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Abstract
In the period 2013–2015, PM2.5 and PM10 outdoor and indoor concentrations were measured on 23 days in cold half-year
periods, in Kraków, Poland. Air pollution is still a serious health hazard for the inhabitants as Kraków is located in a concave
landform and smog episodes occur often in the city during the heating periods, due to poor natural ventilation and frequent air
temperature inversions. The PM10 and PM2.5 concentrations were studied for very good and very poor weather conditions
concerning air pollution. Each subgroup was further divided into cases when the apartments’windows were kept open or closed.
Daily courses of PM10 and PM2.5 concentrations were very dynamic. Weather pattern, in particular wind speed and atmospheric
stability, largely determined the concentrations of PM10 in ambient air. The share of PM2.5 in PM10 indoor concentrations reached
around 70% for both types of weather conditions. The share of indoor PM10 and PM2.5 mean concentrations in the outdoor values
was higher during good than during poor weather conditions by about 10%.
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Introduction

Particles PM2.5 and PM10 are primary factors of adverse health
effects from air pollution (e.g., Wallace 2000; Pope and
Dockery 2006; World Health Organization 2013;
Taneepanichskul et al. 2018; Paoin et al. 2020). As the urban
population increases and the cities’ inhabitants spend more
and more time indoors (e.g., Wallace 1996; Almeida-Silva
et al. 2014), the exposure to indoor air pollution (such as,
PM2.5 and PM10) becomes an important health risk (e.g.,
Blondeau et al. 2005; Ścibor et al. 2019a). Due to the lesser
degree of dilution, chemical transformation, and dispersion, as
well as higher number of occupants indoors, exposures per

unit mass of PM2.5 emitted indoors are two to three orders of
magnitude larger than exposures to emissions to the outdoor
environment (e.g., Klepeis and Nazaroff 2006; Ilacqua et al.
2007). Ratios between contaminant concentrations indoors
and outdoors were the subject of numerous studies (e.g.,
Morawska et al. 2001; Blondeau et al. 2005; Cao et al.
2005), as infiltration of outdoor pollutants is one of the
sources of indoor air pollution (e.g., Chen and Zhao 2011).
For example, Shi et al. (2017) showed that the migration of
outdoor PM2.5 is influenced by differences in building enve-
lope, ventilation, and particle size distribution. MacNeill et al.
(2014) found out that there is a significant amount of variabil-
ity in the infiltration factor and the ambient/non-ambient com-
ponents of indoor fine particles; regional factors such as cli-
mate, housing stock, air-conditioning use, and window open-
ing influence the contribution of ambient particles upon in-
door residential concentrations.

Weather conditions are considered mainly as a factor con-
tributing to ambient air quality, due to their role in the disper-
sion, transformation, and removal of atmospheric pollutants
from the atmosphere (e.g., Li et al. 2015; Deng et al. 2019). In
urban environments, severe pollution episodes result primari-
ly from unfavorable weather conditions (Seinfeld and Pandis
1998; Prtenjak et al. 2009; Toro et al. 2019). Precipitation has
a great impact on concentrations of particulate matter and it
mainly washes out coarse particles while have little effect on
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fine particles (Li et al. 2015). However, atmospheric condi-
tions are also important for indoor air pollution level. For
example, Klaić et al. (2015) investigated the relationship be-
tween wintertime 1-min mean urban indoor PM1 mass con-
centrations and outdoor atmospheric conditions and showed a
decrease in PM1 with an increase in concurrent outdoor tem-
perature, precipitation amount, and horizontal wind velocity,
while PM1 increased with outdoor relative humidity.

