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Abstract. The aim of the study was to evaluate variation in PM10 concentrations in the city of
Sosnowiec, Poland in relation to the type of atmospheric circulation. Data on the average daily
concentration of PM10 during the heating season in the years 2013-2015 were obtained from the
Sosnowiec monitoring station on Lubelska Street, belonging to the Air Quality Monitoring System run by
the Voivodeship Inspectorate for Environmental Protection in Katowice. PM10 concentrations were
found to be higher in anticyclonic conditions, on average 55 pg/m°, as compared to 45 pg/m? in cyclonic
conditions. The highest risk of exceeding the permissible PM10 concentration is observed in Ka, Sa, SWa
and Ca conditions. The results of this study may be used to predict high PM10 concentrations and
exceedances of permissible levels based on synoptic forecasts.
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Introduction

Air pollution is one of the most important environmental issues. Poland has
exceptionally poor air quality, which is largely due to excessive PM10 particulate
matter concentrations. According to the European Environment Agency, Poland ranks
second in Europe in terms of the daily concentration of PM10 in the air (European
Environment Agency, 2016). Analysis of spatial variations in pollutant concentrations
within Poland indicates that they are higher in the southern part of the country,
especially in the Silesia and in Matopolska regions. Particularly high air pollution
occurs in the Upper Silesian Agglomeration, which is linked to the industrial character
of this area, dating back many years, as well as its high population density (WIOS
Katowice, 2016). Air pollution negatively affects human health. Particulates in the air
can increase the incidence of respiratory and cardiovascular diseases and the risk of
cancer, and affects life expectancy. Periods with high concentrations of pollutants,
known as smog, are particularly dangerous. The level of pollutants in the air is affected
not only by current emissions associated with the municipal and housing sector,
transport, and industry, but also by local and regional meteorological conditions, such as
air temperature, precipitation, wind velocity, and the type of atmospheric circulation
(Majewski, 2005; Czarnecka and Kalbarczyk, 2008; Lesniok and Caputa, 2009, Le$niok
et al. 2010). The focus of the present work was the concentration of PM10 particulate
matter in the city of Sosnowiec, located within the Zaglebie Dabrowskie (coal basin),
which is part of the Silesian VVoivodship (region). In terms of the number of inhabitants,
Sosnowiec is the third largest city in Silesia and fifteenth largest in the whole country.
The aim of the present study was to assess the variability of PM10 concentrations in the
area of Sosnowiec, depending on the type of atmospheric circulation.
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Materials and methods

The basis for the study consisted in the data on average daily concentrations of PM10
particulate matter in the months of the heating seasons, within the period of 2013-2015.
Exceedances of the permissible concentrations of PM10 in the air (Official Journal of
Laws 2012 item 1031) are closely linked to the combustion of fossil fuels of poor
quality in home furnaces and fireplaces (WIOS Katowice 2014). Air pollution is
characterized by seasonality (Majewski, 2007; Czarnecka and Nidzgorska-Lencewicz,
2010). The concentrations analysed were recorded at the monitoring station in
Sosnowiec on Lubelska street (Fig. 1), belonging to the Air Quality Monitoring System
run by the Regional Inspectorate for Environmental Protection in Katowice.

Air Monitoring Station
[ ]

Sosnowiec "

Figure 1. Location of the air quality monitoring station

The calendar of circulation types developed by Niedzwiedz (Niedzwiedz, 1981) was
used to analyse the concentrations of PM10 particulate matter depending on the type of
atmospheric circulation. For each of the 21 types of atmospheric circulation, the
incidence and the mean, maximum and minimum concentrations of PM10 were
recorded during the heating season months, i.e. January, February, March, April,
October, November and December in the period of 2013-2015, for a total number of
636 days. The overall incidence of each atmospheric circulation type and their
frequency of occurrence on days with excessive PM10 levels have been presented.

