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Abstract

Wildfire activity is increasing in parts of the world where extreme drought and warming
temperatures contribute to fireprone conditions, including the western United States. The elderly
are among the most vulnerable, and those in long-term care with preexisting conditions have
added risk for adverse health outcomes from wildfire smoke exposure. In this study, we report
continuous co-located indoor and outdoor fine particulate matter (PM5 5) measurements at four
skilled nursing facilities in the western United States. Throughout the year 2020, over 8000

h of data were collected, which amounted to approximately 300 days of indoor and outdoor
sampling at each facility. The highest indoor 24 h average PM, 5 recorded at each facility was
43.6 pg/m3, 103.2 pug/m3, 35.4 pg/m3, and 202.5 pug/m3, and these peaks occurred during the
wildfire season. The indoor-to-outdoor PM> 5 ratio and calculated infiltration efficiencies indicated
high variation in the impact of wildfire events on Indoor Air Quality between the four facilities.
Notably, infiltration efficiency ranged from 0.22 to 0.76 across the four facilities. We propose
that this variability is evidence that PM, 5 infiltration may be impacted by modifiable building
characteristics and human behavioral factors, and this should be addressed in future studies.
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11 INTRODUCTION

Elevated ambient air pollution events are linked to poor health outcomes such as stroke,
heart disease, lung cancer and chronic respiratory disease representing a major public

health challenge in the United States (US) and around the world.? Contributing sources

of air pollution include anthropogenic sources such as oil combustion, vehicular traffic and
industrial plants, and natural sources such as wildfires.2 Annual levels of ambient particulate
matter (PM) air pollution have been declining over the last several decades in many regions
of the United States; an exception to this trend is the northwestern region of the United
States, where air quality has worsened due to increased wildfire activity.3 Currently, an
estimated 20% of fine particulate annual emissions in the United States are from wildfires,*
with this number being as high as 50% for some western regions.>

Communities exposed to smoke from wildfires often experience extended periods where
concentrations of fine PM (PM2.5) are in exceedance of 35 pg/m3, the 24 h ambient air
quality standard for the United States.8 For the protection of public health, local and state
officials often advise affected populations to remain indoors during wildfire smoke events.
However, it is important to consider if these actions alone provide sufficient protection.’
Infiltration of ambient air pollution to the indoor environment is dependent on multiple
variables including building structure, engineering and occupancy, and environmental factors
such as meteorological and topographical features.® During periods of poor outdoor air
quality and without adequate protective factors in place (e.g., filtration), the Indoor Air
Quality can quickly diminish.® Monitoring indoor PM air pollution levels can provide
actionable and timely data to help inform public and occupational health measures even

in the absence of specific regulations or building standards from the US Environmental
Protection Agency (EPA) or National Institute of Occupational Safety and Health (NIOSH).

The risk for negative health impacts due to poor Indoor Air Quality is also dependent on

the characteristics of those who reside in the building. Life stage and preexisting disease are
among the most important risk factors for adverse health outcomes related to air pollution
exposures.10 Therefore, the long-term care community is of particular interest. Adults over
the age of 65 years living in skilled nursing facilities have higher rates of cardiopulmonary
morbidities such as chronic obstructive pulmonary disease (COPD) compared with older
adults in the general population leaving them at greater risk for exacerbation from inhalation
exposures.1! The vulnerability of this population was highlighted by the COVID-19
pandemic, whereby some estimate 30%-40% of the deaths in the United States were
represented by those who resided in skilled nursing or long-term care facilities.1213

Studies investigating Indoor Air Quality exposure among the older adults living in
residential homes or retirement communities are relatively limited, and few have focused
specifically on PM 5 in the skilled nursing facility environment, where residents typically
require more medical care and have more respiratory-related comorbidities.#>14-19 Further
studies focusing on vulnerable populations like the elderly are paramount for downwind
communities in the western United States that are annually impacted by wildfire smoke.
This study presented here aimed to capture real-time indoor fine PM measurements, with a
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particular focus on PM originating from a wildfire source, in skilled nursing facilities across
a broad geographic area within a western US state over a 12 months period.

