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Abstract: The aim of this study was to determine the influence of transport on the concentration of
carbon species in aerosols collected in the coastal zone of the Gulf of Gdansk in the period outside
the heating season. Elemental carbon (EC), organic carbon (OC), and the ΣPAHs5 concentrations
were measured in aerosols of two size: <3 µm (respirable aerosols) and >3 µm in diameter (inhalable
aerosols). Samples were collected between 13 July 2015 and 22 July 2015 (holiday period) and between
14 September 2015 and 30 September 2015 (school period). In both periods samples were taken only
during the morning (7:00–9:00 a.m.) and afternoon (3:00–5:00 p.m.) road traffic hours. The highest
mean values of the ΣPAHs5 and EC were recorded in small particles during the school period in the
morning road traffic peak hours. The mean concentration of OC was the highest in small aerosols
during the holiday period. However, there were no statistically significant differences between the
concentrations of organic carbon in the morning and afternoon peak hours. Strict sampling and
measurement procedures, together with the analysis of air mass backward trajectories and pollutant
markers, indicated that the role of land transport was the greatest when local to regional winds
prevailed, bringing pollution from nearby schools and the beltway.
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1. Introduction

Coastal cities tend to have cleaner air than inland cities. However, even in their atmo-
sphere the concentration of pollutants may increase, especially in the immediate vicinity
of their emission sources [1]. In urbanized coastal cities, transport plays an important
role in shaping poor air quality, in addition to the municipal and housing sector. The
first source appears most clearly during the heating season. In the warmer months of the
year, communication can take over the role of the dominant emitter of pollutants. The
term ‘communication’ is usually understood as road (heavy and passenger), rail, and
air transport. Land-based road pollution also enters the atmosphere as a result of the
abrasion of tires and brakes and re-suspension of road dust [2]. In this way, large particles
with a diameter of 2.5–10 µm are emitted, while fine aerosols (<2.5 µm) are present in
the atmosphere mainly as a result of fuel combustion. The quality of the atmosphere in
coastal cities is also negatively affected by sea transport (e.g., ferries, container ships, bulk
carriers, chemical tankers) and the proximity of ports (e.g., transshipment activities). In
coastal or port regions, emissions from ships can significantly increase the concentration
of NOx, SO2, PMx, and their components [3,4]. The largest increase in the concentration
of aerosols and their components is recorded along the traffic routes. This is manifested
mainly by a high concentration of elemental carbon (EC), which is the basic indicator
of air pollution from transport [5]. In the atmosphere of urbanized cities, as much as
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80% of EC in aerosols come from exhaust emissions, 14% from heating houses, 4% from
maritime transport, and only 2% from the energy industry and refinery activity [6]. In
addition to elemental carbon, the composition of aerosols emitted in the transport sector is
dominated by organic carbon, polycyclic aromatic hydrocarbons, and sulfur and nitrogen
compounds [7–9]. Organic aerosols from road traffic can be released directly from the
exhaust due to incomplete combustion of fuels and lubricating oil or can be formed in
the atmosphere by the oxidation of traffic generated VOCs such as aromatics [10]. Lang
et al., (2017) found a very high correlation coefficient (r2) between the annual average OC
concentration with vehicular OC emissions (r2 = 0.95) and VOC emissions (r2 = 0.9) to
the atmospheric OC level [11]. In turn Zhang (2006) found that the average content of
OC and EC in fine (2.5 µm) particles is 38% and 4% from gasoline cars and even higher
from diesel cars (58% and 16%, respectively) [12]. Studies conducted in China by Cai et al.
(2017) showed similar results for diesel vehicles in the case of OC (56.9%) in PM2.5 [13].
However, EC content in PM2.5 was 17.6% for heavy duty diesel, 17.7% for light duty diesel,
and 8% on average for gasoline. Of course, burning fossil fuels such as gasoline and diesel
releases carbon dioxide, a greenhouse gas, into the atmosphere [14]. Considering the health
aspects, carbon aerosols currently require the greatest attention. Since the 1990s, it has been
indicated that the presence of road pollutants in aerosols is associated with human expo-
sure. Vehicle emissions contribute to the formation of ground level ozone, which together
with other chemicals emitted by various means of transport, can trigger human health
problems such as aggravated asthma, reduced lung capacity, and increased susceptibility to
respiratory illnesses, including pneumonia and bronchitis [15]. The increase in air pollution
from transport emission contributes also to the increase in the incidence of cardiovascular
diseases and cancer. This, in turn, leads to a higher mortality, especially in urbanized
areas [16–19]. Diesel particulate matter is of particular concern because long-term exposure
is likely to cause lung cancer.

There is a direct relationship between the exposure to human health and life and the
particle size and chemical composition. Larger particles, 2.5 to 10 µm in diameter, are
retained in the upper respiratory tract, while the smallest (<2.5 µm) reach the lungs and
alveoli, and even the bloodstream [20–22]. Long-term exposure of the brain to the traffic
pollution slows down the maturation processes of this organ and causes changes in its
functioning. This is manifested by decreased brain activity when viewing and listening. In
turn, in the youngest children (up to 5 years of age) whose mothers experienced longer
exposure to traffic pollution during pregnancy, structural changes in the brain were found.
It has also been observed that in the left hemisphere of the brain there was a reduction in
the volume of white matter, which is responsible for supporting memory [15,23–27]. Long-
term exposure to polluted air also reduces the volume of brain tissue in the elderly [26,27].
Fetuses, new-born children, elder people, and people with chronic illnesses are especially
susceptible to the effects of air pollutants from transport sources.