The aim of the paper is to show the impact of ambient
weather conditions, and wind speed in particular, on indoor
air pollution with PM10 and PM2.5 during the cold half-year
(Oct.—Mar.) in the city of Kraków, Poland. Kraków is one of
the most polluted cities in Europe concerning PM10 and PM2.5

as it belongs to 6% of all European measurement sites where
the mean annual limit value of PM10 (i.e., 40 μg m−3) and 5%
of sites where the mean annual limit value of PM2.5 (i.e.,
25 μg m−3) were exceeded in 2016 (European Environment
Agency 2018). That means that the inhabitants’ exposure to
PM from outdoor sources may also be among the highest in
Europe. In 2018, mean annual PM10 concentrations in
Kraków varied from 33 (eastern suburbs) to 57 μg m−3 (city
center) and in case of PM2.5 it was 29 μg m−3 in southern
suburbs (no average values of PM2.5 were available for other
points) (Inspectorate of Environmental Protection 2019). High
air pollution is mainly connected with a specific combination
of natural conditions (described in the “Study area” section)
which significantly decrease natural ventilation of the city and
gain a particular importance in the cold half-year, during the
heating season. Ambient air pollution inKrakówwas a subject
of numerous studies (e.g., Niedźwiedź and Olecki 1995;
Bokwa 2008; Hajto and Rozwoda 2010; Ścibor et al. 2019b)
and a strong dependence of high PM concentrations on weath-
er conditions was shown (e.g., Lewińska et al. 1982;
Niedźwiedź and Olecki 1994; Walczewski et al. 2000;
Bokwa 2011). However, little is known about the impact of
weather conditions on indoor PM concentrations in Kraków,
including the impact of the specific local environmental fea-
tures. As mentioned above, indoor concentrations depend on
outdoor conditions in many ways. What matters is the outdoor
concentration of air pollution because the higher it is, the more
pollution can migrate indoors. The migration conditions de-
pend not only on building characteristics but also on, e.g.,
wind speed, precipitation, or air temperature as those param-
eters have an impact on physical processes linked to ventila-
tion. Therefore, it is assumed in the present study that during
the heating season in Kraków, when PM is delivered to the
ambient air continuously and weather conditions are the main
reason for large changes in PM concentrations, the indoor
concentrations are also dependent on those weather condi-
tions, mainly on the wind speed. The results obtained should
support the mitigation strategies promoted by the city author-
ities and recommended to the inhabitants. Additionally, the
conclusions may also apply to the air pollution situation in

other cities located in concave land forms and with poor nat-
ural ventilation.

Study area

Kraków is located in southern Poland, on the Wisła River, at
the junction of three regions: the Carpathian Mts., Polish
Uplands, and the chains of basins located in between, running
along the Carpathian chain. Therefore, the environmental con-
ditions of the city and its vicinities are largely diversified. The
city has an area of 326.8 km2 and the number of inhabitants
reaching 765 thousand (data of Dec. 2016; Statistical
Yearbook of Kraków 2017). The city’s central part, with the
Wisła river valley, is located at an altitude of about 200 m a.s.l.
In the western part, the valley is as narrow as 1 km as it is
enclosed by hills reaching over 100 m above the valley floor.
However, in the eastern part of the city, the valley widens to
about 10 km and there is a system of river terraces. The hill-
tops bordering the city to the north and the south reach about
100 m above the river valley floor, similar to the hilltops in the
valley which means that the city is located in a concave land
form (open only to the east), and sheltered from the prevailing
western winds (Fig. 1). The local climate processes linked to
the impact of relief include, for example, katabatic flows, cold
air reservoir formation, frequent air temperature inversions,
and much lower wind speed in the valley floor than at the
hilltops. Those factors contribute largely to the abundant air
pollution (e.g., Walczewski et al. 2000).

