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Abstract The principal aim of this paper is to assess the
influence of meteorological conditions on the variability of
sulfur dioxide and PM10 particulate matter concentration of
pollutants during winter with consideration of an excess of
admissible standards. The basis for the analysis were hourly
concentrations of PM10 and sulfur dioxide as well as the basic
meteorological elements automatically recorded at five sta-
tions located in the Tricity agglomeration, and operating with-
in the weather station network belonging to the Agency of
Regional Air Quality Monitoring in the Gdańsk Metropolitan
Area (ARMAAG). The analysis covers the calendar winters
(December–February) in the years 2004/2005 through
2009/2010. The variability of the concentrations of both pol-
lutants under certain weather conditions, i.e. air temperature
and relative humidity, atmospheric pressure, as well as wind
speed and direction, were evaluated by means of cluster
analysis using k-means belonging to a group of non-
hierarchical cluster analysis method. The composite effect of
meteorological conditions on the variability of sulfur dioxide
and PM10 concentrations in isolated clusters were determined
by multiple linear regression, using a stepwise procedure, at
the significance level α=0.05 and α=0.01. The effect of
individual weather elements on the pattern of concentration
levels was determined using partial regression coefficients.
Clusters grouping the highest concentrations of pollutants
were characterised, in most cases, by the lowest air tempera-
ture and a lower wind speed, and often a higher pressure, and
sometimes slightly lower relative air humidity, i.e. the condi-
tions of anticyclonic weather. Weather conditions had a statis-
tically significant effect on the concentrations of both

pollutants in all clusters; however, air temperature and wind
speed had the crucial role. Thermal conditions were the deci-
sive factor in the winter season 2005/2006 with the most
frequent, overnormative daily particulate matter concentra-
tion, yet the inversion layers both lower and upper, occurring
almost every day in January 2006 also had a significant
influence.

1 Introduction

Air quality during the cold seasons of the year is primarily
determined by the concentration of suspended particulate
matter and sulfur dioxide, which both result from increased
emission from heating systems. The main reason behind their
emission is the lack of significant changes in the structure of
energy sources and their consumption. The basic primary
energy carrier in national economy, like inmany other countries
particularly in Eastern Europe, is hard coal. According to data
from 2007, 51 % of renewable energy comes from hard-coal
burning and 14 % from brown coal (http://www.gios.gov.pl/).
Almost half of 8–9 million households use local coal-burning
heating plants and household furnaces (Nilsson et al. 2006).
Households are heated using coal of low quality, with high
sulfur and ash content and hence of low heating parameters in
worn out furnaces which are often unsuitable for the purpose,
and this fact is a significant problem in the so-called low
emission. Special analysis of the chemical composition of
particulate matter from episodes of smog which occurred in
Kraków, one of the most polluted cities in Poland, allowed for
identification of their sources (Mira-Salama et al. 2008).
According to the authors, over 70 % share of coal in individual
particles and relatively low percentage of particles containing
sulfate and chlorine at the beginning of the smog episode
clearly suggest that the main source of high concentration of
particulate matter are processes related to coal burning, both
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industrial and in households. The effect of traffic on particulate
matter concentration during severe smog episodes proved to be
slight.

Seaport activities constitute an extensive load for both
marine and urban environment. The source of emission in-
clude the operation of engines of ships at berth, haulers and
other vessels operating in harbour basins, cargo handling in
port, port investments, the intensity and structure of port
facilities, as well as production and service activities in port
area (Borkowski et al. 2012). In 2005, shipping was respon-
sible for 39 % of sulfur dioxide emission in the European
Union, and it is estimated that by 2020 the emission of SO2

and NOx by ships will have exceeded emissions from all land
sources (Commission to the Council and the European
Parliament 2005). In 2010, the estimated SO2 emission from
transport, namely from two sources jointly: road transport and
other vehicles and devices, amounted to 1,877.386 Mg.
Maritime shipping was responsible for 21 % of SO2 emission
and for 1 % in case of particulate matter PM10 (Raport
KOBIZE 2012).

The concentrations of particulate matter and sulfur dioxide
clearly follow the seasonal structure pattern. In Poland, during
the heating season, the concentrations of the two pollutants are,
on average, 1.5 to two times higher than in the summer, and,
during harsh winters and at poor dispersion conditions, even
three to five times higher. Moreover, the average particulate
matter concentration in cities is approximately two times higher
than in the suburban areas. However, while the concentrations of
SO2 in Poland are generally within the acceptable range, the
concentration of a particulate matter is the most frequent cause
of violations of the air quality standards. In 2007, the index of
exposure to overnormative influence of PM10 particulate matter
was higher in Poland than the mean calculated for the European
Union (Główny Inspektorat Ochrony Środowiska 2010).

In 2010, excessive 24-h PM10 concentrations were ob-
served in 92 % of zones in Poland, whereas excessive annual
concentrations were observed in half of the zones (PMŚ
2011). Overnormative particulate matter concentration occurs
most frequently in southern Poland. In extremely cold January
of 2006, mean hourly concentration of PM10 in Kraków
exceeded 500 μg ·m−3 three times (Czarnecka and
Nidzgorska–Lencewicz 2011) which was by 100 μg·m−3

more than the maximum PM10 concentration recorded a year
before during smog episode classified by Mira-Salama et al.
(2008) as severe smog episode. High concentrations of par-
ticulate matter cause an important and yet unsolved problem
in many European countries such as Italy, Slovakia, the
Balkan region, Turkey and several other urban regions. In
2010, about 21 % of the urban population in the EU was
exposed to PM10 above the limit value (EEA 2012). In the
Netherlands, mean annual concentrations range from 20 to
50 μg·m−3, yet there is a four- to fivefold increase during
smog episodes (van der Wal and Janssen 2000). In the period

2005–2009, mean annual concentration of particulate matter
in Istanbul was from 46 to 70 μg·m−3 and the daily standard
was exceeded on a regular basis; in some regions, it was
exceeded in more than 90 % of days in a year (Unal et al.
2011). PM10measurement series of 1 year duration in Athens
showed that the percentage of 24-h admissible value of 50μg·
m−3 was exceeded in 11.5–91.5 % of cases at four sites
(Grivas et al. 2004). During the episodes of high particulate
matter concentration in four European cities, the maximum
daily concentrations amounted to 130 μg·m−3 in London,
approximately 250 μg·m−3 in Oslo and Helsinki and around
400 μg·m−3 in Milan (Kukkonen et al. 2005).