Due to the constant development of transport routes, the motorization of the popula-
tion is increasing, along with the number of passenger cars. In the Gdynia region in 2005, it
amounted to nearly 101,000. Ten years later it was already 57% higher (178,146 units) [28].
This phenomenon results in increased traffic, which in turn leads to the increased emissions
of transport pollutants into the air. So far, it has been proven that the increase of these
components is directly correlated with the proximity of traffic routes [6]. People who
live, work, or attend school near major roads appear to have an increased incidence and
severity of health problems associated with air pollution exposure related to roadway
traffic. Children, the elderly, people with pre-existing cardiopulmonary disease, and people
of low socioeconomic status are among those at higher risk of health impacts resulting from
the air pollution near roadways [14]. Taking the above into account, the aim of this study
was to determine the influence of transport on the concentration of carbon compounds
(PAHs, OC, EC) in aerosols collected in the urbanized coastal zone of the southern Baltic
Sea (Gdynia station) outside the heating season, in the morning and afternoon hours of
the road traffic peak. In addition to the above, the aim of the research was to determine
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which period (school or vacation) and which meteorological conditions increase the role of
transport in shaping high concentrations of the analyzed carbon compounds, especially in
small aerosols (<3 µm in diameter), which are the most dangerous to human health.

2. Materials and Methods
2.1. Location of the Measuring Station

Aerosol samples were collected in Gdynia, at the Faculty of Oceanography and
Geography of the University of Gdansk (54◦30′ N, 18◦32′ E). The building is located in the
urbanized part of the city, about 600 m from the shoreline of the Baltic Sea (Gdansk Bay).
The research station is surrounded by many traffic routes (Figure 1). The largest of them is
the Tri-City ring road located to the south-west, 6000 m away from the IO UG. Moreover,
heavy traffic characterizes Władysław IV Street (500 m) and Silesia Street (635 m). At a
distance of 600 m from the station there is also a fast city rail. The closest is Pilsudski street
(15 m), where the measurements were carried out. The Port of Gdynia is located north-west
of the station, 3000 m away.
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In the vicinity of the measuring station, there is increased traffic in the morning and
afternoon hours, which is mainly related to the presence of numerous schools to which
children are transported (Figure 2). The closest of them is located 128 m and the farthest
690 m away from the measuring station.
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2.2. Aerosol Sampling

Aerosol samples were collected in the period between 13 July 2015 and 22 July 2015
(holiday period) and between 14 September 2015 and 30 September 2015 (school period). In
both cases, samples were taken outside of the heating period. It was aimed at eliminating
the source related to the communal-living sector, which plays a great role in shaping the
air quality in the research area. Measurements were carried out in two-hour cycles during
the morning and afternoon rush hours (7:00–9:00 a.m.; 3:00–5:00 p.m.).

Aerosols were collected using a Tisch Environmental, Inc. high-flow impactor (TEI)
(model: TE-235). It operates at a nominal flow of 1.132 m3·min−1 (40 scfm; 68 m3·h−1) at a
pressure of 760 mm Hg and a temperature of 25 ◦C. Aerosols were collected on TE-QMA
Micro Quartz filters, 14.3 cm × 13.7 cm in size (aerosols from 0.49 µm to 10 µm). The
smallest particles, below 0.49 µm, were collected on a Whatman 41 filter, which had a
size of 20.3 cm × 25.4 cm. Before use, all filters were preheated (580 ◦C, 6 h) and then
conditioned in a desiccator for 24 h (Rh: 45% ± 5% and 20 ◦C ± 5 ◦C). All filters were
weighed twice with an accuracy of 10−5 g on a vertical plate of a RADWAG microbalance
AS 110.R2, adjusted to the size of the filters. After sampling, the filters were re-conditioned
for 48 h in the desiccator and weighed twice again. All activities related to installing,
removing, and weighing the filters were carried out in a laminar air flow chamber. The
limit of quantification (LOQ) was set at 0.12 µg (20 replicates). The uncertainty of the
method was <3.0% (at a certainty level of 99%).

2.3. Analysis of Organic and Elemental Carbon and Polycyclic Aromatic Hydrocarbons

The analysis of organic (OC) and elemental (EC) carbon in aerosols was performed by
the thermo-optical method with the use of a thermo-optical analyzer (Sunset Laboratory
Dual-Optical Carbonaceous Analyzer; protocol EUSAAR 2). For the analysis, a filter
fragment with an area of 1.5 cm2 was used. In addition to automatic calibration, an external
standard (99.9% sugar solution) was analyzed every 10–15 samples [29,30]. The detection
limit of the method was set to 0.1 µg·m−3 for both OC and EC (n = 12). The analytical error
of the method was 4.5% at a confidence interval of 99% [22,29–32].

Concentrations of five PAHs (benzo(a)pyrene, benzo(a)anthracene, fluoranthene,
pyrene and chrysene) were determined by means of high-performance liquid chromatogra-
phy using a Dionex UltiMate 3000 analyzer with a fluorescence detector (benzo(a)pyrene
λex. = 296 nm, λem. = 408 nm; fluoranthene and pyrene λex. = 270 nm, λem. = 440 nm;
benzo(a)antracene and chrysene λex. = 275 nm, λem. = 380 nm). The isolation of PAHs
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was conducted by means of solvent extraction (acetonitrile: dichloromethane 3:1 v/v) in
an ultrasonic bath [33]. The concentration values for the standard curve ranged from 0.125
to 10 ng·cm−3. The limit of quantification was 0.01 ng·cm−3. The recovery determined
against the reference material (SRM-2585) was 83%, 78%, 91%, 91%, and 99% for BaP, FLA,
PYR, B(a)A, and CHR, respectively [32–34].

2.4. Anion Analysis

Prior to chromatographic analysis, a fragment of 10.8 cm2 was cut from quartz filters
with dimensions of 14.3 cm × 13.7 cm, while a fragment of 3.8 cm2 was cut from a filter
with dimensions of 20.3 cm × 25.4 cm. Next, the cut filters were placed in polyethylene
tubes and 12 cm3 of milli-Q water was added. The next step was to sonicate the samples
(20 min) in an ultrasonic bath (Sonic 6D, Sonic 10, Polsonic Palczyński, Warsaw, Poland)
in order to bring the ions into solution. The extract obtained in this way was filtered
through membrane filters with a pore diameter of 0.25 µm. The ions NO3

− and SO4
2−

were determined by ion chromatography 881 Compact IC pro (Metrohm AG, Herisau,
Switzerland) in accordance with Polish Standard PrPN-EN No 10304-1. For sulphates and
nitrates, the limit of detection was 0.1 µg·m−3 and 0.2 µg·m−3, respectively, and the error
of the method was 4.7% and 5.5%. In all cases, a confidence level of 99% was assumed [35].