Local emissions of PM are mainly linked to industry, traf-
fic, and domestic heating. Even though 90% of apartments in
Kraków belong to the central heating system (i.e., mainly two
large power plants operated by burning coal; Statistical
Yearbook of Kraków 2019), domestic heating (furnaces or
stoves) is a significant source of PM particularly during the
cold half-year which often contributes to smog situations.
During the time when the measurements were taken, individ-
ual heating systems used to operate on coal and wood.
However, high smog events frequency cannot be explained
with emission volume only. The abundant air pollution in
Kraków is the effect of a combination of local and distant
emissions, and local environmental conditions which generate
local climate processes like air temperature inversions or kat-
abatic flows, described above. Due to such processes, even
relatively small emissions can lead to very high concentrations
of air pollutants as the dispersion conditions are very unfavor-
able. High mean annual concentrations are generated mainly
during the cold half-year, i.e., during the heating season.
According to Hajto and Rozwoda (2010), who studied sodar
data from Kraków with hourly resolution, in the months from
October to March, the mean monthly frequency of stable at-
mosphere conditions varies from 58.1% in March to 74.0% in
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December, and during stable atmospheric conditions, PM10

concentrations increase and are the highest.

Data and methods

The measurements of outdoor and indoor PM concentrations
have been conducted in Krakow during the period between
March 2013 and September 2015, for 179 days and in 168
apartments (in 11 cases the measurement were conducted dur-
ing two consecutive days in the same apartment), within the
project mentioned in the acknowledgements. In order to apply
the data in the present study on the impact of weather condi-
tions on indoor PM concentrations, only data from the cold
half-year periods (Oct. 2013—Mar. 2014 and Oct. 2014—
Mar. 2015) were included as the PM concentrations exceed
the allowed values in Kraków mainly during that part of the
year. In the cold half-years, there were 98 days with measure-
ments available, conducted in 91 apartments. All apartments
were of comparable standard, i.e., they were located in a
multi-storey blocks of flats, linked to the municipal central
heating system (i.e., there was no local heating installation
nearby which could influence the measurements by intensive
emissions), and were equipped with gravitational ventilation
only (i.e., no mechanical ventilation devices were used in the
buildings). As cooking appliances can be an important source
of particulate matter (Isaxon et al. 2015), we have made sure
that our measuring devices were not placed in kitchens. All
apartments selected for analysis were equipped with gas
cookers only, and they were used very rarely. The publication
by Ścibor et al. (2019b) showed that this factor did not have a

statistically significant effect on the PM10 and PM2.5 indoor
concentration during the measurement campaign. None of the
inhabitants declared smoking cigarettes. Therefore, it was as-
sumed that the indoor sources of PM are comparable for all the
cases, concerning the apartments’ standards and habits of the
inhabitants. The apartments were located on various floors of
the buildings, from the ground floor to the 5th floor, and only
in one case the 10th floor. However, as shown by Gemenetzis
et al. (2006) in the study conducted in university rooms in
Greece, although a slight decrease in PM10 and PM2.5 mass
concentrations was observed with an increase in the elevation
level, it could be considered as negligibly small up to the 5th
floor. The effect of elevation (up to the 40th floor) on indoor
particulate concentrations was also studied byChao andWong
(2002), who reports no significant difference in the PM10 and
PM2.5 mass concentrations at different levels.

Measurements of PM10 and PM2.5 were realized using
SidePak AM510 personal aerosol monitors. The device uses
light scattering photometric technology to determine aerosol
mass concentrations in real-time (more details at: https://www.
tsi.com/home/). In accordance with the device manufacturer’s
recommendations, the devices were first calibrated. The
performance of SidePak monitors was compared with
gravimeter samplers, used as reference devices by the
Voivodship Inspectorate for Environmental Protection in
Krakow, in the form of 24-h co-measurements. The devices
underwent calibration every 2 weeks during the measurement
period. In order to protect the outdoor measurement devices
from weather conditions, special boxes made of styrofoam
were used. Their design was consulted with the device’s man-
ufacturer in order to prevent any measurement errors.

Fig. 1 Location of measurement
sites. Explanations:
meteorological measurement
sites: 1—Balice, 2—Botanical
Garden, 3—TV mast, 4—
Jeziorzany, 5—Libertów; PM
measurement sites: small red dots
show the location of apartments;
some dots represent a few
apartments located close to each
other
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Additionally, simultaneous trial measurements for devices
with and without the boxes were conducted and no significant
differences in the results were found.