Research results

Using the data from the measurement station belonging to the Regional Inspectorate
for Environmental Protection in Katowice, the average daily concentration of PM10
particulate matter was computed and assigned to each day of the heating season. The
arithmetic mean of the PM10 concentration reached 50.9 pg/m?, the standard deviation
was 29.6 pg/m°, and the variation coefficient was 58.0%, which means that the PM10
concentration varied considerably during the study period. The analysis showed that the
permissible levels were exceeded 252 times, which represents 40.0% of the total period
under consideration (Fig. 2).
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B Days without exceedances B Days with exceedances

Figure 2. Percentage share of days with exceedances of permissible concentrations of PM10, as
well as days without exceedances throughout the study period

It should be noted that, as required by law, the permissible annual number of days with
exceeded permissible levels of airborne particulate matter is 35 (Official Journal of Laws
2012 item 1031), while in Sosnowiec only during the heating seasons in the years 2013,
2014, and 2015, the number of days exceeding the air quality standards was 106, 77 and
66, respectively, and thus far in excess of the permissible value of pollution (Fig. 3).

Number of days

50 -

2013 2014 2015

W Days with exceeded norm M Days without norm exceedances

Figure 3. Number of days on which the permissible air quality norms were exceeded during the
heating seasons between 2013-2015 in Sosnowiec

The concentration of airborne particulate matter in the city varies according to the
type of atmospheric circulation (Knozova, 2012). The characteristics of the latter are
often determined on the basis of the calendar of circulation types developed by
NiedZzwiedz, which distinguishes ten cyclonic situations, ten anticyclonic situations and
one unidentified situation (Niedzwiedz, 1981).

In general, it can be concluded that higher concentrations are associated with
anticyclonic situations (Lesniok et al., 2010, Bokwa, 2012). For the city of Sosnowiec,
the mean concentration of PM10 particulate matter during anticyclonic conditions was
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55 ug/m°, whereas the mean concentration of this pollutant in the case of cyclonic
conditions was 45 pg/m® within the heating seasons of 2013-2015 (Table 1).

Table 1. Mean, minimum and maximum concentrations of PM10 particulate matter in
Sosnowiec depending on the type of circulation in the heating seasons of 2013-2015 (ug/m°)

No.| Type of situation | Mean concentration | Minimum concentration col\rf(?e)::{?;tri%n
1 Na 33 16 76
2 NEa 48 19 85
3 Ea 56 24 225
4 SEa 49 20 117
5 Sa 69 39 148
6 SWa 66 25 174
7 Wa 49 16 126
8 NWa 48 16 152
9 Ca 63 17 123
10 Ka 71 26 235
11 Nc 32 10 73
12 NEc 63 16 177
13 Ec 43 17 81
14 SEc 44 14 95
15 Sc 53 23 88
16 SWc 52 14 127
17 We 35 12 136
18 NWc 24 10 60
19 Cc 56 56 56
20 Bc 49 10 134
21 X 57 28 93
¥ 55 22 146
% 45 18 102
Ey 57 28 93

Explanations: N - north air advection; NE - north-east air advection; E- east air advection; SE - south-
east air advection; S — south air advection; SW - south-west air advection; W — west air advection; NW
— north-west air advection; Cc - central cyclonic conditions; Ca - central anticyclonic conditions; Ka —
anticyclonic wedge; Bc — cyclonic trough; X - unidentified situation; A - anticyclonic conditions; C -
cyclonic conditions