2.5. Variation of Meteorological Parameters

Gdynia, where aerosol samples were collected, lies in the temperate climate zone,
which is constantly modified by the influence of the vicinity of the Baltic Sea. Such a
location determines the less severe winters and, at the same time, mild summers. The
average annual temperature for the summer period is 14 ◦C, and for the winter period it is
2.3 ◦C. Average precipitation totals are 590 mm (1971–2000) with maximum values in July
(13%). The dominant wind direction in Gdynia is westerly (1981–2010) [36].

During the research period, the highest average temperature value of 19.4 ◦C was
recorded during the afternoon traffic rush during the summer holidays in July (with a
maximum of 26.8 ◦C; 21 July; 3:00–5:00 p.m.) (Table 1).

The lowest temperature was also noted in the afternoon rush hour in September (school
period), and amounted to 16.8 ◦C (with a minimum of 11.5 ◦C, 30.09; 3:00–5:00 p.m.) (Table 1).
Relative air humidity ranged from 31% (17/7; 7:00–9:00 a.m.) to 83% (16/9; 3:00–5:00 p.m.).
Higher RH values were recorded during the school period than during the holiday period.
The mean wind speed values were slightly higher during the holiday season (3.2 m·s−1) than
during the school season (2.0 m·s−1). The maximum wind speed was recorded on 17 July
(vacation period) during the morning rush hour and it was 9.8 m·s−1. The lowest wind speed
was recorded on 16 September between 7:00 a.m. and 9:00 a.m. and it was equal to 0.1 m·s−1

(Table 1). The mean atmospheric pressure was higher during the school period. The highest
pressure was recorded on 29 September in the morning peak hours (1033 hPa), and the lowest
on 16 September in the afternoon (999 hPa).

During the summer holidays, in the morning rush hour the westerly wind direction
was dominant (80%), and in the afternoon south-westerly (46%) and southerly (34%) winds
dominated. During the school period, in the morning traffic hours, the south-west direction
had the highest share (84%), while in the afternoon traffic hours winds from the south-east
direction were predominant (46%) (Table 1).
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Table 1. Statistical characteristics of meteorological data during the research conducted in Gdynia in 2015.

Holiday Period
(13–21 July 2015)

School Period
(14–30 July 2015)

7:00–9:00 a.m.
Average

(Min–Max)

3:00–5:00 p.m.
Average

(Min–Max)

7:00–9:00 a.m.
Average

(Min–Max)

3:00–5:00 p.m.
Average

(Min–Max)

T [◦C] 18.9 ± 1.2
(15.3–21.3)

19. 4 ± 2.2
(16.8–26.8)

15.9 ± 2.4
(12.4–20.7)

16.8 ± 2.3
(11.5–20.0)

Rh [%] 54 ± 8
(31–72)

55 ± 7
(39–77)

64 ± 9
(44–78)

60 ± 8
(41–83)

Vw [m/s] 3.5 ± 0.8
(0.6–9.8)

2.8 ± 1.2
(0.2–8.5)

2.1 ± 0.9
(0.1–6.5)

1.9 ± 0.9
(0.3–6.4)

P [hPa] 1007 ± 4
(1001–1012)

1008 ± 3
(1003–1012)

1015 ± 13
(1002–1033)

1015 ± 14
(999–1033)

∑ precipitation
[mm] 8 35

Wind Direction
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2.6. Atmospheric Air Pollution Indicators from Transport Sources Used in the Work

There are several indicators that allow us to estimate whether the chemical compo-
sition of aerosols in a given research area is determined by the emission from transport
sources. While EC has a primary origin, OC can be both primarily emitted but also formed
in the atmosphere through condensation to the aerosol phase of low vapor pressure com-
pounds emitted primary as pollutants or formed in the atmosphere. Thereby, a large
fraction of OC in the atmosphere has a secondary origin. Because of this, the OC/EC
ratio in aerosol fractions differs widely, both in space and seasonally, and it could be a
useful diagnostic ratio to investigate sources and processes happening in the atmosphere,
which could lead to the formation of secondary organic compounds [37–40]. The value of
the OC/EC ratio depends on the emission sources associated with different combustion
processes. Higher concentrations of OC and EC occur during the heating season [41]. They
are also increasing in areas of heavy traffic. In general, both OC and EC are characterized
by higher concentrations near traffic routes than in rural or industrial areas [42–45]. When
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the OC/EC value is between 2.6 and 6.0, the organic carbon comes from the combustion of
fossil fuels [43]. It is assumed that for biomass combustion, the coefficient exceeds 6 [46–48].
Pio et al., (2011) measured the OC and EC at both roadside and urban background sites in
Portugal and the UK and obtained the lowest OC/EC ratio ranging from 0.3 to 0.4 for the
road-generated aerosols. The results of Pio et al., (2011) are in agreement with the findings
of Yu et al., (2011) [49]. On the other hand, they are lower than measured by Hildemann
et al., (1991) [50] for particles emitted from gasoline (OC/EC = 2.2) and diesel vehicles (0.8).
The latter results may be the consequence of using other methods of estimating OC and EC
concentrations in the 1990s.