Deterioration of air quality is usually connected with
unfavourable atmospheric conditions, less so with sudden
emission increase the amount of which, in case of pollution
resulting from heating processes, is the consequence of their
intensity as a result of the fall in temperature. The effect of
weather on the dispersion of gases and particulate matter, or
on their retention in the ground layer of air, has been widely
demonstrated. One can learn from the topic literature that
certain weather patterns support dispersion of pollution and,
therefore, are positive to atmosphere’s self-cleaning; others,
however, pose a risk of increased concentration of pollutants
around the place of their emission. Most frequently, problems
with this accumulation affect urban areas where adverse health
effects are likely to involve a large proportion of the popula-
tion. There is extensive literature on the impact of pollution on
human health, especially when it comes to abnormally high
concentrations. In the year 2000 alone, 0.8 million deaths in
the whole world were attributed to poor air quality and a
further 7.9 million people suffered from respiratory system
disorders, lung diseases and cancer (WHO 2002). The nox-
ious effects of particulate matter on the human body represent
a well-studied area. Numerous published research reports
declare that the concentration level of this pollutant is well
correlated with morbidity that requires hospital care and even
mortality caused by escalation of respiratory and circulation
system disorders (Brunekreef and Holgate 2002; Dominici
et al. 2006; Freitas et al. 2010; Kappos et al. 2004; Lazaridis
2011; Medina et al. 2004; WHO 2005). According to the
assessment by Tainio et al. (2010), the anthropogenic emis-
sion of primary fine particulate matter PM 2.5 in Europe
causes a few thousand premature deaths a year in Poland. It
is a consequence of emission in Poland as well as the transport
of particulate matter from other European countries, roughly
in equal ratio. In the European Union, average life expectancy
is estimated to be 8.6 months lower due to exposure to PM 2.5
resulting from human activities (WHO 2008).

Particularly unfavourable conditions of pollution disper-
sion are connected with steady high pressure which brings
cloudless weather or small cloudiness with slight wind speed
or calm and constant balance in the lower part of the boundary
layer of atmosphere. The literature on the subject describes
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winter seasons or episodes of increased or very high concen-
tration of pollution, primarily PM10, which occurred in the
conditions of anticyclonic weather marked by freezing weath-
er and constant balance in the lower part of the boundary layer
of atmosphere (Czarnecka and Nidzgorska–Lencewicz 2011;
Cheng et al. 2007; Demuzere et al. 2009; Drzeniecka-
Osiadacz and Netzel 2010b; Grivas et al. 2004; Kassomenos
et al. 2003; Malek et al. 2006; Greene et al. 1999; Kukkonen
et al. 2005; Mira-Salama et al. 2008; Unal et al. 2011; van der
Wal and Janssens 2000). In such conditions, the greatest risk
of the increase of concentration of pollutants is connected with
inversions of temperature often occurring during 24-h periods
(Drzeniecka-Osiadacz and Netzel 2010a; İçağa and Sabah
2009; Kuznetsova et al. 2008; Silva et al. 2007; Wallace
et al. 2010). Temperature inversions, isotherms and layers of
slight vertical temperature gradient which develop most often
in the conditions of high-pressure weather create definitely the
most unfavourable conditions for pollutants to disperse as
they constitute layers which inhibit diffusion and affect the
characteristics and evolution of the urban aerosol (Lazaridis
2011; Olofson et al. 2009). Inversion layers are marked by
usually minor vertical and horizontal air replacement, yet the
role of upper and lower inversions in the shaping of the
concentrations of pollutants is essentially different. The lower
inversions directly affect the amount of concentration of pol-
lutants, especially from lower sources whereas the upper
inversions constitute a barrier limiting the upward dispersion
of pollutants which is significant in the situations when an
unstable balance occurs below—usually in the day time. A 6-
year research on the condition of the boundary layer during
the winter months conducted with the use of sodar in Kraków
(Godłowska et al. 2008) showed the connection between
concentration of pollutants SO2, PM10, CO, NO, NO2 and
NOX and the altitude of convection. İçağa and Sabah (2009)
proved that there is a strong influence of inversion on SO2 and
PM10 in Afyon (Turkey) in connection with air temperature.
The analysis of the results of a 15-year observation
indicates that in Prague the depth of the base of inver-
sion and time of occurrence had the strongest influence
on concentration of pollutants, whereas the influence of
the depth and intensity of inversion was markedly
smaller (Knozowa 2008).

The studies which aim to identify the weather conditions in
which there is a significant increase in concentration of pol-
lutants include the analysis of basic and customarily measured
meteorological elements (mainly temperature, relative air hu-
midity, wind speed and direction and less often atmospheric
pressure, the amount and duration of precipitation). The re-
sults presented in the literature on the subject differ according
to region, adopted observation period (from single episodes to
observation series which last several years and longer), the
type of pollution, climatic zone, season and local topographic
conditions. The differences can involve precision of

correlations, but also the sign of relationship and can result
from adopted more or less advanced methods of analysis.

During the winter period, concentration of pollutants
shows a strong and explicitly negative relationship with air
temperature. The results of many studies confirm a positive,
ventilation part that wind plays despite lower speed during
anticyclonic weather and in a built-up area (Czarnecka and
Nidzgorska–Lencewicz 2011; Drzeniecka-Osiadacz and
Netzel 2010b; Grivas et al. 2004; Ocak and Turalioglu 2010;
Pires et al. 2008; Zabalza et al. 2007). In Istanbul, the average
PM10 concentration level calculated for wind speed
≥4.5 m·s−1 was about half that at wind speed below
1 m·s−1 both in the conditions pressure lower as well as
higher than 1,018 hPa (Unal et al. 2011). Different direc-
tional coefficients characterising the relationship between
concentration of pollutants and wind speed in the analysed
episodes of an increased PM10 concentration in four
European cities were obtained by Kukkonen et al. (2005)
and Vardouulakis and Kassomenos (in Ocak and
Turalioglu 2010).

Many studies point to statistically significant role of rela-
tive humidity in the description of variability of concentration
of pollutants, yet the results concerning the sign of this rela-
tionship are divergent. Positive relationship between SO2 and
PM10 was shown by İçağa and Sabah (2009). Distinctly
negative correlations of SO2 concentrations, but also those
of PM10, with relative humidity, were demonstrated by
Freitas et al. (2010), Pires et al. (2008), Czarnecka and
Nidzgorska-Lencewicz (2011), and sulfur dioxide concentra-
tions alone in the winter months, from December to February,
were shown by Cuhudaroglu and Demirci (1997). On the
other hand, the results reported by Elminir (2005) for Egypt
indicate significantly higher annual average concentrations of
both pollutants (particulate matter even twice) under high,
more than 80 % relative humidity. However, a month-by-
month analysis reveals that the positive correlation of PM10
concentration and relative humidity is also visible in all the
months from December to February, whereas for sulfur diox-
ide, the sign of the correlation in January and February was
negative. Ocak and Turalioglu (2010) obtained divergent cor-
relation coefficients, depending on the type of pollutant and
the period under study.

The studies concerning the influence of precipitation on
aerosanitary conditions of air are scarce, and the calculated
coefficients of correlations are slight and as a rule insignificant
(Godłowska et al. 2008; van der Wal and Janssen 2000). The
results which indicate the efficiency of precipitation in de-
creasing the concentration levels of particulate matter were
presented by İçağa and Sabah (2009), as well as Czarnecka
and Nidzgorska-Lencewicz (2010).