The highest concentrations of PM10 particulate matter in Sosnowiec during the
heating season in the years 2013-2015 occurred during an anticyclonic wedge, on
average amounting to 71 pg/m®. The minimum concentration for this type of
anticyclonic situation was 26 pug/m°. The maximum concentration at the anticyclonic
wedge was 235 pug/m°, which is a significant exceedance of 200 ug/m3. Above this
level, there is a considerable risk to human health among particularly vulnerable groups
of the population resulting from even a short-term exposure to pollution (Official
Journal of Laws 2012 item 1031). In the case of anticyclonic advection from the south
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mean concentration was not much lower, at 69 pg/m®. In this case, the minimum
concentration was 39 pg/m®, while the maximum was 148 pg/m°. A high mean
concentration also occurred in the anticyclonic south-west air advection, amounting to
66 pg/m°. The minimum concentration for this type of situation was 25 pg/m®. The
maximum concentration was higher than that of the anticyclonic advection from the
south, as it amounted to 174 pg/m®. The occurrence of central anticyclonic conditions
was associated with an average concentration of 63 pg/m?, which is also significantly
over the permissible limit. The minimum concentration was 17 pg/m® while the
maximum reached 123 pg/m®. In this case, the minimum concentration was lower than
the permissible PM10 level in the air. Although the mean concentration for the
anticyclonic advection of air from the east was 56 pug/m°, which was significantly lower
than the highest of the mean concentrations (71 pg/m®), the maximum concentration
was as high as 225 pg/m® reaching the highest level of all the situations. Anticyclonic
conditions, such as north-east air advection, south-east air advection, west advection
and north-west advection, shared very similar mean concentrations of 48-49 pg/m°, not
exceeding the permissible level of PM10 concentrations. The maximum concentrations
were in the range of 85-152 pg/m>. The lowest mean concentration of PM10 was noted
during the anticyclonic advection of air from the north, at a level of 33 pg/m®. In this
case the minimum concentration was 16 ;,Lg/m3, while the maximum was 76 pg/m3.

In the case of cyclonic conditions, the highest mean concentration of PM10
particulate matter in Sosnowiec during the heating seasons in the years 2013-2015
occurred during cyclonic advection from the north-east and amounted to 63 pg/m®. The
minimum concentration was 16 pg/m®, i.e. not exceeding the permissible level, while
the maximum concentration was 177 pug/m°. It should be noted that central cyclonic
conditions occurred only once during the entire study period, so the relatively high
concentration of 56 ug/m?® for this type of circulation cannot be taken into account in the
analysis. The high value could have been accidental, which cannot be determined
without more data. Other than the central cyclonic situation, advection from the south
was associated with the second highest mean PM10 concentration of 53 pg/m®. The
minimum concentration reached 23 pg/m® and therefore it did not exceed the
permissible level. The maximum concentration was 88 pg/m®. A slightly lower mean
concentration of 52 pg/m*® was associated with cyclonic south-west air advection. The
minimum concentration did not exceed the permissible level and was 14 pug/m®, while
the maximum concentration was 127 pg/m°. A mean concentration just below the
permissible level of 49 pg/m® can be attributed to the cyclonic trough. It should be noted
that the lowest of all the minimum concentrations of 10 ug/m® was noted for this type of
situation, reaching the same level only with the cyclonic north-west air advection. The
maximum concentration was 134 pg/m®. Similar concentrations in the range of 43-44
ng/m® were associated with cyclonic advection of air from the east and south-east. The
minimum concentrations were in the range of 14-17 pg/m® while the maximum
concentrations were 81-95 pg/m®. The mean concentrations during cyclonic advection
from the north and cyclonic advection from the west ranged from 32 to 35 pg/m®
Minimum concentrations were 10-12 pg/m®, while maximum concentrations showed a
greater variation, with values ranging between 73-136 ug/m3. The lowest mean
concentration in cyclonic conditions occurred with the north-west air advection,
amounting to only 24 pg/m®. This was at the same time the lowest average
concentration among all types of cyclonic and anticyclonic conditions. The minimum
concentration in this case was 10 ug/m® which, as mentioned above, is also the lowest
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minimum concentration occurring during a cyclonic trough. The maximum
concentration was 60 pg/m> and was the lowest of all maxima, with the exception of the
central cyclonic situation.

Unidentified situations were characterized by a mean PM10 concentration, remaining
at a level of 57 pg/m>. The minimum concentration did not exceed the permissible level,
reaching a value of 28 pg/m®. The highest recorded concentration for unidentified
situations was 93 ug/ms.

It can be observed that higher concentrations of PM10 particulate matter in
Sosnowiec are associated with anticyclonic conditions. The worst air quality with
respect to PM10 particulate matter throughout the heating seasons of the 2013-2015
period occurred during anticyclonic conditions. Also, higher concentrations of
pollutants are correlated with air inflow from the south, irrespective of the anticyclonic
or cyclonic nature of the conditions. The mean concentration for advection from the
south is approximately 55 pg/m®, compared to 41 pug/m*> for north advection. The mean
particulate matter concentration for east advection is 51 pg/m°, while the mean
concentration associated with advection from the west is 46 pg/m® The average
concentration of PM10 for the north-east advection is 46 pg/m®, while for the north-
west advection it is 37 pg/m®. The mean concentration of PM10 in the south-east air
advection is 53 ug/m®, and in the case of south-west advection, it is 54 pg/m°.

