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ABSTRACT 

 

 

DEVELOPMENT OF GIS BASED TRAJECTORY STATISTICAL ANALYSIS 

METHOD TO IDENTIFY POTENTIAL SOURCES OF REGIONAL AIR 

POLLUTION 

 

 

 

Yēkmaz, Rēza Fikret 

M.Sc., Department of Geodetic and Geographic Information Technologies 

Supervisor: Prof. Dr. G¿rdal Tuncel 

Co-supervisor: Assoc. Prof. Dr. Zuhal Aky¿rek 

 

May 2010, 186 pages 

 

 

Apportionment of source regions affecting a certain receptor in the regional scale is 

necessary information for air quality management and development of national 

policy for exchange of air pollutants with other countries. Source region 

apportionment can be studied either through numerical modeling or by using 

trajectory statistics that is a hybrid methodology of modeling and measurements. 

Each of these approaches has their advantages and disadvantages.  

 

In this study treatment of back-trajectory segments in Potential Source Contribution 

Function (PSCF), which is one of the tools used in trajectory statistics will be 

investigated, to increase the reliability of the apportionment process. In the current 

method run in GIS, especially two parameters gains importance. One is that the 

vertical locations of trajectory segments are not taken into account at present. In this 

study, how the evaluation of the segments in 3-D instead of 2-D could improve the 

results will be assessed. The other parameter that is rainfall at each segment will be 

included in the PSCF calculations and its effects on the spatial distribution of PSCF 



 v 

values will be evaluated. A user interface in Geographical Information System 

(GIS) will be developed for effective use of improved methodology. 

 

Keywords: Trajectory Statistics, Geographical Information System, Potential 

Source Contribution Function, Regions of Influence. 
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¥Z 

 

B¥LGESEL HAVA KĶRLĶLĶĴĶ KAYNAKLARININ TESPĶTĶ Ķ¢ĶN CBS 

TABANLI Y¥R¦NGE ĶSTATĶSTĶKSEL ANALĶZ METODUNUN 

GELĶķTĶRĶLMESĶ 

 

 

 

Yēkmaz, Rēza Fikret 

Y. Lisans, Jeodezi ve Coĵrafi Bilgi Teknolojileri Bºl¿m¿, 

Tez Yºneticisi: Prof. Dr. G¿rdal Tuncel 

Ortak Tez Yºneticisi: Do­. Dr. Zuhal Aky¿rek 

 

Mayēs 2010, 186 sayfa 

 

 

Bºlgesel d¿zeyde herhangi bir reseptºr bºlgesindeki aerosollerin kimyasal 

kompozisyonlarēnē etkileyen kaynak bºlgelerinin bilinmesi hem hava kalitesi 

yºnetimi a­ēsēndan hem de ¿lkelerin hava kirliliĵinin diĵer ¿lkeler arasēnda takas 

edilmesine iliĸkin uluslararasē platformda savunabilecekleri ulusal politikalarēn 

geliĸtirilmesi i­in gerekli bir bilgidir. Bu t¿r bilgiler ya sayēsal modelleme 

yaklaĸēmēyla ya da geri yºr¿nge istatistiĵi olarak bilinen, modelleme ile ºl­¿mlerin 

birlikte kullanēldēĵē hibrit bir yaklaĸēm ile elde edilebilir. Her iki tekniĵin de 

kendine ºzg¿ avantaj ve dezavantajlarē bulunmaktadēr.  

 

Bu ­alēĸmada, kaynak bºlgelerinin belirlenmesi s¿recinde g¿venilirliĵini artērmak 

i­in, geri yºr¿nge segmentlerinin yºr¿nge istatistiĵinde kullanēlan yºntemlerden 

birisi olan ñPotansiyel Kaynak Katkē Fonksiyonu (PKKF)ò yºnteminde kullanēlma 

ĸekli incelenmesi ama­lanmaktadēr. Mevcut s¿re­te, ºzellikle iki parametre ºnem 

kazanmaktadēr. Bunlardan birisi, geri yºr¿nge segmentlerinin deĵerlendirilmesinde 

segmentlerin y¿kseklik boyutu hi­ gºz ºn¿ne alēnmamaktadēr. Bu ­alēĸmada, 
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segmentlerin deĵerlendirilmesinin iki yerine ¿­ boyutlu yapēlmasēnēn sonu­larē ne 

kadar geliĸtirileceĵi deĵerlendirilecektir. Deĵerlendirilecek diĵer bir parametre de 

geri yºr¿nge segmentlerindeki yaĵēĸēn PKKF hesaplarēna d©hil edilmesi ve bunun 

PKKF deĵerlerinin mek©nsal daĵēlēmēnē nasēl bir etkileyeceĵi olacaktēr. Geliĸtirilen 

metodun etkin bir ĸekilde kullanēlabilmesi i­in Coĵrafi Bilgi Sistemi (CBS) i­inde 

bir kullanēcē aray¿z¿ geliĸtirilecektir. 

 

Anahtar Sºzc¿kler: Yºr¿nge Ķstatistiĵi, Coĵrafi Bilgi Sistemi, Potansiyel Kaynak 

Katkē Fonksiyonu, Etki Bºlgeleri. 
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CHAPTER 1 

 

 

INTRODUCTION  

 

 

 

Environment is the place where human beings and nature composed of air, water, 

land resources and flora and fauna interact with each other. It is an indispensible 

component of life. Human and environment interact such a way that environment 

provide the place and resources to be utilized by human beings. While human 

utilize natural resources as inputs for the economical activities, wastes that are 

generally pollutants for the environment are generated. If no precautions taken, 

these pollutants cause pollution and deterioration of environment. Looked at the 

result-chain, pollution of environment will cause damage on natural resources vital 

for human life and economical development, risk food security and  widespread 

diseases and hunger, etc. Pollution means the loss of the quality of life and even an 

inevitable end of life for some living species.  

 

Air, water and soil pollutions are the main types of environmental pollution 

according to the receiving media. All  types of pollution have adverse impact on the 

sustainability of the natural resources and life. Moreover, global environmental 

problems such as climate change, reduction of ozone layer and desertification are 

affecting the common future of the world. Among those, climate change and 

thinning of ozone layer are closely related with air pollution. Air pollution, in other 

words atmospheric pollution, is specifically interested nowadays as an adverse 

effect of industrialization because it includes complex physical and chemical 

interactions, has multi-scalar i.e. local and regional extents, affecting human life 

seriously (respiratory diseases, acid rains, climate change and etc.). The main 

environmental problems associated with air pollution are harm to human health, 

acidification and eutrophication of water and soils, and damage to natural 
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ecosystems, agricultural crops, cultural heritage and material in general (De Leeuw, 

2002).  

 

Air pollution and pollutants formally defined as ñthe introduction by man, directly 

or indirectly, of substances or energy into the air resulting in deleterious effects of 

such a nature as to endanger human health, harm living resources and ecosystems 

and material property and impair or interfere with amenities and other legitimate 

uses of the environment and ñair pollutantsò shall be construed accordinglyò 

(UNECE, 1979). Examples of air pollutants could be given as nitrogen oxides 

(NOx), sulfur oxides (SOx), carbon monoxide (CO), hydrocarbons, volatile organic 

compounds (VOCs), particulate matter (PM), smoke and haze. Air pollutants could 

be in gaseous (i.e. carbon monoxide, SOx, NOx and hydrocarbons) or in the form of 

particulate (i.e. smoke and dust) and can be classified as either primary or 

secondary. Primary air pollutants are the pollutants such as carbon monoxide, sulfur 

dioxide and total suspended particles that retains in the same form as they emitted 

from the sources. On the contrary to primary pollutants, secondary pollutants are 

formed in the atmosphere as a result of reactions such as hydrolysis and oxidation. 

An example of a secondary pollutant is ozone, which causes photochemical smog, 

formed by photo-induced chemical reaction of hydrocarbons (or VOCs) and NOx. 

Source control of primary pollutants is the most important strategy for effective air 

pollution control. This is also crucial for source control of secondary pollutants as 

they are formed by the reactions of primary pollutants. (Liu and Lipt§k, 2000) 

 

When the pollution sources considered, these could be divided into two types: 

anthropogenic (manmade) sources (i.e. power plants, motor vehicles, incineration 

plants and industrial processes, etc.) and natural sources (pollens of plants, dusts 

blown by winds, lightning generated forest fires, volcanic eruptions, etc.) (Liu and 

Lipt§k, 2000). Anthropogenic sources are generally located in urban and industrial 

areas while natural sources hard to locate because any place that natural particulates 

formed on could be a source location.  
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In general these sources affect most the air quality of the places near to these 

sources. But, under appropriate conditions, pollutant particles can be transported 

long distances even across continents by air flow. Pollution at a location could be 

affected by many source locations and it is important to look at the air pollution 

problem rather regionally and even globally. The history of the actions for the long-

range transport of pollutants can be traced back to the 1960s, when scientists 

showed the connections between sulfur emissions in Europe and the acidification of 

Scandinavian lakes. In 1972, the United Nations (UN) Conference on the Human 

Environment held in Stockholm indicated the start of active international 

cooperation to combat acidification. Between 1972 and 1977 several studies 

confirmed that air pollutants could travel several thousands of kilometers before 

deposition and damage occurred. This also implied that cooperation at the 

international level was necessary to solve problems such as acidification. This issue 

turned out to an international action in 1979 and 32 members of UN Economic 

Commission for Europe (UNECE) set on the table to sign Convention on Long-

range Transboundary Air Pollution (CLRTAP) to address this threat to human 

health and well-being. The Convention aims to limit, gradually reduce and prevent 

air pollution including long-range transboundary air pollution among parties. The 

convention entered into force in 1983 and extended by eight protocols. These are 

the protocols to abate acidification, eutrophication and ground-level ozone (1999); 

on persistent organic pollutants (POPs) (1998); on heavy metals (1998); on further 

reduction of sulfur emissions (1994); concerning the control of emissions of volatile 

organic compounds or their transboundary fluxes (1991), concerning the control of 

nitrogen oxides or their transboundary fluxes (1988); on the reduction of sulfur 

emissions or their transboundary fluxes (1985); on long-term financing of the 

Cooperative Programme for Monitoring and Evaluation of the Long-range 

Transmission of Air Pollutants in Europe (EMEP) (1984). Currently 51 countries 

ratified the CRLTAP. Turkey signed the CLRTAP in 1979 and ratified the 

Convention in 1983. She also signed EMEP Protocol in 1984 and ratified it after 

one year (UNECE, 2004).  
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EMEP is an international monitoring programme that is aiming to regularly provide 

Parties of the CLRTAP with scientific information to support the development and 

evaluation of the protocols on emission reductions under the CRLTAP. EMEP 

programme includes three main missions: (1) collection of SO2, NOx, VOCs and 

other air pollutant emissions data, (2) measurement of air quality and precipitation 

and (3) modeling of atmospheric transport and dispersion (EMEP, 2010a). By 

January 2009, there are approximately 302 monitoring stations in 37 European 

countries, which constitute the monitoring network of EMEP (NILU, 2010a). 

 

In addition to CRLTAP and its protocols, some other international agreements 

related to protection of atmosphere such as Barcelona Convention for Protection of 

Mediterranean Region Against Pollution (1976) which was amended in 1995, 

Vienna Convention for the Protection of the Ozone Layer (1985) and Bucharest 

Convention on the Protection of the Black Sea Against Pollution (1992) are 

adopted. Turkey ratified Barcelona Convention in 1981 and its amendment in 2002, 

Vienna convention and Bucharest Convention in 1994 (SPO, 2007). 

 

In Turkey, air pollution has been an important environmental problem as an 

undesirable result of high rate of population increase, increasing energy use as a 

result of urbanization and industrialization, increasing number of transportation 

vehicles (SPO, 2007). The reasons of air pollution originated from heating in winter 

seasons were identified as the usage of poor quality fuels without recovery process, 

appliance of wrong incineration techniques and inadequate maintenance of 

furnaces. However with the utilization of natural gas and other high grade fuel in 

heating, some improvement has been seen in the air pollution in the big cities of 

Turkey compared to the 1990s. The inappropriate site selection of the industrial 

facilities also contributes to the air pollution caused by the thermal power stations 

that are generally burning coal. The SO2 emissions originating from high sulfur 

content of domestic lignite constitute another risk. Exhaust gases emitted from 

motor vehicles are also an important problem for which necessary precautions must 

be taken for air pollution in cities (MoEF, 2006). As of 2009, the air quality in the 

country is currently monitored by using the 119 monitoring stations in 81 provinces 
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of Turkey by Ministry of Environment and Forestry. In all of these stations, SO2 

and PM parameters have been measured automatically and in addition to these 

parameters NOx, CO and O3 have been assessed in some of the stations (MoEF 

2010). Air pollution causes many severe environmental and health problems as 

explained before. It directly affects the people especially children and elder living in 

the cities or the residential areas near industrial areas.  