Polycyclic aromatic hydrocarbons (PAHs) have also been used as indicators of atmo-
spheric pollution from transport sources in various areas of the world. For example, Masclet
et al., (1986) [51] and Miguel et al., (1998) [52] found that the gasoline engine emissions
were enriched in benzo(ghi)perylene and coronene and diesel exhausts emitted mainly
chrysene, fluoranthene, and pyrene. In turn, Duan et al., (2016) [53] noted that fluoranthene,
naphthalene, phenanthrene, pyrene, fluorene, chrysene, and benzo(a)pyrene are dominant
PAHs emitted from coal-fired power plants. For a heavy oil and natural gas fueled-boiler,
naphthalene, phenanthrene, fluoranthene, pyrene, fluorene, and benzo(b)chrysene were
found to be the major PAHs. Sometimes relationships are found that allow us to determine
the origin of PAHs in aerosols. For example, a B(a)A/chrysene ratio above 1 suggests
that the source of the aerosols is fuel combustion. A similar source is indicated by a
B(a)A/(B(a)A + CHR) ratio above 0.2 and a fluoranthene/pyrene ratio above 1. The ratio
of fluoranthene/(pyrene + fluoranthene) within the range of 0.4–0.5 indicates combustion
liquid fuels, and when its value is higher than 0.5, it implies burning coal and biomass.
When the value of the above index falls below 0.4, the carbon source is oil combustion [7].

Another well-recognized marker is the aerosol nitrate to sulfate ratio. It is used to
distinguish the air pollution coming from mobile sources from those emitted by stationary
sources (point emitters, e.g., power plants, refineries). When nitrate ions dominate over
sulphate ions in aerosols, meaning that the NO3

−/SO4
2− ratio is above 1, this indicates

that transport is the main source of pollutants [54,55].
In addition to the chemical indicators listed above, the analysis of meteorological data

facilitates the identification of aerosol sources. For this purpose, wind roses are plotted to
determine potential local and regional sources of pollution (Table 1). In order to determine
the movement of air masses from distant sources, the HYSPLIT model developed by NOAA
can be used [56]. A detailed description of their trajectories has been presented in previous
publications [57,58].

2.7. Statistical Treatment of the Data

To verify the significance of the impact of the analyzed factors (e.g., distance from the
street, level of traffic), two tests were applied. The non-parametric U Mann–Whitney Test
was applied to examine differences between two sets of independent data and the Kruskal–
Wallis test was used for more than two groups of independent variables. Analogous
tests were applied to determine the influence of selected factors on the deposition of
organic carbon. For all dependencies presented in the publication, the levels of tests’
significance have been considered to be important only when the p value was less than
0.05. All the statistical analysis was performed using STATISTICA® Software (Dell Inc.,
software.dell.com, Tulusa, OK, USA, Version 13).

3. Results

The research conducted in Gdynia in 2015 was aimed at determining the extent to
which transport related to driving children to school contributes to air pollution with
carbon compounds. For this reason, measurements were carried out only in the non-
heating period, which was divided into two cycles. The first one covered summer holidays
(July 2015), when there is no traffic related to transporting children to school. September
(2015) was selected as the school period. In both measurement cycles, samples were
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taken during road traffic peak hours (7:00–9:00 a.m. and 3:00–5:00 p.m.). During the
measurements in September, the traffic volume in Gdynia ranged from 37,000 to 45,000
vehicles a day and was on average one third higher than during the summer holidays [59].
This could have resulted in slightly higher concentrations of PAHs (21.4 ng·m−3) and EC
(0.5 µg·m−3) in PM10 aerosols during the school period than during the holiday season
(20.3 ng·m−3 and 0.3 µg·m−3, for PAHs and EC, respectively). Among carbon compounds,
only the concentration of organic carbon in PM10 was higher in July than in September 2015
(6.1 µg·m−3 and 4.3 µg·m−3, respectively), which could be a consequence of the increased
vegetation of plants on land and in the sea at that time. However, the Mann–Whitney U
test did not confirm a statistically significant difference in the concentrations of all analyzed
carbon compounds (PAHs, OC and EC) between the school and holiday periods (test,
p > 0.05). In order to better interpret the sources of origin of the analyzed carbon compounds
in the discussed periods, the results were divided into two size classes: up to 3 µm in
diameter (respirable aerosols) and from 3 µm to 10 µm in diameter (inhalable aerosols)
(Table 2). Additionally, the study takes into account the ionic components of aerosols
(nitrates and sulphates) as a supplement to the information on air pollution from stationary
and mobile sources (NO3

−/SO4
2− factor) [54,55].

Table 2. Statistical characteristics of PAHs, OC, and EC concentrations and selected ionic aerosol components during the
morning and afternoon traffic peak during school and holiday periods.

Parameter
Aerosol Size

[µm]

Holiday Period
(13–21 July 2015)

School Period
(14–30 September 2015)

7:00–9:00 a.m.
Average

(Min–Max)

3:00–5:00 p.m.
Average

(Min–Max)

7:00–9:00 a.m.
Average

(Min–Max)

3:00–5:00 p.m.
Average

(Min–Max)

ΣPAH5 [ng·m−3]
<3 15.44 ± 9.15

(3.12–26.66)
13.68 ± 8.21
(3.54–25.61)

11.04 ± 4.99
(5.77–18.42)

7.96 ± 4.67
(4.28–17.81)

3–10 6.24 ± 6.88
(0.74–19.90)

5.46 ± 3.98
(0.52–10.55)

20.15 ± 22.9
(0.64–57.71)

4.95 ± 3.58
(0.38–8.90)

Benzo(a)anthracene
B(a)A [ng·m−3]

<3 0.04 ± 0.02
(0.02–0.06)

0.04 ± 0.06
(LD-0.14)

0.03 ± 0.02
(0.01–0.1)

0.02 ± 0.01
(0.01–0.02)

3–10 0.02 ± 0.03
(LD-0.06)

0.03 ± 0.02
(LD-0.06)

0.14 ± 0.07
(0.09–0.20)

0.02 ± 0.01
(0.01–0.03)

Benzo(a)pyrene
B(a)P [ng·m−3]

<3 0.04 ± 0.04
(0.01–0.11)

0.03 ± 0.02
(LD-0.07)

0.02 ± 0.01
(0.01–0.03)

0.02 ± 0.01
(0.02–0.03)

3–10 0.01 ± 0.01
(LD-0.03)