21 METHODS

2.11 Facility participants

Facilities were recruited during education and outreach activities facilitated by the ldaho
Health Care Association. At two separate events, administrators and staff were given
information about the study. Personnel representing the four participating facilities worked
with Boise State University to develop an agreement that would protect the facilities’
anonymity while also allowing for the dissemination of generalizable data. The facilities
are geographically dispersed across Idaho and topographically unique, representing three
different airsheds. Two facilities are located in southwestern Idaho, one in northwestern
Idaho and one in southeastern Idaho.

2.21 Facility characteristics

The four skilled nursing facilities in the study ranged in building age from approximately
10-50 years old. All buildings in this study were single story and contained operable
windows in the resident rooms. The size and usage of the facilities varied with square
footage ranging from 15 000 to 30 000 and the number of available beds ranging from 15
to 80. All facilities used a minimum efficiency rating value (MERV) 13 filter; MERVs are
derived from a test method developed by the American Society of Heating, Refrigerating
and Air-Conditioning Engineers (ASHRAE), and a rating of 13 is given to a filter that
removes >75% of particles 0.3-1 um and >90% of particles 1.0-10 um.29 The heating,
ventilation, and air conditioning (HVAC) systems ranged in installation age from 10 to 50
years with some updates occurring in the interim (Table 1).

2.31 Air quality monitoring

At each of the participating facilities, air quality was monitored indoors and outdoors.

The PurpleAir PA-11 (PurpleAir, Inc.,) was used for outdoor monitoring and contains

two PMS5003 sensors (Plantower,), while the PurpleAir PA-I-Indoor was used for indoor
monitoring and contains one PMS5003 sensor. The PMS5003 estimates particle mass
concentrations on the principle of light scatter, and these methods are elaborated on further
by Sayahi et al.2! The PMS5003 reports both mass concentrations (including PMs 5)

and particle counts. The mass concentrations are provided in two data series, which are
designated “CF=ATM” and “CF=1,” respectively.22 Mass concentrations are calculated
from particle count data using proprietary algorithms developed by the PMS5003 sensor
manufacturer, with CF=ATM using “average particle density for outdoor particulate matter”
and CF=1 using “average particle density for indoor particulate matter.”23 Data from each
sensor were transferred via Wi-Fi in real time to a password-protected private cloud account
and were accessed by the research team. Selection of the outdoor location at each facility
was based on availability of electrical power and proximity to each skilled nursing facility.
Where possible, sensors were sited to avoid direct local exposure sources such as parking
lots or drop-off points. The indoor locations were selected to provide a central point within
the facility with access to electrical power that were away from commonly opened windows
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or exterior doors. Similar to outdoor sensors, indoor sensors were sited to avoid direct

local exposure sources such as the kitchen. Sensors were positioned 1.5-2 meters above the
ground in a position where air could freely circulate under the unit. During the study period,
outdoor sensors at two of the facilities failed and were replaced. On several occasions,

data were lost for hours up to weeks due to sensor failure, power loss, and Wi-Fi network
disconnection.

2.41 Sensor characteristics

Overall, paired sensors within each outdoor PurpleAir unit had excellent agreement, with
correlation coefficients of >0.99. We removed 15 hourly datapoints from one sensor with an
apparent malfunction in one sensor that led to paired sensor differences of >100 pg/m3. A
further 9 hourly datapoints were removed that had >5 ug/m3 difference and >2 sd percent
difference (59%) between paired sensors.

2.51 Correction factor

A number of studies have evaluated PurpleAir sensors relative to reference monitors and
found that PurpleAir overestimates PM 5 in field settings.22:24-26 \We analyzed PurpleAir
data from two units that were collocated with an EPA-certified BAM 1020 Continuous
Particulate Monitor (Met One Instruments, Inc.,) in Garden City, ldaho, during the

month of September of 2020. We compared hourly data from the BAM instrument to
PurpleAir data that were corrected using multiple methods.2425:27 The method with the best
performance used a correction factor of 0.714 (Supplement), which was based on studies
that have reported the PurpleAir CF=1 channel overestimating PM> 5 by approximately 40%
compared with reference monitors.2528 Based on this literature and our own collocation of
PurpleAir sensors with the BAM reference monitor, we corrected all of the PurpleAir data
in our analysis by multiplying mean hourly PM, 5 concentrations from the CF=1 data series
by 0.714. Further methods and results from the collocation data collection and analysis