Another important issue in addition to the concentration occurring for a particular
type of atmospheric circulation is the frequency of this situation. During the period
considered, the prevalence of anticyclonic events was 54.72%, while 43.24% of cases
were cyclonic. Unidentified situations accounted for merely 2.04% of cases. During the
days with exceeded permissible PM10 levels, the incidence rate was 66.51% for
anticyclonic systems and 30.72% for cyclonic systems. The frequency of various
atmospheric circulation types overall and during PM10 exceedances in the 2013-2015
heating seasons in Sosnowiec are presented in Table 2 below.

Table 2. Frequency of atmospheric circulation types during the occurrence of exceedances
in the permissible levels of PM10 particulate matter in Sosnowiec during the 2013-
2015heating seasons

< Frequency %
2 s % g 2013 2014 2015 Average

5 Total | Exceedance | Total Exceedance | Total | Exceedance | Total | Exceedance
1| Na 1.89 1.89 0.00 0.00 4.25 0.00 2.04 0.63
2 | NEa | 3.30 1.89 2.36 3.90 1.89 1.45 252 241
3| Ea 4.25 3.77 7.08 5.19 3.30 4.35 4.87 4.44
4 | SEa | 5.19 6.60 11.32 7.79 8.49 8.70 8.33 7.70
5| Sa 1.89 2.83 6.60 10.39 1.42 2.90 3.30 5.37
6 | SWa | 8.96 12.26 8.49 12.99 8.49 15.94 8.65 13.73
7| Wa 9.91 10.38 4.25 6.49 19.81 20.29 11.32 12.39
8 | NWa | 5.66 4.72 1.42 2.60 4.72 2.90 3.93 3.40
9| Ca 4.25 5.66 1.89 5.19 5.19 5.80 3.77 5.55
10| Ka 4.25 7.55 6.13 9.09 7.55 15.94 5.97 10.86
11| Nc 0.94 0.00 1.42 1.30 1.89 0.00 1.42 0.43
12| NEc | 5.19 6.60 0.94 1.30 1.89 2.90 2.67 3.60
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< Frequency %
288 2013 2014 2015 Average
% Total | Exceedance | Total Exceedance | Total | Exceedance | Total | Exceedance
13| Ec 5.19 6.60 3.30 1.30 2.36 0.00 3.62 2.63
14| SEc 6.60 4.72 8.96 2.60 2.36 0.00 5.97 2.44
15| Sc 2.83 3.77 2.83 2.60 2.36 4.35 267 3.57
16| SwWc | 7.08 5.66 9.91 14.29 3.77 2.90 6.92 7.61
17| Wc 8.02 0.94 6.60 1.30 6.13 2.90 6.92 1.71
18| NWc | 4.72 0.94 4,72 0.00 3.77 0.00 4.40 0.31
19| Cc 0.47 0.94 0.00 0.00 0.00 0.00 0.16 0.31
20| Bc 7.55 9.43 9.91 9.09 8.02 5.80 8.49 8.11
21 X 1.89 2.83 1.89 2.60 2.36 2.90 2.04 2.78
>a 49.53 57.55 49.53 63.64 65.09 78.26 54.72 66.51
>c 48.58 39.62 48.58 33.77 32.55 18.84 43.24 30.72
X 1.89 2.83 1.89 2.60 2.36 2.90 2.04 2.78

