infiltration were assessed during
this study including variables that could affect infiltra-
tion such as weather patterns and HVAC systems.

It is assumed that the PM, s aerosol measured in
this study was primarily derived from wildfires; how-
ever, it is important to note that source apportion-
ment was not performed. A source apportionment
study conducted within this region revealed that when
the airshed is impacted by wildfire smoke, 81% of the
measured ambient PM,s was derived from wood
combustion (Ward & Smith 2005). As described in
the methods, efforts were made to ensure the PM, s
being sampled was primarily associated with wildfire
smoke. For practical reasons, the correction factor was
not developed using a FEM inside of the offices which

could be considered a limitation due to a potential
difference in size distributions between the ambient
and infiltrated aerosols. A final aspect of this study
that could be considered a limitation was that only
one relatively short wildfire season affecting a single
building, in one geographic location was evaluated.

Conclusion

This study demonstrated that when an airshed is
impacted by wildfire smoke, the TSI SidePak AM520
overestimates ambient PM, 5 concentrations by a fac-
tor of nearly seven when compared to a U.S. EPA
FEM; however, the application of a source-specific
correction factor developed according to the manufac-
turer’s instructed ratio method can compensate for
this overestimation and greatly improve the level of
agreement with a reference standard. This finding
confirms the importance of applying a correction fac-
tor when using a light-scattering instrument, and that
correction factors may be both source and instrument
specific. In addition, during a wildfire season, this
study demonstrated that the use of a PAC in an office
setting can reduce PM,s concentrations by 73%



JOURNAL OF OCCUPATIONAL AND ENVIRONMENTAL HYGIENE . 17

50+

N} w N
S S S
1 ! 1

o
I

H}oom

Corrected AM520 PM 2.5 conc. (pg/m”3)

PAC

T
wlo PAC

40

20

Corrected AM520 PM 2.5 conc. (ug/m”3)

o R

|
.

I

T
PAC

T
wlo PAC
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Table 5. Summarized statistics of corrected PM,5 mass con-
centrations (ug/m?) measured in an office using a TSI SidePak
AM520 (Indoor) and ambient PM,s mass concentrations (ug/
m?) measured using a MetOne BAM 1020 (Outdoor) during
periods in which the ambient airshed was impacted by wild-
fire smoke (n = 83).

Mean (+SD)  Median Range Spearman rho p - value
Indoor  10.44 (+£9.07) 11.80 2.25-46.19 091 0.00
Outdoor 17.47 (£13.07) 6.33 4.90-64.90

during active daytime hours and by 92% during sta-
tionary nighttime hours, and that outdoor PM, s con-
centration fluctuations can directly influence indoor
PM, s concentrations. Even though this study was
conducted during a relatively short wildfire season, a
high correlation was found between PM, s mass con-
centrations reported by the local NAAQS monitoring
station and those measured within offices. This sug-
gests that simply staying indoors may not provide
adequate protection from wildfire-sourced PM,s. The
current study presents new evidence suggesting that
elevated ambient PM,s concentrations could be a

concern in the indoor work environment, and that
the use of a commercially available PAC in an office
setting may be an effective control for protecting
occupational health during the wildfire season.

While this study presents promising results using
only a single PAC in a single building environment,
further investigation into the efficacy of different
PACs, which use utilize different filtering mechanisms
and flow rates, is warranted to determine which
type(s) work best at controlling PM, s concentrations.
Further, the use of different office, building, and
HVAC system configurations is needed to determine
whether or not PACs work similarly in different office
environments. The use of personal exposure monitor-
ing for building occupants working in spaces with and
without PACs would clarify the effect that PACs can
have on occupational exposures and inform whether
occupational exposure limits are exceeded indoors
during wildfires, and if so, whether PACs can
adequately reduce exposures below these limits. The
use of very low-cost homemade PACs is another



118 @ D. A. STAUFFER ET AL.

=
S

N
=)

w
S

IS
S

%)
S

20

Corrected AM520 PM 2.5 conc. (ng/m”3)

40 50 60 70
BAM 1020 PM 2.5 conc. (ng/m”3)

Figure 6. The y-axis represents corrected PM, s concentrations (j.g/m®) measured in an office using a TSI SidePak AM520 (Indoor)
vs. ambient PM, s concentrations (ug/m>) measured using a MetOne BAM 1020 (Outdoor) which are shown on the x-axis. Each <
symbol represents a paired 1-hr average PM, 5 concentration recorded during periods in which the ambient airshed was impacted
by wildfire smoke (n=83). The line of best fit equation for the AM520 vs. BAM 1020 and Spearman rho are displayed in the bot-

tom right-hand corner.

relevant area that needs additional study. With con-
sideration to the volatile components of wildfire-
derived PM, it may also be beneficial to investigate
the efficacy of PACs in locations more immediate to
active wildfire events, including potentially the evalu-

ation of other hazardous components of wild-
fire smoke.
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