0.01 ± 0.01
(LD-0.02)

0.08 ± 0.00
(0.08–0.08)

0.07 ± 0.01
(0.06–0.10)

Chrysen
CHR [ng·m−3]

<3 0.12 ± 0.06
(0.07–0.23)

0.10 ± 0.05
(0.05–0.20)

0.09 ± 0.03
(0.06–0.14)

0.04 ± 0.02
(0.01–0.07)

3–10 0.04 ± 0.04
(0.01–0.11)

0.08 ± 0.06
(0.03–0.20)

0.11 ± 0.11
(0.02–0.39)

0.04 ± 0.02
(0.02–0.07)

Fluoranthene
FLU [ng·m−3]

<3 15.17 ± 9.06
(2.96–26.27)

13.41 ± 8.05
(3.45–25.03)

10.87 ± 4.94
(5.56–18.12)

4.87 ± 3.53
(0.34–8.75)

3–10 6.13 ± 6.75
(0.71–19.52)

5.29 ± 4.00
(0.19–10.37)

19.89 ± 22.13
(0.61–57.03)

7.83 ± 4.62
(4.19–17.59)

Pyrene
PYR [ng·m−3]

<3 0.08 ± 0.03
(0.05–0.13)

0.11 ± 0.08
(0.03–0.24)

0.05 ± 0.02
(0.04–0.09)

0.02 ± 0.01
(0.01–0.04)

3–10 0.05 ± 0.06
(0.01–0.17)

0.06 ± 0.05
(0.01–0.16)

0.07 ± 0.06
(0.01–0.17)

0.02 ± 0.01
(0.01–0.04)

Nitrates
NO3

− [µg·m−3]

<3 0.7 ± 0.5
(LD-1.5)

0.5 ± 0.5
(0.1–1.4)

2.0 ± 2.1
(0.5–5.8)

2.5 ± 0.7
(1.8–3.3)

3–10 0.2 ± 0.1
(LD-0.2)

0.1 ± 0.2
(LD-0.2)

1.0 ± 0.4
(LD-1.4)

1.1 ± 1.2
(0.1–3.1)
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Table 2. Cont.

Parameter
Aerosol Size

[µm]

Holiday Period
(13–21 July 2015)

School Period
(14–30 September 2015)

7:00–9:00 a.m.
Average

(Min–Max)

3:00–5:00 p.m.
Average

(Min–Max)

7:00–9:00 a.m.
Average

(Min–Max)

3:00–5:00 p.m.
Average

(Min–Max)

Sulphates
SO4

2− [µg·m−3]

<3 0.6 ± 0.3
(0.3–1.1)

0.6 ± 0.4
(0.2–1.2)

2.5 ± 2.0
(0.7–5.4)

2.2 ± 1.0
(1.0–4.0)

3–10 0.1 ± 0.0
(LD-0.1)

0.1 ± 0.1
(LD-0.2)

1.4 ± 1.1
(LD-3.2)

2.1 ± 3.3
(LD-9.3)

OC [µg·m−3]
<3 4.6 ± 0.7

(3.6–5.6)
4.3 ± 1.3
(2.8–6.0)

3.3 ± 0.8
(1.8–3.9)

2.7 ± 0.6
(1.8–3.4)

3–10 1.7 ± 0.5
(1.2–2.6)

1.6 ± 0.3
(1.1–2.1)

1.2 ± 0.2
(0.9–1.6)

1.3 ± 0.5
(0.8–2.0)

EC [µg·m−3]
<3 0.5 ± 0.2

(LD-0.7)
0.3 ± 0.1
(LD-0.5)

0.6 ± 0.2
(LD-0.9)

0.4 ± 0.4
(LD-1.0)

3–10 0.2 ± 0.0
(LD-0.2)

0.2 ± 0.2
(LD-0.7)

0.4 ± 0.3
(LD-0.7)

0.3 ± 0.1
(LD-0.4)

The concentration of total PAHs was always higher in particles smaller than 3 µm in
diameter. Only in the morning road traffic peak, during the school period, was there a
reverse tendency that the mean the concentration of ∑PAH5 was higher in particles with
a diameter of 3 to 10 µm. It was also the only case where the concentration of ∑PAH5
was higher during the school period than during the holiday period. At the same time,
regardless of the particle size and duration of measurements (school and holiday period),
the concentration of ∑PAH5 was always higher in the morning than in the afternoon
(Table 2). Among the analyzed PAHs, the highest concentration values in both fractions,
both during school and holiday periods, as well as during the morning and afternoon
road traffic peak, were exhibited by fluoranthene (Table 2). The concentrations of other
PAHs were at a similar level. The lowest values were found for B(a)A (from <LD of
the analytical method to 0.2 ng·m−3). Apart from benzo(a)pyrene, which belongs to
the five-ring hydrocarbons, the remaining analyzed PAHs are classified as tetracyclic
(pyrene, chrysene, fluoranthene, benzo(a)anthracene). Two-and three-ring PAHs have a
low molecular weight (LMW), four-ring PAHs have an average molecular weight (MMW),
while five- and six-ring PAHs have a high molecular weight (HMW). The physical and
chemical properties of PAHs change with the molecular weight and chemical structure.
Low molecular weight compounds, which were not analyzed in this study, have a higher
vapor pressure and are present in the environment in gaseous form. In addition, they are
less hydrophobic than medium and high molecular weight hydrocarbons and therefore
dissolve more easily in water. PAHs of medium and high molecular weights are more
difficult to degrade, and thus more persistent in the natural environment. PAHs with
four or more aromatic rings are hydrophobic and typically non-polar compounds. This
determines their behavior in the natural environment. In general, PAHs with a higher
molecular weight exhibit sorption properties on smaller aerosols [60], which could explain
why the concentration of PAHs was higher in particles smaller than 3 µm in diameter. The
high concentrations of PAHs in large aerosols obtained in the morning hours during the
school period could have resulted from the prevailing weather conditions. The process of
PAHs sorption on aerosols is more intensive under higher air humidity. In the discussed
period of time, the average air humidity was 64± 9% and was higher than in other research
periods (Table 1). At that time, the atmospheric pressure was also characterized by the
highest range of values (from 1002 to 1033 hPa). The increase in atmospheric pressure
reduces the speed of air circulation and prevents the transfer of PAHs from aerosol to
gaseous form [61]. For this reason, during the morning hours of school period, when the
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air humidity and atmospheric pressure were higher, higher concentrations of the analyzed
PAHs in aerosols >3 µm of diameter could be recorded. In the afternoon hours of the school
period, the pressure periodically dropped below 1000 hPa, and the humidity was several %
lower than in the morning hours (Table 1).