are presented in the supplemental materials. We note that our rationale for using the same
correction factor for both indoor and outdoor PM5 5 is that we are assuming the dominant
source of indoor PM2.5 in the facilities is from ambient PM2.5 infiltration (confirmed by
results in Table 3). These facilities do not allow smoking and do not have other indoor
pollution sources such as wood stoves. Cooking is a potential source of indoor PM2.5, but
the PurpleAir monitors were placed in areas to avoid such exposures. Given that indoor
pollution sources in the facilities were limited and that there are no indoor correction factors
for PurpleAir monitors to our knowledge, it seemed more appropriate to correct both indoor
and outdoor PM2.5 concentrations in the same manner rather than to leave the indoor
concentrations uncorrected.

2.6 1 Data analysis

Analysis was conducted using R version 4.0.4 (The R Foundation for Statistical
Computing,). We evaluated agreement between the two identical sensors in each outdoor
PurpleAir unit by assessing differences, percent differences, and correlation coefficients
(Pearson and Spearman) for the hourly PM5 5 concentrations from the paired sensors within
each unit. Hourly observations (7= 9) were removed from the dataset if the CF=1 PM, g
concentrations from the paired channels were different by more than 5 pg/m? and had
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percent differences larger than two standard deviations.24 Following this evaluation of sensor
agreement, we used the mean hourly CF=1 PM, 5 concentration from paired sensors within
each outdoor unit for all subsequent analysis. We note that the decision to use hourly

data was made for two reasons: (1) the reference monitor used to generate the correction
factor produces hourly data and (2) the validated method for calculating infiltration uses
hourly data. Only days with 12+ hours of hourly sampling data were included in statistical
analysis. We calculated descriptive statistics for indoor and outdoor PM 5 concentrations
(n, mean, sd, minimum [min], median, maximum [max]) overall, by facility, for wildfire
season and non-wildfire season, and for wildfire days and non-wildfire days. Based on
smoke event notifications from the Idaho Department of Environmental Quality, wildfire
season was classified as the months of July through October 2020.2° A suspected wildfire
day, hereafter referred to as wildfire day, was classified as a day during wildfire season
with mean ambient 24 h PM;, 5 (as measured by the outdoor PurpleAir sensor at each
facility) greater than 21 pg/m3. A similar threshold to classify a wildfire day has been

used previously in multiple studies.3%:31 We also conducted sensitivity analyses using other
thresholds to classify wildfire days during wildfire season (Table S1).

We calculated infiltration efficiency (Fjnf) using a previously validated recursive modeling
approach.32-34 F; ¢ is defined as the fraction of the outdoor PM, 5 concentration that
penetrates to the indoor environment and remains suspended, and is presented as a unitless
number between 0 and 1.32 For the calculation, we used paired hourly indoor and outdoor
PM,, 5 concentrations from the PurpleAir sensors in a model, which states that indoor PM> 5
is equal to a fraction of outdoor PM,, 5 from the current hour, a fraction of indoor PM 5
from the previous hour, and indoor PM> 5 from the current hour. Data were censored to
exclude periods with indoor sources of PM, 5 (i.e., periods with a rise in indoor PM; g
without a subsequent rise in outdoor PM 5).32:33 Censored data were then used in a linear
model with indoor PM 5 as the outcome variable, outdoor PM> 5 and the previous hour's
indoor PM5, 5 as predictor variables, and intercept set to 0:

indoory = al(outdoory) + a2(indoor¢.1) + 0.

Model coefficients were then used to calculate Fins:

Fipf = al / (1-a2).

Using the random component superposition (RCS) model developed by Ott et al.,3> we
calculated the concentration of indoor particles generated outdoors. As Diapouli et al.
suggest3® the RCS model can be used to estimate indoor concentrations as the sum of
outdoor- and indoor-generated particle concentrations:

Cin = Cog + Cig = Finf X Cout + Cig -

where Cjy, is the concentration of indoor particles, Cqg is the concentration of indoor
particles generated outdoors, Cjg is the concentration of indoor particles generated indoors,
and Coy is the concentration of outdoor particles. From this, we can estimate Coq by
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simply multiplying Fins by Cqyt. Allen et al. used similar methods to estimate indoor PM5 5
generated from outdoor sources and percent indoor PM, 5 generated from outdoor sources.32
We multiplied 24-hour outdoor PM,, 5 concentrations by the estimated Fin+ to estimate indoor
PM5, 5 generated outdoors. We divided this infiltrated concentration by the total 24-hour
indoor concentration to estimate percent indoor PM> 5 generated from outdoor sources.