In the case of anticyclonic conditions, the most common type of atmospheric
circulation in the heating 2013-2015 seasons in Sosnowiec was the west air advection,
which averaged 11.32%, while during the period of exceeded permissible levels of
PM10 particulate matter, the incidence of this type of situation amounted to 12.39%. It
is worth noting that the anticyclonic advection from the west was the most common of
all situations. The second most common in terms of the prevalence of anticyclonic
conditions was the south-west advection, amounting to 8.65% of all situations. In the
case of days with exceeded permissible PM10 levels, this situation reached a frequency
of 13.75%. Despite the fact that anticyclonic advection from the south-west is less
frequent than advection from the west, its appearance is more frequently associated with
exceeded permissible levels of PM10 in Sosnowiec. The third most frequently occurring
type of anticyclonic conditions was the advection of air from the south-east, occurring
in 8.33% and 7.70% of cases during days with excessive particulate matter pollution
levels. The anticyclonic wedge associated with the highest mean concentrations of
PM10 occurred only in 5.97% of cases, but for days with PM10 levels above the
permissible level, the frequency of the anticyclonic wedge was at a level of 10.86%. In
spite of the moderate incidence of this situation, its occurrence is in many cases
associated with the exceedance of permissible levels of particulate matter PM10. The
lowest prevalence among anticyclonic conditions was observed in the case of north
advection, occurring in 2.04% of cases. During days with PM10 levels exceeding the
permissible limit, north advection was only 0.63%.

In cyclonic conditions, the cyclonic trough proved to dominate, at 8.49% and 8.11%
on average observed during the days when PM10 particulate matter levels were
exceeded in the city. The second most common type of cyclonic conditions was the
advection of south-west air, which averaged 6.92% and 7.61% on days with exceeded
permissible PM10 levels. Equally frequently, cyclonic advection of air from the west
amounted to 6.92%, but during days with exceeded permissible levels of PM10 this
situation occurred in only 1.71% of cases. Except for the central cyclonic situation,
which occurred only once in the analysed period, the cyclonic north advection was least
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frequent at 1.42%, and only 0.43% on days when permissible levels were exceeded. It
should be noted that cyclonic advection from the north was the least common type of
atmospheric circulation.

Unidentified situations accounted for only 2.04% of the total, and 2.78% of the days
when permissible levels of PM10 in Sosnowiec were exceeded.

Interesting conclusions can be drawn from the analysis of the mutual relationship
between mean concentrations and the frequency of incidence. For example, a high mean
concentration of 69 pg/m® is linked to anticyclonic advection from the south, but this
situation occurs with a frequency of 3.30%, which is not high. It could be interesting to
attempt to assign particular types of atmospheric circulation to groups of hazards
(Ziernicka-Wojtaszek, 2012). Permissible levels of PM10 concentrations of 50 pg/m®
and a median of the overall prevalence of 5.66% were chosen as parameters separating
individual groups of hazards (Fig. 4).
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Figure 4. Circulation conditions for the mean concentrations of PM10 in the 2013-2015
heating seasons in Sosnowiec

These parameters can be divided into four groups. The first group, representing the
greatest hazard, includes situations such as the anticyclonic wedge, the anticyclonic
advection from the south-west and the cyclonic advection from the south-west. These
situations are characterized by an average PM10 particulate matter concentration higher
than the permissible level, and prevalence higher than 5.66%. The second group,
representing a high level of hazard, concerns situations with a mean concentration of
more than 50 pg/m® and a prevalence of less than 5.5%. This includes unidentified
situations, anticyclonic advections from the south, anticyclonic advections from the
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east, central anticyclonic situation, cyclonic advection from the south-east, and cyclonic
advection from the north-east. The third group, representing a minor hazard, includes
situations such as cyclonic and anticyclonic advection from the south-east, anticyclonic
advection from the west and cyclonic advection from the west. These situations are
characterized by a mean concentration of PM10 below the permissible level, and a
prevalence of over 5.66%. The above-mentioned situations comprise the fourth, low
hazard group, characterized by an average concentration of PM10 below 50 ug/m3 and
the lowest frequency.

