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Airborne particulate matter (PM, s and PM;o) concentrations were measured in Zonguldak, Turkey from
January to December 2007, using dichotomous Partisol 2025 sampler. Collected particulate matter was
analyzed for 14 selected polycyclic aromatic hydrocarbons (PAHs) by high-performance liquid chromatog-
raphy with fluorescence detection (HPLC-FL). The seasonal variations of PM, 5 and PMyo concentrations
were investigated together with their relationships with meteorological parameters. The maximum daily
concentrations of PM, 5 and PMyo reached 83.3 wgm~2 and 116.7 pg m~3 in winter, whereas in summer,

{)(:{;VCOJ& St:e matter they reached 32.4 pgm~3 and 66.7 wg m=3, respectively. Total concentration of PMjp-associated PAHs
PMys reached 492.4ngm=3 in winter and 26.0 ng m~3 in summer times. The multiple regression analysis was
leé) performed to predict total PM;5- and PMyp-associated PAHs and benzo(a)pyrene-equivalent (BaPE) con-

centrations with respect to meteorological parameters and particulate mass concentrations with the
determination coefficients (R%) of 0.811, 0.805 and 0.778, respectively. The measured mean values of
concentrations of total PM,s- and PMyg-associated PAHs were found to be 88.4ngm~3 and 93.7 ngm~3
while their predicted mean values were found to be 92.5 ngm~3 and 98.2 ng m~3, respectively. In addi-
tion, observed and predicted mean concentration values of PM; 5-BaPE were found to be 14.1 ngm~3 and
14.6 ngm3. The close annual mean concentrations of measured and predicted total particulate related
PAHs imply that the models can be reliably used for future predictions of particulate related PAHs in
urban atmospheres especially where fossil fuels are mainly used for heating.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Ambient air pollution has adverse effects on respiratory and car-
diovascular systems coming up as acute reduction in lung function,
aggravation of asthma, increased risk of pneumonia in the elderly
and low birth weight and high death rates in newborns [1]. More-
over, the concentration of respirable particulate matter (PM) in
ambient air has become a topic of considerable importance over
recent years in relation to public health [2] since epidemiological
studies have shown that exposure to particulates with aerody-
namic diameters <10 wm (PMjp) and especially <2.5 pm (PM;5)
induces an increase of lung cancer, morbidity and cardiopulmonary
mortality [3-5]. Although there is still a fundamental lack of under-
standing the underlying mechanisms of their toxicity, one of the
widely accepted hypotheses is that toxicity of particulates depends
not only on their size but also on their composition both of which
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depend on location, time of year and meteorological conditions [6].
Studies performed on airborne particulates revealed that organic
compounds like PAHs adsorbed by particulate matter probably play
an important role on the generation of adverse health effects [7,8].
There are limited studies reported in the literature [9] for future
predictions of particulate related PAHs in urban atmosphere for
epidemiologic studies based on available meteorological and PM; 5
data.

Therefore, the monitoring of seasonal concentrations of res-
pirable PM together with their PAH content and determination
of the effects of meteorological parameters on concentrations of
these pollutants are important to control the factors which pro-
duce or disperse these pollutants to protect human health due to
exposure to these pollutants through inhalation. This study has
numerous purposes such as the determination of seasonal varia-
tions of PM, 5 and PM;g concentrations, total PM-associated PAHs
and the effects of meteorological parameters on concentrations of
these pollutants. The study also presents an attempt to predict the
particle-associated PAHs and PM, s-associated benzo(a)pyrene-
equivalent (BaPE) carcinogenicity in the study area by utilizing
multiple linear regression models which include mass concentra-
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Fig. 1. Location map of the sampling site in Zonguldak, Turkey.

tion, temperature, wind speed and relative humidity as explanatory
variables.