 

Effective management of air pollution requires good inventory of the pollution 

sources, estimating the emissions, modeling of atmospheric dispersion and transport 

and efficient monitoring of air quality levels (Hsu et al., 2003). Identification of the 

pollution sources is the initial step. Local sources are easy to be identified because 

they are more visible (i.e. if there is an industrial plant that emits plumes near city 

then it is probable that this plant would be a pollution source). In addition to the 

pollution caused by local sources, pollutants emitted from sources outside of the 

borders contribute the degradation of the air quality at a receptor area. For this 

reason, knowledge of long range transport in addition to the information at local 

level has great importance in understanding the air pollution problem at a location. 

Besides, without proper source inventories and known source locations, dispersion 

models cannot be used to estimate impacts on ambient air concentrations for air 

quality management (Hsu et al., 2003).  

 

Apportionment of source regions in other words determination of sources 

contributions on observed levels of pollution in the regional scale is necessary 

information for air quality management and development of national policy for 

exchange of air pollutants with other countries. If the source location is not known 

but there is information on concentrations then trajectories providing geographical 

and meteorological information could facilitate finding possible locations of 

pollution sources. Source region apportionment can be studied either through 

numerical modeling or by using trajectory statistics that is a hybrid methodology of 

modeling and measurements. To identify potential pollution sources, several 

trajectory statistics techniques were developed. Flow Climatology, Potential Source 

Contribution Function (PSCF) (Ashbaugh et al., 1985) and Concentration Weighted 
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Trajectory (CWT) (Seibert et al., 1994) are some examples of these techniques. 

Among all, PSCF was primarily concerned in this study. Although PSCF was a 

widely used methodology in source identification, it has some deficiencies such as 

rain and height information are not being considered in the current studies. There is 

a need for improving the PSCF methodology to decrease these uncertainties. In 

addition, these types of methodologies require expensive long term measurements. 

Therefore simple approaches should be developed to identify potential source areas 

using very few and simple input data, so that they can be used to gather preliminary 

information where expertise on running sophisticated numerical transport and 

chemical models is not available. 

 

Geographical Information Systems (GIS) have been widely used in air pollution and 

quality studies (Lin and Lin, 2002; Jin and Fu, 2005; Briggs et al., 1997; Borrego et 

al., 2003; Elbir, 2004; Elbir et al., 2010; Canepa et al., 2007; Lee et al., 2004; Shad 

et al., 2009; Vienneau et al., 2009; Woodfine et al., 2002; Shadbolt et al., 2006; 

Wang et al., 2009). It has many advantages such as effective management of 

extensive data, integration of different models, efficient visualization, etc. In the 

source apportionment studies done in Environmental Engineering Department of 

Middle East Technical University (METU), GIS were mainly used for visualization 

and thematic mapping of the analysis results. But, significant parts of the analyses 

such as data processing and calculations have been done in different platforms 

although they could also be applied in an integrated approach in GIS. GIS have 

prominent capacity and their use in source apportionment studies, where use of 

spatial information is required, is significant and crucial. In addition, 

implementation of the source apportionment methodologies in a comprehensive and 

integrated way could provide better management of the large amount of data, faster 

analyses and easier interpretation of the results.  
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1.1. Purpose and Scope  

 

The need for improvement of the current methodologies and implementation of the 

source identification methods effectively within GIS that explained the previous 

part constituted the rationale for this study. Therefore this study aims comparison of 

two widely-used trajectory calculation schemas, developing an air pollution source 

identification methodology, improving existing tools of trajectory statistics and 

enhancing the GIS use in air pollution studies in environmental engineering. In 

order to fulfill these aims, the following scopes are covered in this study: 

 

 The backtrajectories obtained from 2 types of models, namely Hybrid Single 

Particle Lagrangian Integrated Trajectory Model (HYSPLIT) (Draxler and 

Hess, 1998) and a trajectory model developed by Irish Meteorological 

Service (IMS) (McGrath, 1989) running at European Centre for Medium-

Range Weather Forecasts (ECMWF) are compared in different aspects, 

 Regions of Influence (RoI) methodology is developed, 

 Potential Source Contribution Function (PSCF) methodology is improved, 

 Processes in these methods are integrated and automated using GIS 

techniques, 

 Potential source regions affecting pollutant concentrations are assessed for 4 

locations in the Mediterranean region (Amasra, Ankara and Antalya in 

Turkey and Corsica in France) in order to find potential pollution sources in 

regional scale. 

 

Since this study was focused mainly in methodology, the data production was not 

under primary concern. The pollution and trajectory data used in the analyses were 

not produced in the context of the study; instead, pollution information was 

obtained from previous studies and an online registry of EMEP emissions while 

trajectory data was acquired from the ECMWF and Air Resources Laboratory 

websites. Therefore the data production steps were not explained in detail. 
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1.2. Plan of the Thesis 

 

Chapter 1 introduces the problem and presents the aim, scope and the context of the 

thesis study. 

 

In Chapter 2, literature review for the subject was provided. Some background 

information on trajectories and trajectory models were given. Trajectory statistics 

with some examples of widely used methods was explained. GIS usage in the air 

pollution studies were discussed with some different example studies.  

 

In Chapter 3 of the thesis, the study area and the data used in the thesis study were 

described. Data sources were explained and data gathering and processing steps 

were described. The methodology and its application within GIS were described. 

 

In Chapter 4, two trajectory models namely HYSPLIT and ECMWF were compared 

based on visual perception, residence times and PSCF values. How the inclusion of 

rain and height in PSCF calculations achieved was discussed. In addition, ñRegions 

of Influenceò methodology developed in the context of this study was described and 

the validation of the results of this method was explained.  

 

Chapter 5 concludes the study and the recommendations for future studies were 

presented in this chapter. 
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CHAPTER 2 

 

 

LITERATURE REVIEW  

 

 

 

Identification of pollutant sources is an important component of air pollution 

management. Without information on source locations and their contributions to 

pollution, efficient policies and actions could not be identified. There are various 

techniques for identification of source areas. Trajectories, paths of air parcels, could 

be used for the analyzing air flow pattern. HYSPLIT and ECMWF models have 

been widely used for the calculation of trajectories. When combined with the 

pollution information, trajectory information will give significant insights on 

identification of potential sources. Backtrajectory statistics are used to show the 

direction and sources of air pollution at a receptor site. Trajectory statistics such as 

clustering (Harris and Kahl, 1990), potential source contribution function (PSCF) 

(Ashbaugh et al., 1985) and concentration weighted trajectory (CWT) (Seibert et 

al., 1994) are popular techniques used in this field. 

 

In this section, concepts of trajectories with some generally used trajectory statistics 

are explained. The use of GIS in air pollution studies are told with some examples.  

  

2.1. Trajectories  

 

A trajectory defined as the path of an air parcel, more scientifically, the time 

integration of the position of an air parcel as it is transported by the wind. 

Trajectory models have been used to study dynamical processes in the atmosphere. 

They are applied in investigating air mass flow around mountains (Steinacker, 

1984), in identifying pathways of water vapor transport (D'Abreton and Tyson, 
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1996) and desert dust (Chiapello et al., 1997) and in establishing source-receptor 

relationships of air pollutants (Stohl, 1996).  

 

There are two approaches to understand air motions. Eulerian approach focuses on 

points fixed in space through which the air flows. Whereas, Lagrangian approach 

takes individual air parcels as they move through time and space. (Byers, 1974; 

Dutton, 1986; Stohl, 2002) 

 

Assuming that there is a specific infinitesimally small air parcel, then its trajectory 

is defined by the differential trajectory equation; 

 

)(tXX
dt

dX
                                                                                                       (2.1) 

 

where t: time, X: position vector andX : wind velocity vector. If the initial position 

X0 of the parcel at time t0 is known, then its path could be determined through Eq. 

(2.1). It can be written: 

 

X (t) = X (X0, t)                                                                                                      (2.2) 

 

Inverse transformation of it could be written as, 

 

X0 (t=t0) = X0 (X, t)                                                                                               (2.3) 

 

Eq. (2.3) gives the initial coordinates of the parcel which is at position X at time t. 

Consequently, air parcels may be tracked either forward in time to produce forward 

trajectories or backward in time to obtain backtrajectories. The spatial coordinates 

X0 at time t0 provide a means of identifying each air parcel for all time. These initial 

coordinates are called Lagrangian coordinates (Dutton, 1986). 
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Eq. (2.1) can be solved by finite difference approximation for meteorological 

applications (Walmsley and Mailhot, 1983). Expanding X (t) in a Taylor series 

about t=t0 and evaluating at t=t0+ȹt, it can be obtained: 

 

...)(
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2
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tt dt

Xd
t

dt

dX
ttXtX                                                      (2.4) 

 

The first approximation of the Eq. (2.4) yields: 

 

)()()()( 001 tXttXtX                                                                                      (2.5) 

 

Eq. (2.5) could be solved by iteration and then the solution becomes: 

 

)]()()[(
2

1
)()( 1

1

001 tXtXttXtX ii                                                               (2.6) 

 

where the superscript (i) indicates the number of iteration, and )( 1tX i is the wind 

velocity vector taken at position )( 1tX i . This called kinematic solution because only 

the wind information is used in solution. Danielsen (1961) developed a 

methodology to build trajectories by labeling air parcels with (quasi-) conservative 

quantities such as potential temperature. Danielsenôs (1961) method called dynamic 

due to the velocity and mass field information and dynamic equations linking the 

two (Merrill et al., 1986) were used in.  

 

Dynamic methods were popular (Merrill et al., 1986; Steinacker, 1984) because 

they allowed using long intervals between the wind fields.  However, it is  showed 

in Stohl and Seibert (1997) that dynamic trajectories calculated with dynamic 

method (Steinacker, 1984) can perform unrealistic oscillations at travel times longer 

than 24 to 48 h. Kinematic trajectories are found to be more accurate than dynamic 

trajectories because accurate wind fields with high space and time resolution are 

available nowadays (Stohl and Seibert, 1997). 
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Trajectories can be confused with streamlines, which are the directions of flow at a 

fixed instant of time. Streamlines are tangent to the velocity vectors. At a certain 

instant of time, each particle in the flow is moving along its trajectory and so the 

streamlines are parallel to the trajectories, but as time passes, the streamlines must 

adjust to the flow and trajectories and streamlines are no longer parallel. Only 

during stationary conditions, the trajectories and the streamlines are the same 

(Stohl, 2002). 

 

Trajectories can be calculated by interpolating between the locations of wind 

observations. But, trajectory calculations are typically based on the gridded output 

of numerical models in practice. Wind data at discrete locations in space and time 

are accessible either as irregularly spaced observations or as the gridded output of 

meteorological models. In both cases, the wind speed should be estimated at the 

trajectory position by the trajectory model. This interpolation causes errors that 

affect the trajectoryôs accuracy substantially. Temporal and spatial resolutions of 

the trajectories are the main triggers for the trajectory errors. They must be in 

balance to limit the trajectory errors. An increase in spatial resolution alone does 

result in just marginally more accurate trajectories when the temporal resolution is 

low. As oppose to, increasing the temporal resolution alone is also not very 

effective when the spatial resolution is low (Stohl, 2002). 

 

In most of the trajectory models, horizontal components of trajectories are 

calculated by using observed or analyzed winds, while, vertical components are 

computed based on one of the following assumptions (Doĵan, 2005): 

  

 Isobaric: trajectory is assumed to follow a constant pressure, 

 Isentropic: trajectory is assumed to follow a constant potential temperature, 

 Kinematic: trajectory is assumed to move with the vertical velocity wind 

fields generated by diagnostic or prognostic model. 
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Trajectory errors are also related to different assumptions regarding the vertical 

wind component. In contrast to the horizontal wind, there are no routine 

observations of vertical winds. Fields of vertical wind are a sole product of 

meteorological models, and hence they are less accurate than the fields of the 

horizontal wind. Even the vertical winds are less accurate, kinematic assumption 

results more accurate results than others because it includes vertical wind 

information (Stohl, 2002). 

