atmosphere

A

Article

Office Indoor PM and BC Level in Lithuania: The Role of a
Long-Range Smoke Transport Event

Julija Pauraite L*(, Gediminas Mainelis 2(2, Simonas Kecorius 3, Agné Minderyté 1 Vadimas Dudoitis 1@,

Inga Garbariené !

check for

updates
Citation: Pauraite, J.; Mainelis, G.;
Kecorius, S.; Minderyte, A.; Dudoitis,
V.; Garbarieng, I.; Plauskaite, K.;
Ovadnevaite, J.; By¢enkiené, S. Office
Indoor PM and BC Level in Lithuania:
The Role of a Long-Range Smoke
Transport Event. Atmosphere 2021, 12,
1047. https://doi.org/10.3390/
atmos12081047

Academic Editors: Yun Zhu,
Jim Kelly, Jun Zhao, Jia Xing and
Yugiang Zhang

Received: 13 July 2021
Accepted: 13 August 2021
Published: 15 August 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Kristina Plauskaiteé !, Jurgita Ovadnevaite  and Steigvilé By¢enkiené

1

1 Center for Physical Sciences and Technology (FTMC), Saulétekio av. 3, LT-10257 Vilnius, Lithuania;
agne.minderyte@ftmec.lt (A.M.); vadimas.dudoitis@ftmc.1t (V.D.); inga.garbariene@ftmc.1t (1.G.);
kristina.plauskaite@ftmc.1t (K.P.); steigvile.bycenkiene@ftmec.lt (S.B.)

Department of Environmental Sciences, Rutgers, The State University of New Jersey, 14 College Farm Road,
New Brunswick, NJ 08901, USA; mainelis@envsci.rutgers.edu

Leibniz Institute for Tropospheric Research, Permoserstrafie 15, 04318 Leipzig, Germany; kecorius@tropos.de
School of Physics, Ryan Institute’s Centre for Climate & Air Pollution Studies, and Marine Renewable Energy
Ireland, National University of Ireland Galway, H91 CF50 Galway, Ireland; jurgita.ovadnevaite@nuigalway.ie
*  Correspondence: julija.pauraite@ftmc.lt

Abstract: While the impacts of climate change on wildfires and resulting air pollution levels have
been observed, little is known about how indoor air filtering systems are performing under intensive
smoke conditions. For this aim, particle number size distribution and concentration in a size range
0.5-18 pm and equivalent black carbon (eBC) mass concentration were measured in a modern office
with a mechanical ventilation system. Measurements took place from 30 September to 6 October 2020
in the Center for Physical Sciences and Technology (FTMC) campus located in the urban background
environment in Lithuania. During the measurement campaign, an intensive pollution episode,
related to long-range transport wildfire smoke, was observed. The results indicated that the smoke
event increased both indoor and outdoor eBC mass concentrations twice. Filters were non-selective
for different eBC sources (biomass burning versus traffic) or chemical composition of carbonaceous
aerosol particles (eBC versus brown carbon (BrC)). Air filtering efficiency was found to be highly
dependent on particle size. During the smoke event the highest particle number concentration was
observed at 2.1 um and 1.0 um size particles in outdoor and indoor air, respectively. Differences of
indoor to outdoor ratio between event and non-event days were not significant. Because of lower
removal rate for small particles, eBC had higher contribution to total PM, 5 mass concentration in
indoor air than in outdoor air. The results gained are crucial for decision-making bodies in order to
implement higher-quality air-filtering systems in office buildings and, as a result, minimize potential
health impacts.

Keywords: aerosol; indoor air; emission source contribution; wildfire; source apportionment;
air quality

1. Introduction

Numerous studies found that climate change has greatly enhanced the probability
of extreme wildfires [1-3]. A record of burned areas globally was recently reported [4,5].
Wildfires are a significant source of fine airborne particulate matter (PM;5) [6-9]. Recent
literature on wildfires observation and forecast has been limited to locations and intensity
of wildfires themselves and estimation of potential for future burned areas [10].