The results of the research on the effect of climate changes
on a future level of pollution (e.g. Giorgi and Meleux 2007;
Jacob andWinner 2009) do not inspire optimism. Simulations
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carried out by Huszar et al. (2011) for Central and South-
Eastern Europe demonstrate that the changing climate will be
followed by deteriorated air quality, not only due to possibly
increased O3 concentrations, but also as a result of an expected
growth in SO2 levels, with relatively low changes in PM10
concentrations. The ways of tackling these negative trends
include restructuring of urban space and amelioration of the
topoclimate of the city. All this led us to undertake the attempt
to identify the meteorological elements accompanying certain
SO2 and PM10 changes, which is part of the most topical
issues related to air quality of urban areas.

2 Materials

2.1 Study area

Tricity is a polycentric metropolitan area located on Gdańsk
Bay, northern Poland. Its urban area is composed of three
neighbouring and interlinked cities: Gdynia, Sopot and
Gdańsk, occupying a total area of 414 km2, hosting a popula-
tion of 742,400 inhabitants. The main municipality is Gdańsk,
which covers the largest area and is inhabited by the largest
population. Gdańsk is also the seat of the authorities of the
Pomeranian (Pomorskie) Voivodeship. Sopot, on the other
hand, is the smallest urban area having, however, the highest
population density. The economy of Tricity heavily relies on
the maritime industry, including shipbuilding. The port of
Gdynia is of primary importance to Polish economy and the
port of Gdańsk is an important international communication
junction. According to the current strategy of the European
Union, it is of significant importance as a part of the European
Transport Corridor which connects Scandinavian countries
with Southeast Europe. Besides two largest shipyards in
Gdańsk and Gdynia, there are five other, highly
specialised shipyards, namely the Gdańsk Ship repair
Yard “Remontowa”, Północna Shipyard (producing res-
cue and scientific vessels), Wisła (inland and coastal
vessels), Gdyńska Ship repair Yard and Naval Shipyard
(shipbuilding). Besides the shipbuilding industry, electro-
mechanical and petrochemical industries—as in any large
urban agglomerations—road transport, power and heating
facilities represent important sources of air pollution.

According to the synthetic report of the Inspectorate for
Environmental Protection (2011), the levels of PM10 concen-
tration recorded during episodes in Tricity are in comparable
degree caused by industrial facilities in Gdańsk, small indus-
trial facilities, municipal and traffic emission, sources in Sopot
and Gdynia and, above all, sources in towns to the south of
Gdańsk. The estimated assessment of the highest concentra-
tions of PM10 caused by distant sources is within the range of
35–50 μg·m−3 depending on the region of the origin of
particulate matter. Marine aerosol can have some influence

on the concentration of particulate matter. The occurrence of
marine aerosols is connected with storms caused by
translocating atmospheric fronts in low pressure system and
with local breeze circulation.

2.2 Meteorological station network and data

The materials used in this study involved measurements of
pollutant concentration and basic meteorological elements
from five automatic air quality measuring stations located in
the Tricity agglomeration. The data were provided by courtesy
of the Agency of Regional Air Quality Monitoring in the
Gdańsk Metropolitan Area (ARMAAG). The primary data
comprised the hourly concentrations of sulfur dioxide and
particulate matter (PM10), air temperature and relative humid-
ity, atmospheric pressure as well as wind speed and direction,
collected during the calendar winters (December–February) of
the years 2004/2005–2009/2010. Data on particulate matter
concentration levels came from five stations, while that on
sulfur dioxide—from four stations—is shown in Fig. 1.
Gdynia and Gdańsk are represented by two stations each,
and one is located in Sopot. Although all these are defined
as urban background stations, those in Gdańsk-Wrzeszcz and
Gdynia-Pogórze are located in residential areas; Gdańsk-
Jasień, among scattered, low-building housing quarters;
Sopot in allotment area and the Gdynia-Śródmieście station
is located on the harbour waterfront.

The sets of basic hourly data regarding sulfur dioxide
comprised 50,172 elements for each variable, and regarding
particulate matter comprised 61,027; the lack of data (3 and
6 %, respectively) was caused, for the most part, by disconti-
nuity in recordings of atmospheric pressure and, at times,
wind speed.

3 Methods

We used cluster analysis to estimate the diversity in the
concentration of sulfur dioxide and PM10 depending on the
weather conditions. Cluster analysis is a statistical classifica-
tion method used to identify homogeneous subgroups in a
population and gather them into sets of data basing on their
similarity (Gerstengarbe and Werner 1997). As a reliable and
relatively simple method of classification, clustering is also
used in studies on air quality, with hierarchical clustering
being used most commonly (Yonemura et al. 2008; Yoo
et al. 2011; Unal et al. 2011). However, in this paper, we use
the k-means clustering, which belongs to a group of nonhier-
archical cluster analysis methods. The implemented mecha-
nism, based on the v-fold cross-validation, allowed identifica-
tion of the optimal number of segments which are combina-
tions of concentration of pollutants and meteorological ele-
ments. The analysis of wind speed was based on Knoch’s
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class (in Kozłowska-Szczęsna et al. 1997) which determines
the speed in four ranges as: 0–1 m·s−1, calm; 1–4 m·s−1, weak
wind; 4–8 m·s−1, moderate wind; over 8 m·s−1, strong wind.
Threshold values adopted in this classification 1 and 4 m·s−1

are significant criteria in terms of evaluation of the ventilation
purpose of this element. According to Hutchinson (in
Lewińska 2000), the wind conditions below 1 m·s−1 occur-
ring with frequency of more than 90% sufficient ventilation is
less probable and in turn the increase of air turbulence occurs
along when the wind speed 4 m·s−1 (Parczewski quoted by
Kozłowska-Szczęsna et al. 1997) is exceeded.

For the assessment of aerosanitary conditions, the Common
Air Quality Index (CAQI) was used—the index is available on
www.airqualitynow.eu. The index was formulated within the
framework of CITEAIR project according to air quality
standards in European Union. Due to the fact that during the
winter season, PM10 particulate matter concentration levels is
the greatest threat to air quality, this paper includes in the index
concentrations of this pollutant only. Hourly values of PM10
particulate matter correspond to the following CAQI (urban
background index) values: 0–25 μg·m−3, very low; 25–50 μg·
m−3, low; 50–90 μg·m−3, medium; 90–180 μg·m−3, high;
>180 μg·m−3, very high (van den Elshout et al. 2013).

The complex influence of meteorological conditions on the
variability of concentration levels of the analysed air pollution
items for selected segments were determined by linear multiple

regression, using a stepwise procedure, at the significance level
α=0.05 and α=0.01. The contributions of individual weather
elements in explaining the size of the concentrations were
determined using the partial regression coefficients. All calcu-
lations were performed using the Polish version of
STATISTICA 10 software.

For the evaluation of the frequency of temperature inver-
sion, the results of corresponding measurements timed 00
UTC and 12 UTC from the Aerological Station in Łeba,
located approximately 90 km to the north-west of Tricity
metropolitan area—data available on www.weather.uwyo.
edu/upperair/sounding.html. The basis for the assessment of
the concentrations of the pollutants under study was the
Regulation of the Minister of Environment of 24 August
2012 on the level of some substances in air.