 

Wind field errors and errors in starting positions of trajectories are the other errors 

occurred in calculations that affect the accuracy of trajectories. According to the 

type of wind fields used, wind field errors can occur as analysis errors or forecast 

errors. Trajectory errors caused by erroneous forecasts are relatively simple to 

evaluate by comparing forecast with analysis trajectories. Uncertainties in starting 

positions of the trajectories on the other hand are often significant to be considered 

such as in the estimations of the effective source height of accidentally released 

material (Stohl 2002).  

 

Differences between the model topography and the real topography create another 

uncertainty which makes the selection of a trajectory starting height difficult. The 

initial trajectory position errors could be rather small but they could strongly 

increase in divergent (forward trajectories) or convergent (backtrajectories) flow 

(Stohl, 2002).  

 

Forward and backtrajectories are useful in describing the atmospheric dynamics of 

various weather systems. Backtrajectories have been used as a standard tool in air 

quality studies. They have been using to describe source-receptor relationship, 

analyze meteorological mechanisms related with pollutant observations, and set up 

time scales for various chemical reactions (Fast and Berkowitz, 1997). When 

constructing backtrajectories an air parcel is followed backward from the receptor 

in hourly steps for a specified length of time. While, in forward trajectories, 

particles are released from the source and their trajectories are tracked forwardly in 

time.  
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2.2. Trajectory Statistics 

 

Trajectories have been used to interpret individual flow situations for a long time, 

but statistical analysis methods for large sets of trajectories have been developed 

more recently (Stohl, 2002). In the recent methods, trajectory information is used 

together with pollutant concentrations to identify pollution sources. In these 

methods, measured pollutants concentrations are combined with air backtrajectories 

from receptor area to obtain information on the source regions. Some widely used 

methods of trajectory statistics are described in this part.  

 

Trajectories accepted as an oversimplification of the atmosphere where atmospheric 

dispersion was not taken into account (CSU, 2010). Some other assumptions that 

often have to be made in utilizing trajectory statistics methods are as follows: 

pollutant measurements are correct and representative for the study area; 

atmospheric transport processes are explained properly with the air trajectories; and 

the pollutants are not subject to decay processes such as chemical reactions, 

deposition and radioactive decay with time-scales shorter than that of transport 

(Wotawa and Krºger, 1999). These assumptions cause uncertainties in trajectory 

analyses.  

 

2.2.1. Flow Climatology 

 

Flow climatology is the earliest trajectory statistics method for the identification of 

the pollution sources. It is often used to determine the pollution input from distant 

sources to a selected region and also allows understanding of airflow patterns. In 

flow climatology method, backtrajectories were calculated for several years and 

then they classified according to their travel speeds and transport directions using 

some criteria (Stohl, 2002; Doĵan 2005). 

 

Miller and Harris (1985) developed flow climatology for a 7-year period to 

Bermuda to understand transport of pollutants off the North American continent. 

Similarly, Katsoulis (1999) used flow climatology to improve the understanding of 
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atmospheric transport pathways to Greece and to evaluate the polluting potential of 

distant source regions outside the country. 

 

Munzur (2008) applied this method at Ķzmir-¢andarlē Turkey to determine potential 

source regions for pollutants. She found out the frequency of air flows from Russia 

and Western Europe are higher implying that emissions from these industrial 

regions affecting the chemical composition of particulate matter. Also she identified 

that contributions from central and eastern European countries are significantly high 

because of frequent air mass transport. 

 

2.2.2. Cluster Analysis 

 

A multivariate statistical technique, cluster analysis divides a data set into a number 

of groups. Cluster analysis is rather subjective classification methodology since the 

selection of the clustering algorithm, the distance measure and the numbers of 

clusters are subjective (Stohl, 2002). It resembles to flow climatology in terms of 

both method includes classification, but cluster analysis thought to be more 

objective than flow climatology since it accounts for variations in transport speed 

and direction simultaneously (Moody and Samson, 1989; Harris and Kahl, 1990). 

 

 

 

 

 

Figure 2.1 An example for cluster analysis results presented in Salvador et al. 

(2008) 
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Figure 2.1 shows eight clusters of the analysis done depending on their direction 

and speed by Salvador et al. (2008). The percentages of trajectories occurring in 

each cluster are shown next to the cluster number. Each cluster represented a 

characteristic meteorological scenario, i.e.: cluster 1 represents low while, cluster 2 

gathers westerly trajectories moderately moving from the mid Atlantic Ocean. In 

this study, they applied cluster and residence time analysis to a set of 7 years of 

back-trajectories to describe the main flow patterns over central Spain.  

 

Rozwadowska et al. (2010) used cluster analysis to classify backward air 

trajectories into groups of similar history, i.e. similar direction of advection and 

velocity of air movement in order to research the impact of air back-trajectories on 

aerosol optical properties at Hornsund, Poland.  

 

Baker (2010) applied cluster analysis of four-day backtrajectories for the years 1998 

to 2001 in order for a better understanding of the pollution meteorology influencing 

Birmingham, UK. 

 

In another study, Park et al. (2007) used trajectory cluster analysis for exposure 

assessment in order to evaluate the relation between health effects and exposure to 

air pollution. They examined whether the association of measured air pollutants 

with heart problems differed by cluster.  

 

2.2.3. Potential Source Contribution Function Analysis (PSCF) 

 

In flow climatology and cluster analysis methods, trajectories are classified without 

including air pollution data. As compared with the previous methods, potential 

source contribution function (PSCF) analysis fills this gap. Developed by Ashbaugh 

et al. (1985), PSCF was defined as the conditional probability that an air parcel with 

a level of pollutant concentration above a criterion value arrives at a receptor site 

after having passed through a specific geographical area. By using the chemical 

concentrations and air parcel trajectories, the PSCF model combines chemical data 
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with meteorological data to provide an indication of the locations where pollutants 

are emitted. 

 

In the literature, PSCF has been used in a number of prior studies to identify 

possible locations of sources (Zeng and Hopke, 1989; Gao et al., 1993, 1996; 

Plaisance et al., 1997; Hsu et al., 2003; Liu et al., 2003; G¿ll¿ et al., 2005; Hwang 

and Hopke, 2007; Doĵan, 2005; Iĸēkdemir, 2006; Doĵan et al., 2008; Munzur, 

2008). 

 

The procedure of calculation of PSCF was described in Plaisance et al. (1997) as 

follows:  

 

An i by j array of grid is superimposed over the whole geographic region covered 

by the trajectories, so that PSCF will be a function of grid cell addresses (i, j). Size 

of the grid cells depends on the geographical scale of the problem. If pollutant 

specie emitted within the grid cell (i,j) and trajectory of an air parcel passes  over 

this cell at the time of emission, it is assumed that air parcel collects the pollutant 

emitted in the cell and transported it along the trajectory to the receptor site. 

 

Taking N as the total number of trajectory end points during the study period, t. If 

nij endpoints fall into ij
th
 cell, the probability of event, Aij is given as (Eq. 2.7): 

 

N

n
AP

ij

ij ][                                                                                                             (2.7) 

 

][ ijAP  is the probability  of a random selected air parcel is present in the ij
th
 cell 

relative to time period, t. In the same cell, if there are a subset of mij endpoints of 

trajectories that are considered to be ending at receptor area at a time when pollutant 

concentration above a selected criterion. Then the probability of this event (Eq. 2.8) 

is defined as: 
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N

m
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ij ][                                                                                                            (2.8) 

 

][ ijBP  is the probability  of a random contaminated air parcel is present in the ij
th
 

cell relative to same time period, T. Then the potential source contribution function 

(PSCFij) is then defined as a conditional probability (Eq. 2.9): 
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                                                                                           (2.9) 

 

PSCFij is the conditional probability that an air mass with specified pollutant 

concentration arrived at the receptor site after having resided in the ij
th
 cell. PSCF 

takes the value between 0 and 1. Any grid cell having PSCF of 0 is unlikely to be 

the source region, while the value of 1 has high probability of being source region. 

Cells containing pollution sources should have higher PSCF values, if there are 

trajectories passing this cell that can transport pollution to the receptor. 

 

An example plot from the study by Xie and Berkowitz (2007), in which potential 

source contribution function was used to identify source regions and advection 

pathways of hydrocarbon emissions in Houston, Texas, is given in Figure 2.2. 
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Figure 2.2 An example plot of PSCF analysis for summer nighttime propylene 

based on data from Clinton site in Houston, Texas (Xie and Berkowitz, 2007). 

 

 

 

For large values of nij, the results are statistically stable. If only one segment end 

point exists in a cell (i,j) and this end point is related to the pollution event then 

PSCF value of cell becomes 1 but the confidence of this situation is low. Therefore 

it is necessary to reduce the effect of small values of nij by developing a weight 

function. Using arbitrary weighting based on the average value of nij  (Eq. 2.10) for 

the small values of nij  can be utilized for this purpose (Hopke et al. 1995; Polissar et 

al. 2001; Zhao and Hopke, 2006; Xu and Akhtar, 2009). 
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Another way of the weighting the PSCF results, the bootstrapping could be used to 

provide better estimates of the probability values and their uncertainties (Wehrens 

et al., 2000). This method assumes that the concentration values are independent 

and identically distributed. From the original concentration data set, C = { c1, c2,..., 

cN }, B random subsamples of size equal to the length of the data set, C* = {  c1*, 

c2*,..., cN*}, are drawn with replacement. For each bootstrapped sample k, the 

corresponding PSCF spatial distribution, P*k;ij, is calculated. These values are 

ordered as P* (1);ij < ... < P* (B);ij, where k = 1, ..., B, and Ŭ is the chosen significance 

level. If 

 

ijBij PP ));
2

1)(1((
*                                                                                                 (2.11) 

 

then, null hypothesis that there is no association between concentrations and 

trajectories is rejected at (1 ï Ŭ) 100% confidence level. Then, only the PSCF 

values satisfying the above relation are retained in analysis (Lupu and Maenhaut, 

2002; G¿ll¿ et al., 2005; Doĵan et al., 2008). 

 

Alt hough PSCF is a relatively easy, the assumptions such as emissions are swept by 

air parcel, concentrations atmospheric removal and chemistry are not considered as 

an air parcel transports to the receptor site (Cheng et al., 1993; Plaisance et al., 

1997; Lupu and Maenhaut, 2002). Combined with the uncertainties in trajectory 

calculation (Zhou et al., 2004; Stohl, 1998; 2002), those assumptions form the main 

weaknesses in PSCF methodology. 

 

2.2.4. Concentration Weighted Trajectory (CWT) 

 

A limitation of the PSCF method is that grid cells can have the same PSCF value 

when sample concentrations are either only slightly higher or much higher than the 

criterion. As a result, it can be difficult to distinguish moderate sources from strong 

ones. Seibert et al. (1994) computed concentration fields to identify source areas of 

pollutants. A grid domain was used as in the PSCF method. For each grid cell, the 

logarithmic mean concentration of a pollutant species was calculated as follows: 
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where i and j are the indices of grid, k the index of trajectory, N the total number of 

trajectories used in analysis, ck the pollutant concentration measured upon arrival of 

trajectory k, and ijk the residence time of trajectory k in grid cell (i, j). A high value 

of 
ijC  means that, air parcels passing over cell (i, j) would, on average, cause high 

concentrations at the receptor site (Stohl, 1996). 

 

In the Concentration Weighted Trajectory (CWT) analysis, the concentration values 

at the receptor site are assigned to the corresponding backward trajectories. The 

mean or logarithmic mean concentration is computed and used as a weight for the 

residence time of each grid cell (Zhou et al., 2004).  

 

CWT method was improved by Stohl (1996) into residence-time weighted 

concentrations (RTWC) method by redistributing the concentration fields in an 

iterative process.  

 

CWT method used in various studies. For example, Ģabkar et al. (2008) analyzed 

summertime ozone pollution in Slovenia. They used CWT to gather information 

about possible emission source regions. The CWT method distributes the ozone 

concentration along the trajectories evenly and is able to distinguish major sources 

from moderate ones by calculating concentration gradients. A plot of CWT analysis 

in that study was given as an example in Figure 2.3. In this plot, text box denotes 

the cluster number and the percentage of trajectories involved in cluster. Path 

widths measure average above ground level (AGL) of cluster trajectories. 

Topography (resolution 9.5 km) above 500 m above mean sea level (AMSL), with 

the contour intervals 500 m are shown in the background.  
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Figure 2.3 An example plot of CWT analysis for Nova Gorica, Slovenia in Ģabkar 

et al. (2008) 

 

 

 

Lupu and Maenhaut (2002) compared PSCF and CWT methods, and found the two 

methods provided similar results and correctly identified known emission sources. 