Fine particulate matter (PMj; 5) is the main pollutant emitted by fires, and it has been
linked to various respiratory and cardiovascular health effects, such as cardiopulmonary
and lung cancer mortality [11,12]. While exposures to PM; 5 are typically estimated based
on PM;5 mass concentration, Manigrasso et al. (2020) [13] showed that fine particle
number concentration is a more adequate metric than the PM mass. These findings are
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important, because to date, environmental legislation is based on mass concentration
of particulate matter, such as PMjy and PMj; 5, rather than on other particle parameters
that could be associated with human health effects (e.g., particle number, shape, and
chemical composition). Importantly, it was reported that current air-quality standards
based on PM mass concentration are not well suited for characterizing health risks due
to air pollution in wood smoke-dominated areas [14]. In addition to particle physical
properties (e.g., shape, size, number concentration), analyzing particles based on their
chemical composition is equally important for accurately determining particle health effects.
For example, equivalent black carbon (eBC) is widely known for its negative effect on
human health [15-18]. Janssen et al. (2011) [14] observed that estimated health effects
caused by each increase of 1 ug m~—3 were greater for eBC than for PM;g and PM;5. In
the urban environment, two main sources of eBC are known—emissions from fossil fuel
and biomass burning [19]. Reid et al. (2009) [20] demonstrated consistent evidence linking
exposure to eBC-rich wildfire smoke with respiratory health effects such as asthma and
chronic obstructive pulmonary disease.

As people spend most of the time at home or at the workplace (around 90% [21], indoor
air quality has a significant impact on human wellbeing. Multiple studies examined indoor
air quality and possible aerosol sources in residential buildings (e.g., [22-24]). However,
studies of office air quality remain limited [25,26]. Hassanvand et al. (2014) [27] observed
that 79-83% of indoor PM; fraction in buildings originated from an outdoor environment.
In addition, Custodio et al. (2014) [28] concluded that indoor concentrations were mainly
controlled by outdoor sources such as vehicular emissions and biomass burning. Therefore,
a proper selection of a building filtering system becomes crucial. The indoor filtration
system is even more important during wildfires as it is recommended that people stay
indoors during such events to minimize exposure to PM. However, current air cleaning
technologies and filtration systems for indoor air have not been widely tested under
intensive outdoor wildfire conditions. Thus, little is known about how indoor air filtration
systems will handle pollution levels due to increasingly recurring wildfires. This lack of
testing of filtration systems under high pollution levels associated with wildfires creates a
concern about indoor air quality during such events.

Mechanical air filtration is the most widely utilized method to reduce indoor air
pollutants [29,30]. In the European Union, filters of classes G1-G4 and M5-M6 are usually
used as pre-filters for the final filters F7-F9 in mechanical ventilation systems for residential
houses and office buildings (ISO16890, 2016). Fisk et al. (2000) [31] showed that a fine
particle filter (F7-F9) can substantially reduce submicron particle concentration (PM from
0.3 to 1 um) in a mechanically ventilated building, and that reduces indoor exposure to
outdoor particles leading to human health benefits. Happo et al. (2014) [32] concluded that
PM generated outdoors has a limited effect on indoor air quality in a modern mechanically
ventilated house at low outdoor air pollution levels. However, Zee et al. (2017) [33]
indicated that the removal efficiency of an F8 filter for PM;5 and BC was only ~30%
at a hot spot location (classroom near the highway). Portable air cleaners with HEPA
filters and other high-efficiency filtration systems have been evaluated for their ability to
remove smoke, dust, and transportation-related particles in residential buildings. A recent
study by Cox et al. (2018) [34] showed that a HEPA cleaner can significantly reduce the
indoor BC/PMj 5 fraction (from 1/3 outdoor to 1/7 indoor), indicating that BC could be
successfully captured by HEPA filtration.

This study aimed to investigate how outdoor air affects indoor air quality (IAQ),
particularly PM and eBC, in an office building. It just so happened that a long-range
wildfire event took place during our study and offered a natural experiment to investigate
how a long-range wildfire smoke event affects IAQ. Thus, outdoor and indoor office
air was simultaneously investigated through various metrics: particle size distribution,
PM; 5, PMjg, and eBC mass concentrations. Since all parameters were evaluated for indoor
and outdoor air during the event (fire) and non-event (no fire) days, it also allowed
evaluating the air filtration system’s performance during a long-range wildfire event.
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Due to increasing frequency of global wildfires, this study provides a crucial knowledge
for air quality management in office buildings.