2. Experimental
2.1. Sampling site

The study has been carried out in Zonguldak province
(41°27'03” N, 31°45’81”E). This area is a centre for coal mining
with the associated steel industry being located on the Northwest
coast of the Black Sea in Turkey (Fig. 1). The area is surrounded
by low mountains at three sides which cause poor dispersion of
air masses especially during stagnant conditions and the Black Sea
is the only way out open to the north. The total area of the city
is about 3480km?2 with a population of more than 600,000 and
the area of the city centre is about 637 km2. Coal is mainly used
as fuel for domestic and central heating. A Walter-Lieth climate
diagram for Zonguldak over the period of 1975-2005 is shown in
Fig. 2 [10]. Its climate is predominantly temperate and rainy and
approximate temperature over the year is 13.5 °C. During the sam-
pling period, the mean temperature was 14.6°C in the range of
1.3-31.7°C, the mean air relative humidity was 70% in the range
of 28-97%, the mean wind speed was 2.6ms~! in the range of
0.9-5.3ms™! and the accumulated rainfall was 1258 mm. The pre-
dominant wind direction was from the north in the sampling period
as can be seen in Fig. 1.

80 — 160
[1975-2005] 13.5°C 1246 mm ¢ T T
_— ,

58, 50_“ Temperature 3 ’ +120 E
¢ * = = =Precipitation 570 H
g ‘e - 5
z 404 R S ts0 2
b .~ . . =
—_ - e o~
5
5 20‘/’\/" 40 i

0 T T T T T T T T T T 0

1 2 3 4 5 6 7 8 9 10 11 12

Month

Fig. 2. Climate diagram for Zonguldak over the period of 1975-2005.

2.2. Sample collection and mass measurement

The fine (PM55) and coarse (PM,5_19) particle samples were
collected from January to December in 2007 onto Whatman PTFE
filter with a diameter of 46.2 mm, using Rupprecht and Patash-
nick Dichotomous Partisol-Plus Model 2025 Sequential Air Sampler
compatible with the European Union directives. The dichotomous
configuration of the sampler splits a PMjy sample stream into a
151/min flow containing fine particles and a 1.67 I/min flow with
coarse particles. The sampler was positioned on the roof (5m in
height) of a building in the Karaelmas University Campus and sam-
ples were collected during 24-h periods, approximately twice in a
week, with filter exchange taking place at 00:00 GTM. Before and
after sample collection equilibrated filter papers were weighed by
a microbalance (Precisa XB 220A) to calculate particle mass con-
centrations. After weighing, the filter papers were packed with
aluminum foil and stored in a freezer (-18°C) for PAH determi-
nation and the collected samples were analyzed as soon as they
were prepared.

2.3. Analysis of particle-associated PAHs

The filters were extracted with 50ml of n-hexane-acetone
(1:1, v/v) in an ultrasonic bath for 30 min at room temperature.
The extracts were concentrated to 1 ml using a rotary evaporator
(300 mbar, 40°C), and 100 .1 of dimethylformamide was added as
a keeper and evaporated again under gentle steam of nitrogen to
100 pl. Final volume was adjusted to 500 wl by adding 400 w1 of
acetonitrile and then analyzed [11].

The chromatographic analysis was performed by Thermo Finni-
gan HPLC system (San Jose, USA) consisting of a P1000 pump
equipped with a Rheodyne injection valve (20 .l injection loop), a
SCM 1000 degasser and a FL3000 fluorescence detector. The sys-
tem was controlled by a Specta System Controller SN 4000 and
a software package Chromquest 4.0. Separation was performed
by means of a Phenomenex Max-RP column (250 mm x 4.6 mm,
4 m) protected by a Cig guard column (4mm x 3mm, Phe-
nomenex). Fluorescence excitation and emission wavelengths were
programmed according to elution times to obtain better sensitiv-
ity [12-14]. HPLC system was calibrated using an external standard
method with a mixture of 16 PAHs (naphthalene, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, pyrene, flu-
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Table 1
Maximum, minimum, median, mean concentration and standard deviation values for each fraction of the particulate matter and related PAHs collected during the sampling
period.
PM, 5 PMio PM, 5-PAH PM;o-PAH
Minimum (pg/m?) 4.6 12.5 Minimum (ng/m?) 0.3 0.4
Maximum (pg/m?) 83.3 116.7 Maximum (ng/m?) 464.0 492.4
Median (pg/m?) 23.1 41.7 Median (ng/m?) 28.0 32.6
Mean (pg/m?) 28.1 441 Mean (ng/m?) 88.4 93.7
Standard deviation 18.7 214 Standard deviation 115.9 121.6
Sample number 93 93 Sample number 93 93