They saw both methods as complementing each other. The PSCF method works 

with probabilities, the CWT method with concentrations. CWT seems being more 

readily understanding and easily interpreted. But, when analyzing common sources 

for multiple sites, PSCF method is advantageous in that working with probabilities 

provides the same comparison base for all sites. Another advantage of the PSCF 

method is that it allows one to examine the smearing of a real source by means of 

an ideal source test.  
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2.3. GIS Usage in Atmospheric Studies 

 

A Geographical Information System (GIS) is a computer based system for 

capturing, storing, integrating, manipulating, analyzing and displaying the 

geographic (spatial) data to help making decisions on interested subjects. A popular 

definition was done by Aronoff (1989) as ña computer-based system that provides 

the following four sets of capabilities to handle geo-referenced data: 1) input; 2) 

data management (data storage and retrieval); 3) manipulation and analysis; and 4) 

outputò. GIS integrate database operations such as query and statistical analysis 

with the visualization and geographical analysis benefits offered by maps. These 

abilities distinguish GIS from other information systems and make them valuable to 

a wide range of applications in science and technology (Sharma et al. 2010).  

 

In air pollution/quality studies, GIS are used extensively to prepare geographical 

input data, analyze receptor-source relationship and to process, analyze and 

visualize modeling results. Air dispersion modeling is a well-established discipline 

that can produce results in a spatial context. The integration of dispersion modeling 

with GIS would empower the predictive capacity of modeling with the data 

management, analysis, and display capabilities of GIS (Dent et al., 2000). GIS are 

also essential tools used in identifying possible source areas of atmospheric 

pollutants by receptor models or air mass trajectory statistics. For example in 

trajectory statistics, GIS provide the way to analyze air mass residence times in each 

cell of a geographical grid covering the area of interest, make the essential 

numerical operations and to visualize potential source areas properly (Dvorsk§, 

2008). 

 

Some examples on the use of GIS in atmospheric studies, such as air quality and 

pollution mapping, local and regional modeling and decision support systems were 

given in the following parts.  
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Lin and Lin (2002) utilized GIS to estimate the emissions and spatial distribution of 

traffic pollutants in Taichung, Taiwan, China by integrating a vehicle emission 

model, pollutant dispersion model, backward trajectory model and related 

databases. Jin and Fu (2005) combined dispersion models with GIS to forecast and 

evaluate the status of environment pollution in urban traffic by simulating the 

dispersion of vehicle emissions on urban roads. A similar study was done by Briggs 

et al. (1997) in which a regression-based methodology for mapping traffic-related 

air pollution like NO2 was developed within a GIS environment. They expressed the 

benefits of using digital data on urban road networks, which provides a valuable 

data source for pollution modeling and using the spatial analysis and overlay 

techniques available in GIS providing powerful tools for pollution mapping of NO2. 

Moreover, they denoted GIS-based regression mapping as a powerful tool in small 

area studies, where monitored data are scarce and there is a need for high resolution 

maps.  

 

An integrated modeling system was developed and applied in Lisbon, Portugal by 

Borrego et al. (2003) to predict air quality in urban areas. GIS were used to 

facilitate the processing of spatial data and to improve conversion of the resulting 

emission data to the format required by air quality models. Elbir (2004) developed a 

GIS based decision support system to support local authorities in air quality 

management in large cities of Turkey. The system is based on a dispersion model, 

digital maps and related databases to estimate the ambient air pollution levels at 

high temporal and spatial resolutions and to enable mapping of emissions and air 

quality levels. Related to this study, Elbir et al. (2010) developed a GIS-based 

decision support system for urban air quality management in the city of Istanbul.  

 

A GIS-based decision support tool for the concentration assessment of radioactive 

pollutants after an accidental release was developed by Canepa et al. (2007). The 

developed software integrated GIS with a numerical model which simulates 

transport, diffusion, and deposition of airborne gaseous pollutants and particulate 

matter in the low atmosphere at both local and regional scale. The GIS allowed a 

direct interaction with the territory elements in which the simulation takes place and 
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provide the opportunity to relate concentrations with population distribution and 

other geo-referenced maps. 

 

Lee et al. (2004) used the measured 
7
Be radioactivity information with GIS to 

construct regional 
7
Be intensity fields for different altitude levels. Then they 

compared the time taken for the air masses from the 
7
Be source to Hong Kong with 

the experimentally determined residence times. Finally, the experimentally 

determined residence times and the back-trajectories were used together to locate 

the 
7
Be sources. 

 

Shad et al. (2009) used fuzzy genetic linear membership kriging in GIS for 

predicting air pollution. Vienneau et al. (2009) developed a GIS-based moving 

window approach to generate high resolution air pollution maps over large 

geographic areas. They used moving window technique to derive a distance-

weighted model of relationships between area-level emissions and monitored 

concentrations at a set of training sites, and then applied this technique to estimate 

concentrations at un-sampled locations across the European Union. 

 

Woodfine et al. (2002) developed a national scale contaminant fate model for 

Canada. The ecological regions were linked with flows of air and water to provide a 

broad description of contaminant fate over the entire country, including long-range 

transport between regions. The model made use of GIS in parameterization of 

environmental characteristics, interpretation of emissions data, and presentation of 

model results. 

 

Shadbolt et al. (2006) used airflow trajectories to create 40-year air mass 

climatology for the lower peninsula of Michigan, United States of America. GIS 

were used to manage and display the extensive amount of trajectories. In addition, a 

residence time analysis done by using GIS. 
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Wang et al. (2009) developed a GIS based software namely TrajStat, which enable 

users to view, query, and cluster the trajectories and compute the potential source 

contribution function (PSCF) and concentration weighted trajectory (CWT) 

analyses. It includes a geographic information system technique built from an open-

source GIS component for spatial data management, visualization and analyses. The 

system uses HYSPLIT model to calculate trajectories as an external process. A 

screenshot of TrajStat software was shown in Figure 2.4:  

 

 

 

 
 

Figure 2.4 A screenshot of Trajstat (Wang et al., 2009) user interface 

 

 

 

Related to the air quality studies, integration of dispersion modeling in GIS found a 

usage area in health studies. The utilization of air emission data and air dispersion 

modeling with GIS enable public health professionals to identify and define the 

potentially exposed population, estimate the health risk burden of that population, 

and determine correlations between point-based health outcome results with 
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estimated health risk (Dent et.al, 2000). Jensen (1998) developed a model for 

population exposure to traffic air pollution in order to improve assessment of health 

impacts and in support of risk management. The model combined the air pollution 

data with population data from existing administrative databases within GIS.  
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CHAPTER 3 

 

 

MATERIAL S AND METHODS 

 

 

 

In this chapter, information on the study area and the stations where the analyses 

based on were given. And then the data used in the thesis study and how they were 

acquired and processed were explained. After that, methodology was explained with 

the detailed procedures in GIS. 

 

Throughout of the study, MapInfo 7.5 (MapInfo Corp., 2003) with Vertical Mapper 

3.0 (Northwood Technologies Inc. and Marconi Mobile Limited, 2001) was used 

extensively. Data manipulation, editing, analysis, querying and visualization, etc. 

were done on the GIS software, only a few parts in the data analysis and graphing, 

where it is best suited to do in spreadsheet software, were done with Excel 

(Microsoft Corp., 2007). All works on development of GIS tools was done on 

MapBasic 5.5 (MapInfo Corp., 1999).    

 

3.1. Study Area 

 

Considering air flows to Turkey and the geographical entities like trajectories and 

stations, the study area (Figure 3.1) was selected as starting from west of the UK 

and extending to east of the Caspian Sea in east-west direction (20ÜW and 60ÜE 

longitude) and from the middle of the Siberia to almost to the equator in north-south 

direction (75ÜN and 15ÜN latitudes). Therefore, the analyses were done in an aerial 

extend that covers whole Europe, west parts of Asia, Middle East, and northern 

Africa. Because the long range air pollution was under concern, the study area was 

selected large enough to cover the trajectories and pollution source areas. 
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Four sampling stations were selected as representatives for the region under 

concern: Antalya (Eastern Mediterranean), Amasra (Black Sea), ¢ubuk (Central 

Anatolia) and Corsica (Western Mediterranean). These four locations were selected 

because, large data present in those sites and concentrations of various pollutants 

were found to be significantly different from each other at these receptor points (for 

Corsica: Migon et al., 2008; Garcia-Orellana et al., 2006; P®rez et al., 2008; Ridame 

et al., 1999; Sandroni and Migon, 1997 - for Antalya: Doĵan et al., 2010; Erduran 

and Tuncel, 2001; Kuloĵlu and Tuncel, 2005; Tuncel et al., 2008; - for Amasra: 

Anwari et al., 1992; Hacēsalihoĵlu et al., 1991a; 1991b; 1992; Alagha et al., 2001; 

Alagha and Tuncel, 2003; Karakaĸ et al., 2004, and for ¢ubuk: Gaga et al., 2009; 

Kaya and Tuncel, 1997; Tuncer et al., 2001) The locations of stations were shown 

on Figure 3.1 within the study area below. 

 

 

 

 

 

Figure 3.1 Study area and locations of sampling stations. 
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Locations of the sampling stations concerned have great importance in long-range 

transport studies. The sampling site should not be under the influence of any local 

point or area sources to be able to detect low levels of pollutants that are being 

carried from upper atmosphere. Site selection criteria are fairly well established and 

include factors such as minimum distance from settlement areas, from industrial 

point sources, from major and secondary roads. Brief information on the sampling 

stations selected in this study was given below (Doĵan, 2005):  

 

a. Eastern Mediterranean Station (Antalya) 

The Eastern Mediterranean station is located at the coast approximately 20 km to 

the east of Antalya (31.0
o
E, 36.8

o
N). The station is at a height of 20 meters AMSL. 

Because there was extensive tourism developed in Mediterranean region of Turkey, 

some difficulties were faced in site selection. A recreational area owned by the 

Ministry of Environment and Forestry was selected for the station to be located. The 

area was under the protection and electricity supplied throughout the year. The 

nearest populated area was the city of Antalya, which was approximately 20 km 

away from the sampling station. 

 

b.  Black Sea Station (Amasra) 

The Black Sea station (32.3
o
E, 41.5

o
N) was situated on a storage area under the 

responsibility of Ministry of Environment and Forestry. The storage area is located 

20 km to the east of the town of Amasra. The station is approximately 3 km away 

from Black Sea coast. The altitude of the station is approximately 150 m AMSL. 

The Black Sea station consists of a platform and a field laboratory. 

 

c. Central Anatolia Station (¢ubuk, Ankara) 

Central Anatolia Station (33.10
o
E, 40.10

o
N) is located at ¢ubuk, which is 

approximately 50 km away from the city of Ankara and having altitude of 1169 m 

AMSL. ¢ubuk station consists of a rectangular cabin (field station) with a surface 

area of 12 m
2
, which hosts automated measurement devices and a platform. A high 

volume sampler, a precipitation meter, a meteorological mast and a stack filter unit 

are installed on this platform. 
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¢ubuk station is the only EMEP station situated in Turkey. The site selection, 

sampling and analytical procedures were based on the EMEP protocols, that were 

applied commonly in all EMEP stations in Europe. The station has been operated by 

the Ministry of Health, Refik Saydam Hygiene Institute since 1993. Daily aerosol 

and precipitation samples have been collected and the parameters of SO2, SO4, NO2, 

HNO3+NO3 and NH3+NH4 have been measured in air samples while SO4, NO3, 

NH4, Na, Mg, Ca, K, Cl, pH and conductivity parameters and precipitation amounts 

have been assessed using the precipitation samples at ¢ubuk station (NILU, 2010b). 

The collected data have been delivered to the EMEP secretariat. In EMEP, data 

from sampling stations are used for continent wide comparisons and model 

calibrations. 

 

d. Western Mediterranean Station (Corsica, France) 

Corsica is an island located in the remote western Mediterranean Sea, south of the 

Gulf of Genoa, 80 km from the Italian coast and approximately 160 km from the 

French Riviera. The station located (42.53
o
N, 8.72

o
E) on the western coast of Cavli  

with a sea level altitude.  

