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Abstract:  The objective of this research is to determine the atmospheric concentrations and spatial distribution of 
benzene (B), toluene (T), ethylbenzene (E) and xylenes (X) (BTEX) and inorganic air pollutants (O3, NO2 and 
SO2) in the Yalova atmosphere during summer 2015. In this study, a combination of passive sampling and 
Geographical Information System-based geo-statistics are used with spatial statistics of autocorrelation to 
characterise the spatial pattern of the quality of air based on concentrations of these pollutants in Yalova.  
The spatial temporal variations of pollutants in the air with five types of land-use, residence, rural, highway, side 
road and industrial areas were investigated at 40 stations in Yalova between 7th August 2015 and 26th August 2015 
using passive sampling. An inverse distance weighting interpolation technique was used to estimate variables at an 
unmeasured location from observed values at nearby locations. The spatial autocorrelation of air pollutants in the 
city was investigated using the statistical methods of Moran’s I in addition to the Getis Ord Gi. During the 
summer, highway and industrial sites had higher levels of BTEX then rural areas. The average concentration of 
toluene was measured to be 5.83 µg/m3 and this is the highest pollutant concentration. Average concentrations of 
NO2, O3 and SO2 are 35.64, 84.23 and 3.95 µg/m3, respectively. According to the global results of Moran’s I; NO2 
and BTEX had positive correlations on a global space at a significant rate. Moreover, the autocorrelation analysis 
on the local space demonstrated significant hot spots on industrial sites and along the main roads. 
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Introduction 

Rapid increase in population, uncoordinated urbanisation in addition to 
industrialisation are the primary contributing factors to air pollution in European urban 
areas. Despite essential developments and also improvements regarding solutions to air 
pollution in many European urban areas over the last three decades, this problem still stands 
[1]. The rapid growth in road traffic and urban populations has led to the rise in quantity of 
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pollutants. However, worsening of the conditions related with air pollution in urban areas 
also causes a decrease on the health conditions and welfare of the residents together with 
the ecosystems lived around [2-4].  

Due to this there is a need for all European cities to evaluate their air quality. This is 
stipulated in the new directive on air quality [5]. According to this directive it is necessary 
for the member states to provide information to people by means of collecting, exchanging 
and disseminating related current data and statistics so that the society can better understand 
the impacts and effects caused by air pollution which would also lead to the development of 
better policies. To be able to protect the residents and their surrounding at a larger scale, it 
is essential to try to eradicate the emissions of air pollutants at where they are brought about 
by identifying the measures to be taken and implement them at the same time to reduce the 
emission at local, national and eventually at societal level. The latest forecasts of World 
Health Organisation and the European Commission has put forward that 400,000 deaths of 
premature babies could be related with the pollution in the air in the surrounding area in 
years of 2010 and 2012 in Europe [6].  

Generally, studies on air pollution are carried out with the data collected from 
continuous monitoring stations in urban areas [4, 7]. Although this approach is widely used, 
many research on air pollution has shown signs of the existence variability between intra 
urban areas and areas of street scale, which may be important for air quality indicators [8] 
and therefore does not represent environmental exposure. Furthermore, according to 
Wheeler et al. [8], air pollution data from fixed monitoring stations cannot be used directly 
as true indicators of population exposure. Therefore, in order to understand the effects of 
atmospheric pollutants as a result of the exposure of populations, investigating the situation 
of intra-urban areas is of high importance. Diffusive sampling is also another way to 
evaluate the quality of the air regarding pollution. As for the advantages of passive 
sampling; it is simpler and less expensive than automatic monitoring stations. It is well 
known fact that patterns of air pollution related with space are generally the consequence of 
physical and cultural changes in progress on our planet. Spatial patterns can be used in 
showing the way air pollutants are distributed at random or give times. They can be in 
forms of cluster, dispersion and shuffle. However, it is not possible with this analysis to 
know when there are only a few stations in the city. To analyse the spatial pattern of air 
pollution we need a greater number of samples. In this case, passive sampling is convenient 
as it allows for mapping of the urban and rural air quality [9, 10]. 