The mean concentration of organic (OC) and elemental (EC) carbon was always higher
in aerosols below 3 µm in diameter. In a similar manner to the concentration of ∑PAH5,
the concentration of these compounds was also higher in the morning hours than in the
afternoon traffic peak hours. However, while the concentration of EC was higher or at
a similar level during the school period, higher values of OC were observed during the
summer holidays. Organic carbon during the holiday season accounted for as much as 94%
in the total carbon fraction in particles smaller than 3 µm and 92% in particles larger than
3 µm in diameter. Its share decreased during the school period, when the EC concentration
increased. At that time, OC constituted 88% of the TC mass in particles <3 µm in diameter,
and 84% of TC in particles >3 µm in diameter.

The average concentration of nitrates and sulphates, as well as the EC concentration,
was higher during the school period than during the holiday period (Table 2). Regardless
of the season and the time of day, it was always greater in aerosols <3 µm in diameter.

4. Discussion
4.1. The Origin of Carbon Compounds during the Holiday Season

Measurements carried out in Gdynia during the holiday season did not show sta-
tistically significant differences in concentrations depending on the time of sampling in
the case of ∑PAH5, both forms of carbon (OC and EC), or basic ionic components (NO3

−,
SO4

2−) (Figure 3).
The median concentrations of all compounds were very similar in the morning and

afternoon hours. This may be due to the fact that during the holidays in the area of the
Tri-City agglomeration, the traffic volume is largely determined by tourism. Therefore,
it is not at its highest during peak traffic hours. Rather, it falls in the late morning hours,
when tourists head for the beach and the early afternoon hours, when tourists come down
for lunch. Additionally, some residents are on vacation during the summer months. Of
course, driving children to school is also eliminated. However, the obtained value of the
PAHs origin index described by the relationship PIR/B(a)P was high and amounted to
6.9. This indicates that the dominant source of these compounds in aerosols over Gdynia
during the summer holidays was combustion in diesel engines [62,63]. The same source
was found both for small particles in the morning hours (6.1) and in the afternoon (5.7)
and for large particles during both road traffic peak hours (6.2 and 11.4, respectively in
the morning and afternoon). The high concentration of fluoranthene in relation to pyrene
(mean value Flu/Pyr = 159) also indicated the communicative source of PAHs during
the holidays. This source played a more significant role in the morning (Flu/Pyr = 337)
than in the afternoon (Flu/Pyr = 138). The more than two times higher concentration of
fluoranthene in small aerosols as compared to large particles also proves the impact of
combustion in diesel engines. This trend was recorded both in the morning and in the
afternoon (Table 2). The same source of aerosols during the holiday season was indicated
by the value of the NO3

−/SO4
2− ratio. Again, its greater importance was established

in the morning (7:00–9:00 a.m.) when the mean value of the ratio was 1.3 (1.2 and 1.4,
respectively, in particles <3 µm and >3 µm in diameter). In the afternoon (3:00–5:00 p.m.)
the NO3

−/SO4
2− ratio was slightly lower and averaged 1.1 (1.0 and 1.2, respectively, in

particles <3 µm and >3 µm in diameter) [54,55].
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Another indicator, the OC/EC ratio, was at the level of 14.0 during the holiday period
(with an average of 11.4 in the entire measurement period), which proves the significant role
of vegetation in forming the high concentrations of organic carbon at that time [62]. This
compound could be present in aerosols as a consequence of naturally occurring processes,
i.e., emission of plant spores, pollen, vegetation debris, microorganisms, and organic matter
from the soil surface and the nearby sea [32,57,64–68]. The value of the coefficient was
always higher in the smaller aerosols, both in the morning and afternoon hours (12.3 and
23.4, respectively) than in the aerosols with a diameter of 3 to 10 µm (8.2 and 7.1 in the
morning and afternoon, respectively). It was also found that in aerosols <3 µm in diameter,
the source of OC and EC origin during the summer holidays was always common, as
indicated by the Pearson correlation coefficient between the concentrations of OC and EC
(r = 0.8 and r = 0.95, respectively in the morning hours and afternoon). In particles >3
µm in diameter during the holiday season, no common source of OC and EC origin was
established during any of the road traffic peak hours (Pearson correlation r < 0.5). This
could be due to the fact that as much as 67% of the EC concentrations measured in these
particles in the morning hours and 43% of the concentrations in the afternoon hours were
below the limit of quantification of the method (Table 2). This suggests a different source
of organic carbon, apart from the transport sector, is large aerosols, despite lower OC/EC
values compared to small particles. Organic carbon, apart from plant vegetation, could
be present at that time in large aerosols as a consequence of biomass combustion during
food processing. The research was conducted in the summer, when both residents and
tourists often grill [69–71]. It could also be a component of secondary aerosols resulting
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from the physical or chemical adsorption of gases on particles, which led to an increase in
its concentration [72,73].

The influence of transport was noticeable during the summer holidays in small par-
ticles, especially in the morning hours, when the wind dominated from the Tri-City ring
road. Its force was then up to 10 m·s−1 (Table 1, Figure 1). During this time, the OC/EC
ratio in particles <3 µm in diameter was almost two times lower than in the afternoon (23.4
and 12.3, respectively), as a consequence of the increase in EC concentration [6]. The ring
road connects all the cities of the Tri-City (Gdansk, Sopot, Gdynia) and at the same time a
route leading to the Hel Peninsula, which is one of the places most visited by tourists on the
Polish Baltic coast during the holidays. Its significance for the increase in EC concentration
in aerosols has already been reported in this area of research [34,58,61,74].