 

A 1Ü Ĭ 1Ü gridded domain covering the whole study area was used (Figure 3.2). The 

gridded domain was created by using Grid Maker version 1.3 which is an integrated 

tool of MapInfo. The boundary coordinates were entered using the aerial extents of 

study area. And then grid cell size was selected as 1Ü Ĭ 1Ü and object type was 

selected as closed polygon (total of 4800 grid cells).  
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Figure 3.2 1Ü Ĭ 1Ü gridded domain 

 

 

 

In section 4.1.2 of this study, a different domain was also used. A wind rose 

centered on at 33.10
o
E, 40.10

o
N (the coordinates of ¢ubuk station) was drawn on 

the MapInfo (Figure 3.3). The extents of wind rose were set large enough to cover 

many of the trajectories from the data set and it also covers the great proportion of 

1 degree gridded domain. Wind rose described here formed as a polygon uniformly 

divided into 16 pies which show the wind sectors. It was drawn using Create Line 

by Length (Version 3) tool of MapInfo. The pies were initially composed polyline 

objects, and then they were converted to regions (polygon) to use it in the analyses.  
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Figure 3.3 Wind rose used in study 

 

 

 

3.2. Data Description and Preparation 

 

Data used in this study could be split into 2 groups: pollution data and trajectory 

data.  

 

a. Pollution data 

Data to characterize the pollution includes SO4
2-

 concentrations measured at central 

Anatolia station (¢ubuk) and SO4
2-

 emissions of the EMEP region that monitoring 

has been carried out.  
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SO4
2-
, which is derived from gas to particle conversion processes of SO2 oxidation, 

was selected because it is a primary pollutant causing acid rains and it can be 

transported long distances. SO4
2-
 measurements of aerosol samples taken from 

¢ubuk station were used. The station became operational in 1992 and air and 

precipitation samples are being collected since 1993. In this study, samples 

collected for the years 1995, 2000, 2004, 2005 and 2006 were used. In this period, 

1477 daily aerosol samples had been collected and analyzed in the laboratories of 

Ministry of Health, Refik Saydam Hygiene Center. The results were originally 

archived in Excel file format (173 kilobyte-KB). Data were imported into MapInfo 

GIS from Excel spreadsheet and saved as table file. All concentrations were in 

ug/m
3
. The excel data format of SO4

2-
 measurements is shown in Table 2.1. 

 

 

 

Table 3.1 Data file format of SO4
2-
 measurements 

 

id year month day Jday SO4 

881 1995 5 31 151 0,96 

882 1995 6 1 152 1,11 

883 1995 6 2 153 1,5 

884 1995 6 3 154 1,26 

885 1995 6 4 155 1,65 

886 1995 6 5 156 2,46 

 

ñidò: number of the day from the  beginning of measurements  

ñyearò, ñmonthò and ñdayò: forms the date of measurement 

ñjdayò: order of the measurement day in specified year  

ñSO4ò: concentration measured in ug/m
3 

 

 

 

SO4
2-
 concentrations were used in PSCF calculations. In addition to the 

concentration measurements, emissions of sulfur oxides (SOX) mainly composed of 

SO2 (the precursor of SO4
2-
) were obtained from EMEP. SOX emissions of years 

ñ1990, 1995, 2000, 2004ò (Vestreng et al., 2006), 2005 (Vestreng et al., 2007a) and 

2006 (CEIP, 2008) were obtained for the whole EMEP region. Emission data were 

mainly used in the regions of influence analysis. Emissions were provided as the 
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national totals (in units of Mg -10
6
 grams) and data were used in EMEP/MSC-W 

(Meteorological Synthesizing Centre-West) reports, and by EMEP/MSC-E 

(Meteorological Synthesizing Centre-East). Emission data were based on officially 

reported emissions, but some of the officially reported data have been corrected 

and/or gap-filled.  

 

Six yearsô emission data were downloaded in text file format (total 14.2 megabyte-

MB) by using Web-dab (web application developed by EMEP) (CEIP, 2009). The 

settings applied in Web-dab are shown in (Table 3.2): 

 

 

 

Table 3.2 Settings applied Web-dab application in EMEP website (CEIP, 2009) 

 

PARAMETER  VALUE  

Countries / Areas: 

All  (all countries reporting to the United Nations-Economic Commission for 

Europe (UN-ECE) and other areas where emission values are only expert 

estimates, i.e. ship emissions, natural marine emissions, North Africa and 

remaining Asian areas) 

Years: 1990, 1995, 2000, 2004, 2005, 2006 

Pollutants: SOx from the list of main pollutants 

Sectors: National Totals (without other sources and sinks) 

Type and Format: Grid (0.5Ü Ĭ 0.5Ü), Semi-column separated 

 

 

 

The data provide gridded emissions. At EMEP, a grid system having a cell-size of 

(50km Ĭ 50km) and based on a polar-stereographic projection with real area at 

latitude 60Ü N have been using to produce gridded emissions. Grid domain includes 

132 Ĭ 159 points (with x varying from 1 to 132 and y varying from 1 to 159) 

(EMEP, 2010b). But the data in 50km Ĭ 50km grid format have also been provided 

as interpolated to 0.5Ü Ĭ 0.5Ü cell sized grid format. This interpolated EMEP grid 

extends between 29.75ÜW and 60.25ÜE longitude in eastïwest direction and between 

75.25ÜN and 30.25ÜN latitudes in northïsouth direction. Thus, the emission data 

were downloaded from EMEP website in such grid format (0.5Ü Ĭ 0.5Ü cell size) 
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having latitude/longitude coordinate system. Sample gridded emission data with its 

format were shown below (Table 3.3).  

 

 

 

Table 3.3 Data format of gridded SOx emissions 

 

ISO2 YEAR SECTOR POLLUTANT  LONGITUDE  LATITUDE  UNIT  
NUMBER/ 

FLAG  

IS 1995 
SNAP 

NATIONAL  
SOx -14 64.5 Mg 2.4766 

IS 1995 
SNAP 

NATIONAL  
SOx -14 65 Mg 83.6832 

IS 1995 
SNAP 

NATIONAL  
SOx -14 65.5 Mg 21.415 

IS 1995 
SNAP 

NATIONAL  
SOx -14 66 Mg 1.5873 

IS 1995 
SNAP 

NATIONAL  
SOx -14 66.5 Mg 0.2656 

ISO2: country code 

YEAR: year of emission calculated 

SECTOR: sector name 

POLLUTANT: name of pollutant 

LONGITUDE: longitude of center point of grid cell 
LATITUDE: latitude of center point of grid cell 

UNIT: unit of pollutant emissions  

NUMBER/FLAG: numerical value of pollutant emission in specified units 

 

 

 

This yearly data were imported into MapInfo GIS table files where unnecessary 

columns (ISO2, Sector, unit and pollutant) were deleted. Using the coordinates at 

each row, point objects describing the centers of 0.5Ü Ĭ 0.5Ü grid cells were created 

by selecting ñcreate pointsò option in MapInfo.  

 

Emissions in EMEP are given per country, which means that country border cells 

are listed several times, once for each country sharing the borders. Therefore there 

were multiple emission values for each cell in gridded data. To get the total 

emission the values of all locations for these cells should be added up. To do this, 

point objects having the same coordinates were aggregated by using Vertical 

Mapper 3.0 (point aggregation with statistics). Averaging technique was selected as 
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summing the emission values of coincident points. Therefore, 22588 points were 

aggregated into 14683 points, resulting in data size reduction from 1.9 MB to 0.95 

MB.  

 

As these points are the centers of 0.5Ü Ĭ 0.5Ü cell sized emission grid (extending 

29.75ÜW and 60.25ÜE longitude in east ï west direction and between 75.25ÜN and 

30.25ÜN latitudes in north ï south direction), this grid was formed by using Grid 

maker (version 1.3) tool of MapInfo. In this way, point objects containing aerial 

data were converted to polygon based objects (grid) to be used in future analyses. 

This 0.5Ü Ĭ 0.5Ü grid then overlaid with the previously aggregated points to convey 

the emission information to the grid. This achieved by updating the emission 

column in the grid file with spatially joining the grid cells with center points. After 

these steps, a 0.5Ü Ĭ 0.5Ü cell sized grid file containing yearly emission information 

have been obtained. 

 

However, in this study, a 1Ü Ĭ 1Ü grid as explained in section 3.1 had been selected 

for the analyses. In order to use the EMEP data in the analyses, emission grid 

having 0.5Ü Ĭ 0.5Ü cell size was aggregated into the 1Ü Ĭ 1Ü cell size grid. This was 

achieved by overlaying 0.5Ü cell sized grid with 1Ü sized grid, summing emission 

values of 0.5Ü sized grids proportionally to the area under 1Ü sized grid in MapInfo 

GIS. Because the edges of 0.5 degree grid do not covered by 1 degree grid, the 

uncovered parts are omitted in this analysis. The emission grids are presented in 

Figure 3.4.  
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Figure 3.4 1Ü Ĭ 1Ü and 0.5Ü Ĭ 0.5Ü emission grids 

 

 

 

Data preparation steps of emission and concentrations that explained in this part 

summarized as a flowchart in Figure 3.5.  



 

 

 

Figure 3.5 Pollution data preparation flowchart 

  3
9 
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b. Backtrajectory data  

Two commonly used types of backtrajectory data was used in this study: HYSPLIT 

and ECMWF backtrajectories. These data were explained with the model 

descriptions in detail below: 

 

HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model and 

trajectory data 

 

Hybrid-Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model 

(Draxler and Hess, 1998) developed by the National Oceanic and Atmospheric 

Administrationôs (NOAA) Air Resources Laboratory (ARL). The HYSPLIT model 

is used to support a wide range of applications related to the atmospheric transport, 

dispersion and deposition of pollutants and hazardous materials on the Earthôs 

surface. Some of its applications include tracking and forecasting the release of 

radioactive material, volcanic ash, wildfire smoke, and pollutants from stationary 

and mobile emission sources. Operationally, the model is used by NOAAôs 

National Weather Service through the National Centers for Environmental 

Prediction and at local Weather Forecast Offices (ARL, 2010a).  

 

The HYSPLIT model can output trajectories and air concentrations. The model 

calculation method is a hybrid methodology between the Lagrangian approach 

(using a moving frame of reference as the air parcels move from their initial 

location) and the Eulerian approach (using a fixed three-dimensional grid as a 

reference frame). In the model, advection and diffusion calculations are made on a 

Lagrangian framework to describe the transport of the air parcel and trajectories, 

while a fixed grid is used to calculate pollutant concentrations (ARL, 2010a). 

 

Using Lagrangian model, dispersion is computed following the particle or puff. 

Therefore, the advection of a particle is computed independently of the dispersion 

calculation in HYSPLIT model. Time integrated advection term of a particle taken 

as the trajectory computed using basic horizontal (U, V) and vertical ( ) wind 
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components of meteorological data. The calculations of trajectories were told in 

Draxler and Hess, 1997 and 1998 as follows: 

 

After the wind components of meteorological data processed and integrated into the 

modelôs internal grid, the advection of a particle or puff is computed from the 

average of the three-dimensional velocity vectors for the initial-position P(t) and the 

first-guess position P'(t+ȹt). Then the velocity vectors, V are linearly interpolated in 

both space and time. The first guess position is calculated according to Eq. (3.1) as: 

 

P(t + ȹt) = P(t) + V(P, t)ȹt                                                                                  (3.1) 

 

And the final position becomes:  

 

P(t + ȹt) = P(t) + 0.5 [V(P, t)ȹt + V(P, t + ȹt)] ȹt                                             (3.2) 

 

The integration time step (ȹt) can vary during the simulation and computed from 

the requirement that the advection distance per time-step should be less than the 

0.75 of the meteorological grid spacing. Trajectory computation terminates once the 

trajectories exceed the model top defined in the model setup, but the trajectories 

stay on the surface and advection continues if the trajectories intersect the ground. 

Higher order integration methods were considered by Draxler and Hess (1998) but 

they were rejected because they will not yield higher precision due to the data 

observations are linearly interpolated from the grid to the integration point.  

 

The model uses previously gridded meteorological data on one of three conformal 

map projections (Polar, Lambert and Mercator). The meteorological data used by 

HYSPLIT is gridded four-dimensional (x, y, z, t) meteorological fields outputted as 

analysis or forecast wind fields from the NOAA National Centers for 

Environmental Protection (NCEP) weather prediction models. Model output field 

resolution varies according to the model, anywhere from standard pressure levels 

(1000, 925, 850 hPA) to every 25 hPa intervals for the regional models. (ARL, 

2010b) For example, NCEP/NCAR (National Center for Atmospheric Research) 
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Reanalysis data set (NCAR, 2010) has a resolution of T62 (209 km) with 28 vertical 

sigma levels. Results are available at 6 hour intervals. Using a single analysis 

system, historical meteorological data beginning from 1948 has been reanalyzed 

within the NCEP/NCAR Reanalysis Project. Analyses are available every six hours 

per day and daily or monthly values from that date to present exist. There are over 

80 different variables, (including geopotential height, temperature, relative 

humidity, U and V wind components, etc.) in several different coordinate systems, 

such as 17 pressure level stack on 2.5 Ĭ 2.5 degree grids, 28 sigma level stack on 

192 Ĭ 94 Gaussian grids, and 11 isentropic level stack on 2.5 Ĭ 2.5 degree grid. 