Sampling period January-December 2007 January-December 2007

Sampling period January-December 2007 January-December 2007

oranthene, benzo[a]anthracene, chrysene, benzo[b]fluoranthene,
benzo[k]|fluoranthene, benzo[a]pyrene, dibenzo[a,h]anthracene,
indeno|1,2,3-cd]pyrene, benzo[ghi]perylene) in HPLC grade ace-
tonitrile containing 10 pg/ml of each compound (47940-U Supelco,
USA). Acenaphthylene, although it was present in the mixture,
was only weakly fluorescent and thus could not be detected. The
separation was performed at room temperature with a constant
flow-rate of 1.2 ml/min. by employing the elution program as fol-
lows; 0-5min acetonitrile-water 75:25 (v/v) and then a linear
gradient elution from 75% acetonitrile at 5min to 100% acetoni-
trile at 30 min, followed by isocratic elution with acetonitrile for
5 min. Finally, 10 min were necessary to re-establish the initial con-
ditions. Naphthalene could not be accurately quantified because of
interference of co-eluted substances. Method validation parame-
ters such as linearity, recovery and limit of detection were given in
our previous study [11].

3. Results and discussions
3.1. Seasonal variations of PM; 5 and PM1g concentrations

The concentrations of PM; 5 and PMyq fractions of ambient air-
borne particulates were measured approximately twice a week
during the period of January to December throughout the year of
2007 in Zonguldak province. The daily concentrations of PM5 5 and
PM;g reached 83.3 wgm~3 and 116.7 wg m—3 in winter, whereas in
summer, they reached 32.4 pgm—2 and 66.7 wg m—3, respectively.
Table 1 shows maximum, minimum, median and mean concen-
tration with standard deviation values for each fraction of the
particulate matter collected during the sampling period. In addi-
tion, the seasonal variation of particulate concentrations and results
of linear regression analysis between PM; s and PM;y concentra-
tions in winter and summer are shown in Fig. 3.

As expected, the high average mass concentration of PM, 5 was
found in winter (37.3 wgm~3), which was most likely associated
with high burning of fossil fuels for heating purpose, whereas the
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Fig. 3. Seasonal variations of particulate concentrations and results of linear regres-
sion analysis between PM; 5 and PM; concentrations. Winter: 25 September-7 May
(central heating on); Summer: 8 May-24 September (central heating off).

low PM, 5 level was observed in summer (15.9 pg m~3) due to the
absence of combustion sources. PM, 5_1g levels (14.8 pg m~3 in win-
ter and 17.6 wg m~3 in summer) did not exhibit a marked seasonal
trend although slightly higher levels were obtained in summer.
Annual mean concentrations of particulate matter found in this
study were similar to the results reported by Tecer et al. [15] for
the sampling period of 2004-2005 in Zonguldak.

The fine and coarse particles are relatively different in their
physical and chemical compositions. They generally originate from
different sources or by different activities within the same source
[16]. Relationships between PM; 5 and PM;y mass concentrations
were analyzed in terms of linear regression and the results revealed
that coefficients of determination (R?) were 0.6257 and 0.9042
in summer and winter times, respectively. The relatively high
coefficients especially in winter imply that PM, 5 and PMg have
some similar emission sources, and they were being influenced
by the same local conditions [17]. In general, the contribution of
combustion sources is much more in the PM, 5 fraction. In our
study, the increase in PMjg concentrations during the heating
seasons was mainly driven by an increase in the PM, 5 concen-
trations. Furthermore, the coefficient of determination between
PM, 5 and PMg was found to be 0.6257 in summer suggested that
nearly half of the mass of PMg consists of soil-originated parti-
cles.