2. Methods
2.1. Location

The eBC mass concentration, aerosol particle number concentration, and particle light
scattering coefficient measurements were performed from 30 September to 6 October 2020
in the building of the Center for Physical Sciences and Technology (FTMC) main campus
(54°72' N, 25°32' E) in Vilnius, Lithuania. The building is located 6 km to the east from the
city center and 600 m from a high-capacity urban road. All instruments were deployed on
the 2nd floor of the building (12 m above ground level). The outdoor sampling port was at
the same height.

The indoor measurement site was a laboratory space that could also be described
as a typical office with an air supply system containing three-stage filtration. The indoor
air supply was treated with G4 class pre-filters, and F7, as well as F9 filters, were in the
final stage (Manufacturer Ygla, Vilnius, Lithuania). G4 is used for the initial removal
of insects, sand, fly ash, spores, pollen, cement dust, and other air pollutant particles
larger than 10 pm. According to the DIN EN ISO 16890 standard, pre-filter G4 removes
coarse particles with a 60-70% filtration efficiency. Meanwhile, F7 and F9 filters reduce oil
fumes, agglomerated soot, tobacco, and other types of smoke particles from the air supply.
F7 filters PMj; 5 particles with 65 to 95% efficiency and PM; particles with 50-65% efficiency.
The final filter (F9) achieves at least 80% efficiency for PM;. The filtered air flow rate into
the office was 1414 m3 h~1. It is worth mentioning that during the measurement campaign,
indoor aerosol sources were kept to a minimum: indoor activity in the laboratory and
adjacent rooms was limited; there is no food service located in the building; windows and
doors were kept closed; etc. In addition, F7 filters were installed between rooms within
the building. Therefore, any changes in indoor PM presence were due to the changes in
outdoor PM and the air filtration system’s performance.

2.2. Instrumentation and Data Sources

An aethalometer (A Magee Scientific, Model AE31 Spectrum, manufactured by Aerosol
d.o.o., Ljubljana, Slovenia) and an aerodynamic particle sizer (APS; TSI model 3321) were
used to measure airborne particles indoors and outdoors using a proprietary system which
automatically switched sampling from indoor to outdoor air every 30 min. The aethalome-
ter measures light absorption at 7 different wavelengths. The channel at 880 nm was used
for equivalent black carbon (eBC) mass concentration and default fixed mass absorption
cross-section (MAC) (16.6 m? g’l) was used for the evaluation. Uncertainties evaluated
during intercomparison campaigns were applied to the aethalometer (10% [35]) and APS
measurements (10% [36]). A nephelometer (TSI model 3563) was used to measure out-
door environment only. Additional data of outdoor PMj (hourly) and PM; 5 (daily) mass
concentration for comparison was gathered from nearby (2.5 km away) monitoring station.

A detailed description of instrumentation used, evaluation of in-situ aerosol properties, data
correction description, satellite data and fire map tool are presented in supplementary material.

3. Results
3.1. Outdoor Smoke Event

During the 1-3 of October boundary layer depth and vertical mixing significantly
decreased creating suitable conditions for particle accumulation in the boundary layer
(Figure 1). Concurrently, high mass concentration of PMjj (on average 132.9 ug m~3,
measured at the nearest monitoring station) was registered. The European Union 24 h
standard for PM is 50 ug m 3 and this concentration was exceeded by up to 2.7 times
during those days (Figure 1). The reason behind the increased pollution level was air mass
transport of particles from forest fires south-east of our measurement location. The Fire

Information for Resource Management System (FIRMS) map revealed that several days
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before the air pollution event in Vilnius, a large area of forests were burning in the Luhansk
region, Ukraine, near the border with Russia. Figure 2 shows active fire locations during
the period of 30 September—3 October 2020. The gathered data agrees well with backward
trajectories indicating that air mass from the wildfire location in the Luhansk region was
transported over to Lithuania (Figure 2). Combination of obtained data from the Hybrid
Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT), Navy Aerosol Analysis
and Prediction System (NAAPS) and FIRMS suggests that elevated aerosol concentrations
in Vilnius were caused by smoke and dust particles brought from severe wildfire locations.
Thus, we hypothesized the confluence of stable atmospheric conditions in the lower
troposphere and the long-range transport of smoke and dust particles from the wildfire
area led to the accumulation of high levels of airborne pollutants.
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Figure 1. Atmospheric conditions during smoke event days.