4 Results and discussion

In the winter seasons (December–February) of the years
2004/2005–2009/2010, the average sulfur dioxide concentra-
tions ranged from 6.5 to 8.5 μg·m−3, while PM10 ranged from
about 28 to 49 μg·m−3 (Fig. 2). Slightly higher air pollution
level by sulfur dioxide was found in Gdynia-Pogórze, whereas
the concentration of PM10 in Gdynia-Śródmieście was about
60 % higher than in the other districts. In most parts of Tricity,

Fig. 1 Location of the measuring
stations
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SO2 concentrations not exceeding 10 μg·m−3 accounted for
more than 75 % of cases, and among them the majority were
concentrations below 5 μg·m−3 (Fig. 3). Concentration of
PM10 ranged generally from 11 to 20 μg·m−3, which was
dominant in Gdańsk, in the Jasień district. On the other hand,
the concentrations of the analysed pollutants in Gdynia, the
most polluted area of Tricity, showed a slightly different

distribution pattern. In Gdynia-Pogórze, the concentrations
of sulfur dioxide exceeding 20 μg·m−3 occurred twice as
often, and PM10 concentrations exceeding 80 μg·m−3 oc-
curred up to three times more frequently than in the other
districts.

Mean hourly concentrations of sulfur dioxide remained—
except for a single case—within the currently binding

Fig. 2 Mean sulfur dioxide and
particulate matter PM10
concentrations during calendar
winter (December–February).
Years 2004/2005–2009/2010

Fig. 3 Frequency (%) of
occurrence of sulfur dioxide and
particulate matter concentrations
in the accepted ranges, during
calendar winter (December–
February). Years 2004/2005–
2009/2010
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standards; however, in all the years, we recorded violations in
average daily concentrations of PM10. As is shown in Fig. 4,
by far, the most common excessive PM10 concentrations
occurred in Gdynia-Śródmieście; in winter 2009/2010, this
was nearly half days.

The highest concentrations of both pollutants and the
highest number of the daily PM10 concentration standard
violations were recorded in the two coldest winters, i.e. in
2005/2006 and 2009/2010, when air temperatures were −1.7
and −2.5 °C, respectively, and well below the average. In both
winters, January and February were classified as very frosty
and frosty, and December as normal. In the remaining winters,
the average season’s air temperature was above 0 °C, and the
warmest winter season was in 2006/2007. As a result, the
concentration of both analysed pollutants—the principal
source of which is burning conventional fuels for energy—
was in the winter of 2006/2007 lower than half of the winter in
2005/2006. In all the studied winters, Gdańsk-Jasień was by
far the coldest Tricity area, while Sopot was the warmest. The
aforementioned districts of Tricity were characterised by con-
trastive wind speed. In Gdańsk Jasień, the average seasonal
wind speed was 3.3 m·s−1, whereas in Sopot 2.1 m·s−1.

The basic values classified according to the spatial cluster-
ing method included sets of hourly measurements the quali-
tative variable of which were four wind speed classes, and the
quantitative variables included concentrations of both pollut-
ants and data concerning air temperature, relative humidity
and atmospheric pressure. By means of grouping algorithm,
optimum clusters were determined depending on the district
of Tricity—two to six concerning concentrations of SO2 and
two to five as for PM10 concentrations; the least for Gdynia
Pogórze district and the most for Gdańsk Jasień (Table 1). The
clusters grouping the highest SO2 and PM10 concentrations in
the predominant majority of the cases were characterised by
the lowest air temperature and relative humidity and the
highest or increased pressure. Such tendency indicates the
high pressure weather which contributes to the intensification
of heating processes and consequently to the increase in
emission of the products of traditional energy sources com-
bustion thereby weakening natural air ventilation. The signif-
icant influence of anticyclonic weather on concentration levels

of the pollutants was demonstrated by Czarnecka and
Nidzgorska-Lencewicz (2011), Drzeniecka-Osiadacz and
Netzel (2010a), Unal et al. (2011) and Kukkonen et al.
(2005). The significance of such weather conditions was
slightly more marked with respect to particulate matter con-
centration. By far, the highest PM10 concentration registered
in the conditions of the lowest temperature and relative hu-
midity and the highest pressure were reported for cluster 2 in
Gdynia Pogórze, cluster 1 in Gdynia Śródmieście and cluster
2 in Gdańsk Jasień. Large compatibility of high concentration
of particulate matter occurring at the lowest temperature and
increased pressure was recorded for cluster 1 in Sopot whereas
in Gdańsk Wrzeszcz, despite by far lower temperature and
higher pressure, cluster 2 shows the concentration of particu-
late matter to be markedly lower than for cluster 1. All clusters
grouping the highest concentration of SO2 were marked by the
lowest average temperature but they coexisted only in Gdynia
Pogórze with the highest average pressure and the lowest
relative humidity. On the whole, the highest sulfur dioxide
pollution was recorded in the conditions of an increased
pressure—usually over 1,020 hPa. Similar weather conditions
occurring simultaneously with both high as well as low sulfur
dioxide and particulate matter concentrations identified clus-
ters in Gdynia Pogórze. In the conditions of mean temperature
of −2 to −1.9 °C at relative humidity of approximately 80 %
and standardised pressure of 1,031 hPa, SO2 concentration
was at the level of approximately 11μg·m−3 and concentration
of particulate matter −36 μg m−3, whereas the rise in temper-
ature to around 3 °C and humidity to 90 % with simultaneous
fall in pressure to 1,012 hPa resulted in clear decrease in SO2

and particulate matter concentration. The comparison of mean
concentration values of both pollutants and analysed meteo-
rological elements in the clusters under study shows that the
most unfavourable weather conditions which cause a risk of
the highest SO2 and PM10 concentrations in the districts:
Gdańsk Jasień and Gdynia Śródmieście are connected with
fall in air temperature below −5.5 °C and rise in pressure over
1,025 hPa.

The clusters exhibiting the highest concentration of SO2

and PM10were also characterised by its greatest variability. In
almost all of the cases, the standard deviation of the

Fig. 4 Number of days with
violation of the acceptable mean
daily particulate matter. (PM10)
concentration (50 μg·m−3) >years
2004/2005–2009/2010
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concentration of the two pollutants reached its highest levels
which generally were contrastively high in comparison to the
clusters grouping the lowest levels of concentration. In addi-
tion, the clusters with the highest and most variable concen-
trations were recorded for the most part in the conditions of
highly varied air temperature and relative humidity, during
weather marked by both small as well as high variability of
pressure.