Providing new ways of analysis in spatial distributions and patterns of air pollution 
concentrations regarding space has been possible with Geographical Information Systems 
(GIS) and geo-statistics [4]. According to literature, research on air pollution is generally 
brought about by methods of distance-weighting [11, 12] and kriging [13-15]. In fact, 
interpolation is aimed to distinguish among spatial patterns of phenomenon by making 
predictions on the values at un-sampled areas using nearby sampling points. The inverse 
distance weighting (IDW) method presents more weight according to the distance; more for 
closer and less for distant locations, however, in kriging method which is  
a regression-based technique, the values are estimated in un-sampled areas. And this 
technique uses weights which reflect the correlation from a sample point to the one to be 
estimated. These techniques also provide very useful knowledge about the structure of air 
quality patterns. There is no clear agreement on any approach whether it could be accepted 
optimal globally, although a number of studies compare these techniques [16-18].  
No matter which method, environmental health agencies are increasingly using GIS 
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technology to protect the health of populations and understand the impacts of the air 
pollution on human health. Although, these geostatistical techniques are widely used, they 
cannot determine the status of spatial correlation; whether affirmative or adverse. Spatial 
autocorrelation is all about observations; as it is also defined as the observation by spatial 
adhesion. In cluster identification, there are some methods that has gained importance after 
the localization of global solutions on spatial auto-correlation; one of the important one of 
them is the use of spatial data analysis [4]. Local Getis-Ord is one of these solutions 
together with Moran’s Indicators [19]. 

In Turkey, the basic causes of air pollution in urban areas can be sorted as; rapid 
increases in the number of people living in, urbanization without plan and also 
industrialization. It is well documented that benzene (B), toluene (T), ethylbenzene (E) and 
xylene (X) (BTEX), nitrogen dioxide (NO2), ozone (O3) and sulfur dioxide (SO2) can 
adversely affect human health. Volatile Organic Compounds (VOCs) are a group 
commonly referred to as BTEX, which includes benzene, toluene, ethylbenzene and 
xylenes [20]. The main features of these are their reputation in being toxic and carcinogenic 
[21, 22]. There are also some compounds stemming from the pollutants caused by traffic 
and photochemical processes; NO2 and O3 [23]. And it is clear that these kinds of pollutants 
have negative effects on the residents’ health status and the surrounding area. One of these 
pollutants, known as O3 is available both on surface-level and troposphere. This pollutant is 
very hazardous to the human health which even can cause the death of premature babies, 
reduction in the amount of agricultural yields, alteration and shifts in ecosystems and 
devastation of infrastructure [23]. SO2 is one of the major urban air pollutants and it derives 
from fossil fuel combustion and smelting. If sulphuric acid is also manufactured in the 
surrounding area, it is highly probable that it is one of the pollutant source in the urban area. 
SO2 has an important effect on the human respiratory system and the environment due to its 
contribution to the acidification of soil and water in the ecosystem. 

The objective of this research is to determine the atmospheric concentrations and 
spatial distribution of BTEX and inorganic air pollutants (O3, NO2 and SO2) in the 
atmosphere of Yalova during the summer of 2015. In this research, a combination of 
passive sampling is used together with GIS-based geo-statistics and spatial autocorrelation 
statistics to characterise the spatial pattern of air quality based on the concentrations of 
these pollutants in Yalova.  

Materials and methods 

Site description 

Yalova is a small city of about 127,670 inhabitants, located on the coast of the 
Mediterranean Sea in western Turkey (lat. 40º37′13″ - 40º39′55, long. 29º12′40″ - 
29º18′50″ E). Its north is surrounded by the Marmara Sea (Fig. 1). Yalova is situated on the 
northern side of Samanli Mountain and is built in a hilly terrain, which stretches 
perpendicularly to the sea. The most important economic activities in the city are industrial. 

Yalova become a city on the 6th June 1996 and is cited as being on the most important 
transportation route, which is a transit route between the metropoles of Istanbul, Bursa and 
Izmir and also one Organised Industrial Zone located near the city border. Yalova has  
a very active road which is used by many people both during the day and night. It lies in the 
western part of Turkey and the road is not remote from the centrum (see Fig. 1). These 
factors are very important for the quality of air in Yalova and also have a direct effect on it.  
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Fig. 1. Location of Yalova and surrounding topography  

The direction of the wind and the emissions have an effect on the quality of air of 
Yalova. When we examine the wind directions in summer of 2015, we can see that the most 
frequent directions the wind is coming from the NE and NW on average. However, it is 
also brought about in the observations that wind coming from SW and SE is rare compared 
to the before mentioned directions (Fig. 2). 

 

 
Fig. 2. Frequency distribution of wind directions (Turkey Weather Service) for summer 2015  

Data handling and analysis of passive samplers 

In this paper, we used O3, NO2, SO2 and BTEX (benzene, toluen, ethylbenzene,  
o-xylene and m,p-xylene) concentration data and land use data. When selecting the location 
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of the monitoring stations, important consideration is given to different land uses in the 
city. The spatial variations of ambient air pollutants (BTEX, O3, NO2 and SO2) with five 
land-use types, residence, rural, highway, side road and industry area, were investigated at 
40 stations in Yalova (Fig. 3). Measurements of NO2, SO2, O3 and BTEX concentrations 
were performed using passive diffusion samplers during 15-day intervals from the 7th to the 
26th August 2015. 