If the infiltrated concentration was greater than the measured indoor concentration, the
infiltrated concentration was set to equal the measured indoor concentration.32

31 RESULTS

3.11 Time series of PMy 5 at four skilled nursing facilities

Air samplers were deployed in December 2019, and data for this study were captured from
January 1, 2020, through December 1, 2020, yielding approximately 8000 hourly data points
(Figure 1). Summary statistics for 24-hour mean PM, 5 are shown in Table 2. Facilities 1-4
had 331, 329, 313, and 276 days of outdoor PM,, 5 data and 322, 332, 336, and 336 days of
indoor PM>, 5 data, respectively. Across all four facilities, the daily outdoor mean PM 5 for
the study period was 8.6 pg/m?3 (sd=18.7, median=3.8) and the daily indoor mean PM, 5 was
3.3 pg/m3 (sd=11.3, median=0.7). By contrast, the daily outdoor and indoor mean PM s for
all four facilities on wildfire days (defined here as a July to October day with a daily PM; g
average over 21 pg/m3) was 56.1 ug/m3 (sd=46.5, median=40.3) and 31.1 pg/m?3 (sd=32.3,
median=21.3), respectively. The highest indoor 24-hour mean PM 5 recorded for Facilities
1-4 was 43.6 pg/m3, 103.2 pg/m3, 35.4 ug/m?3 and 202.5 ug/m3, respectively. All of the
highest outdoor and indoor 24-hour mean PM, 5 recorded for each facility occurred during
the wildfire season.

3.21 Influence of outdoor air quality on the indoor environment

To understand how ambient events such as episodes of wildfire smoke impact the indoor
environment at skilled nursing facilities, we performed four types of analyses: outdoor

to indoor difference in PM5 5, indoor-to-outdoor PMs, 5 ratio, infiltration efficiency, and
percent indoor PM>, 5 generated outdoors (Table 3). The mean outdoor to indoor difference
in 24-hour PM,, 5 during the entire sampling period ranged across the four facilities from
6.5 pg/m?3 (Facility 1) to 2.3 pg/m3 (Facility 2). As expected, facilities with lowest indoor-to-
outdoor ratios had lower Finf values. Facility 3 had the highest indoor-to-outdoor ratio at
0.2 and the lowest infiltration efficiency at 0.22, while Facility 2 had the highest indoor-to-
outdoor ratio at 0.7 and the highest infiltration efficiency at 0.76. The proportion of indoor
PM, 5 generated outdoors was 97.4% or higher across the study. Across the four facilities,
infiltration efficiency was higher during the wildfire season compared with non-wildfire
season. The indoor daily mean PM 5 did not go over the 24-hour US National Ambient Air
Quality Standard (NAAQS) during the non-wildfire season, but exceedances were observed
28 times (5.7% of wildfire season sampling days) across the four facilities during the fire
season (Table 4). Indoor daily averages for every facility went over the ambient NAAQS
for PM,, 5 at least once; over half of the 28 occurrences took place at Facility 2 (n= 15).
Similarly, the indoor daily mean PM, 5 did not go over the 24 h World Health Organization
(WHO) standard during the non-wildfire season but exceedances were observed 60 times
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(12.2% of wildfire season sampling days) across the four facilities during the fire season
(Table 4).

In Table S1, we report descriptive statistics for wildfire days and outdoor PM; g
concentrations using varying thresholds of PM, 5 to define a wildfire day. In general,

the number of wildfire days decreased and PM5 5 concentrations increased as the PM; g
threshold for wildfire days increased. The “non-wildfire day” and “non-wildfire day during
wildfire season” means are 4.3 ug/m3 and 3.8 pg/m3, respectively, at a threshold of 10 pg/m3
compared with 5.4 pg/m3 and 7.1 pg/m3, respectively, for a threshold of 30 pg/m3. These
results are discussed further below and highlight the need for an objective, validated method
to define a wildfire affected day.