As is presented in Table 2, all clusters grouping the highest
concentrations of particulate matter were characterised simul-
taneously by the highest share of unfavourable conditions of
natural air ventilation represented by “calm” class of wind
speed not more than 1 m·s−1. In Gdańsk Wrzeszcz, the fre-
quency of such unfavourable conditions of dispersion in clus-
ter 1 was approximately 95 % which assuredly explains
explicitly higher concentrations of PM10 particulate matter

Table 1 Characteristics of sulfur dioxide and particulate matter (PM10) concentrations and meteorological factors in distinct clusters

Station Cluster SO2 (μg·m
−3) AT (°C) RH (%) PH (hPa) PM10 (μg·m−3) Cases (%)

a b a b a b a b a b

Sulfur dioxide

Gdynia Pogórze 1 11.2 16.5 −1.9 4.6 80 11.6 1,031 10.7 37.4

2 6.8 8.2 2.8 3.3 90 7.8 1,012 10.8 62.6

Sopot 1 12.9 15.0 −2.0 5.6 70 8.8 1,018 10.2 12.8

2 7.1 8.4 0.0 5.2 90 7.4 1,012 12.5 21.2

3 5.5 5.7 4.4 3.4 86 7.8 1,000 8.6 35.6

4 5.6 6.0 1.0 4.0 88 5.1 1,019 7.5 30.4

Gdańsk Wrzeszcz 1 6.2 6.0 −0.2 4.2 89 5.0 1,023 7.5 32.2

2 11.4 13.2 −2.3 5.9 70 7.8 1,021 10.7 16.5

3 9.3 13.9 −00.7 4.7 88 7.7 1,018 11.6 13.7

4 4.5 4.0 30.7 3.4 87 7.2 1,004 8.5 37.6

Gdańsk Jasień 1 5.5 4.0 0.0 3.2 90 5.7 1,011 9.6 6.5

2 4.9 3.7 1.0 3.2 89 6.1 1,005 7.6 24.3

3 12.3 14.1 −6.0 5.6 75 8.8 1,021 10.2 11.8

4 4.7 3.3 −0.3 3.6 89 4.6 1,026 6.8 22.5

5 14.1 15.1 −7.4 5.7 82 8.6 1,030 10.5 5.1

6 4.8 4.8 1.4 5.1 83 8.1 1,013 12.2 29.7

Particulate matter PM10

Gdynia Pogórze 1 2.8 3.3 90 7.8 1,012 11.0 28.7 21.6 63.4

2 −2.0 4.6 80 11.6 1,031 10.8 35.8 34.3 36.6

Gdynia Śródmieście 1 −5.5 4.4 70 11.5 1,026 10.4 79.4 64.3 21.3

2 1.2 2.7 84 9.4 1,003 7.3 51.6 37.9 26.8

3 1.1 2.8 85 7.8 1,021 6.9 45.4 30.5 34.1

4 1.4 4.2 77 11.1 1,013 11.2 34.3 29.3 17.8

Sopot 1 −1.3 5.2 83 10.0 1,021 8.7 33.2 32.7 40.0

2 2.8 4.9 79 10.9 1,008 10.9 19.2 14.4 8.6

3 3.7 3.2 89 7.4 1,003 9.2 26.3 19.9 51.4

Gdańsk Wrzeszcz 1 −0.6 4.6 88 7.7 1,018 11.7 50.9 56.3 13.8

2 −2.4 5.0 80 10.7 1,024 9.0 35.9 39.4 33.8

3 3.3 3.2 87 7.7 1,008 9.9 24.7 20.1 52.4

Gdańsk Jasień 1 −0.1 3.8 71 6.6 1,017 10.0 21.2 16.7 9.7

2 −10.0 4.1 82 7.9 1,025 11.2 67.2 43.0 11.1

3 0.8 5.2 83 8.6 1,014 10.9 19.1 13.6 30.4

4 0.2 3.1 89 4.3 1,024 7.3 24.4 16.1 23.5

5 0.5 3.0 90 4.8 1,005 7.3 32.7 22.2 25.2

a Mean concentration, b standard deviation
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recorded in the conditions of markedly higher temperature and
lower pressure as compared to those belonging to cluster 2.
The comparison of mean concentrations of particulate matter
recorded in individual wind speed classes indicates a marked-
ly positive ventilation effect of this element. In all of the
clusters and in all districts of Trójmiasto, the highest concen-
tration of PM10 was recorded during “calm” class; by

contrast, it was over four times lower in the conditions corre-
sponding to “strong” class which was recorded far less fre-
quently. Such great efficiency of anemometric conditions in
particulate matter dispersion was observed in Gdynia
Śródmieście and Gdańsk Jasień. In one cluster in Gdynia
Śródmieście, concentrations recorded during wind speed of
maximum 1 m·s−1 amounted to approximately 140 μg·m−3,

Table 2 Frequency (%) of wind directions and calms (a) and concentrations of SO2 and PM10 (b) in distinct clusters

Station Cluster Calm Weak Moderate Strong

a b a b a b a b

Sulfur dioxide

Gdynia Pogórze 1 19.5 10.7 69.0 11.5 11.5 10.7 –a –a

2 16.4 6.0 72.7 6.9 10.9 7.9 –a –a

Sopot 1 –a –a 86.8 13.7 13.2 7.5 –a –a

2 93.8 7.2 –a –a 6.2 5.5 –a –a

3 –a –a 90.8 5.7 9.2 3.4 –a –a

4 –a –a 96.8 5.6 3.2 4.2 –a –a

Gdańsk Wrzeszcz 1 –a –a 98.3 6.2 1.7 6.5 –a –a

2 –a –a 89.4 11.9 10.5 7.2 0.1 1.2

3 94.6 9.4 –a –a 5.4 6.9 –a –a

4 –a –a 86.9 4.6 13.0 3.6 0.1 2.0

Gdańsk Jasień 1 99.8 5.5 –a –a –a –a 0.2 2.4

2 –a –a 99.2 4.9 –a –a 0.8 2.5

3 –a –a 99.3 12.3 –a –a 0.7 3.3

4 –a –a 99.7 4.7 –a –a 0.3 4.9

5 99.0 14.2 –a –a –a –a 1.0 6.6

6 –a –a –a –a 97.2 4.9 2.8 2.6

Particulate matter PM10

GdyniaPogórze 1 16.3 40.0 72.9 26.6 10.8 26.1 –a –a

2 19.8 45.5 68.4 34.1 11.7 29.4 –a –a

Gdynia Śródmieście 1 15.7 140.3 84.0 68.1 –a –a 0.3 32.7

2 11.5 84.9 88.5 46.7 –a –a –a –a

3 10.5 71.6 89.4 42.4 –a –a 0.1 16.5

4 8.8 47.8 –a 90.2 33.3 1.0 29.1

Sopot 1 21.3 47.3 78.7 29.4 –a –a –a

2 15.6 25.9 –a 84.4 17.9 –a –a

3 19.6 38.7 80.4 23.3 –a –a –a

Gdańsk Wrzeszcz 1 94.6 52.2 –a 5.4 28.6 –a –a

2 –a –a 95.5 36.4 4.5 25.3 –a –a

3 –a –a 89.2 25.5 10.8 17.4 –a –a

Gdańsk Jasień 1 7.9 37.7 86.3 19.9 –a –a 5.8 17.6

2 32.5 84.5 67.0 59.1 –a –a 0.5 18.6

3 2.7 30.4 –a –a 95.8 18.9 1.5 10.2

4 12.5 34.1 87.2 23.1 –a –a 0.3 8.7

5 14.0 49.4 85.4 30.2 –a –a 0.7 7.4

a Lack of occurrence or less than three cases
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whereas concentrations recorded during wind speed over 8 m·
s−1 amounted to merely 33 μg·m−3. The decrease in PM10
concentration was even greater in cluster 5 in Gdańsk
Jasień—from approximately 49 to approximately 7 μg·m−3.