Stainless steel cylindrical tubes with a diameter of 5.8 mm were used for passive 
sampling of BTEX and acrylic rubber septa with a diameter of 11 mm were used for 
passive sampling of SO2, NO2 and O3. For the sampling of SO2, O3 and NO2 concentrations, 
diffusion tubes were used which were modified analyst type. The tubes were then set up in 
chosen areas in a vertical position 2-3.5 m above the ground, which roughly corresponds to 
the human breathing zone. Objects such as lights in the streets, trees and traffic lights were 
used for the fixation of the shelters with samplers. In the process of sampling the type of 
sheltered samplers were passive ones. The diffusion tubes were sent to licenced laboratories 
to be analysed using ion chromatographic techniques. In order to obtain a GIS geodatabase, 
the installation of diffusive samplers was supported by a Global Positioning System. 

 

 
Fig. 3. Locations of surface air pollution (O3, NO2, SO2, and BTEX) monitoring stations in Yalova 

during 2015 summer 

In this work, SO2 and NO2 passive samplers were prepared with 20% triethanolamine 
(TEA) aqueous solution and covered with Whatman GF/A filter papers. On the other hand, 
O3 samplers were impregnated with 1% NaNO2, 2% Na2CO3 and glycerol aqueous solution. 
The air dried filter papers were fixed to the passive sampler base at 5 mm height. After 
exposure to definite time period, the tubes were collected and closed with caps. In this step, 
SO2 and NO2 samples were extracted with 10 cm3 of ultrapure water and 0.3 cm3 of 35% 
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H2O2 solution, and the ozone samples were extracted with 5 cm3 of distilled water for 15 
minutes. Analyzes of the extracted samples were carried out using ion-chromatography (IC) 
instrument. In IC analyzes, NO2-, SO4

2- and NO3- ion concentrations were determined for 
NO2, SO2 and O3, respectively. The determined concentrations are multiplied by the 
excitation volumes and the amounts retained throughout the sampling period are calculated. 

We used a cylindrical tube of 5.8 mm diameter made of stainless steel for the BTEX 
passive sampling. Sampler tubes were filled with a suitable adsorbent (530 ±30 mg 
activated carbon). Volatile organic compounds collected by adsorption in passive sampling 
tubes were analyzed by FID Gas Chromatography after separation with carbon bisulfide. 
Concentration calculations were made for each pollutant using Fick's law. 

Interpolation process and spatial clustering 

The meteorological and geographical conditions of a city, together with human 
activities, produce a characteristic air pollution pattern in each city. In the study, 
concentration maps were obtained using an IDW algorithm. According to Myers [15], 
while making predictions on values at unsampled areas, more remarks are assigned to 
closer locations than remote ones, that’s why IDW is one popular form of interpolation [11, 
12, 24]. Therefore in this study we use IDW. Furthermore, by design, IDW methods respect 
the range of the original observations (from the 40 monitoring stations), whereas the other 
methods, like kriging, do not. 

 

 
Fig. 4. Example graphs of output of the spatial autocorrelation tool applied to rotation angles  

When we make a comparison between the statistical cluster analysis and the thematic 
maps of IDW, we see that cluster model is more objective for analysing spatial patterns 
because it provides us with information about the positions of spatial clusters, where they 
exist. The other information provided with that analysis are the types of spatial correlation 
[25]. In this study Global Moran’s I and the Getis-Ord General G-statistic (Gi) were used to 



Spatial distribution of BTEX and inorganic pollutants during summer season in Yalova, Turkey 

 

571

measure the spatial autocorrelation of pollutants. To measure the whole clustering The 
Global Moran’s I [26] was in effect. But, in identifying hot-spots and cold-spots this 
measure is not effective because of the difference in types. So, the availability of these 
spots over the urban area were detected using the General Gi model. Detailed information 
about these statistical models could be obtained from Lee and Wong [19]. 

These global metrics give summary values for the whole research area. However, the 
magnitude of spatial autocorrelation of pollutants is not necessarily uniform over the urban 
area [25]. The importance of local statistics can be recognized in spatial autocorrelations; 
capturing the spatial heterogeneity and identifying the cluster points. In determining the 
high and low values attributed for the identification of spatial clusters, we used the Local Gi 
statistics developed by Getis and Ord [27]. If a local Gi is indicating high values, it points 
to hot-spots because of being higher than the mean value, however, if the value is lower 
than, it points to cold-spots. 