Discussion

This paper analyses the effect of the type of circulation on the PM10 particulate
matter concentration in the air in the city of Sosnowiec. The impact of meteorological
conditions such as air temperature, wind force, or precipitation values, which also affect
airborne concentrations of pollutants, has not been analysed (Czarnecka and
Nidzgorska-Lencewicz, 2008). Exceeded permissible levels of pollution with PM10
particulate matter in Sosnowiec pose a serious environmental hazard. Permissible levels
of airborne particulate matter were exceeded pollution on about 40% of days in the
heating seasons between 2013 and 2015. In this area anticyclonic conditions dominate,
representing 54.72% of all days in the studied period. This result is confirmed by
scientific studies addressing the issue of air quality (Demuzere et al., 2009), whose
authors concluded that anticyclonic conditions predominate over Europe, and thus also
in Poland. In cities, air quality is associated with anticyclonic conditions, which is
consistent with the results of this research (Bielec-Bakowska et al., 2011). The most
unfavourable group of situations includes the anticyclonic wedge, the anticyclonic
advection from the south-west, and the cyclonic advection from the south-west. The
maximum concentration of PM10, at a level of 235 pg/m*® occurred during the
anticyclonic wedge. Anticyclonic advection from the north-west, anticyclonic advection
from the north-east, anticyclonic advection from the north, cyclonic advection from the
east, cyclonic advection from the north, and cyclonic advection from the north-west
belong to the group associated with the lowest risk of PM10 exceeding the permissible
level. Frequent exceedances of permissible levels are correlated with inflow of air from
the south. A similar dependency occurs in other Polish cities (Lesniok and Caputa,
2009; Bokwa, 2012; Czarnecka and Nidzgorska-Lencewicz, 2015; Lesniok et al., 2010).

In the city of Sosnowiec and the Upper Silesia region, several studies have been
conducted on the impact of synoptic conditions on PM10 concentrations from various
periods in the past. Although the air quality in Sosnowiec and Upper Silesia is not
satisfactory, there are positive trends in the reduction of pollutants due to excessive
PM10 concentrations. Comparison of the results from 1994-2004 averaged from nine
monitoring stations in Upper Silesia (Lesniok et al., 2010) with the results of this study
for Sosnowiec from 2013-2015 shows that the mean PM10 concentrations are currently
lower by 18 ug/m3 for anticyclonic conditions and by 9 ug/m3 for cyclonic conditions.
For conditions where the concentrations are highest, i.e. SWa, the values are on average
as much as 23 pg/m® lower. The downward trend of PM10 concentration in the air in
the Katowice region is illustrated by the results presented in the graphs for the 1994-
2004 period (Les$niok and Caputa, 2009). The positive trend of reduction of air pollution
by PM10 in Sosnowiec is confirmed by the results for the number of days when
permissible levels were exceeded in the 2013-2015 heating seasons in Sosnowiec,
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presented in this paper. These values in successive years were 106, 77 and 69 days. For
2009 the number was 108 days (Bielec-Bakowska et al., 2011). It is also worth noting
that in previous research of this type concerning the dependence of PM10
concentrations on synoptic conditions, only the mean concentrations for various
synoptic conditions were given. What is new in the present study is the simultaneous
presentation of both the mean PM10 concentration for each synoptic situation and the
frequency of these situations. Despite the downward trend in particulate air pollution
due to air protection programmes, the variability of PM10 concentrations in different
synoptic conditions is very high. Conditions generating high and excessive
concentrations are particularly interesting. The results of this study and future research
may be used to predict high concentrations and exceedances of permissible PM10 levels
on the basis of forecasts of synoptic conditions.

Conclusions

The following conclusions can be drawn from the research:

1. Daily PM10 concentrations in the heating season vary a great deal depending on
frequently changing synoptic conditions. Higher PM10 concentrations are
associated with anticyclonic conditions, during which the PM10 concentration was
55 ug/m®, a compared to 45 pg/m® for cyclonic conditions. During the heating
seasons in Sosnowiec, anticyclonic conditions predominate, accounting for 54.7%,
and 66.5% on days when permissible PM10 levels were exceeded in the air.

2. The highest risk of exceeding the permissible levels of PM10 particulate matter in
the city of Sosnowiec occurs in the anticyclonic wedge, but other hazardous
situations include anticyclonic and cyclonic advection from the south-west. These
situations are characterized by an average PM10concentration above the
permissible level and a frequency of 5.66%.

3. There is a downward trend in the PM10 concentration both during the research
period and in comparison to periods in the years preceding it, studied by other
authors.

4. The relationships observed can be used to predict high concentrations of PM10 and
exceedances of permissible levels on the basis of forecasts of synoptic conditions.
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