They are organized as different subgroups in the archive. In addition to analyses, 

diagnostic terms (for example: radiative heating, convective heating) and 

accumulative variables (like precipitation rate) are present. 

 

HYSPLIT can be run interactively on ARLôs READY (Real-time Environmental 

Applications and Display sYstem) web site (ARL, 2009), or it can be installed on a 

PC and run using a graphical user interface (Draxler and Rolph, 2003; Rolph, 

2003). The web version has been configured with some limitations. The HYSPLIT 

model and meteorological data could be installed on a computer and run locally. 

Registered versions can work with no restrictions but users must obtain their own 

meteorological data files. But unregistered versions cannot utilize forecast 

meteorological data in calculation of plume concentrations. The trajectory-only 

model has no restrictions and forecast or archive trajectories may be computed with 

either version (ARL, 2010c).  

 

HYSPLIT backtrajectories from multiple heights are often run to capture the effects 

of vertical variation of horizontal winds within the mixed layer depth (COHA, 

2010). Sample backward trajectories of Antalya station with multiple start height 

obtained from HYSPLIT-READY system are shown in Figure 3.5. 
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Figure 3.5 HYSPLIT trajectories of having 3 different starting altitudes 

  

 

 

HYSPLIT trajectories were also used in many scientific studies (Crawford et al., 

2007; 2009; Shan et al., 2009; Challa et al., 2008; McGowan and Clark, 2008; 

Escudero et al., 2006; Wain et al., 2006; Draxler and Rolph, 2003; Rolph 2003). For 

example: McGowan and Clark (2008) used HYSPLIT trajectories to identify dust 

transport pathways from Lake Eyre, Australia. Escudero et al. (2006) used 

HYSPLIT model to quantify the proportions of mineral dust originated from 

specific geographical areas in northern Africa to PM10 concentrations over the 

central Iberian Peninsula. 
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HYSPLIT trajectories used in the study 

 

In this study, HYSPLIT trajectories were obtained by using ARLôs READY web 

application (Draxler and Rolph, 2003; Rolph, 2003; ARL, 2009). NCEP/NCAR 

global re-analysis meteorological dataset (1948-present) was used as input data for 

trajectory calculation. Using HYSPLIT model, backtrajectories starting at 4 stations 

were calculated for each day of the years 1990, 1995, 2000, 2004, 2005 and 2006. 

Vertical motion was modeled as isentropic, where trajectories were assumed to 

follow constant temperature potentials. Trajectories started at 14 pm in every day 

and calculated 120 hours backwardly (5 day). Up to 3 simultaneous trajectories can 

be calculated at multiple levels by READY application therefore 3 starting heights 

(100, 500, 1500 meters) were selected. Rainfall information in mm/hour at each 

segment of trajectory was also requested. Model parameters were summarized in 

the Table 3.4. 

 

 

 

Table 3.4 HYSPLIT model parameters 

 
PARAMETER  VALUE  

Duration 120 hours (5 day) backward in time 

Vertical Motion Isentropic 

Meteorological fields NCEP/NCAR Re-analysis 

Trajectory end time 14:00  

Trajectory end heights 100, 500 and 1500 meters 

 

 

 

After configuring READY application according to the settings, the model was run 

and trajectory files were obtained for each day of the study period. One trajectory 

file contains summary of model settings, 3-D segment endpoint coordinates of 3 

trajectories having different starting heights and the information on the wind speeds 

and rain.  
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At each READY run of HYSPLIT model, only one dayôs trajectories could be 

calculated. Therefore it took relatively long time to acquire trajectory data. Totally 

2191 days trajectories in 3 different starting heights for 4 stations (total 26,292 

trajectories) were acquired.  

 

The data downloaded as text files for each day (3 trajectories of different starting 

height in each file consumes 40 KB memory on hard disk, totally 342 MB). 

HYSPLIT output text file format is shown in Table 3.5 and a sample trajectory file 

is in Appendix A. 

 

 

 

Table 3.5 HYSPLIT trajectory data file format (ARL, 2010d) 

 
No. of lines Description 

1 Number of meteorological grids used in calculation 
3 (number of 

grids) 

Meteorological Model identification and 

Data file starting Year, Month, Day, Hour, Forecast Hour 

1 Number of different trajectories in file, direction of trajectory calculation 

(FORWARD/BACKWARD) and vertical motion calculation method (OMEGA, 

THETAé) 

3 (number of 
trajectories) 

Starting year, month, day, hour 
Starting latitude, longitude 

Starting level above ground (meters) 

1 Number of diagnostic output variables 

Label identification of each variable (PRESSURE, THETAé) 

N Trajectory segment end points  

Col 1 Col 2 Col 3 Col 4 Col 5 Col 6 Col 7 Col 8 Col 9 Col 10 Col 11 Col 12 Col 13 Col 14 Col 15 
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Every row in the HYSPLIT output file after header rows stores the data of trajectory 

segment end points. Because of the header rows in text files, large number of text 

files and 3 trajectory data in one file, HYSPLIT output trajectories cannot be 

opened in MapInfo using manual methods. A MapBasic application (Dabanlē, 2009) 

that previously developed in METU for custom converting HYSPLIT text files into 

MapInfo table file, was used with some modifications and bug fixed. Source code 

was provided in Appendix B. This tool reads all trajectory files from 10
th
 row of 

each text file in a directory specified and then aggregates the trajectories into 3 files 

according to the starting heights (100, 500, 1500 m). The convert tool adds a 

column showing the date as a number compose of ñday+month+last 2 digit of yearò 

(i.e. 1 January 1995 converted into 010195). This provides the seamless trajectory 

segments to differentiate the trajectories of different days. As a result for each 

station, 3 trajectory file (one for each starting height of 100, 500, 1500m) were 

obtained for each station. And, each trajectory file consists approximately 264,000 

trajectory segments and consumes 36.3 megabyte memory. Data preparation ended 

with creating point objects for each segment endpoint of trajectories in MapInfo.  

 

ECMWF model and trajectory data 

 

A trajectory model (McGrath, 1989) developed by Irish Meteorological Service 

(IMS) to calculate the trajectories using global wind fields of European Centre for 

Medium-Range Weather Forecasts (ECMWF). This model was designed to run on 

the CRAY computer in ECMWF using analyzed or forecast wind fields stored in 

two online databases containing data on forecast model levels and the other on 

standard pressure levels. U, V,  components of wind speed and the logarithm of 

surface pressures for model level data available as spectral fields in GRIB codes of 

ECMWF. Both database was updated daily and hold the latest 15 day analysis and 

100 days of forecast at 6h-12 h intervals. Older wind fieldsô data of ECMWF are 

obtained from the Meteorological Archival and Retrieval System (MARS), which is 

the main repository of meteorological data at ECMWF. MARS contains terabytes of 

operational and research data as well as data from special projects, which is freely 
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available to registered users in the Member States and Co-operating States of 

ECMWF (ECMWF, 2010). 

 

Using IMS model (McGrath, 1989), trajectories could be calculated forward or 

backward in time with pressure level or model level data in 2-D or 3-D if vertical 

velocity component,  is used.  During the calculation of ECMWF trajectories, 

GRIB coded spectral fields were read and according to the selected spectral 

truncation, the wind values are synthesized at each point along the trajectory path. 

This minimizes the number of spectral to grid-point transformations required and 

reduces the execution time in computer.  Denoting X(t) as the horizontal position 

and P(X, t) as the pressure of the trajectory at time, t and U (X, t) is the 

corresponding 2 dimensional wind field then, following iterative method is used to 

calculate the positions of trajectory at time t+ȹt: 

 

X1(t+ȹt)= X(t)+U(X,t).ȹt 

P1(t+ȹt)= P(t)+(X,t).ȹt 

          4                                                                                                          (3.3) 

Xn(t+ȹt)= X(t)+0.5 [U(X,t)+ U(Xn-1,t+ȹt)].ȹt 

Pn(t+ȹt)= P(t)+ 0.5 [  (X,t)+ (Xn-1,t+ȹt)].ȹt 

 

Where the U and  velocities were derived by linear interpolation in time and in 

vertical by linear interpolation in log (P). If the 2-D trajectories required pressure is 

kept constant. The model iteration is stopped at n=2 because it gives acceptable 

accuracy for ȹt < 1 hour (McGrath, 1989). 

 

The model was originally written in 1989, but updated over the years to reflect 

changes in computer architecture at ECMWF and changes to the ECMWF model 

resolutions. Now, the model can use either reanalysis (ERA-15, ERA-40 or ERA-

Interim) or operational Numerical Weather Prediction (NWP) model (analysis or 

forecast) data. IMS model can be run after secure logging in ñecgateò, a server of 

ECMWF (ECMWF, 2009) using command line or using a script file. 
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ECMWF trajectories were used in various studies (Khosrawi et al., 2010; Lee et al., 

2010; Thomas and Bracegirdle, 2009; Froude, 2009; Morcrette et al., 2009; Bashir 

et al., 2008; Delcloo and De Backer, 2008) while IMS model was used in some 

studies (Bigg et al., 1996; Birch et al., 2009; Eneroth et al., 2003; Fink and 

Knippertz, 2003; Heintzenberg and Leck 1994; Knippertz et al., 2003; Norman et 

al., 2003; Paatero et al., 2003).   

 

ECMWF trajectories used in the study 

 

Trajectory model of McGrath (1989) was used to calculate 5-day ECMWF back-

trajectories of ¢ubuk station for the years 1990, 1995 and 2000. For the trajectory 

calculations, wind fields data of operational Numerical Weather Prediction (NWP) 

model (T213 L31) of the European Centre for Medium-Range Weather Forecasts 

(ECMWF) were used. The T213 L31 ECMWF model produce wind field data at 

T213 (approximately 60 km) horizontal resolution on 31 levels (approximately 10 

levels below 2800 m) on a 1 resolution grid (Stohl and Koffi, 1998).  

 

ECMWF trajectories were downloaded for comparison with the HYSPLIT model. 

To make the trajectories comparable, model parameters equivalent to HYSPLIT 

were selected as similar as possible (Table 3.6). Vertical positions are represented 

as pressures in ECMWF trajectories, so, equivalent starting heights were selected as 

pressure levels (1000 Pa for 100m, 955 HPa for 1000m and 850 HPa for 1500m). 

There was no isentropic option available in IMS model therefore this could not be 

considered in ECMWF trajectories. But, vertical positions (pressures) were 

calculated in IMS model by using the vertical wind information in spectral data file. 

And also the trajectories downloaded for 134 hours back in time, but the excess 

trajectory segments were dropped out as explained in the coming parts.   
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Table 3.6 ECMWF model parameters 

 

Parameter Value 

Duration 134 hours (5.6 day) 

Meteorological fields Operational NWP model of ECMWF 

Receptor end time 14:00 EST 

Receptor Heights (surface pressure) 1000, 955, 850 HPa 

 

 

 

ECMWF trajectories were requested by using ecgate from internet with a script file. 

The site does no publicly open, requires password to request trajectories. Then the 

requests were queued to be processed. After the trajectories calculated, they sent as 

attached to e-mails. Approximately, 30 days of trajectories could be obtained in one 

day. The resultant trajectory files were in text format. The ECMWF trajectory files 

have the following general file format shown in Table 3.7. A sample ECMWF 

trajectory file was presented in Appendix C. 