Since different sizes of atmospheric particles probably originate
from different sources, the mean PM; 5/PMq ratios have been used
for identifying the sources of PM, 5 and PM;q [18-22]. Higher ratios
(e.g., larger than 0.6) are generally ascribed to relatively high con-
tributions from secondary particles and the combustion sources,
while lower ratios indicate significant contributions from primary
sources such as re-suspended soil/road dust (unpaved roads), and
other mechanical activities [23-25]. PM; 5/PMjg ratios (mean +SD)
were found to be 0.70+0.13 in winter which indicated significant
contributions from combustion sources and 0.47 +0.17 in sum-
mer which indicated significant contributions from re-suspended
soil/road dust, coal mining and processing industries, and other
mechanical activities. The mean ratio of PM, 5/PMyq varies widely
from one location to another due to the differences in the sampling
site characteristics. In general, PM; 5/PM;q ratios exhibit seasonal
variation with the highest values during the winter months and
the lowest values in the summer months. The obtained results
showed similar seasonal variations when compared to other urban
pollution studies. Gomiscek et al. [26] published winter ratio of
0.72 and summer ratio of 0.67 in Vienna, Austria. Sun et al. [19]
found that the average ratio of PM;s5/PMjq in winter was 0.73,
0.52 and 0.61 at traffic, industrial and residential sites in Beijing,
China, and in summer was 0.45, 0.48 and 0.47, respectively. Con-
versely, higher PM,5/PMjo ratios were observed in summer in
Barcelona, Spain by Viana et al. [27] and it was stated that pho-
tochemical formation of secondary fine particulates by the effect
of sunlight increased the ratio of PM; 5/PMjg in summer. Similarly,
Chan and Kwok [28] found the PM; 5/PM;q ratio of 0.69 in win-
ter and 0.84 in summer in heavily trafficked area of Hong Kong.
They concluded that frequent rains in the studied area diminished
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Fig. 4. Seasonal variations of PM and related PAHs and results of linear regression analysis between (a) PM, s and related PAHs (b) PMyo and related PAHs.

the large size particulates and this caused small size particulates
to be higher proportion with respect to total particulate mass in
summer.

3.2. Relationships between concentrations of particulate matter
and total particle-associated PAHs

The total concentrations of PAHs reached 464.0ng m~3 in PM; 5
and 492.4ngm~3 in PMyq fractions in winter, whereas in summer
times reached 22.9ngm=3 and 26.0ngm~3, respectively. Max-
imum, minimum, mean, median concentrations and standard
deviation values of total PAHs determined in each fraction of the
particulate matter are shown in Table 1. The seasonal variations of
PM and PAHs and results of linear regression analysis are shown in
Fig. 4.

The concentration levels of PM and related PAHs fluctuated
significantly in winter times with higher means and peak con-
centrations, due to residential fuel combustion for heating (coal
burning and central heating), compared to summer times [11]. In
winter, the fluctuations in concentration levels of PAHs in PM are
generally dominated by winds and frequent rains, which wash out
these pollutants from the ambient air. The concentration of PM
and related PAHs in ambient air generally decrease with increas-
ing wind speed and frequency of the rain [29,30]. The lower PAHs
concentrations in summer are likely due to not using fossil fuels for
heating, washout effects, and, to a lesser extent, photo-degradation
and higher percentage of PAHs in the gas phase [31,32]. As it has
been reported before, the major sources of atmospheric emissions
of PM, 5 and particulate-bound PAHs were due to vehicle emis-
sion and fossil fuel combustion processes, primarily for residential
heating [11,33-35].