In a cluster map the results of the analysis are shown. And for mapping each type of 
pollutant in the area, z-scores of both values were used. At the significant level of 0.05; the 
indication of statistical significance is measured by the z-scores being less than 1.96 or 
more than 1.96 (Fig. 4). 

Results and discussion 

Spatial distribution pattern 

Descriptive statistics related to the BTEX concentrations assessed as the result of 
passive sampling are given in Table 1. Toluene is the pollutant with the highest 
concentration in the atmosphere of Yalova. The mean value of toluene was measured as 
5.83 µg/m3 and the highest toluene concentration was measured as 43.64 µg/m3. The 
standard deviation of toluene was found to be high and this indicates that toluene 
concentrations are regionally quite unstable. It was found out that a change occurred in the 
mean values of toluene concentrations at a rate of approximately 135% in time and space. 
Xylene is the organic pollutant with the second highest concentration in the city 
atmosphere. The standard deviation of total xylene concentrations was also quite high and 
measured to be around 67%.  

Land use and land cover largely determine the type and amount of air pollutants. Land 
use variables were investigated to determine whether any of these were correlated with the 
concentration ratios in Yalova. Table 2 shows how assessed BTEX concentrations vary  
as a result of different land use type in the city. The majority of emitting facilities in Yalova 
are located in a distinct industrial core that is separate from residential areas. However, it is 
close to the residential areas. Concentrations of toluen, ethylbenzene, o-xylene and  
m,p-xylene are higher in the industrial core but it is determined that benzene is higher 
around the main road. 

Traffic emissions can also be regarded as the sources of toluene-benzene (T/B) and 
xylene-ethylbenzene (X/E) depending on their ratio in the area. Some studies have revealed 
that the ratios of T/B are in the rise in relation to the volume of the traffic, emission ratios 
in the industry and also some other source causes in dense locations [28, 29]. As the 
organic compounds of gasoline, Benzene and toluene spread from the emissions of vehicles 
with engine to the atmosphere. Toluene content of the exhausts of motor vehicles depends 
on the type of the fuel and it is three- to four-times greater than that of benzene. In gasoline, 
toluene content is five-times greater. The T/B ratio is a characteristic that implies the 
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emissions of vehicles [30]. Usually, when the T/B ratio is less than 5 in city atmospheres in 
the world, it is accepted that the main source of both toluene and benzene are traffic 
emissions [31]. A high ratio of T/B indicates that the impacts arising from industry and 
traffic are high in the area [29]. 

 
Table 1 

Descriptive statistics of BTEX concentrations [µg/m3] 

Descriptive statistics B T E o-X m,p-X ∑ X Hourly-B 
Average 1.46 5.8 1.15 1.38 2.1 3.3 5.0 

Standard deviation 0.43 7.9 0.49 0.59 1.7 2.2 1.5 
Median 1.40 3.5 1.05 1.24 1.8 3.0 4.8 
Range 1.46 42.1 2.45 3.16 8.3 12.1 5.0 
Min. 0.81 1.6 0.76 0.85 0.7 0.8 2.8 
Max. 2.27 43.6 3.21 4.01 9.0 13.0 7.7 

B: Benzene, T: Toluene, E: Ethylbenzene, X: Xylene 
 

Table 2 
Mean BTEX concentrations in differnet landuse [µg/m3] 

Urban 
land use B T E o-X m,p-X ∑ X Hourly-B T/B1 X/E2 

Main road 1.98 6.19 1.30 1.51 1.75 3.26 6.73 3.13 2.50 
Side road 1.53 4.36 1.13 1.38 2.15 3.53 5.22 2.85 3.12 

Residential area 1.33 4.14 1.03 1.23 1.96 3.19 4.53 3.11 3.09 
Industrial site 1.88 37.02 2.97 3.38 7.95 11.33 6.38 19.69 3.81 

Rural area 1.10 2.20 0.82 0.95 1.13 1.75 3.73 2.00 2.13 

B: Benzene, T: Toluene, E: Ethylbenzene, X: Xylene, 1 Toluene/Benzene, 2 Xylene /Ethylbenzene 
 

When T/B values get close to 1, then they can be regarded as the indicator of emissions 
related with traffic in urban areas. And regarding the location of the pollutant source, this 
ratio will be on the rise in relation to the distance getting closer [32]. The T/B values in 
Yalova are much more higher than 1 which can be interpreted as the existence of another 
source of toluene. According to Liu et al. [33], some processes like cleaning and printing 
may create evaporations of solvent and this could be taken into consideration for the source 
of toluene as T/B ratio was determined to be as high as (> 19.7) in industrial areas.  