 

 

 

Table 3.7 ECMWF trajectory data file format 

 

# of lines Description 

3 Empty 

9 Trajectory header, date, time, number information 

1 Variable name line (hr, latitude, longitude, level u, v, and w- winds, ps) 8 variables 

1 Empty  

135 trajectory data values for Trajectory 1  (135 trajectory end point) 

3 Empty 

135 trajectory data values for Trajectory 1 (135 trajectory end point) 

3 Empty 

135 trajectory data values for Trajectory 1  (135 trajectory end point) 

2 Empty 

12 Notes, containing the text NOTES: 

Col 1 Col 2 Col 3 Col 4 Col 5 Col 6 Col 7 Col 8 Col 9 Col 10 

HOURS LAT N/S ident. LON E/W ident. LEVEL U-WIND V-WIND W-WIND PS 

LAT: Latitude value,  

N/S ident.: North/south identifier 

LON: Longitude value,  

E/W ident.: East/west identifier 

U-WIND: u-component of wind (meters per second) 

V-WIND: v-component of wind (meters per second) 

W-WIND: vertical wind component (Pascal per second) 

PS: surface pressure (HPa)  
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The first 9 row gives information about trajectory (trajectory start and end time, 

starting pressure level and coordinates). Latitudes and longitudes are given in 

degrees. Pressure levels are in hectopascals (hPa). 

 

ECMWF trajectories including 3 trajectories starting from 3 different pressure level 

(1000, 955, 850 HPa) downloaded as text files for each day (each file uses 26.3 KB 

totally 22.4 MB). After the data downloaded, they were converted into MapInfo 

table file using a newly developed MapBasic application that is based on the 

HYSPLIT convert tool (source code given in Appendix D). Because the data format 

is different from HYSPLIT, different procedure was applied in separating 

trajectories in a text file. ECMWF conversion tool reads the text files and selects the 

trajectories according to their starting pressure levels. This tool retains only the first 

120 hours of backtrajectories for comparison with HYSPLIT. It adds date 

information as a separate column in order to differentiate the trajectory segments. 

Date information is added similarly as a number compose of day+month+last 2 

digit of year (i.e. 010195). The application automatically adds (-) sign before the 

coordinates of south latitudes and west longitudes and then create points for each 

trajectory endpoint. After that it saves all trajectories into 4 files; 3 table file for 

each pressure level (10.7 MB each) and 1 for the combination of all trajectories 

(30.4). Totally 874 day trajectory file consisting of approximately 314000 trajectory 

segments were processed. Then, point objects were created for the trajectory end 

points. 

  

Comparing HYSPLIT file format, trajectories having different starting height were 

grouped under headings (trajectory number 1, etc) while they are not grouped but 

designated by numbers at first columns. The other difference is that direction of 

coordinates of trajectory end points were denoted by ñNò (for North) ñEò (for East), 

in ECMWF, whereas south and west directions are affiliated by (-) sign before 

coordinates in HYSPLIT. 
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A separate data set for the comparison of the two trajectory models was prepared 

for the ¢ubuk station. ECMWF data was obtained for the last 5 months of 1990 and 

whole years of 1995 and 2000. Therefore HYSPLIT trajectories for the same time 

period were extracted from the large data set. As explained before, these trajectories 

have calculated using similar configurations. Trajectories started at 14:00 afternoon 

at three different altitudes (100 m, 500 m, and 1500 m in HYSPLIT equivalently 

1000, 955, 850 HPa in ECMWF). Main differences between the trajectory data are 

the meteorological data used for calculation which significantly affect the accuracy, 

assumptions for vertical motion and the trajectory models used. Since the number of 

days and number of segments should be identical for both models in this 

comparison, data were first checked for consistency and completeness. Because 

some days or some hours may be missing in one of the two trajectory sets, these 

data were eliminated from both trajectory sets to make them identical. Several 

queries were applied in MapInfo to find these inconsistent trajectories. After this 

manipulation, a data set compose of total 308550 hourly segments of 850 daily 

trajectories from each model was prepared. 

 

For visualization of trajectories, a tool that draws trajectory lines using segment end 

point was developed in MapBasic. Some parts of this tool were previously 

developed (Dabanlē, 2009). The tool can draw the trajectories of ECMWF and 

HYSPLIT separately for the selected date or for all dates. It can also draws the 

ECMWF and HYSPLIT trajectories for randomly selected 30 days. The source 

codes were presented in Appendix E. 

 

The operations in the trajectory data preparation are summarized in Figure 3.6. 

 



 

 

 

Figure 3.6 Flowchart of trajectory data preparation process in GIS 
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3.3. Methodology 

 

Based on the background information given in Chapter 2, the methodologies used in 

this study such as Residence Time, Potential Source Contribution Function and 

Regions of Influence analyses are described. GIS analyses accomplished in the 

study are explained in detail.  

 

3.3.1. Residence Time Analysis 

 

Residence Time Analysis (RTA) is a receptor model developed by Ashbaugh et.al, 

(1985) to identify the source regions of pollutants.  It is defined as the probability of 

a randomly selected air parcel to be present in the ij
th
 cell on a gridded domain 

relative to time period, t. Taking N as the total number of trajectory segment 

endpoints during the study period, t, if nij endpoints fall into ij
th
 cell, the probability 

of this event, Aij (Eq. 3.4) is given as: 

 

N

n
AP

ij

ij                                                                                                              (3.4) 

 

RTA methodology then formed a basis for PSCF analysis where residence time of 

air parcels having higher concentrations are incorporated jointly with this analysis.  

 

Total number of trajectories in each grid or sector indicates total number of hours 

air masses spent at each grid or sector, which is by definition the residence time. 

Analysis of residence times are suggested to be an effective way of tracing 

trajectories on an annual basis, thus minimizing the uncertainties of individual 

trajectories (Shadbolt et al., 2006). As the number of segments increases the air 

parcel stays more in the region that increases the contact time of air parcel with the 

pollution sources. 
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In this study residence times of the air parcels in each grid/sector cell were 

calculated in GIS by using 1Ü Ĭ 1Ü grid and wind rose described in section 3.1. To 

calculate it, first the number of the trajectory segment end points under each cell 

were counted using spatial join of grid/wind rose table with trajectory tables.  Then 

dividing these numbers by the total number of trajectory segment endpoints inside 

of the whole grid using ñcalculate statisticsò function of MapInfo and taking 

percentage, the residence time values were calculated. Finally thematic maps were 

created for the visualization of the results. In the sector based analysis, where the 

wind rose used, the results were presented using radar graphs produced in Excel.  

 

The implementation of RTA is given in Figure 3.7 



 

 

 

Figure 3.7 Flowchart of Residence Time Analysis (RTA) methodology in GIS 
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3.3.2. Potential Source Contribution Function  

 

Using the background information given in Chapter 2, the methodology described 

in Plaisance et al. (1997) was mainly followed in this thesis. 

 

 The PSCF of an element X in ij
th
 cell of a grid is calculated by using Eq. (3.5): 

 

ij

ij

ij
n

m
PSCF                                                                                                          (3.5) 

 

where nij is the total number of trajectory segments in the ij
th
 cell and mij is the total 

number of polluted trajectory segments in the same ij
th
 cell during the study period.  

It is important to notify that grid cell size must be sufficiently large for the 

assimilation of reasonable trajectory segment endpoints. Thus, the grid described in 

section 3.1 having cell size of 1Ü Ĭ 1Ü  degree was used in the PSCF analysis. 

 

To calculate the PSCF values, first the nij values for each grid cell were calculated 

as counting the total trajectory segments falling in these cells with a spatial joining 

grid file and trajectories in MapInfo. In order to calculate mij values, first daily SO4 

measurements for these years were ordered high to low. Then from this ordered 

values, highest 40% of the concentration values was taken as pollution above the 

selected criterion and the backtrajectories started in the days when these high 

measurements occur were selected as polluted trajectories. A column added into the 

trajectory table indicating the polluted or unpolluted trajectories. Then the mij  

values were added into grid file by selecting the polluted trajectories by querying 

and counting the number of the segments of polluted trajectories falling into the 

grid cells.  

  

Then the PSCF values calculated for each grid cell by dividing mij values by nij  

values and stored in grid file as separate column.  PSCF values takes value between 

0 and 1. Cells with high PSCF value approaching to 1 have high potential to be the 

source of pollution while cells having a PSCF value of 0 are unlikely to be source 
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regions. However, if the total number of segments in a grid cell, nij is small, it 

results in a high PSCF value with a high uncertainty. To minimize the effect of 

small values of nij, an arbitrary weighting method as described in various studies 

(Hopke et al., 1995; Polissar et al., 2001; Zhao and Hopke, 2006; Xu and Akhtar, 

2009) was used in this study. Then, the PSCF values were weighted according to 

the rule described in Zhao and Hopke (2006) using the average number of segments 

in grid cells, as shown in Eq. (3.6):  
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nw                                                                     (3.6) 

 

Although PSCF is a relatively easily applicable methodology, the assumptions such 

as emissions are swept by air parcel without considering trajectory height and 

transported to the receptor site without concentration decrease by atmospheric 

removal and chemistry adds some uncertainty into the calculations (Plaisance et al., 

1997; Cheng et al., 1993; Lupu and Maenhaut, 2002). In addition to the errors and 

uncertainties in trajectory calculation (Stohl, 1998; 2002; Zhou et al., 2004), those 

assumptions form the main weaknesses in PSCF methodology. In real situations, air 

parcel does not collect pollutant particles at the same amount at different heights 

and an occasional rain on the air parcelôs trajectory washing out the pollutant 

carried by the air parcel will contribute inaccuracy of the PSCF results. To 

overcome these deficiencies, trajectory segment precipitation and height 

information was tried to be incorporated into the PSCF analyses.  

 

Precipitation would have significant effects on the results of PSCF analysis. 

Assuming that backtrajectory information is included in the each segment endpoint 

of the backtrajectory, if the amount of precipitation in some part of the trajectory is 

high to washout the pollutant, the assumption of transport of the pollutants without 

loss does not hold anymore and the probability of the locations before that point on 

the trajectory being a potential pollution source vanishes. The probability of being a 

pollution source before that point is low due to the occurrence of rain. Therefore it 
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is logical to remove the trajectory segments before the point where rain above a 

defined amount is first seen on the backtrajectory. This will increase the statistical 

confidence of the results.  

 

As the air parcels moves along its trajectory, they collects pollutants when they 

passes over the emission sources. But the collection of pollutants greatly depends 

on the segment height at the source. An air parcel at higher altitudes is not affected 

by the emission source as high as the air parcel at lower altitudes. The effects of 

trajectory height on the PSCF results were previously discussed by Doĵan (2005). 

Generally, trajectories, far from the receptor site, are in high altitudes and if just 

segments below lower altitudes are to be used in the studies, then the effect of 

source regions away from the receptor will be underestimated. On the other hand, in 

real situation air parcels at different heights passing through a pollution source does 

not collect pollutant particles at the same amount i.e. plumes does not rise above 

mixing height therefore the air parcels above this height does not collect pollutant. 

Therefore, use of appropriate weights for trajectory segments according to different 

altitudes would improve PSCF and enable more accurate assessment of source 

regions. It is also expressed by Doĵan (2005) as a recommendation for future 

studies.   

 

A MapBasic application, where the pseudo-code of that application is given in 

Appendix F, was developed for the PSCF analysis. This application opens the excel 

file of concentration measurements in MapInfo and adds a column for date 

information similar to the trajectory files. And then it automatically orders the 

concentration values and select 40% of the highest concentration values. After that 

it selects the trajectories having the same dates of highest concentration occurrences 

by querying and adds ñ1ò for polluted and ñ0ò for unpolluted trajectories to the 

column in trajectory file. Then it calculates mij, nij and PSCF values using update 

column function with spatial joining of grid table and trajectory table. To minimize 

the uncertainty, tool then applies the arbitrary weighting on PSCF values, by 

multiplying the original PSCF values with the weights presented above according to 

the nij values of grid cells. 
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Inclusion of rain was implemented in MapInfo as follows. Rain information at each 

segment endpoint had been requested within the HYSPLIT backtrajectory data. 

Several rain filters were applied between 0.1 to 1 mm/hr. For each polluted 

trajectory, precipitation values were checked backwardly on time. From the first 

existence of the selected amount of precipitation, trajectory segments previous to 

this point were deleted from data set. Then mij, nij and PSCF values were calculated 

using new data set. Then, PSCF values were weighted to reduce the effect of small 

ni,j values.  

 

Inclusion of segment height was achieved by applying a weighting in GIS as 

follows. First arbitrary weights were defined for different height intervals. If a 

trajectory defined as polluted trajectory, air parcel assumed to collect pollutants to 

the receptor area different amounts at different heights. In PSCF analysis, all 

segments of the polluted trajectories have the same contribution to the PSCF values 

of the grids. But when weighted according to segment heights, the PSCF analysis 

represents the real situations more. The arbitrary weights were applied only to the 

polluted trajectories, resulting in an adjustment of the mij values therefore of the 

PSCF values. Normally a polluted segment counted as one in the calculation of mij, 

but after weighting its contribution is decreased. The polluted trajectory segments 

were selected by querying, and their weighted contributions calculated in a separate 

column in the trajectory file. Then mij values of grid cells were calculated using 

these weighted contributions. The nij values were not affected from this weighting. 