41 DISCUSSION

This study is one of longest continuous air quality monitoring studies among older adults
and one of the first focused on wildfire smoke infiltration within a skilled nursing facility
environment. Overall, PM, 5 concentrations were higher during wildfire season than during
non-wildfire season, and outside the skilled nursing facilities than inside the facilities.
However, our results indicate that wildfire smoke impacted the indoor environment at the
four skilled nursing facilities to varying degrees. Our findings suggesting that Indoor Air
Quality at skilled nursing facilities is a complex yet modifiable risk factors warrant further
study due to the vulnerable populations that live in such facilities.

Our comparison of outdoor vs indoor PM5, 5 revealed that there was a higher mean difference
between outdoor and indoor PM>, 5 during wildfire season than during non-wildfire season.
However, infiltration efficiency was nearly three times higher during wildfire season than
during non-wildfire season across all facilities (Table 3), indicating that Indoor Air Quality
is negatively impacted by wildfire activity. The influence of Indoor Air Quality by ambient
events was further demonstrated by the high percent of indoor PM 5 that was generated
outdoors, which was nearly 100% for all four facilities. Outdoor vs indoor PM> 5 and
infiltration efficiency were also highly variable across the four skilled nursing facilities.

The source of variability in infiltration could be due to external factors, built environment
factors, or behavioral factors. There are seasonal trends in particulate infiltration with more
outdoor particulate reaching the indoor space in the summer rather than winter; these trends
also yield more ultrafine and nanoparticle infiltration in the summer than in the winter.3’
Here, we only captured a modest amount of data related to building characteristics. A more
thorough examination of built environment factors such as air exchange rates could be
helpful in future studies. Finally, human behaviors such as opening and closing windows
should be examined. Anecdotally, we were told by facility administrators that residents are
asked to keep windows closed when it is exceptionally hot or cold, or when there is a
wildfire smoke event, but the residents do have autonomy. Thus, door and window usage
could be more closely monitored to gain a better understanding of the impact on smoke PM
infiltration.
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All facilities reported using MERV 13 filters with their HVAC system, which follows

the current guidance from the EPA and the ASHRAE for protecting commercial building
occupants from smoke during wildfire events.38 Building ages ranged from approximately
10-50 years, and square footage ranged from approximately 15 000-30 000. With only

four facilities in this pilot, it is not feasible to perform a formal analysis of these factors as
predictors of infiltration. However, when we look at the relationship between facility age and
PM infiltration efficiency (data not shown) we see a modest negative trend suggesting that,
within our study, older buildings have better air quality, particularly during wildfire smoke
events. Considering the relationship between building size and PM infiltration efficiency
(data not shown), we do not see any trend. These relationships should be regarded cautiously
until larger-scaled studies can be performed with more robust building characteristics that
are measured during the course of the study by trained industrial hygienists and engineers.

Others have evaluated characteristics that influence the safety of being indoors during a
biomass burning event. Reisen et al. measured indoor and outdoor air quality for 1 week

at 21 residences and found that age and ventilation due to penetration points played a
significant role in the infiltration of ambient PM.” Another study used publicly available
data from the PurpleAir sensor network to measure PM 5 infiltration among 1400 buildings
in California.3® In contrast with our results, the authors found that particle infiltration

to the indoor environment decreased during wildfire events compared with days not
impacted by wildfires. However, even with reduced particle infiltration, mean indoor PM5 5
concentrations were still nearly three times higher on wildfire days than on non-wildfire
days. In contrast to skilled nursing facility residents, we speculate that residential inhabitants
may choose to open and close their doors and windows less, and may seek additional
methods of mitigating poor air quality. Not directly related to wildfire smoke, another group
investigated indoor sources of PM such as cooking and cleaning among single family homes
in Boston, Massachusetts, and found that air exchange rates influenced the indoor PM
concentrations, with higher exchange rates tracking more closely with ambient PM.40

The results of the study presented here are consistent with other groups that have
investigated air quality relationships between outdoor and indoor environments where
older adults reside. Residential studies in homes of older adults over a 6 months period
demonstrate a high correlation between ambient and indoor particulate exposure measured
by gravimetric techniques.*19 Similar results were also seen in a 12 days study conducted
in a retirement community, where Buczynska et al. found no significant indoor sources of
air pollution but did see a positive relationship between outdoor and Indoor Air Quality.®
Another group recently published an investigation of a single healthcare building during a
two-month period of the 2020 wildfire season where they deployed two outdoor and seven
indoor PMj, 5 sensors.#! Their results indicate that PMj s infiltrates the indoor space to a
greater degree during a smoke event and is variable by location within the building.