Some researchers also use the X/E ratio to understand the characteristics of pollutant 
VOCs [34, 35]. Meta-para xylene and ethylbenzene undergo different reactions with 
hydroxyl radicals in the atmosphere and the reaction of these two compounds determines 
their duration in the atmosphere. As m,p-xylene is more reactive than ethylbenzene, this 
ratio decreases as the duration of VOCs in the atmosphere increases. In ambient VOC 
investigation, the ΣX/E ratio is also used by many researchers to evaluate the relative age of 
the air parcels [29, 34, 35]. In general, there is an opposition between xylene and 
ethylbenzene regarding the reactivity species; while the former is regarded highly reactive, 
the latter is regarded to be low in reactivity. Therefore, low X/E ratios presents an air parcel 
which is aged and indicates an area less affected by fresh emissions. Atmospheric life spans 
of m,p-xylene and ethylbenzene are 3 and 8 hours, respectively and the X/E ratio will 
decrease as m,p-xylene will move away from the pollutant source as they react faster than 
ethylbenzene [36]. The X/E ratio is high in industrial areas and residential areas where 
traffic is intense; however, this ratio is found to be relatively low in rural areas. This 
situation gives rise to the idea that photochemical reactions are more effective because of 
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existing fresh emissions in the areas where the industry and traffic is dense. Also, this 
suggests that BTEX in these areas may also come from non-traffic sources. Unleaded 
gasoline #92, unleaded gasoline #95, unleaded gasoline #98 and diesel are commonly used 
in Yalova. Therefore, another reason for the high ratios in traffic-heavy areas of the city is 
associated with the fact that such emissions and ratios depend greatly on the gasoline used 
in different investigated countries. According to Truc and Oanh [35] for different samples 
in urban areas a wide range of ratios are reported. To provide examples to these reports; in 
Tokyo 1.3 and in Athens 4.8 be the most common ones range from 2.0 to 3.0 [34]. It is 
known that low X/E values are connected with active photochemical reactions [37, 38]. 

Statistical measures related to inorganic pollutant concentrations (O3, NO2 and SO2) 
are given in Tables 3 and 4. Ozone mass concentrations range between 51.27 and  
103.95 µg/m3. In the summer, O3 concentrations in rural areas are higher than those in the 
city centre. During the study period, mean O3 concentrations are over 60 µg/m3, which is 
the limit value given by the European Union Framework Directive on Air Quality 
Assessment and Management [39]. Nitrogen dioxide concentrations range from  
12.65 to 80.73 µg/m3 during the summer period and the mean concentration is 35.64 µg/m3. 
This mean value is over the European Union limit value (40 µg/m3) around main roads. SO2 

concentrations range from 3.14 to 4.58 µg/m3 during the summer period and the mean 
concentration is 3.95 µg/m3.  
 

Table 3 
Descriptive statistics of inorganic pollutants [µg/m3] 

Descriptive statistics NO2 O3 SO2 
Average 36 84 3.9 

Standard deviation 27 28 1.7 
Median 25 86 3.8 
Range 98 121 9.0 
Min. 8 12 2.2 
Max. 106 133 11.2 

 
Table 4 

Regional variation of inorganic pollutants [µg/m3] 

Urban land use NO2 O3 SO2 
Main road 80.73 51.27 4.58 
Side road 39.35 78.04 3.41 

Residential area 24.88 103.95 3.95 
Industrial site 32.78 73.36 3.14 

Rural area 12.65 88.62 4.04 

 
For forming a continuous surface, interpolation was used as a means of making 

evaluations by the observed values between the points over a space. For indicating the 
spatial patterns of the variables (O3, NO2, SO2 and BTEX) IDW was implemented. The 
map of BTEX concentrations at an individual basis estimated in summer time in the city of 
Yalova are presented in Figure 5. Concentrations of emissions were observed to be very 
different in urban and rural locations. Maximum average concentration of BTEX was found 
along the main road while minimum at less residential areas, because high levels of BTEX 
could be attributed to very high traffic density and slow traffic. The concentration of BTEX 
was observed to be lower in distance to the sources such as the main traffic route. The level 
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of benzene pollution is observed to be high, especially in neighbourhoods along the D575 
highway and in the city centre where dense building constructions and trade zones are 
present (Fig. 5). Benzene concentrations reach maximum levels in city centres where there 
is dense traffic. The neighbourhoods with the highest levels of benzene pollution are Dere, 
Gazi Osmanpasa, Suleymanbey and Sanayi. The west side of the city and the areas with 
relatively less traffic and settlement have comparatively lower benzene concentrations.  