Two devices were placed inside an apartment, from which
one registered PM10 and the other PM2.5. At the same time,
two other devices were placed outside (on a window sill or
balcony), registering PM10 and PM2.5. The measurements
were started at 00:01 a.m. and finished at 23:59 p.m. The
devices recorded the 15-min average concentrations of PM.
For each locality, a participant was asked to fill out a ques-
tionnaire concerning housing conditions. The locations of PM
measurement sites are presented in Fig. 1.

In order to verify the hypothesis that weather type has a
meaningful impact on indoor air pollution, two types of
weather conditions were defined: very good and very poor
ones for efficient air pollution dispersion. The weather condi-
tions were defined first of all with the wind speed as it largely
determines air pollution dispersion conditions. The
anemological data used come from a rural meteorological sta-
tion located west of Krakow, in the airport of Balice, operated
by the Institute of Meteorology and Water Management–
National Research Institute, and from an urban meteorological
station located in the city center, in the Botanical Garden,
operated by the Jagiellonian University, Institute of
Geography and Spatial Management (Fig. 1). Wind speed
was measured there at 6, 12, and 18 UTC. The comparison
of the values recorded at both stations shows the impact of
urban build-up on the significant decrease of that element
which largely deteriorates aerosanitary conditions inside the
city area (e.g., Yang et al. 2020). Additionally, each day with
PM measurements was characterized with a few elements.
Daily precipitation sums and time of precipitation occurrence
(data from the urban station) were included as it strongly af-
fects the ambient PM concentrations (e.g., Li et al. 2015).
Hourly cloudiness amount and type (data from the rural sta-
tion) determines the amount of solar radiation reaching the
ground during the day but it also decreases the amount of
longwave radiation lost by the ground which in turn is closely
connected with the conditions for air temperature inversion
formation (Oke 1987). Air temperature gradient in the vertical
profile of the Vistula valley in Kraków was obtained from the
continuous ground measurements performed with the tempo-
ral resolution of 5 min in two rural points: Jeziorzany (river
valley bottom) and Libertów (a hill top nearby) and from the
measurements at the TV mast (Fig. 1). In both cases, the
height difference between the measurement points is close to
100 m. The measurement points are operated by the
Jagiellonian University, Institute of Geography and Spatial
Management (Bokwa 2010). Stable atmosphere conditions,
including the air temperature inversion, is a factor significant-
ly decreasing the natural dispersion conditions as convective
air movements are blocked and air pollution is kept close to
the ground, e.g., under the inversion layer (Oke 1987). Stable

atmosphere and the occurrence of air temperature inversions
were defined as the vertical temperature gradient < 0.9 K
100 m, and it was determined using the measurements from
Jeziorzany and Libertów. Those measurements were verified
with the measurements from the TV mast, which were not
used for the calculations due to missing data for some of the
days analyzed. Synoptic situation type was defined according
to the classification of T. Niedźwiedź for southern Poland
(Niedźwiedź 2019). Additionally, the days analyzed were di-
vided into cases where in the apartments the windows were
kept open or closed during the measurements, as a number of
studies have shown higher indoor levels associated with great-
er apartment ventilation (Clayton et al. 1993; Rojas-Bracho
et al. 2000; Williams et al. 2003). The duration of window
openings was not assigned to the apartments in advance as it
was strongly dependent on personal preferences and current
weather conditions.

Very poor weather conditions for air pollution dispersion
were assigned to days with wind speed in all three measure-
ment terms no higher than 2 m s−1 at the rural station, while
very good conditions were assigned to days with wind speed
in all three measurement terms of at least 3 m s−1 in the rural
station. The measurements at the urban station are affected by
the presence of urban build-up, and the wind speed values are
always lower than in the rural station. Therefore, only the
values from the rural station were considered as representative
in the local scale. The value of 2 m s−1 was applied following
the results of Vecchi et al. (2004), who noticed a typical in-
crease by 20–35% in both PM1 and PM2.5 on days when wind
velocity was lower than 2 m s−1.