Such congruence of the highest concentrations recorded at
clearly increased frequency of class “calm” is not observed in
respect to sulfur dioxide concentration levels. The highest
concentrations of SO2 did not occur during the worst but in
the not-so-favourable ventilation conditions represented by
“weak” class. Additionally, in the district which exhibits the
highest sulfur dioxide pollution (Gdynia Pogórze), the role of
wind-driven transport heavily determined the level of concen-
tration of the pollutant. In cluster 1, equally high concentration
of SO2 was recorded both in “calm” as well as “moderate”
wind class. The prevalence of the wind-driven transport was
marked in cluster 2 where the greatest concentration was
connected with “moderate” wind class. The wind of speed
over 8 m·s−1 which, according to Parczewski (in Kozłowska-
Szczęsna et al. 1997), generates moderate turbulence, oc-
curred with small frequency and almost exclusively in
Gdańsk Jasień. The cluster in this district was marked by
slightly higher share of the most favourable speed class
(“strong”) and smaller PM10 concentration than in clusters
1 and 3 and SO2 concentration in clusters 2, 4 and 6
(Tables 1 and 2). However, cluster 5 with a significant
1 % share of hours of “strong” class was characterised by
the highest SO2 concentration which can be connected
with the frequency of the weakest conditions of ventilation
(99 %), particularly that this cluster includes only 5 % of
the cases under study.

The results of the analysis, which aims to quantify the
impact of weather conditions on the concentration variability
of both pollutants are shown in Table 3. The role of meteoro-
logical conditions in explaining the variability of the concen-
tration of pollutants proved to be statistically significant in all
the clusters. The complex influence of the basic elements of
weather on the variability of concentrations of both pollutants
proved to be comparable—the range of determination coeffi-
cients calculated for SO2 was similar to that of PM10. The
smallest total determination coefficients amounted to only a
few percent (for example approximately 1 % in clustering 2
for SO2 in Gdynia Pogórze or 4 % in clustering 1 for PM10 in
Gdańsk Jasień), whereas the highest did not exceed 30%. The
strongest influence of atmospheric conditions was shown in
respect to most clusters grouping the highest concentrations
and possibly to clusters with increased concentration levels.
However, the smallest total determination coefficients were
usually recorded in respect to clusters grouping lower concen-
trations. The most explicit and contrast role of weather con-
ditions in the explanation of the variability of SO2 and PM10
was found in Gdynia Pogórze, whereas markedly the most
complex relationship between weather and concentrations of
both pollutants was demonstrated for Gdańsk Jasień district.

Low concentrations of approximate values in clusters 2, 4 and
6 in this district (from 4.7 to 4.9 μg·m−3; Table 1) occurred at
distinctively divergent influence of atmospheric conditions
and the strongest and the most complex influence of weather
(R2) was evident in clustering 3 in which the average SO2

concentration was smaller than in clustering 5.
Data in Table 3 shows that the sets of meteorological

elements which substantially describe the concentrations of
the analysed pollutants for the most part comprise three to four
elements, and only one element of weather has a significant
influence only in some clusterings—those referring to SO2.
The sets including all the analysed meteorological elements in
most cases described the variability of the highest concentra-
tion of both pollutants. The values of the partial determination
coefficient (r2) indicate that in six of the analysed winter
seasons, the most frequent basic meteorological element
which explains the variability of the hourly sulfur dioxide
concentration was air temperature. Better statistic description
of the fall in SO2 concentration in the conditions of weaker
anticyclonic weather was brought by relative humidity only in
the first clusterings, in Gdynia Pogórze and Gdańsk Jasień.

The principal meteorological elements which explain the
values and variability of particulate matter PM10 concentra-
tion in the period 2004/2005–2009/2010 were air temperature
and wind speed. Markedly stronger influence of thermal con-
ditions on the highest average concentration of particulate
matter in the distinguished clusterings was recorded in
Gdynia Pogórze, Sopot and GdańskWrzeszcz. As has already
been presented in Table 2, the wind speed which was several
times higher was observed in Gdynia Śródmieście and
Gdańsk Jasień in clusters marked by more frequent conditions
of weaker ventilation, close to “calm” class. The predominant
influence of air temperature on SO2 concentration and equal
influence of temperature and wind speed on PM10 particulate
matter was observed in Poland during freezing winter of
2005/2006 (Czarnecka and Nidzgorska–Lencewicz 2011).

The relationship between sulfur dioxide, particulate matter
and air temperature, and wind speed was characterised by
almost exclusively negative directional coefficients which
means that their increase brought decrease in both pollutants.
The negative correlation of sulfur dioxide concentration and
particulate matter PM10 with air temperature is evident as it is
a consequence of the fact that this element reflects the inten-
sity of the heating processes which in turn is connected with
the amount of emission. Data in Table 3 reveal that wind was
an effective air ventilation factor, contributing primarily to a
decrease in particulate matter concentration and generally also
sulfur dioxide concentration. Statistically significant negative
effect of wind speed was found only in Gdynia Pogórze
(cluster 2). This primary role of wind in urban ventilation
was also postulated by Pires et al. (2008), Unal et al. (2011),
Zabalza et al.(2007) and Kukkonen et al. (2005), on the other
hand, obtained different directional coefficients for the
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relationship between concentrations and wind speed during
episodes of elevated PM10.

The influence of pressure on concentrations of both pollut-
ants was incomparably smaller, yet its increase for the most
part resulted in the increase in the concentration of pollutants.
Opposite directions describe the relationship of sulfur dioxide
and particulate matter with relative humidity. Along with the

increase of relative humidity, sulfur dioxide concentration
decreased, yet the influence of this element on particulate
matter concentration was ambiguous in terms of the direction
of the influence though it was statistically significant in almost
all clusters. The relationships, explicit in terms of direction, of
sulfur dioxide concentrations with air relative humidity are
related to the high reactivity of the chemical, especially as far

Table 3 Coefficients of total (R2) and partial determination (r2) in percentage for the relationships between sulfur dioxide and particulate matter (PM10)
concentrations and meteorological elements in distinct clusters