It was found that the strong relationship occurring between
PM; 5 and related PAHs (RZ2=0.7511) indicated that the concen-
trations of PAHs increased effectively with increasing PM, 5 mass
concentrations. In general, smaller particles have a higher PAH
content. This is due to the fact that combustion and other high
temperature sources create primarily fine particulates carrying a
high PAH content. Their small size, high number concentration, and
relatively large surface area per unit mass make them an excel-
lent adsorbent for harmful organic and inorganic compounds [36].
No relationship was found between PM,5_1¢p and related PAHs
(R%2=0.01), which indicated that they were originated from differ-
ent emission source. Coarse particles are normally generated by
mechanical activities and wind action on soils [16,37]. In addi-
tion, the coefficient of determination between PM;¢ and related
PAHs was even high (R% =0.6306) as a result of strong relationship
between PM, 5 and PM;q (R2 =0.8591 for the whole year) and more
PAH adsorption capacity of PM; 5.

3.3. Relationships between PM, particle-associated PAHs and
meteorological parameters

The relationships between PM, particle-associated PAHs and
meteorological parameters (temperature, wind speed, relative
humidity and pressure) in winter and summer periods were inves-
tigated by Pearson’s correlation analysis. The meteorological data,
which were found to be significant in describing the variation in
the 24-h averaged PM concentrations [9,31,38,39] utilized in the
present work, are: (1) wind speed (ms~1), (2) relative humid-
ity (%), (3) surface temperature (°C) and (4) pressure (mbar).
The correlation coefficients () between daily average (24-h) PM,
particle-associated PAHs and meteorological parameters are shown
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Table 2
Correlation matrix of particulate matter, related PAHs and meteorological parameters in (a) winter (n=53) and (b) summer (n =40).
PM; 5 PM35-10 PMyo PM, 5-PAH PM, 5_10-PAH PMo-PAH
(a) Winter (n=53)
PM; 5 1
PM25-10 0.327 1
PMio 0.951" 0.604" 1
PM; 5-PAH 0.845" 03717 0.834" 1
PM 5-10-PAH 0.665" 0.357" 0.679" 0.775" 1
PM;0-PAH 0.845" 0.375" 0.836" 0.999” —0.796" 1
Temperature —-0.324" 0.361" —0.155 -0.395" —0.354" —0.398"
Wind speed —0.350" —0.349° —0.409" —-0.367" -0.225 —-0.364"
Humidity —-0.108 —0.448" -0.237 —-0.094 -0.160 —-0.098
Pressure 0.172 -0.115 0.108 0.208 0.027 0.201
(b) Summer (n=40)
PM3 5 1
PM>5-10 0.306 1
PMyo 0.791" 0.824" 1
PM, 5-PAH 0.267 0.367" 0.394 1
PM,5_10-PAH 0.205 0.394 0.375 0.902" 1
PM;o-PAH 0.263 0.374" 0.396 0.999" 0.375" 1
Temperature 0.225 0.220 0.275 —0.497" —-0.480" —0.497"
Wind speed —0.266 0.183 0.040 -0.164 —-0.254 -0.179
Humidity —0.053 -0.115 -0.104 0.043 0.154 0.058
Pressure —0.338" —-0.497" —-0.521" 0.010 -0.033 0.005

" Correlation is significant at the 0.05 level (2-tailed).
™ Correlation is significant at the 0.01 level (2-tailed).

in Table 2. The correlation coefficients were marked in the table to
indicate the significance levels (P<0.01 or <0.05).