 

 
Fig. 5. Maps showing values of benzene, toluene, ethylbenzene m,p-xylene and o-xylene [µg/m3]  

Toluene has shown higher effects especially in the industrial zone along the D575 
highway and the neighbourhoods surrounding the industrial area (Fig. 5). In the industrial 
zone there are car mechanic shops, paint and polish shops and auto repair shops, where  
a wide range of repairs are conducted. The parts of the neighbourhoods of Bahcelievler, 
Gazi Osman Pasa, Pasakent and Baglarbasi that are close to the industrial zone display  
a remarkably high level of toluene. It is observed that the places with a high toluene 
concentration are expanding towards the city centre in the direction of the Bursa-Istanbul 
highway. Toluene concentrations, which are over 12.0 µg/m3 in the industrial zone, range 
from 6.0 to 12.0 µg/m3 in the surrounding neighbourhoods. The cleanest areas of the city, 
with regards to toluene pollution, are the residential areas in the east and west ends.  

Like toluene, ethylbenzene also displays highest levels in the industrial zone (Fig. 5). 
The impact of ethylbenzene pollution decreases with distance from the industrial zone but 
not in the parts of the surrounding neighbourhoods close to the industrial area. The 
neighbourhoods most polluted and affected by ethylbenzene pollution stemming from the 
industrial zone are Gazi Osman Pasa, Pasakent, Fevzi Cakmak, Suleymanbey and 
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Baglarbasi. Another area with a significantly high ethylbenzene concentration is the area 
where Istanbul Fast Ferries Co. Inc. (IDO) is present (Fig. 1). The cleanest areas of the city, 
with regards to ethylbenzene, are the residential areas in the east and west sides of the city.  

The areas with the highest values of m,p-xylenes and o-xylene pollution are the 
industrial zone and its close surrounding (Fig. 5). The levels of both pollutants decrease 
with distance from the industrial zone. The impacts of both pollutants can also be observed 
in areas close to the industrial zone, which is a source area for the pollutants, in the 
surrounding neighbourhoods. These neighbourhoods are Baglarbasi, Bayraktepe, 
Mustafekemalpasa and Pasakent. Another remarkable area for both pollutants is the 
neighbourhood close to IDO in the north side of the city. This side of the city displays the 
highest traffic density. Fevzi Cakmak and Rustempasa neighbourhoods have remarkably 
high values of m,p-xylene concentrations. In these neighbourhoods, the values  
of m,p-xylene and o-xylene concentrations range from 2.5 to 4.5 µg/m3 and 1.4 to  
2.4 µg/m3, respectively. The cleanest areas of the city, with regards to m,p-xylene pollution, 
are the residential areas that are distant from the city centre on the east side  
of the city.  

A map of O3, NO2 and SO2 concentrations for the summer period in Yalova are 
presented in Figure 6. The level of NO2 pollution is high, especially in neighbourhoods that 
expand along the Bursa-Istanbul highway and in the city centre where dense urban 
construction and trade zones are present (Fig. 6). The most polluted neighbourhoods, with 
regards to NO2 levels, are the parts surrounding the roads along this route. NO2 
concentrations are an explicit indicator of traffic emissions. The area surrounding the IDO 
is also remarkable for the level of NO2 pollution. An important proportion of measured NO2 
concentrations are formed by the oxidation of traffic-originated nitrogen monoxide (NO) in 
the atmosphere. Though, some proportion of NO2 can be released to the atmosphere 
directly as vehicle emissions [40, 41]. NO2 concentrations in areas around the main road 
where the traffic is dense in the city are measured to be 6.3-times higher than in the rural 
area. It is understood that there is a negative correlation between NO2 and ozone 
concentrations measured in different parts of the city. 

 

 
Fig. 6. Maps showing values of O3, NO2 and SO2 [µg/m3]  

A reverse relation is inevitable between these two pollutants as the NO2 stemming 
from vehicles reacts with the ozone in the atmosphere, thus consuming the ozone and 
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eventually causing the generation of NO2. In these areas, NO2 concentrations are over  
40 µg/m3. The rate of concentration decreases east and west of road. These values do not 
exceed the value of 40 µg/m3, which is the limit required for the preservation of the current 
status of human health according to HKDYY (Regulations for the Assessment and 
Management of Air Quality). The surrounding areas, which exceed 30 µg/m3, are also 
important for protecting the vegetation. The most unpolluted areas of the city, with regards 
to NO2 pollution, is the Ismetpasa neighbourhood in the east, the Adnan Menderes 
neighbourhood in the west, the Pasakent neighbourhood on the south side of the city and 
parts of Kazim Karabekir neighbourhood, which are distant from the city centre.  