Station Cluster R2 r2

AT RH PH WS

Sulfur dioxide

Gdynia 1 16.2 6.0 10.9 3.1 0.2

Pogórze 2 1.2 0.3 0.7 –a 0.2

Sopot 1 23.7 14.5 0.9 1.7 0.9

2 11.0 9.0 –a 0.4 0.3

3 16.5 16.5 –a –a –a

4 10.5 10.3 –a –a 0.2

Gdańsk Wrzeszcz 1 23.3 23.2 0.4 –a –a

2 25.7 15.3 2.1 2.8 0.8

3 20.2 12.8 3.5 –a 0.7

4 17.2 14.8 2.2 0.1 0.4

Gdańsk Jasień 1 12.3 1.4 10.3 –a –a

2 4.4 4.4 –a –a –a

3 24.4 13.5 1.2 3.2 1.1

4 4.1 2.7 0.4 –a 1.0

5 15.5 15.5 –a –a –a

6 14.8 13.9 0.9 1.0 0.3

Particulate matter PM10

Gdynia 1 8.6 5.6 –a –a 2.0

Pogórze 2 17.8 15.0 1.6 1.0 3.8

Gdynia 1 28.2 4.5 1.7 0.8 15.1

2 24.4 5.6 2.0 0.8 13.5

Śródmieście 3 14.9 0.5 0.2 0.2 12.3

4 12.9 11.4 1.0 –a 1.6

Sopot 1 25.4 19.0 0.2 1.2 4.2

2 9.3 5.7 1.0 –a 2.2

3 19.6 5.1 0.1 –a 9.4

Gdańsk 1 20.2 18.5 0.9 –a 2.4

Wrzeszcz 2 21.5 20.8 0.2 0.6 1.3

3 12.4 7.8 0.3 –a 0.4

Gdańsk Jasień 1 4.0 0.5 0.7 –a 1.7

2 13.9 0.9 2.3 –a 12.2

3 12.0 9.3 0.2 0.7 3.0

4 10.6 0.7 0.3 –a 9.3

5 16.2 3.6 1.3 –a 9.2

Italicized value indicates a positive relationship
a Non significant at α=0.05
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as the processes of catalytic oxidation is concerned, which
produces sulfuric acid and sulfates; this is particularly inten-
sive at humidity levels close to saturation, such as during fog
(Freiberg 1974). The processes of intensified chemical bond-
ing of sulfur dioxide under high relative humidity may explain
the decrease in its concentration in the air, but the complexity
of the processes is also due to many other factors, such as
temperature, pH or the atmosphere balance. Negative correla-
tions of SO2 concentrations, but also those of PM10, with a
relative humidity throughout the year, were demonstrated by
Freitas et al. (2010) and by Pires et al. (2008), and sulfur
dioxide concentrations alone in the winter months, from
December to February, were shown by Cuhudaroglu and
Demirci (1997). On the other hand, the results reported by
Elminir (2005) for Egypt indicate significantly higher annual
average concentrations of both pollutants (particulate matter
even twice) under high, more than 80 %, relative humidity.
However, already a month-by-month analysis reveals that the
positive correlation of PM10 concentration on the relative
humidity is also visible in all the months from December to
February, whereas for sulfur dioxide, the sign of the correla-
tion in January and February was negative.

Observing the fact that the amount of concentration of
pollutants is the result of exogenous emission, both from
distant as well as local sources from neighbouring districts,
the analysis of anemometric conditions for clusterings group-
ing on average the highest concentrations of the analysed
pollutants. The results of the analysis are presented in Fig. 5
and comprise mean sulfur dioxide concentration and particu-
late matter according to the direction of wind with speed at
least 1 m·s−1 (wind of three classes of Knoch’s classifica-
tion—weak, moderate and strong) and the concentrations
which occur in the worst conditions of natural air ventilation
that is “calm” class. The highest average sulfur dioxide

concentration was registered for the most part with SE or S
direction of wind and only in Gdańsk Wrzeszcz with E direc-
tion. Only in Jasień district was the highest concentration of
particulate matter recorded in the conditions of circulation
from the west quadrant (SW-W-NW), particularly at W wind.
In the most polluted with particulate matter PM10 district of
the agglomeration, Gdynia Śródmieście, equally high concen-
tration of pollutants (approximately 80 μg·m−3) as with SE
wind occurred during S wind, yet relatively high concentra-
tions were connected with SW, W and E winds.

The influence of particularly unfavourable conditions
of ventilation on air quality was recorded in Gdynia
Śródmieście and Gdańsk Jasień. As far as in Gdynia
Śródmieście, the highest average hourly concentration
of particulate matter PM10 in cluster 1 recorded at dif-
ferent wind speed and directions amounted to approxi-
mately 79 μg·m−3 (Table 1), the hourly concentration
registered in this cluster in the conditions classified as
belonging to “calm” class reached a mean value of
140 μg·m−3. In Gdańsk Jasień, the unfavourable condi-
tions of natural air ventilation above all contributed to
the increase of SO2 concentration which was twice as
high as with SE wind at speed over 1 m·s−1 and PM10
concentrations in the “calm” conditions were the highest.

Although the decisive factor for air quality during the
winter season is mainly increased and often even
overnormative concentration of particulate matter, according
to CAQI index in the winter period of 2004/2005–2009/2010
aerosanitary conditions in the most part of Tricity belonged to
“very low” class with over 50% frequency (Fig. 6). Extremely
unfavourable air quality as reflected by the values of the index
(more than 180 μg·m−3 that is “very high”) regarded few
cases which were registered almost exclusively in Gdynia
Śródmieście and Gdańsk Wrzeszcz. Gdynia Śródmieście

Fig. 5 Winds directions causing
the greatest risk of occurrence
of the highest average hourly
concentrations of sulfur
dioxide and particulate matter
during calendar winters
(December–February). Years
2004/2005–2009/2010
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was the district most polluted with particulate matter and the
“very low” class was the least frequent (30 %) as compared to
other districts and the “high” class was the most frequent (10 %).

As far as “very low” air quality class dominates in the
average winter conditions, the share of particular classes of
the CAQI index undergoes pronounced changes (Fig. 6) in the
conditions of overnormative daily concentrations of particu-
late matter PM10. Most of all, the share of conditions classi-
fied as “very low” falls to even below 5 %, whereas the share
of “medium” class increases approximately five times and

constitutes 40–50 % of cases of daily standard being
exceeded. Deterioration of air quality reflects the several times
higher share of high class as compared to average conditions.
The joint share of the two classes of the worst air quality,
“high” and “very high”, ranged from approximately 20 % in
Gdynia Pogórze to approximately 32 % in Gdańsk Wrzeszcz,
whereas in average conditions it did not exceed 10 % (except
for Gdynia Śródmieście district). The smallest difference be-
tween the average and extreme conditions regard the share of
days classified as belonging to low class.