In the afternoon hours, the average wind speed was 2.8 m·s−1 and was lower than in
the morning hours (Table 1). The highest value of OC/EC recorded at that time in particles
smaller than 3 µm (23.4) was the result of two times lower EC concentrations compared
to the morning hours. However, since the source of OC and EC origin was common at
that time (Pearson’s correlation r = 0.95), the influence of transport on the concentration
of both compounds cannot be ruled out. At that time, the road leading through Gdynia,
located 600 m south-west of the measuring station, can be indicated as a potential carbon
compound source from the transport sector (Figure 1). On the other hand, the high values
of OC concentrations in small particles present in the atmosphere over Gdynia during the
afternoon hours are probably a consequence the presence of secondary organic carbon in
them or/and of biomass combustion during food processing [69–71].

4.2. The Origin of Carbon Compounds during the School Period

During the school period (September 2015), the difference in the concentrations ob-
tained in the morning and afternoon traffic rush hours was more pronounced than in the
holiday season (Figure 4). This relationship was confirmed by the U Mann–Whitney test
for PAHs (p = 0.05) and for elemental carbon (p = 0.04). Statistical significance was not
confirmed for nitrates, sulphates, or organic carbon (p > 0.05).

Higher median concentrations of ∑PAH5 and EC, as well as OC, were recorded in the
morning from 7:00 a.m. to 9:00 a.m. (Table 2), when children are transported to school and
adults are going to work. Then, the traffic intensity in the study area increases, which could
have generated an increase in air pollution from transport sources [6,75]. In the morning,
when class starts at 8:00 a.m. or 9:00 a.m., dozens of cars dropping off children and running
their engines are observed in front of schools. In the afternoon, high levels of traffic are
spread over time. This is due to the different times that the classes end for particular
groups of students and the additional activities they perform (extracurricular activities).
For this reason, a large proportion of children return home on foot, without the need for a
car. These factors determined the differences in the concentrations of traffic pollution in
aerosols measured during the school period in the atmosphere over Gdynia in the morning
and afternoon hours. In the morning, the value of the PIR/B(a)P ratio pointed to the
transport source of PAHs related to combustion in diesel engines, which was almost twice
as high as in the afternoon (4.0 and 2.2, respectively) [60,63]. The value of this coefficient
was several times higher in small aerosol particles (4.4 and 3.4, respectively in the morning
and afternoon traffic rush hours) than in large particles (1.4 and 0.8, respectively in the
morning and afternoon traffic rush hours). It was found that the value of the coefficient
was not affected by the concentration of B(a)P, which during the school period did not
show statistically significant differences depending on the time of day (U Mann–Whitney
test, p = 0.2). Both in the morning and afternoon hours, the concentration of this compound
was also at a similar level in large and small particles (Table 2). Pyrene was the PAH that
differentiated the PIR/B(a)P ratio during the school period. Its median differed statistically
significantly depending on the time of day, both in small and large particles (Table 2), which
was confirmed by the U Mann–Whitney test (p = 0.03). In the case of small aerosols, the
concentration of pyrene in the morning traffic rush hours was twice as high, and in the case
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of large aerosols it was even three times higher than in the afternoon hours (Table 2). Such
high concentrations of pyrene indicated that in the morning there was an additional source
of PAHs in aerosols, apart from transport sector, probably related to the combustion of
fuels for heating purposes [60,63,76]. Taking into account the beginning of autumn and the
cooling that prevailed in Poland at that time, it is possible that users of detached houses in
the mornings heated them more intensively using solid fuels for this purpose. This would
also explain the high concentrations of fluoranthene, which is a congener of PAHs, which,
in addition to transport emissions, also result from the combustion of coal and wood [60,77].
In the morning hours, the median concentration of this compound was 25.62 ng·dm−3, and
it was almost two times higher than in the afternoon (13.71 ng·dm−3). In addition, high
concentrations of fluoranthene in the morning were also recorded in large particles, which
may confirm their non-transport source of origin (Table 2). A similar dependence was
shown in large aerosols of benzo(a)anthracene, whose median concentration in the morning
traffic rush hours was 0.14 ng·dm−3 and was seven times higher than that obtained in the
afternoon (0.02 ng·dm−3).
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During the school period, the greater impact of road transport in the morning was
also confirmed by the NO3

−/SO4
2− ratio, which on average amounted to 1.2 during this

time. In the afternoon, the value of the coefficient decreased to 0.9, suggesting that some of
the pollutants in the atmosphere above Gdynia could come from emissions from stationary
sources [54,55]. The OC/EC value during the school period was set at 6.8 and was lower
in the morning than in the afternoon (5.8 and 9.1, respectively). This indicates a greater
importance of transport in the emission of elemental carbon to the atmosphere during the
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hours of transporting children to school [64,78,79]. Similar results were obtained by Querol
et al., (2013) [64] conducting research in the years 1999–2011 at 78 research stations located
throughout Spain. The researchers considered areas with varying degrees of urbanization,
agricultural areas, and background stations away from large cities. The lowest value of
the OC/EC ratio was obtained by Querol et al., (2013) [64], similarly to this study, in the
morning. It always corresponded to a marked increase in the volume of traffic.

4.3. Selected Episodes with the Highest Influence of Land and Maritime Transport

Both during the holiday and school periods, there were several interesting cases
in which the concentration of the analyzed compounds was determined by meteoro-
logical conditions and the time of day. The first episode took place on 16 July 2015.
Then, air masses were transported over the station from the north-west (from the North
Sea), but the wind direction changed significantly with the time of day (Figure 5). The
value of the NO3

−/SO4
2− ratio in PM10 was then the highest in the entire holiday sea-

son, and amounted to 1.9 on average. The concentration of ∑PAH5 was also very high
(29.17 ng·dm−3). The average wind speed equal to 2.4 m·s−1 indicated a local to regional
source of aerosols [58,80].
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Figure 5. Dominant wind direction in the morning (a) and the afternoon (b) and the dominant air masses (c) on 16 July 2015
in Gdynia.