From 98 days with PM measurements, 23 days were cho-
sen which fulfilled the criteria, 11 days with very good weath-
er conditions (i.e., with high wind speed) and 12 days with
very poor conditions (i.e., low wind speed). The number of
days analyzed seems to be sufficient for drawing the conclu-
sions, as many studies on indoor air pollution are realized with
short-term measurements, e.g., Pekey et al. (2010) used mea-
surements from 30 days selected from a 2-month measure-
ment campaign, MacNeill et al. (2014) based their study on
measurements from seven consecutive days in both summer
and winter, Hu et al. (2019) conducted the measurements in
three 2-week periods, Cao et al. (2005) measured indoor and
outdoor concentrations in three localities and each of them for
3 days, and Blondeau et al. (2005) carried out the measure-
ments for two 2-week periods in each of 8 localities, one
during winter and the other during spring or summer.
Additionally, the chosen days present only extreme, border
conditions, i.e., either very good or very poor weather condi-
tions, so as to show the differences in the impact on indoor
concentrations clearly.

The PM measurements were divided into data sub-series,
following the criteria of weather conditions and window open-
ing option. The series were used to calculate the indoor/
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outdoor ratio (I/O), and the ratios of PM2.5/PM10. For each
series, mean values and the variability coefficient (in %) were
calculated. The coefficient was defined as: x = (d/m)·100,
where: d is standard deviation, and m is mean value; results
exceeding 20% were considered to show high variability.
Indoor/outdoor ratios were analyzed with regression analysis
following the pattern proposed by Hänninen et al. (2011),
separately for days with good and poor weather conditions
and for cases with windows kept opened or closed. The data
series were the subject of the analysis with t test and the dif-
ferences were considered statistically significant at p < 0.01.

Results

Figure 2 shows mean outdoor and indoor PM concentrations
for both groups of days with good and poor weather condi-
tions for air pollution dispersion. Both indoor and outdoor PM
concentrations differ a lot. On days with poor weather condi-
tions, the outdoor concentrations are three to four times larger
than during good conditions. The differences reach 23.1 and
39.7 μg m−3 for indoor values, and 58.6 and 106.7 μg m−3 for
outdoor values (in both cases: for PM2.5 and PM10, respective-
ly). The t test showed that the differences are statistically
significant.

In the case of PM10, the allowed outdoor mean daily value
of 50 μg m−3 was slightly exceeded only on 3 days during
good weather conditions, while during poor conditions the
limit was largely exceeded on all days. However, for indoor

values, the limit was not exceeded during good weather con-
ditions and during the opposite conditions there were only 4
cases with mean daily concentrations above 50 μg m−3. That
shows the dominating role of the weather pattern, in particular
wind speed and atmospheric stability, in controlling the con-
centrations of PM10 in ambient air in Kraków. In the case of
PM2.5, the daily WHO air quality limit guideline of 25 μg m−3

can be considered as an allowed threshold (Hu et al. 2019),
because in Polish legislation there is no mean daily PM2.5

concentration limit accepted. For outdoor concentrations, the
allowed mean daily value of 25 μg m−3 was exceeded only on
2 days during good weather conditions, while during poor
conditions the limit was largely exceeded on all days. For
indoor values, the threshold was not exceeded on all days with
good weather conditions and only on 4 days with poor condi-
tions. That means that air pollution with PM2.5 is a much more
severe problem in Kraków concerning indoor air quality dur-
ing poor weather conditions than PM10, while for outdoor air
pollution the situation is the same for both fractions.

Online Resources 1 and 2 show basic statistics for the data
series divided further in relation to the window opening.
Online Resource 3 presents the values of basic weather ele-
ments for all days analyzed in order, on the one hand, to show
differences in meteorological conditions in both groups of
days, but on the other hand, to present their large diversity.
Data series presented in Online Resource 2 were analyzed with
t test which revealed that window opening makes statistically
significant difference in case of mean concentrations of PM10,
in both types of weather conditions, but in the case of PM2.5,
the differences are not significant, regardless weather type.