The hypothesis above was tested by investigating aerosol optical properties (described
at supplementary material). Cappa et al. (2016) [37] introduced a classification scheme
based on sections within the AAEs3; /460 (absorption Angstrém exponent) vs. SAEs50 /550
(scattering Angstrom exponent) space. The classification of carbonaceous particles consists
of 8 different segments with different optical and size-related parameters. The names of
different segments were suggested by Cappa et al. (2016) [37], and their distribution based
on our data are shown in Figure 3. As we can see from Figure 3, before and after the
smoke event carbonaceous particles were characterized as BC dominated. On the other
hand, during the pollution event, the presence of dust and brown carbon (BrC) increased.
Therefore, the in situ measurement results are in agreement with satellites and air masses
trajectories observations.

The hypothesis above was tested by investigating aerosol optical properties (described
at supplementary material). Cappa et al. (2016) [37] introduced a classification scheme
based on sections within the AAEs3; /660 (absorption Angstrom exponent) vs. SAEys50 /550
(scattering Angstrom exponent) space. The classification of carbonaceous particles consists
of 8 different segments with different optical and size-related parameters. The names of
different segments were suggested by Cappa et al. (2016) [37], and their distribution based
on our data are shown in Figure 3. As we can see from Figure 3, before and after the
smoke event carbonaceous particles were characterized as BC dominated. On the other
hand, during the pollution event, the presence of dust and brown carbon (BrC) increased.
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Figure 2. A Fire Information for Resource Management System (FIRMS) fire maps (a), air mass backward trajectory (c) and
aerosol satellite measurements of smoke (b) and dust (d) over Europe. In each graph a pin shows location of Vilnius.

The same APS also measured PM levels indoors, as described in Methods. The aver-
age indoor PMjg mass was 1.3 pg m~3 (standard deviation (SD) = 1.6 ug m~3): 31.7 times
lower than the average outdoor PMjg level. The average indoor PM; 5 mass concentra-
tion was 1.2 ug m3(SD =14 ug m3): 9.2x lower than the average outdoor PM; 5
concentration (Figure 4b). Strong and significant correlations between PM;g and PM; 5
in indoor air and those in outdoor air were observed (v = 0.78 and r = 0.81, respectively
(p < 0.01)). During the smoke event, the highest indoor PM;y and PM; 5 concentrations
were 6.5 ug m > and 5.7 ug m 3, respectively; these levels were 3% and 9% of the respective
PM concentrations outdoors.

After applying aethalometer and wave-depended models to both indoor and outdoor
air data, eBC levels were compared (Figure 5). Outside the event days, eBC mass concen-
tration from fossil fuels origin (eBC¢) was dominating in both outdoor and indoor air (68%
and 64%, respectively). These findings are consistent with our previous study of organic
aerosol (OA) and eBC source apportionment in Vilnius outdoor air [38] which revealed
that during the non-heating season, traffic-related OA contributed to the PM; fraction by
10% and the contribution of eBCy to total eBC was dominant (up to 92%).
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In the current study because of the smoke event, eBC mass concentration in both
indoor and outdoor air increased twice. During the event days, the contribution of eBC
from biomass burning (eBCy,y,) to the total BC increased by 22% and 20% (on an absolute
scale) in outdoor and indoor air, respectively. A strong correlation between eBCyy, and eBCy
concentrations both indoors and outdoors was found (r = 0.96 and r = 0.86, respectively;
p < 0.01 for both). When contributions of eBC in indoor and outdoor air were compared,
eBCy,p, and eBCy were lower by 29.6% and 37.5%, respectively. These results demonstrate
that no significant differences between filtering eBCy,, and eBCy particles through the office
air supply treatment were observed.

In addition to eBC, coloured organic carbon known as brown carbon (BrC) was
evaluated in both indoor and outdoor air. The comparison of light absorption coefficients
related to BrC and eBC (b,ps rc and bapg epc, respectively) was in agreement with results
from the aethalometer model study. Outside the smoke event, b,,s pc was dominant in both
indoor and outdoor air (73% and 71%, respectively) while during the smoke event b,ps B
contribution to total b,y,s increased on average by 17% on an absolute scale. Due to the
office air filtration system, b,ps prc and b,ps cpc Were reduced by 30% and 34%, respectively;
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there was a strong and significant correlation between b,ps g,c and b,ps epc levels indoors
and outdoors (r = 0.97 and r = 0.92, respectively; p < 0.01). Since difference of ratio between
babs Brc and b,ps epe levels indoors and outdoors was insignificant, we can conclude that
office air supply treatment is not selective for different eBC or BrC particles either.