Although we do not directly assess the impact of air quality on health in this study, this

is a clear priority for future studies. A growing number of studies among the general
populations have evaluated how wildfire smoke events impact health. Bell et al. observed
an association between “smoke-wave days” and increased respiratory admissions, 10% for
women (4% for men) and 22% for black people (7% for white).#? Yao et al. investigated the
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emergency health services of British Columbian, Canada, and found that increased PM; g
was associated with respiratory and cardiovascular-related ambulatory dispatches one hour
following exposure during the wildfire seasons of 2010-2015.43

To date, the data specifically relating indoor particulate exposure and health in older adults
are limited, but consistent. A series of Italian studies evaluated over 400 individual elder
residences and showed that indoor particulate levels were negatively associated with lung
function and positively associated with respiratory illness.1® Similarly, Osman et al. showed
that pollutants in the indoor environment such as PM> 5 within individual residents’ homes
are associated with worse health outcomes among 148 Scottish COPD patients with a mean
age of 69 years.1” Perhaps one of the only studies that has considered fine particulate
exposure in a skilled nursing facility setting was conducted by Bentayeb et al. as part of the
GERIE study in Europe.18 This group measured Indoor Air Quality (PM3g and PMg 1) at 8
facilities and associated the levels with metrics of respiratory distress evaluated by survey
and medical examination. Bentayeb et al.’s overall conclusion was that even at low levels
of exposure, respiratory health among the elderly in a skilled nursing facility setting was
negatively impacted. The authors did not evaluate the indoor versus outdoor sources of the
indoor air pollution (personal communication). Notably, these few studies of Indoor Air
Quality and elder health were not focused on wildfires as the source of particulate.

In this study, we leveraged low-cost PM sensors and demonstrated their utility in estimating
the infiltration of outdoor pollutants in the skilled nursing facility environment. The use of
low-cost sensors for assessing exposure in specific settings is gaining traction in the field
despite the lower quantitative precision compared with reference monitors. In particular,
particle concentrations measured by light-scattering aerosol sensors such as those found

in the PurpleAir sensors can vary based on particle density and chemical composition, as
well as meteorological conditions during sampling such as relative humidity.24 While we
did collocate two PurpleAir sensors with an EPA reference monitor for one month during
the study to inform the correction factor used in our analysis, we also acknowledge that
using the same correction factor across the full 12 months study period is a limitation in our
work. We were also unable to incorporate relative humidity into the correction factor due to
malfunctions in the humidity sensors that are built into the PurpleAir units. Future studies
should consider collocating low-cost sensors with reference monitors more frequently to
incorporate correction factors that can account for seasonal trends and different particle
sources, as well as help to identify units that experience calibration drift. Despite these
limitations, the portability of low-cost sensors makes them important tools in field research
where stationary and high-cost reference monitors are not feasible to use. In addition to
higher spatial resolution in field research, our study and others** demonstrate the utility of
low-cost sensors in sampling site-specific air quality levels. With paired indoor/outdoor air
pollution concentrations, we can calculate informative metrics such as infiltration efficiency
and assess associations between air pollution and health with greater precision.