Correlations between PM variables and meteorological charac-
teristics have shown a clear seasonal pattern. In winter, correlation
coefficients between temperature and PM variables are neg-
ative and reasonably high (PM;5=-0.324, PM,5-PAH=-0.395,
PM;5_19-PAH=-0.354 and PM;¢-PAH =-0.398), suggesting that
lower temperature causes a higher rate of local heating. In summer,
although there is no obvious correlation between mass concentra-
tions and temperature, PM-associated PAHs and temperature are
negatively correlated (PM; 5-PAH = —0.497, PM; 5_19-PAH = -0.480
and PM;g-PAH=-0.497) due to greater volatilization from par-
ticulates into the gas phase [31]. In addition, photochemical
transformation of particulate PAHs by the impact of sunlight
in summer might partly explain the cause of negative corre-
lations observed between PM-associated PAHs and temperature
[32,40]. Wind speed has long been recognized as an important
controlling factor on concentrations of air pollutants [37,41-43].
Correlations between PM variables and wind speed were investi-
gated in winter and summer. It is obvious that the concentrations
of pollutants decrease effectively with increasing wind speed.
There is a significant negative relationship between particulate
mass concentrations and wind speed in winter (PM, 5 =-0.350,
PM;5_10=-0.349 and PMjg=-0.409), similar to that between
particle-associated PAHs and wind speed (PM, 5-PAH = —0.367 and
PM10-PAH = —0.364). Correlations between PM variables and rela-
tive humidity are negative and remain weak in both seasons. Among
these variables, PM, 5_19 shows a significant negative correlation

Table 3

(P<0.01) with relative humidity in winter (r=-0.448). Hien et al.
[38] similarly found negative relationship between coarse particu-
lates and relative humidity and suggested that relative humidity
remove atmospheric particulates and diminish the amount of
re-suspended soil dust by making the soil humid. Particulate
concentrations exhibit significant negative correlations with atmo-
spheric pressure in summer (PM;s5=-0.338, PM;5_19=—0.497,
PMjg=-0.521), whereas no correlation is observed between
particulate PAHs and atmospheric pressure in both seasons. Re-
suspended soil dust under unstable atmospheric conditions (low
pressure and high wind speed) in summer might explain the cause
of negative correlations observed between particulate concentra-
tions and atmospheric pressure. Atmospheric pressure influences
pollutant concentrations indirectly by affecting the atmospheric
stability conditions. In general, high atmospheric pressure is often
related to low wind speed and stable stratification, limiting disper-
sion of pollutants within the atmosphere [39,44]. Although stable
atmospheric conditions with high pressure and low wind speeds
are most unfavorable in terms of air pollution, low pressure with
high wind speeds in the summer months apparently leading to
high coarse particle concentrations due to re-suspension processes
[37].

The effects of rainfall on concentrations of particulate mater and
particle-associated PAHs were investigated separately by compar-
ison of mean concentrations of pollutants in rainy and non-rainy
days. As can be seen in Table 3, the scavenging of pollutants by
precipitation is an important removal mechanism from the atmo-
sphere in both winter and summer [45,46].

Mean concentrations of particulates and particulate-associated PAHs in rainy and non-rainy days.

Parameters Winter

Summer

Rainy days (n=25)

Non-rainy days (n=28)

Rainy days (n=6) Non-rainy days (n=34)

PM; 5 (ug/m?) 335 40.7
PM;5-10 (pg/m?) 11.5 17.8
PMo (g/m?3) 45.0 58.5
PM,5-PAH (ng/m?) 134.1 169.2

PM;5-10-PAH (ng/m3) 8.3 9.5
PMo-PAH (ng/m3) 142.4 178.7

6.2 17.7
16.7 17.7
229 354

12 3.7

0.2 0.6

JIE5) 43
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Table 4
The performance statistics of the models for PM, 5-PAHs, PM1o-PAHs and PM; 5-BaPE.