Fig. 6 Frequency (%) of
occurrence of the individual
classes of CAQI index:
during calendar winter
(December–February) and in the
days with the excess of the daily
PM10 standard. Years 2004/
2005–2009/2010
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As has been presented before, the mean daily concentra-
tions of PM10 were exceeded and registered in Tricity ag-
glomeration in each of the winter season in the period
2004/2005–2009/2010. In Gdynia Śródmieście, the excess
of daily standards reached 35 % whereas in other districts it
ranged from 10 to 15% of the calendar winter. The analysis of
the results of aerologic surveys shows that in Gdynia
Śródmieście 67 % of all cases in which the daily standards
of PM10 concentration were exceeded in the years 2004/2005
through 2009/2010 were recorded during night (00 UTC) or
daily (12 UTC) lower or upper inversions of temperature. In
the winters of 2005/2006 and 2007/2008, the percentage of
daily standards being exceeded in the conditions of inversion
was 86 and 88 %, respectively. The course of mean daily
concentration of particulate matter PM10 with the highest

number of the excess of the standard, illustrates the influence
of thermal inversions as well as air temperature on the vari-
ability of the particulate matter concentration (Fig. 7). In the
winter of 2005/2006, the excess of the standard in Gdynia
Śródmieście was recorded most of all in January which was
marked by the highest frequency of thermal inversions, upper
inversions. A sudden increase in particulate matter PM10
concentration on January 9, 16 and particularly 26, were
connected with both marked decrease in temperature and
24-h inversions. The increase in concentration of pollutants
on January 9 was simultaneous with the fall in temperature
and the occurrence of upper and lower inversion layers. The
maximum daily concentration of particulate matter on January
26 which reached 301.8 μg·m−3 was recorded after the period
of the greatest freezing cold and was probably the result of the

Fig. 7 Distribution of the mean daily concentration of particulate matter PM10 in Gdynia Śródmieście in relation to the course of air temperature and
thermal inversion, winter 2005/2006

Fig. 8 The relationship between themean daily concentration of particulate matter PM10 and the thickness of lower inversions occurring during 24-hour
period (a) and the height of the base of upper inversions at 00 (b) and 12 (c) UTCI time
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accumulation of pollution in the conditions of extremely
limited vertical air exchange connected with previously oc-
curring upper inversion layers from approximately 350 to
3,100 m and the lower 24-h inversion on the day of the
extreme concentration of pollutants. The regression analysis
indicates the statistically significant influence of inversion
layers on the variability of particulate matter PM10 concen-
tration in the winter season of 2005/2006. The role of the
layers hindering dispersion depended on the range of lower
(ground level) inversion layers and on the hight of the base of
upper inversion (elevated) as is presented in Fig. 8. The
increase in thickness of lower inversions (day and night-time
jointly) which occurred less frequently than upper brought a
statistically significant increase of particulate matter concen-
tration—determination coefficient amounted to approximate-
ly 14 %. As far as direction is concerned, the opposite rela-
tionship of concentration levels of particulate matter PM10
was found regarding upper inversions. The hight of the lower
inversion base shaped the thickness of the layer of turbulent
mixing and consequently the conditions of diffusion of the
pollutants at the ground-level layer of air. In most cases, the
upper inversion layers occurred during a 24-h period and had a
significant influence on the concentration of particulate matter
at night as well as daytime. However, higher location of the
base of inversion contributed to a greater degree to the de-
crease in particulate matter PM10 concentration during day-
time (R2 approximately 20 %) and twice less at night (R2=
8 %). This corresponds with the results obtained by Knozowa
(2008) regarding not only particulate matter but also SO2, CO
and NOx. Multiple regression analysis indicated that in the
winter of 2005/2006, the upper inversions (both night as well
as day) in connection with air temperature accounted for 40 %
of the variability of particulate matter PM10 concentration
(Table 4). In both times of day, their share expressed by partial
determination coefficient was similar and markedly smaller
than that of air temperature. The models depicting the vari-
ability of particulate matter and sulfur dioxide concentration
levels in average conditions (developed on the basis of a 9-
year long series of months October–March 1990–1999 by
İçağa and Sabah (2009)) also presented smaller influence of
inversion in comparison with air temperature.

The attempt to evaluate the influence of atmosphere strat-
ification on the dispersion of pollution with particulates was
based on the results of aerologic surveys conducted at the
open field in a standard meteorological station. However, in
the conditions of urban development, the exchange of heat
flux in the ground-level layer of air is strongly modified by
physical and geometric features of the substrate as well as by
the emission of artificial heat (Kuznetsova et al. 2008). Great
roughness of the urban substrate which contributes to the
development of the mechanic turbulence can significantly
distort the formation of inversion layers. Topography of the
area and its cover influence the intensity, reach and the char-
acter of inversions as well as its spatial variability
(Drzeniecka-Osiadacz and Netzel 2010a; Wallace et al.
2010). Therefore, the results obtained substantiate the signif-
icant role of the structure of the thermal boundary layer of
atmosphere in the shaping of the amount of concentration of
pollutants in the conditions of frosty winter, yet they do not
take into consideration specific features of the thermal struc-
ture of the urban boundary layer of Tricity agglomeration.

5 Conclusions

During the calendar winter (December–February), the worst
average aerosanitary conditions of air occur in the northern
part of Tricity which, in terms of administration, belongs to
Gdynia, which the highest pollution by sulfur dioxide occurs
in Pogórze district and the highest pollution by particulate
matter PM10 in Śródmieście district, neighbouring the port
area. As far as concentration levels of sulfur dioxide does not
exceed the current standards, the overnormative daily concen-
tration of particulate matter PM10 is recorded in all districts
each winter in Gdynia Śródmieście 35 % of days on average.
Regardless of this fact, the average aerosanitary conditions of
air assessed with the use of CAQI index are classified in most
days of the calendar winter (December–February) as belong-
ing to the best quality class “very low”, and in the conditions
of overnormative concentration, the “medium” class tends to
dominate. The worst class of air quality “very high” does not
pertain to even 10 % of the standards being exceeded.

The increased concentrations of both pollutants are usually
recorded in the conditions of the fall in temperature below
−5.5 °C, pressure over 1,020 hPa, and wind speed below 1 m·
s−1 usually SE and S. Meteorological conditions are equally
strong factors in determining sulfur dioxide and particulate
matter concentrations, and the main element which contrib-
utes to the increase of their concentrations is air temperature.
Additionally, wind speed influences the amount of particulate
matter concentration; in Gdynia Śródmieście, it is the main
factor in the improvement of air quality.

Thermal conditions which express the amount of concen-
tration of pollutants caused by the increase in intensity of the

Time No. R2 r2

UTC TI AT

00 60 40.1 9.4 35.8

12 60 39.8 9.7 25.1
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Table 4 Coefficients of total (R2) and partial determination (r2) in percent
for the relationships between particulate matter (PM10) concentrations
and thermal inversion (TI) and air temperature (AT) in Gdynia
Śródmieście, winter 2005/2006



heating processes were the critical factors in the most frequent,
overnormative daily concentrations of particulate matter in the
winter of 2005/2006 in Śródmieście district, yet inversion
layers, both upper as well as lower, occurring in almost all
days in January 2006, also had a significant influence. The
increase in the thickness of lower inversions resulted in a
statistically significant increase in particulate matter concen-
tration, and the higher depth of the basis of upper inversions
particularly during daytime contributed to the decrease in the
concentration of pollutants. Air temperature and the depth of
the base of the lowest-occurring upper inversions accounted
for approximately 40% of the variability of the overnormative
concentration of particulate matter PM10 in the winter of
2005/2006.
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