The level of O3 increases radially from city centre (Fig. 6). In these areas O3 
concentrations are over 100 µg/m3. The areas with the lowest values are the industrial zone 
and Bursa-Istanbul road. In summer, the annual mean value of O3 concentrations is over the 
60 µg/m3 limit value of European Union Framework Directive on Air Quality Assessment 
and Management [40]. O3 concentrations are at its highest rate in rural areas; lower in areas 
close to the city and even lower in dense traffic areas unlike other pollutants. The NO2 and 
BTEX concentrations in areas with dense traffic repress the generation of O3 and cause the 
photochemical exhaustion of ozone. As a result of this, O3 concentrations in these areas are 
low. As NO2 and O3 react with each other in photochemical processes in the atmosphere, 
usually O3 levels increase in areas where NO2 levels decrease. Spatial NO2 concentrations 
are measured to be higher in urban locations whereas lower in rural locations. This is 
related to the low levels of O3 in the city atmosphere. Areas where the ozone values are 
high are places to which the pollutant sources, such as traffic and industry that can cause 
the exhaustion of ozone by reacting with ozone, are distant. Ozone has a longer duration in 
rural atmospheres where ozone is not exhausted by chemical reactions. From studies carried 
out on this subject, it is known that pollutants move to rural areas from the city centres and 
industrial zones according to various factors of meteorology and air movements and 
generate ozone by photochemical reactions in these areas [42]. 

Figure 6 shows the spatial distribution of SO2. It is observed that SO2 levels are quite 
low and never exceed the limit values. The areas where SO2 is at its highest are the 
neighbourhoods on the northeast side of the city. Industrial zones also give rise to high 
pollutant concentrations in the south side of the city. SO2 concentrations are low, as 
expected in the summer period. SO2 in city atmospheres is usually caused by the use of coal 
for domestic heating in the winter season. As heating not required during the summer 
period, SO2 concentrations are low. However, industry and diesel vehicles can also be 
sources of SO2 release to the atmosphere. Although, when the SO2 pollution map in Figure 
5 is analysed, it is revealed that the east-west regression trend of air quality is affected by 
pollutant sources that are located outside of the city, on the east side. If the northeast 
direction of the wind is also taken into consideration, it can be said that pollutant sources 
from this area affect the city of Yalova (Fig. 2). 

Spatial-cluster and spatial-outlier analyses 

In Table 5 and Figure 7, the outcomes of global Moran’s statistics and Getis-Ord G 
analysis are presented. A positive autocorrelation in the area is a sign showing that similar 
values have more probability of being close to each other. 

In other words, tendency is measured by the tests of autocorrelation, through all data 
locations. In these tests correlation means a lot; for lower or higher values correlating more 
closely with each other in spatial areas with other values; high or low. In Table 5, 
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significant p values are listed with positive values of Moran’s I (i.e. p < 0.01) for SO2, O3, 
NO2 and BTEX. These outcomes are reflections of the dependency of high values; they 
depend on the values in the locations next to them (i.e., higher values will cluster in space 
with other high values). 

 
Table 5 

Spatial Autocorelation of O3, NO2, SO2 and BTEX in Yalova 

Pollutans High/low clustering Global Moran's I  

O3 
Observed General G: 

z-score: 
p-value: 

0.000 
–0.650 
0.516 

 
Moran's Index: 

z-score: 
p-value: 

–0.020 
0.085 
0.933 

 

NO2 
Observed General G: 

z-score: 
p-value: 

0.000 
3.506 
0.000 

 
Moran's Index: 

z-score: 
p-value: 

0.091 
2.447 
0.014 

 

SO2 
Observed General G: 

z-score: 
p-value: 

0.000 
–0.014 
0.989 

 
Moran's Index: 

z-score: 
p-value: 

0.035 
1.364 
0.172 

 

Benzene 
Observed General G: 

z-score: 
p-value: 

0.000 
4.035 
0.001 

 
Moran's Index: 

z-score: 
p-value: 

0.213 
4.980 
0.000 

 

Toluene 
Observed General G: 

z-score: 
p-value: 

0.001 
2.689 
0.007 

 
Moran's Index: 

z-score: 
p-value: 

0.146 
4.446 
0.000 

 

Ethylbenzene 
Observed General G: 

z-score: 
p-value: 

0.000 
2.334 
0.019 

 
Moran's Index: 

z-score: 
p-value: 

0.116 
4.492 
0.000 

 

m,p-xylene 
Observed General G: 

z-score: 
p-value: 