Statistical indicators Model for PM; 5-PAHs

Model for PM1o-PAHs Model for PM, 5-BaPE

R? 0.811
1A 0.945
MAE (ng m—3) 37.4

MBE (ngm~3) 0.015

RMSE (ngm~3) 50.4

0.805 0.778

0.944 0.934
40.7 5.7/
—0.046 0.018
53.6 7.8

3.4. The multiple regression analysis

Multiple linear regression analysis was performed by Sta-
tistical Package of Social Sciences (SPSS 13.0) to investigate
relationships between PM, PAHs and meteorological parame-
ters. In addition, total PM, 5-associated benzo(a)pyrene-equivalent
(BaPE) carcinogenicity was evaluated by multiplying the concen-
trations of each PAH with their toxic equivalent factors (TEFs)
[47]. This can also be used to calculate the relative carcino-
genicity of ambient PM, 5 samples with a known distribution of
PAHs. The relationship between PMj s, total PM, 5-associated BaPE
concentrations and meteorological parameters were also investi-
gated. Explanatory variables in multiple regression analyses were
selected according to their significance and ability to contribute to
prediction of the dependent variable. The precipitation and pres-
sure produced the weakest significance, and therefore they were
excluded from the regression analysis. Resulting equations are
given below:

PM, 5-PAHs = 146.240 + 4.076 [PM; 5] — 5.914 [temperature]
—11.107 [wind speed] — 0.747 [humidity] (R* = 0.811)

PM1o-PAHs = 155.773 + 3.311 [PM;g] — 8.950 [temperature]
—11.065 [wind speed] — 0.581 [humidity] (R? = 0.805)

PM, 5-BaPE = 20.042 + 0.564 [PM, 5] — 0.860 [temperature]
—1.549 [wind speed] — 0.079 [humidity] (R? = 0.778)

Considering the above equations, the measured and predicted
total concentrations of PM; 5-PAHs, PMo-PAHs and PM, 5-BaPE
were compared by using the data set during the period
of January-December in 2007. The comparison of predicted
and observed concentrations of PM,;s-PAH, PMjg-PAHs and
PM, 5-BaPE is shown in Fig. 5a-c. As shown in Fig. 5a-c, pre-
dicted values are generally able to reflect well the measured
ones with the strong coefficients of determination of 0.811
for PM,5-PAHs, 0.805 for PMjg-PAHs and 0.778 for PM;s-
BaPE.

Five statistical indicators applied by several authors [48-51]
were used to provide a general indication of the relationship
between the observed and the predicted data. These statistical indi-
cators are coefficients of determination (R2), index of agreement
(IA), mean absolute error (MAE), mean bias error (MBE) and root
mean square error (RMSE). The performance statistics of the models
for PM; 5-PAHs, PM9-PAHs and PM, 5-BaPE are shown in Table 4.

The index of agreement (IA) is an alternative of R? and if the
IA is closer to 1, then the model is more appropriate to simulate
the observed data [52]. The MAE and the RMSE measure resid-
ual errors which gives a global idea of the difference between
the observed and predicted values. RMSE indicates the difference
between observed and predicted concentrations. Smaller MAE and
RMSE mean that the model is more appropriate. MBE with lower
values is the degree of correspondence between the mean predict

and the mean observation. The MBE indicates whether the observed
concentrations are over or under estimated [51]. The obtained
results show smaller values of RMSE, MAE, MBE and higher values
of R2, 1A underlying the correct behavior of the developed models.

The models follow seasonal behavior, and give acceptable results
although they have some difficulties in predicting the summer
time concentrations. As the models are strongly dependent on the
mass concentrations, the predicted concentrations tend to devi-
ate more from measured concentrations due to lesser correlations
between PM and related PAH concentrations in summer as com-
pared to winter. The models produced negative concentrations for
several days in summer which they were considered as 0 values.
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Fig. 5. Comparison of predicted and observed concentrations of (a) PM5-PAH, (b)
PM1o-PAH and (c) PM,5-BaPE for the period of January-December 2007.
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Fig. 6. Comparison of predicted and observed concentrations of (a) PM, 5-PAHs, (b)
PM;0-PAHs and (c) PM, s-BaPE for the period of January-April 2008.