Figure 3 shows the share of PM2.5 in PM10 concentrations
for the particular data series. The indoor and outdoor series
were analyzed with t test separately. Values for poor weather
conditions are significantly higher than for good weather con-
ditions. For indoor series, it showed no statistically significant
differences between the mean values obtained when windows
were kept open or closed, regardless the weather conditions.
For outdoor conditions, the mean values (39.7 to 63.9%) are
clearly smaller than for indoor conditions (70.4 to 83%).
Those values show again that the indoor air pollution with
PM2.5 is more severe than the outdoor one as a larger share
of PM2.5 fraction means a higher risk of lung cancer and other
lung diseases. The share of PM2.5 in PM10 found in Kraków is
similar, e.g., to the results obtained for various indoor loca-
tions in Belgium: on average 73% (Buczyńska et al. 2014).

The indoor/outdoor ratio (I/O) of air pollution is an indica-
tor of whether indoor levels are influenced by significant in-
door sources of particulates or if indoor levels are the result of
outdoor particle concentrations (Pekey et al. 2010). Cao et al.
(2005) noted that high I/O ratios can be caused by: (1) elevat-
ed indoor concentrations, (2) low outdoor concentrations, or
(3) some combination of these two factors. Figure 4 shows I/O
ratios for the particular data series.

Fig. 2 Mean outdoor and indoor concentrations of PM10 and PM2.5 (in
μg m−3) during good and poor weather conditions for air pollution
dispersion. Explanations: box—standard error of the mean, whiskers—
95% confidence interval
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Indoor concentrations were much lower than outdoor ones
in most cases. Very high I/O values for PM2.5 at good weather
conditions are due to data concerning 3 days (20, 22, and 24
Dec., 2014) when indoor PM2.5 concentrations were 2 to 4
times higher than the outdoor ones. Those were the days with
the highest wind speed from all days analyzed (Online
Resource 3) and the mean concentrations of PM2.5 were the
lowest. Therefore, relatively small differences in absolute
values turned out to generate such high percentage numbers.
Removal of the data concerning the 3 days mentioned lowers

the highest value to the level of 0.6 while the other one re-
mains 1.3. The t test showed that weather conditions and
window opening are factors with a statistically significant
impact on I/O.Mean I/O values for PM10 and PM2.5 are higher
when windows are closed during poor weather conditions.
During good weather conditions, the relation is the same for
PM10 while for PM2.5, window opening increases I/O. The
results obtained can be compared, e.g., with the work of
Morawska et al. (2001) who studied the relationship between
indoor/outdoor airborne particles in 16 residential houses lo-
cated in a suburban area of Brisbane, Australia, by measuring
the mass concentration of particles smaller than 2.5 μm, and
revealed that while temporary values of the ratio varied in a
broad range from 0.2 to 2.5 for both lower and higher venti-
lation conditions, average values of the ratios were in the
range from 1.01 to 1.08, i.e., much higher than in Kraków.
Many other studies have quantified the indoor/outdoor PM2.5

ratio and demonstrated that there is substantial between- and
within-home variability of that index, illustrating the difficulty
in utilizing the values to estimate contributions of ambient
PM2.5 to cumulative indoor intake (e.g., Blondeau et al.
2005; Cao et al. 2005; Chen and Zhao 2011; MacNeill et al.
2012, 2014).