However, the removal of different eBC and BrC factions by the filtration system were
lower compared to the removal of total PMyg. In order to understand the reason behind
this difference, we investigated particle number and mass removal efficiency as a function
of their size, as described in the following paragraph.

3.2. Aerosol Size and Mass Distributions during Smoke and Non-Smoke Events

PND and PMD in indoor and outdoor air based on APS measurements are presented
in Figure 6. In general, both size-normalized particle number concentration (PNC) and
particle mass concentration (PMC) in indoor air were lower than in outdoor air, except for
the smallest particles. During the non-event days, outdoors two local PNC peaks were
observed: at 0.5 um (8.2 cm~3) and at 2.1 um (1.7 cm™3). Bycenkiene et al. (2014) [39]
observed that the submicron particle mode in Vilnius was related to local urban pollution
(traffic, biomass burning and other primary particles). Therefore, it is likely that the smaller
particle mode could be associated with local urban environment sources. In indoor air
during non-event days only one peak of smaller particles (around 0.5 pm, 6.7 cm~2) was
present. In addition, most of the particles (99.6%) observed in indoor air during non-event
days were smaller than 2.5 um. The correlation between hourly number concentrations
of fine particles (0.5 um < D, < 2.5 um) in indoor and outdoor air was r = 0.99 (p < 0.01)
indicating a significant influence of outdoor pollutants on the indoor air quality. The
same correlation for coarse particles (2.5 pm < D < 10 um) was slightly lower (r = 0.85,
p < 0.01) proving that a part of the bigger particles were removed by the filtering system
more efficiently.
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Figure 6. Particle number size distribution in outdoor (a) and indoor (b) air together with their averages for the event and
non-event days (c). Particle mass-weighted size distribution in outdoor (d) and indoor (e) air together with their averages

for the event and non-event days (f).
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During the smoke event days a substantial increase in the number concentration of
larger particles was observed in both indoor and outdoor air. During the event days, the
highest PNC was observed at 2.1 pm (21.9 cm~3) and 1.0 um (2.5 cm~3) in outdoor and
indoor air, respectively. In indoor air, particle size ranged up to 3.5 um while the majority
of particles (95.6%) remained smaller than 2.5 um. During the event days, a correlation
between hourly number concentrations of fine particles (0.5 um < D, < 2.5 um) in indoor
and outdoor air (r = 0.59, p < 0.01) was lower than during non-event days. A moderate
correlation (r = 0.70, p < 0.01) was observed for coarse particles (2.5 ym < D, < 10 um)
indoors and outdoors.

Thus, a substantial increase in coarse particle number concentration was observed
in both outdoor and indoor air and the increase was associated with the smoke event.
In addition, large particles were more efficiently removed from indoor air, and PNC in
indoor air was dominated by fine particles. Furthermore, these results suggests that
coarse particles originating from a long-range smoke transport event were more efficiently
removed by the filtration system.

In addition to PSD, PMD was also analyzed for entire measurement campaign. As
can be seen in Figure 6d—f, the size-normalized mass concentration in indoor air was
significantly lower than in outdoor air. During non-event days two local peaks in PMD
were observed in both indoor and outdoor air. In the case of outdoor air, the highest
mass concentration was attributed to 3.5-3.8 um size particles (14.7 pg m~2). Another,
yet substantially smaller, peak was observed at 0.6 um (0.7 g m~3). The peak at 0.6 um
0.6 pg m %) was evident in indoor air as well. This confirms a tendency observed via PNC
analysis: pollution by fine particles is not efficiently removed by the filtering system. A
second peak in PMD indoors was observed at 1.8 um (0.5 pg m~3)—a lower size and mass
concentration value compared to outdoors.