The maximum concentrations of total PM; 5 and PMg-associated
PAHs predicted by the model were found to be 346.8 ngm—3 and
386.7 ngm~3, respectively. The measured mean concentrations of
total PM; 5 and PMg-associated PAHs were found to be 88.4ng m—3
and 93.7 ngm~3 while their predicted mean concentrations were
found to be 92.5ngm~3 and 98.2 ngm~3, respectively. In addition,
observed and predicted mean concentrations of the PM, 5-BaPE
were found to be 14.1 ngm~3 and 14.6 ngm~3, respectively.

In order to confirm viability of the predictive models developed,
they were applied to predict PM; 5-PAHs, PM1o9-PAHs and PM; 5-
BaPE and validated against a dataset belonging to the period of
January-April 2008. The comparison of predicted and observed
concentrations of PM, 5-PAHs, PMo-PAHs and PM; 5-BaPE is shown
in Fig. 6a-c. In addition, relationships between measured and
predicted concentrations are shown in Fig. 7a-c. The results of val-
idation analysis indicate satisfactory predictions with R? values of
0.8422 for PM; 5-PAHs, 0.7989 for PM19-PAHs and 0.7387 for PM; 5-
BaPE.

The close annual mean concentrations of measured and pre-
dicted total particulate related PAHs and PM, 5-BaPE imply that
the models can be reliably used for future predictions of partic-
ulate related PAHs and their carcinogenic activities using widely
available PM, 5 measurements and meteorological data in urban
atmospheres especially where fossil fuels is mainly used for heat-
ing.

5004 (a)  y=0,8858x + 78,51 .

R*=0,8422

400+

-

E

1)

g

==

£

3004

o

= 2004

x
100

T e

;'-% n T T T T

E 1] 100 200 300 400 500

Measured XPM2.5 PAH (ng."ms)

S04 by  y=0,85x+ 91,564

400 R? = 0,7989

*
300
2004

100 .

0 T \ T T
0 100 200 300 400 500

Measured ZPM10 PAH (ng/m’)

Predicted ZPM10 PAH (ng/m’)

80

() y=0,7533x + 13,242 *

60 - R? = 0,7387

40 4

20 ¢

Predicted PM2.5 BaPE (ng/m"')

Measured PM2.5 BaPE (ng/m’)

Fig. 7. Relationships between observed and predicted concentrations of (a) PM;5-
PAHs, (b) PM1o-PAHs and (c) PM, 5-BaPE for the period of January-April 2008.

4. Conclusions

Measurement of PM, 5 and PMjq fractions of ambient airborne
particulates and the determination of particulate PAH concentra-
tions were performed in Zonguldak province during heating and
non-heating periods. A seasonal trend was observed for the par-
ticulates and related PAH concentrations with higher levels during
the heating season influenced by increased fossil fuel usage. It could
therefore be proposed that some effective control measures should
be taken to reduce urban atmospheric pollution in Zonguldak to
protect human health because of the exposure to those pollutants
through inhalation. A strong correlation was found between PM; 5
and related PAHs (R?=0.7511) indicating that the concentrations
of PAH increased effectively with increasing PM, 5 mass concen-
trations. The relationships between PM, particle-associated PAHs
and meteorological parameters (temperature, wind speed, relative
humidity and pressure) in winter and summer periods were also
investigated and among the meteorological parameters, the ambi-
ent temperature and local wind conditions were found to be the
most important factors controlling the concentrations of pollu-
tants. The relative humidity and atmospheric pressure were also
weakly correlated with PM and related PAHs. The multiple linear
regression analysis was performed to predict total concentrations
of PM; 5-PAHs, PM1p-PAHs and PM, 5-BaPE with respect to mete-
orological parameters and particulate mass concentrations with
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the determination coefficients (R2?) of statistical models of 0.811,
0.805 and 0.778, respectively. The determination of close annual
mean concentrations of measured and predicted total particulate
related PAHs imply that the multiple regression models can reliably
be used for future predictions of especially PM; 5-associated PAHs
in urban atmosphere for epidemiologic studies based on publicly
available meteorological and PM; 5 data when PAH measurement
is unavailable.
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