0.000 
2.074 
0.038 

 
Moran's Index: 

z-score: 
p-value: 

0.164 
4.379 
0.000 

 

o-xylene 
Observed General G: 

z-score: 
p-value: 

0.000 
3.318 
0.001 

 
Moran's Index: 

z-score: 
p-value: 

0.112 
3.075 
0.002 

 

 

Contrary to the indications of strong global spatial autocorrelation, clusters of 
pollutants displayed non-stationary, as indicated in Figure 7. By using the Gi statistics the 
hot spots are evaluated for the measurement of values which cluster in a sub region of the 
research location. We also used this statistical method to determine the locations of the 
spatial clusters of high or low values. And the reflection of the features in sets of data, is  
a z-score. For statistically significant positive z-scores; when the z-score is larger, the 
clustering of high values will be more intense as well (hot-spot). And as for negative scores, 
the smaller this time will reflect the more intense clustering of low values (cold-spot). 

We found that significant air pollutants, except O3 and SO2, cluster in Yalova. 
Although the NO2 and BTEX had remarkable spatial positive correlation, more than half of 
the samples of these pollutants displayed no significant spatial pattern in the area. 

For NO2, significant hot-spots on the highway are remarkable (Fig. 7). O3 was 
observed in areas of low urbanisation had were high-high clustered. Keuken et al. [43] also 
reported that in Europe busy streets and city locations have low level of ozone 
concentrations. One focus point they made was that; the depletion of ozone reacts with 
emitted nitric oxide and this process is tending to be more important than the re-creation of 
ozone. The reduced nitrogen oxide emissions caused by the traffic can actually cause ozone 
levels to increase in city centres due to traffic restrictions. In this situation, the nitric oxide 
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formerly acts as a local ozone scavenger [44]. Among BTEX, toluene, ethylbenzene,  
m,p-xylene and o-xylene displayed significant hot-spots at industrial sites in which many 
small industries exist. However, benzene also displayed hot-spots on the main roads and 
intersections where traffic is dense and in industrial area. This shows that benzene is 
affected by traffic and industrial activities. Like benzene, NO2 displayed hot-spots along the 
main roads and intersections where traffic is dense, especially along the Istanbul-Izmir 
highway. The traffic line in the centre of the city is the reason for the high-high cluster. We 
could not determine any hot-spots for SO2 in Yalova in summer. However, in the western 
side of the city where there is a lower population, cold-spots for SO2 can be found. 

 

 
Fig. 7. Maps showing hot-spots of O3, NO2, SO2 and BTEX 
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Conclusions 

A study of the BTEX and inorganic pollutant concentrations in ambient air of Yalova 
city was implemented to find out the composition and concentration distribution of these 
pollutants in regards to the type of landuse: residence, rural, highway, side road and 
industry. The GIS-based mapping applied in this research appears to offer an effective 
method for mapping anthropogenic-related pollutants. The maps developed steadily provide 
well predictions of levels of pollutants at unsampled locations. In smaller field researches, 
in which observed data is uncommon and yet the necessity for high resolution maps is 
crucial and GIS interpolation techniques offers a powerful interpolation and analysis tool. 
This research puts forth the prospects for getting over the hindrance of infrequent spatial 
observations within the context of air pollution mapping. The availability of suitable 
mapping techniques is reduced to a great extent by small number of air quality monitors. 
We recommend the use of passive samplers, as these provide the most complete and 
detailed analysis of air quality. Also, our analysis has made it clear that spatial 
autocorrelation has a significant effect on the estimations of pollutant spatial clustering. 

In the city Yalova, BTEX and NO2 concentrations were found to be higher along the 
highway passing through the centre of the city. Amongst the BTEX species, high 
concentrations of aromatic species, such as toluene, ethylbenzene and xylene were seen in 
areas where the industrial activity is common. In the course of this research, low 
concentrations of BTEX and NO2 were seen in areas with residential population. According 
to the findings of this study it was certain that besides the emissions caused by the traffic, 
industrial activity was also an important factor increasing the concentration levels of 
pollutants in the surrounding air. Also, the east of the city, which is densely populated, is 
found to be more polluted than the west of the city. Analysis demonstrated that there are 
high-high clusters around industrial areas and the highway, for all pollutants except SO2 
and O3. In Yalova, large variability was observed in the T/B ratios, indicating large 
contributions of these two compounds from point sources. Also, the mean T/B ratio was 
found to be higher and outside the range normally indicative of traffic. We have shown how 
a real analysis can improve the estimation of air quality. In light of this, the results have 
important implications for public policymaking. 
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