During non-event days a strong correlation between PMj 5 in indoor and outdoor air
was observed (r = 0.98, p < 0.01). Likewise, PMj( time series was compared and slightly
weaker correlation was identified (r = 0.91, p < 0.01). During the smoke event, a significant
increase in mass concentration was observed in both indoor and outdoor air, attributable
to coarse particles. In outdoor air, a PMD peak was observed at 3.5 um (218.1 ug m~3). In
indoor air, a peak of PMD remained at 1.8-2.0 um (3.7 pg m~3). Correlation between time
series of PMj 5 in indoor and outdoor air was lower (r = 0.78, p < 0.01) during smoke event
days. A similar correlation was observed for PM; time series as well (r = 0.76, p < 0.01).
Thus, an evident increase of mass concentration associated with bigger particles in indoor
and outdoor air was related to the smoke event. Both PND and PMD analysis identified
bigger particles as smoke event-related pollutants which were still present in indoor air.

We also analyzed the number and mass concentrations of fine (0.5 um < D, < 2.5 um)
and coarse (2.5 pm < D, < 10 pm) particles during the event and non-event days indoors
and outdoors (Figure 7). In outdoor air during smoke event days, PM;y and PM; 5 mass
concentrations were on average 9.3 and 6.9 times higher compared to non-event days.
The same ratios were significantly lower in indoor air (3.9 and 3.3 for PM;g and PM; 5,
respectively). Thus, the smoke event had a much weaker effect on indoor air than on
outdoor air.

Comparison of particle number concentration during the smoke event and non-event
days revealed that the highest difference caused by smoke event in indoor and outdoor
air was observed for coarse particles. In outdoor and indoor air coarse particle number
concentration increased 10.2x and 14.0x, respectively. The same ratios of event versus non-
event days for fine particles were substantially lower (2.0 and 0.9 for outdoor and indoor
air, respectively). This shows that because of long-range transport smoke particles were
mainly bigger, therefore it did not result in significant changes in smaller particle fraction.

3.3. Patterns of Outdoor Pollutant Penetration into Indoor Air

In order to better evaluate the contribution of outdoor pollution to indoor air pollution,
the indoor/outdoor (I/O) ratios were evaluated for all above analyzed parameters during
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event and non-event days (Figure 8). The I/O below 1 indicates removal of pollutants by
the filtration system, while I/O = 1 shows that all outdoor pollutants reached indoor air.
I/0 ratios for PM; 5, PM;o, PNCs of fine and coarse particles were assessed separately
for non-event and event days. The average of 1/O ratios for PM; 5 were very similar
during non-event and event days (0.10 and 0.09, respectively), while I/O ratios for PMjg
were lower (0.04 and 0.03 for non-event and event days, respectively), indicating 3 more
efficient removal of the larger particles by the filtration system. The higher efficiency
of larger particle removal was more evident in I/O for particle number concentrations
(Figure 8b). While the difference in I/O between event and non-event days was not
significant, a substantial differences in I/O for particle number concentrations of bigger
and smaller particles were observed. For fine particles, the I/O ratio of 0.01 indicated a
great removal efficiency. This I/O ratio however, increased up to 0.23-0.28 (on average for
non-event and event days, respectively).
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Figure 7. Box charts of PMyg (a), PMy 5 (b), particle number concentration of coarse particles (dN3 5.p<19) (¢) and particle
number concentration of fine particles (dNp«y 5) (d) during event and non-event days in indoor and outdoor air.

An evident difference between I/O for small and bigger particles exposes a major
flaw of the filtering system: it is designed to remove bigger particles rather than the
small ones. As a result, particles less harmful for human health are being stopped from
penetrating indoor air while the more harmful ones are just partially removed by filters. In
addition, removal rate decreases with decreasing particle size leading 1/O ratio of particles
D, = 0.5 pm on average to be 0.72.
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and outdoor air.