Following the pattern proposed by Hänninen et al.
(2011), regression analysis was applied to the indoor and
outdoor concentrations of PM10 and PM2.5. In the regres-
sion model, the slope can be interpreted as the mean infil-
tration factor across the days and measurements included,
and the intercept as the corresponding mean level of indoor
generated particles. As shown in Figs. 5 and 6, there are well
visible differences between the days with good weather con-
ditions (Fig. 5) and those with poor conditions (Fig. 6).
Following the concept of Hänninen et al. (2011), the con-
stant terms approximate the mean indoor source concentra-
tions and these estimates are relatively more sensitive to
outliers than the slopes estimating infiltration factors. In
Kraków, the constant terms vary for PM2.5 from about
3 μg m−3 during good weather conditions to about 16–
18 μg m−3 during poor conditions, while for PM10 the cor-
responding values are much higher, 0.3–6 and 14–
28 μg m−3. In case of PM2.5, the values are very similar
for days with windows kept open or closed, while for
PM10 they are much higher for days with windows kept
closed. The coefficient of determination (R2) is much larger
for days with good weather conditions (40–85%) than for
those with poor conditions (14–56%), and in both groups
larger values are observed for days with windows kept open.
Those results suggest that weather conditions are a factor
with a significant impact on indoor PM concentration but
they also suggest that indoor emissions of PM deliver a large
share of the total indoor PM volume. However, the latter
conclusion should be interpreted with caution due to the
impact of outlier values shown in Figs. 5 and 6.

Fig. 4 Indoor/outdoor ratio (I/O) of PM10 and PM2.5 for particular data
series. Explanations: box—standard error of the mean, whiskers—95%
confidence interval

Fig. 3 Mean share (%) of PM2.5 in PM10 concentrations for particular
data series. Explanations: box—standard error of the mean, whiskers—
95% confidence interval
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Discussion and conclusion

The maximum mean daily PM2.5 outdoor concentrations
reached 115 μg m−3 for good weather conditions and
329 μg m−3 for poor conditions. For indoor concentrations,
the values were 71 and 118μgm−3, respectively. Those values
are much higher than those reported for other cities, which
also means a potentially higher environmental health risk.
For example, according to Buczyńska et al. (2014), in
Broechem near Antwerp (Belgium), maximum PM2.5 concen-
trations reached 101 μg m−3 outdoors and 53.5 μg m−3 in-
doors, and the values were considerably higher than any of
those measured during five other campaigns in Belgium be-
tween the years 2007 and 2010. In Birmingham, 7.9 μg m−3

was reported for residential indoor PM2.5 (Jones et al. 2000),
and 9.1 μg m−3 in Oxford, England (Lai et al. 2004). A max-
imum of 56 μg m−3 was observed for outdoor PM2.5 in

Canada (Cheng et al. 1998), and 66 μg m−3 (PM2.5
12 h day sample) in a study of air quality in offices near a
busy street in the center of Antwerp (Horemans and Van
Grieken 2010). However, much higher concentrations can be
found elsewhere, especially in Asia, for example, Ye et al.
(2003), in a yearly study in Shanghai, reported weekly aver-
ages of PM2.5 equal to 156 μg m−3.

Pekey et al. (2010) summarized various studies concerning
mean seasonal PM2.5 and PM10 mass concentrations
(μg m−3), completed in various countries. For the winter sea-
son, indoor concentrations for PM2.5 varied from 7.29
(Washington, USA) to 109.9 (Guangzhou, China), for PM10

it was from 11.93 (Washington, USA) to 103.8 (Santiago,
Chile), and for outdoor conditions the values were for PM2.5

from 10.47 (Washington, USA) to 123.7 (Guangzhou, China),
while for PM10 from 13.47 (Washington, USA) to 115.5
(Santiago, Chile). For Kraków, mean seasonal values, i.e.,

Fig. 5 Regression analyses for
indoor and outdoor PM2.5 (a) and
PM10 (b) concentrations, for
cases with windows kept open or
closed, during good weather
conditions

Fig. 6 Regression analyses for
indoor and outdoor PM2.5 (a) and
PM10 (b) concentrations, for
cases with windows kept open or
closed, during poor weather
conditions
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average values for all 98 days in the cold half-year when the
measurements were conducted, were 24.2, 36.2, 49.6, and
89.2 μg m−3, respectively, which means that air pollution with
PM2.5 and PM10 was relatively high in comparison to other
cities; indoor values were close to the allowed thresholds, but
outdoor values exceeded them largely.