As the discussed situation occurred during the holiday season, and the air temperature
that day reached 20 ◦C, the increase in the concentration of pollutants in the air over Gdynia
could have been caused by increased tourist traffic towards the beaches of Tri-City. In the
morning hours (7:00–9:00 a.m.), when the wind direction from the ring road dominated
(Figure 5a) and the wind speed was up to 7 m·s−1, the value of the NO3

−/SO4
2− coefficient

in PM10 aerosols measured in Gdynia increased to 2.2. This indicated the transport
source of the pollution origin at that time [5,55]. This was confirmed by the low value
of the OC/EC ratio compared to the average for the entire holiday period (11.5 and
19.6, respectively) [64]. Additionally, on the morning of 16 July the maximum ∑PAH5
concentration was recorded (37.7 ng·dm−3), which also proves the significant influence of
transport [75]. In the afternoon, the winds were blowing from east to south-east from the
streets around the station. The wind speed was already low (1.4 m·s−1), which led to less
dispersion of pollutants. For this reason, the concentration of ∑PAH5 remained at a high
level (20.7 ng·dm−3). Additionally, the value of the NO3

−/SO4
2− coefficient was similar to

that in the morning (1.9).
The next episode took place on 20 July 2015, when the wind was coming from the

north-west (Figure 6). On that day, the concentration of nitrates was very low, with an
average of 0.7 µg·dm−3, while the concentration of sulfates was high and amounted to
1.1 µg·dm−3 (mean 0.67 µg·dm−3). Consequently, the NO3

−/SO4
2− ratio had a very small

value of 0.1. Taking into account the proximity of the port and the incoming wind from its
region, the probable sources of pollution in the atmosphere above the research station were
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day shipping and port activity [81]. The value of the OC/EC ratio was high (18.4) and did
not indicate a large share of elemental carbon in aerosols at that time. However, the high
concentration of ∑PAH5 (15.8 ng·dm−3) and the obtained value of the PIR/B(a)P ratio at
the level of 16.1 may suggest the presence of carbon compounds emitted to the atmosphere
from combustion in diesel engines. As on that day the wind speed reached 8.5 m·s−1, the
pollutants were well dispersed. On the next measuring day, the concentrations had halved.
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Figure 6. Dominant wind direction (a) and dominant air masses (b) on 20 July 2015 in Gdynia.

Another situation was recorded on 16 September 2015, when the NO3
−/SO4

2− ratio
reached its maximum value during the entire measurement period, equal to 2.7. The likely
cause of the increase in nitrate concentration was the film festival taking place in Gdynia
and the related increased traffic volume. On that day, the wind direction from the east
(in the morning) and from the south-east (afternoon hours) was recorded (Figure 7). The
wind speed was low (on average 1.4 m·s−1), which led to the accumulation of pollutants
close to the emission source and their poor dispersion [5,80]. The obtained value of the
PIR/B(a)P ratio, amounting to an average of 2.2, indicated the role of petrol-powered cars
in the formation of high concentrations of ∑PAH5 (20.75 ng·dm−3).
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Figure 7. Dominant wind direction in the morning (a) and the afternoon (b) and dominant air masses (c) on 16 September
2015 in Gdynia.

The role of transport on that day was clear, both in the morning and in the afternoon
rush hours. From 7:00 a.m. to 9:00 a.m. the NO3

−/SO4
2− ratio was equal to 2.3, and

from 3:00 to 5:00 p.m. it adopted the highest value over the entire measurement period,
amounting to 2.9. It was found that the source of air pollution, determined using the
PIR/B(a)P ratio, was related to the emissions from combustion in gasoline engines, both
in the morning and in the afternoon (1.7 and 2.5, respectively). In the morning, when the
average wind speed was very low and averaged 0.7 m·s−1, the concentration of ∑PAH5
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reached 31.5 ng·dm−3. In the afternoon, when the wind speed doubled (1.7 m·s−1 on
average), the concentration of ∑PAH5 decreased to 10.0 ng·dm−3. In the morning, in the
vicinity of the research station, there could be a greater accumulation of local pollutants. In
turn, in the afternoon, pollutants could be transported from the important roads located on
the southeast and east of the measuring station [80,82]. Many of them are access roads to
nearby schools (Figure 2).

5. Conclusions

PM10 measurements conducted in the coastal zone of the Baltic Sea in 2015 indicated
higher concentrations of nitrate, sulphate, and elemental carbon in the school period, while
the concentration of organic carbon in aerosols was higher during the holidays. In the case
of PAHs concentration, the difference between the school and vacation periods was not
clear. While the concentrations of fluoranthene, chrysene, and pyrene were higher during
the holidays, the concentration of B(a)P and B(a)A were higher in the school period.

The analysis of aerosol pollution markers suggested that during the holidays, the
quality of the surrounding air was mainly determined by the combustion of diesel oil in
transport related to tourism, passenger ships, and port activity. These sources apparently
appeared in the morning hours (7:00–9:00 a.m.). During the school period, the main source
of pollutants was gasoline combustion. At the beginning of autumn, due to the drop in air
temperature, the role of the heating sector also cannot be ignored.

The highest mean values of the ΣPAHs5 and EC were recorded in small particles
(<3 µm in diameter) during the school period, which were found in the morning road
traffic peak hours. The mean concentration of OC was also the highest in small aerosols
during the holiday period. However, there were no statistically significant differences
between the concentrations of organic carbon concentration in the morning and afternoon
peak hours. Strict sampling and measurement procedure, together with analysis of air
mass backward trajectories and pollutant markers, indicated that the role of land transport
was the greatest when local to regional winds prevailed, bringing pollution from nearby
schools and the beltway.
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