I/0 of eBC and BrC were compared and are depicted in Figure 8c,d. Whereas I/O
ratio did not significantly varied between event and non-event days, slight differences
appeared within eBC species and BrC. I/O ratio on average was higher for eBCyy, (0.73 and
0.71 during non-event and event days, respectively) than for eBCy (0.64 for both periods).
Meanwhile b,ps g;c showed somewhat higher I/O ratio (0.75 and 0.70 during non-event
and event days, respectively) than bap epc (0.67 for both periods). On average, all eBC and
BrC related I/O ratios were significantly higher than for PM, 5. Because 1/0O ratios of both
babs eBc and b,ps rc Were very similar, the reason for higher 1/0 could not be related to
aerosol chemical composition. Therefore, the size of eBC should be considered. Eriksson
et al. (2017) [40] showed that fresh traffic dominated BC plumes were up to 1 um size
with the peak at 0.4-0.5 pm. Another study conducted by Ning et al. (2013) [41] estimated
that eBC mass distribution from fresh diesel emissions show a mode of about 0.2 um but
due to both internal and external mixing of soot particles an increase in size occurred
quickly upon release to the atmosphere. In addition, Cheng et al. (2018) [42] observed that
fresh eBC from biomass burning plumes was characterized by particles around 0.2 um.
Therefore, the higher I/O ratio observed for eBC was likely caused by lower removal rate
of smaller particles. As a result, more eBC reached indoor air and skewed PM; 5 chemical
composition. As can be seen in Figure 9, while eBC contributed from 4% to 10% (during
event and non-event days, respectively) of the total PM, 5 mass concentration in outdoor
air, eBC fraction in indoor PM; 5 was much higher (31% and 33% during non-event and
event days, respectively). The smoke event caused an increase in eBCyy, contribution to
total PM, 5 mass concentration by 8% in indoor air. Thus, eBC from local pollution and
long-range transport smoke affects indoor air quality. Therefore, because of negative health
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effects of eBC, an improved filtration system should be considered for office buildings. In
addition, the importance of eBC to indoor air quality was not observed via PM, 5 mass
concentration measurements. This suggests that in order to ensure higher quality of indoor
air, eBC mass concentration should be monitored separately.

(a) Non-event days, outdoor (b) Event days, outdoor

eBCy, C; eBCbb
eBcfr 3% 2%

(c) Non-event days, indoor  (d) Event days, indoor
eBC,, eBC,,

11% 19%

eBCy
20% eBcff

Figure 9. Pie charts of PM; 5 chemical composition during non-event days in outdoor (a) and indoor

Other
96%

(c) air and during event days in outdoor (b) and indoor (d) air.

4. Conclusions

The present study focuses on the ratio of particle number concentration and mass
concentration in office indoor air during days with long-range transport wildfire smoke
present. The office, in which indoor air-quality experiment was conducted, was equipped
with a F7-F9 air filtering system commonly used in offices. No office equipment or human
activity was present in the office, thus the possible impact of internal sources was minimal.
During the campaign an intensive pollution episode was recorded, which was associated
with long-range transport of smoke from wildfires located in Ukraine. During this time
outdoor PM;( mass concentration increased up to 253 pg m3 (hourly average). Increase in
PMjq (by 3.9 times) and PMj 5 (by 3.3 x) levels in indoor air was observed. The smoke event
caused an increased level of biomass burning related eBCyy, and b,ps . levels (by 21% and
17%, respectively) in both indoor and outdoor air but did not have a significant influence
on 1/0 ratio of those parameters. The filtering system was non-selective for different eBC
sources (biomass burning versus traffic) or chemical composition of carbonaceous particles
(eBC versus brown carbon (BrC)). In addition, air filtering efficiency was found to be highly
dependent on particle size. During smoke event days, a significant increase in bigger
particles” number concentration was observed in both indoor and outdoor air. In the same
period, the highest PNC was observed at 2.1 pm and 1.0 um size particles in outdoor and
indoor air, respectively. While the difference of I/O between event and non-event days
for observed parameters was not significant, a substantial difference between I/O of PNC
of bigger and smaller particles was observed. Removal rate decreased with decreasing
particles size leading the 1/0 ratio of particles D, = 0.5 um on average to be 0.72. As
a result, because of small size, eBC input to total PM; 5 increased from 4-10% (outdoor
air) to 31-33% (indoor air). It is recommended that during smoke events upgrading of
mechanical filtration system is necessary. Thus, mostly bigger particles were associated
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with long-range transport smoke pollution which were efficiently removed by the air
filtering system. Because of size selectivity, different results could be expected because of
pollution from nearby wildfires. In order to improve indoor air quality, a higher standard
air filtering systems (such as HEPA filters) could be recommended for office buildings,
which would provide a higher efficiency in BC and other submicron particles removal and,
as a result, reduce related possible health impacts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/atmos12081047/s1.
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