The data sets analyzed represent two opposite types of
weather situations when indoor and outdoor PM2.5 and
PM10 concentrations differ significantly. The results obtained
can be compared to the outcomes of other studies. For
example, Koponen et al. (2001) and Hodas et al. (2016) stated
that outdoor-generated PM2.5 which penetrates into and per-
sists in the indoor environment is a major source of indoor
PM2.5. According to the results obtained for Kraków, indoor
PM2.5 concentrations are much higher during poor weather
conditions than during good ones (Fig. 2), and during poor
weather conditions, window opening worsens the situation
further; that is also the case during good weather conditions
(Fig. 4).

The I/O ratios reported in various studies differ a lot and
are governed by many factors. For example, Blondeau et al.
(2005) found them to be greater than 1 and to strongly
depend on particle size: I/O ratios are higher, the larger the
particles in optical diameter. In the case of Kraków, no such
relationship can be observed (Fig. 4). However, Blondeau
et al. (2005) stated that the phenomenon mainly originates
from higher deposition rates of large particles on indoor
surfaces rather than higher filtering efficiencies of the build-
ing envelopes. Still, the measurements provide no way to
discriminate between the contribution of the two
phenomena, and the question of how particle size
influences their transport through the building envelope
remains open. Cao et al. (2005) studied the I/O ratios of
24 h PM2.5 concentrations in roadside, urban, and rural en-
vironments. The values obtained had a fairly narrow range
(i.e., from 0.8 to 1.4, 1.2 to 2.0, and 1.0 to 1.8, respectively),
averaging approximately 1.0 at roadside and rural sites and
1.5 at urban sites, and higher I/O ratios at the urban sites
indicated that they were affected by indoor pollutant sources.
The results for Kraków show the I/O values were well be-
low 1 (Fig. 4) but the fact that indoor concentrations are
much lower than outdoor ones should be confronted with
much higher outdoor and indoor PM concentrations in
Kraków than in many other cities, as described above. It
can then be assumed that indoor emissions, which are
probably of comparable volume in Kraków and other
European cities, have much lower significance in the total
indoor PM concentration than in other cities, due to much
larger amounts of PM migrating inside the buildings. Cao
et al. (2005) also studied correlations between the indoor
and outdoor PM2.5 measurements as they also imply the
degree to which outdoor PM2.5 contributes to indoors. The
correlations obtained were 0.24 for roadside, 0.72 for urban,

and 0.98 for rural microenvironments. In case of Kraków,
the values for good weather conditions were much higher
(0.92 for cases with windows kept open and 0.79 for win-
dows kept closed) than for poor weather conditions (0.46
and 0.47, respectively) which is in accordance with the re-
gression analysis results presented above.

The main aim of the present paper is the analysis of the
significance of weather conditions in controlling the indoor
PM concentrations. Taking under consideration the results
presented above, it can be concluded that:

1. In Kraków, a medium-sized city in Central Europe, locat-
ed in a concave land form, in a cold half-year, on days
with poor weather conditions, the PM concentrations are
3 to 4 times higher than during good conditions.

2. Keeping the windows open or closed has no statistically
significant impact on indoor PM2.5 concentration, regard-
less the weather type but in the case of PM10, window
opening significantly increases indoor concentrations in
both the weather types.

3. The share of PM2.5 in PM10 indoor and outdoor concen-
trations is significantly higher during poor weather condi-
tions than during good ones by about 10%. Window
opening has no significant impact in both the weather
types.

4. Mean I/O values for PM10 and PM2.5 are higher when
windows are closed than when they are opened, during
poor weather conditions. During good weather condi-
tions, the relation is the same for PM10 while for PM2.5,
window opening increases I/O.

5. During good weather conditions and for apartments
where the windows were kept open, PM indoor concen-
trations show a much larger dependence on outdoor con-
centrations than during poor weather conditions in apart-
ments where the windows were kept closed.

In summary, this allows the conclusion that weather condi-
tions are a factor with a significant impact not only on outdoor
but also on indoor PM concentrations. In some cases, keeping
the windows closed is not an efficient method of protection of
the apartments from smog conditions observed outdoors, es-
pecially concerning PM2.5, which is more harmful for human
health.
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