Specific to wildfire smoke-related low-cost sensor data, one major challenge for the field
currently is how to identify a wildfire smoke event. There is currently no standard method
for determining a “wildfire day,” and in this study, we used a daily mean PM 5 cut

point of 21 pg/m? to classify a wildfire day. We chose this value to be consistent with
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previous studies that have used similar thresholds to classify wildfire days, although these
studies used different methods to justify their decision. Doubleday et al. chose a threshold
of 20.4 pg/m? to classify a wildfire day using health-based guidelines and background
particulate matter concentrations in the US state of Washington where the study took
place.30 Zhou et al. used 21 pg/m3 as a threshold for a wildfire day based on PM; 5
concentrations that correspond to heavy smoke according to the National Oceanic and
Atmospheric Administration's Hazard Mapping System.3! Others have used the US EPA’s
24-hour ambient PM,, 5 standard (35 pg/m?3) to classify a wildfire day,3° or data-driven
approaches (98t percentile of daily PM, 5 concentration across western US counties) to
classify a wildfire smoke wave.*® Future work would benefit from a standardized method
of classifying wildfire-impacted days that can incorporate area-specific information such
as background (historical) PM, 5 concentrations that help account for the widely varying
geographic and land-use characteristics of wildfire-impacted areas. Such a method will help
future research inform the health impacts of wildfire-specific air pollution.

Considering the specificity of our decision to classify a wildfire day as a daily average

of PM 5 over 21 pg/m3 when that day occurs during the specified wildfire season, we

do note that this is based on the assumption that wildfire smoke is the dominant source

of PM during this period. This assumption is supported for the US state of Idaho by
McClure et al., who looked at data from 1988 to 2016 and demonstrated that particulate
pollution in the Northwest US primarily comes from wildfires and not from urban sources.3
Thus, we have relatively high confidence in this study classifying a wildfire day as we
have. Our selected threshold of 21 pg/m3 was consistent with some prior studies.3031

We also note that a threshold as low as 10 pug/m3 still showed distinct wildfire day
elevations in PM2.5 concentrations (mean 36.9 ug/m3), while non-wildfire days during
wildfire season were indistinguishable from non-wildfire season days (mean 4.3 pg/m3
and 3.8 pg/m3, respectively; Table S1). However, we recognize that additional work is
necessary to identify region-specific thresholds against an as-yet-unspecified gold standard
for designating wildfire days.

We note some limitations in generalizing our findings to other communities. First, the
monitoring activity occurred at only four facilities in three Idaho airsheds. It is unlikely
that we adequately captured the range of potential variables that could directly or

indirectly impact infiltration of ambient air into facilities, including local meteorological and
topographical features, as well as building characteristics. Nevertheless, the four monitored
facilities are varied in terms of square footage, age of building, and HVAC system. Second,
we did not capture day-to-day building usage characteristics and behaviors such as opening
windows or human traffic flow through external doors. Given the current public health
guidance to stay indoors and seal buildings during wildfire smoke events, we anticipate
that these behaviors would be fairly static during such events. However, building-related
behaviors could vary considerably by season, and this is a subject that requires further
attention. Finally, we used PurpleAir sensors rather than federal reference monitors to
measure indoor and outdoor PM air concentrations. As these devices were paired for
analysis, we expect that the use of these lower-cost sensors did not adversely impact our
determination of 1/O and infiltration fraction for each facility.
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51 CONCLUSION

It is well known that ambient air quality impacts from nearby or distant wildfire events

can have adverse health impacts on communities. Public health and environmental agencies
currently have limited evidence-based recommendations to protect indoor air environments
during wildfire events. One proposed strategy includes creating clean air spaces where
populations can seek indoor refuge in protected spaces. We show here that such events can
impact the indoor environments of skilled nursing facilities that house medically vulnerable
populations. Identifying strategies for creating clean air spaces within skilled nursing and
similar facilities should be a priority for communities regularly impacted by wildfire smoke
events.
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Practical Implications

Our study provides evidence warranting future investigation into modifiable factors at
skilled nursing facilities that could be addressed to positively influence Indoor Air
Quality during wildfire smoke events with the ultimate goal of enhancing the health
of residents and staff.
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Red = Indoor PM2.5; Blue = Outdoor PM2.5
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FIGURE 1.
Indoor and Outdoor PM5, 5, 2020. Time-series graphs represent fine particulate data collected

for four skilled nursing facilities in Idaho, USA, from January 1, 2020, through December
1, 2020, where red bars represent data from the indoor sensor, and blue bars represent

the outdoor sensor. PMs, s, fine particulate matter; NAAQS, United States Environmental
Protection Agency National Ambient Air Quality Standard (35 pg/m3 of PM, 5 fora 24 h
period)
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