After calculating mij and nij values, regular procedure for arbitrary weighting for 

small number of nij was applied. A MapBasic application was developed to make 

necessary calculations for inclusion of segment height and rain information into the 

PSCF. The source code is provided in Appendix G. 

 

The effects of the weighing on segment height and precipitation were quantified by 

taking percent change on the original results. In this analysis, differences between 

rain or height weighted PSCF values and original PSCF values were calculated as 

the percentage change of the original PSCF values. All different weighting results 

compared with the original grid only.  
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The results of PSCF analyses were visualized by creating thematic maps using grid 

files in MapInfo GIS. Because a PSCF value varies between 0 and 1, ten equal 

intervals were selected in thematic maps. The thematic maps of PSCF were drawn 

by using the grid cells only covering the land areas. This information was added to 

the grid cells by spatially joining the grid with globe map. Globe map used in the 

visualization was obtained from the sample data of MapInfo.  

 

The methodology applied in GIS was summarized in Figure 3.8. 

 



 

 

 

Figure 3.8 Flowchart of PSCF methodology in GIS 
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3.3.3. Regions of Influence Analysis (RoI) 

 

There are two different approaches to determine source regions affecting pollutant 

concentrations at a given receptor (source region apportionment). These are 

classified as ñsource orientedò and ñreceptor orientedò approaches.  Source oriented 

approaches, bases on source information, such as emissions, source characteristics 

to calculate pollutant concentrations at the receptor. This general class includes 

numerous different numerical models, which start with source and meteorological 

data, simulates transport of pollutants in the atmosphere and finally calculates 

concentrations at the receptor. 

 

The second category, namely ñreceptor oriented approachò, starts with 

concentration data generated at the receptor through an extensive measurement 

program. To this data statistical tools, with various degree of sophistication, are 

applied and sources or source regions responsible from measured concentrations are 

revealed. This approach, where measured concentrations of pollutants at the 

receptor are used to determine types of sources responsible for those pollutant 

concentrations, is called ñreceptor modelingò (although it has nothing to do with 

numerical modeling). Discussion on receptor modeling is not in the scope of this 

study. 

 

Trajectory statistics that previously explained in section 2.2 is a category in receptor 

oriented approaches. It again starts with pollutant data generated at the receptor, but 

instead of relating these concentrations to source types, it determines the source 

regions from where these pollutants are emitted to atmosphere. Such an assessment 

naturally requires combing information on concentrations of pollutants with 

geographical information. The geographical information is provided by 

backtrajectory analysis. Then both of these information is fed to a statistical tool to 

generate information on potential source regions of pollutants. 
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Both of these approaches have their own advantages and disadvantages. Numerical 

models are generally cheaper and easier to operate, because they base on existing 

data on emissions and meteorology and do not require a measurement program. 

However, they have high uncertainties as they try to simulate atmospheric processes 

which are not well known. The uncertainty of numerical models increase with 

increasing distance scale, and models that simulate long range, transboundary 

transport of pollutants becomes too sophisticated to be routinely used in every 

laboratory. Generally two models, one to simulate meteorology and the other one to 

simulate chemistry is used.  

 

Trajectory statistics, on the other bases on measurement data, which have small 

uncertainty, but relies on accuracy of backtrajectory computations, which has higher 

uncertainty than measurements. Its dependence on measurement results is also a 

disadvantage, because long term measurements are expensive and such data is not 

always available.   

 

This method is a hybrid source-receptor model developed to identify the source 

regions which affects the pollution at a receptor area. It represents the contribution 

of a source region ij
th
 cell to the pollution at the receptor area in terms of emission 

loads. 

 

Suppose N represents the total number of trajectory segment endpoints during the 

whole study period, t and nij represent endpoints fall into the ij
th
 cell. Then the 

residence time of the trajectories as percentages in the cell (i,j) given in Eq. (3.7) : 

 

100
N

n
RT

ij

ij                                                                                                      (3.7) 

 

Residence times means how long the trajectories stay in the grid cell (i,j) that 

reveals some information on how much these grid cells affect the receptor area. But 

this is solely in terms of how often the trajectories pass or reside in grid cells. 

Pollution information is needed to be incorporated with trajectory information to 
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identify the pollution sources. Then the residence time value multiplied with the 

total emissions at the grid cell (i,j) to find RoI values of cell (Eq. 3.8):  

 

ijijij ERTRoI                                                                                                     (3.8) 

 

Where Eij is the total emissions of the pollutant under concern of the grid cell (i,j) 

over study period, t. The resultant value has mass unit (ton or kg). 

 

This method has some similarities with PSCF which uses trajectory data and 

chemical data. The main difference is that instead of using pollutant concentrations, 

emission values are used to identify source regions. Therefore, RoI could be called 

a source oriented method. In this method, the known sources contributed most to 

the pollution at the receptor is under concern, while in PSCF the possible locations 

is tried to be determined. But at the end both method determine probable source 

locations for the pollution at the interested area.  

 

Similar to PSCF model, the possible source region covered by trajectories is divided 

into a gridded i by j array. If a trajectory endpoint lies in the ij
th
 cell, it is assumed 

that trajectory collects material emitted in the cell and the material is assumed to be 

transported along the trajectory to the receptor site. In addition to these, the same 

assumptions as in PSCF are hold that atmospheric removal and chemistry are not 

considered as an air parcel transports to the receptor site. 

 

The procedure (Figure 3.9) includes the calculation of residence times and then 

multiplying with emission values in GIS. EMEP emissions discussed in section 3.2 

were used. The residence times were calculated for 4 stations using HYSPLIT 

trajectories of having different start heights by following the procedure described in 

section 3.3.2. Then RoI values calculated by multiplying the emission values with 

the residence time values of grid cells. RoI values for trajectories having different 

start height with yearly values were calculated at each station to analyze source-

receptor relationship in these areas.  
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In order to validate this methodology, the results were compared with the PSCF 

results. PSCF values for ¢ubuk station for the period of 2004-2006 and RoI values 

for the same time interval with the same trajectory data were calculated using the 

procedures explained before. Then the results were compared with each other to 

validate the use of RoI methodology. PSCF is used as a reference method because it 

is widely used in many studies (Zeng and Hopke, 1989; Gao et al., 1993, 1996; 

Plaisance et al., 1997; Hsu et al., 2003; Liu et al., 2003; G¿ll¿ et al., 2005; Hwang 

and Hopke, 2007; Doĵan, 2005; Iĸēkdemir, 2006; Doĵan et al., 2008; Munzur, 

2008) and therefore a scientifically validated methodology. Both methods have 

similarities as mentioned before (the same assumptions on transport, used similar 

logic, combines chemical information with the meteorological information, etc.) 

 



 

 

 

Figure 3.9 Flowchart of Regions of Influence methodology in GIS 
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CHAPTER 4 

 

RESULTS AND DISCUSSIONS 

 

 
 

 
In this section various aspects in trajectory statistics are discussed. Discussions 

cover a wide range of sophistication, starting from simple visual inspection of 

backtrajectories and goes all the way to inclusion some new parameters to methods 

used in trajectory statistics. There are four main objectives of this study.  

  

The first objective is to find the magnitude of differences in the trajectories 

computed with two well documented backtrajectory models, namely, ECMWF and 

HYSPLIT 3D trajectory models. Both of these models are widely used in literature 

and both are claimed to generate reliable backtrajectories. This comparison was 

performed at one selected receptor. 

 

The second objective is to compare different locations in Mediterranean area for 

their receptor characteristics. This was accomplished by finding potential source 

areas that can affect pollutant levels at well-documented receptor locations in the 

western Mediterranean, Eastern Mediterranean, Black Sea and Central Anatolia.  

The specific locations selected as receptor coordinates included Amasra for the 

Black Sea, ¢ubuk for the central Anatolia, Antalya for the Eastern Mediterranean 

and Corsica for the Western Mediterranean. These four locations were selected 

because, fairly large data sets are available in those sites and concentrations of 

various pollutants reported for these receptor points are significantly different from 

each other (P®rez et al., 2008; Migon et al., 2008; Garcia-Orellana et al., 2006; 

Ridame et al., 1999; Sandroni and Migon, 1997, for Corsica, Tuncel et al., 2008; 

Erduran and Tuncel, 2001; Doĵan et al., 2008; 2010; Kuloglu and Tuncel, 2005, for 

Antalya, Hacēsalihoĵlu et al., 1991a; 1991b; 1992;  Anwari et al., 1992; Alagha et 
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al., 2001; 2003; Karakaĸ et al., 2004, for Black Sea and Gaga et al., 2009; Kaya and 

Tuncel, 1997; Tuncer et al., 2001 for ¢ubuk) 

 

The third objective of the study is to develop a new trajectory based approach, 

which would allow identification of potential source locations for selected receptors 

without the need of generating expensive data sets or running sophisticated models. 

Details of this method development exercise are given in coming sections. This 

exercise is also performed for the same set of four locations. 

 

The fourth objective of the study is to improve existing methods in the field of 

trajectory statistics by weighting segments depending on their altitude and rainfall 

amount. This exercise was performed in one of the four stations and not repeated in 

the others. 

 

4.1. Comparison of Two Different Trajectory Models  

 

Backtrajectories are very useful to incorporate geographical information to 

measurement results. Because of this, backtrajectory computations are very widely 

used to relate measured concentrations of atmospheric constituents to sources and 

source areas. A variety of backtrajectory models are available. Some examples 

include TRAIET (Reap, 1972), LACYTRAJ (Clain et al., 2010), METeorological 

data EXplorer (METEX) (Akata et al., 2009), British Atmospheric Data Centre 

(BADC) (Russell et al., 2008), APTRA (Delcloo and De Backer 2008) and 

FLEXTRA (Stohl et al., 2001).  However, two of these models found much wider 

scale use than the others.  These two models among them, namely HYSPLIT 

(Draxler and Hess, 1998), which is developed by NOAA, USA and ECMWF model 

(McGrath, 1989), which was developed for the use at European Center for Medium 

Range Weather Forecast (ECMWF, Redding, UK) find wide application in 

literature (HYSPLIT (Draxler and Hess, 1998) model: Crawford et al., 2007; 2009; 

Shan et al., 2009; Challa et al., 2008; McGowan and Clark, 2008; Escudero et al., 

2006; Wain et al., 2006; Draxler and Rolph, 2003; Rolph, 2003; ECMWF 

(McGrath, 1989) model: (Bigg et al., 1996; Birch et al., 2009; Eneroth et al., 2003; 
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Fink and Knippertz, 2003; Heintzenberg and Leck, 1994; Knippertz et al., 2003; 

Norman et al., 2003; Paatero et al., 2003). These models have also been used in the 

Environmental Engineering Department of Middle East Technical University 

(METU) since early 90ôs. Hence, these two models were used throughout this 

study. 

 

No matter how frequently they are used, uncertainty in backtrajectory modeling had 

always been a serious concern (Riddle et al., 2006; Stohl, 1996; Stohl et al., 2001; 

2002; 2005). A rule of thumb approximation in uncertainty is approximately Ñ150 

km horizontal displacement (deviation from calculated centerline) at 3
rd
 day of 

computations (Stohl et al., 2001). In this study we compared outputs of the two 

trajectory model, namely HYSPLIT and ECMWF to assess differences of not only 

trajectories computed by the two model but also to understand the extent of 

difference they generate in the results of trajectory statistics. 

 

The comparison was performed in three levels. In the first level trajectories 

generated by the two models for the same time interval were visually compared.  In 

the second step, residence times of air masses computed by the two models were 

compared on an annual basis. In the third step, Potential Source Contribution 

Function (PSCF), which is a statistical tool in trajectory statistics, were performed 

using trajectories calculated by the two models and results of the PSCF calculations 

were compared. 

 

The comparison of the two trajectory model was done for the ¢ubuk station. 

Backtrajectories extending 5 days (120 hours) backward in time were calculated 

using both ECMWF and HYSPLIT models. Trajectories started at 14:00 afternoon 

at three different altitudes (100 m, 500 m, and 1500 m). Computations with both 

models were performed for every day in last 5 months of 1990 and whole year in 

1995 and 2000. Since the number of days and number of segments should be 

identical for both models in this comparison, data were first checked for consistency 

and completeness. Because some days or some hours may be missing in one of the 

two trajectory sets, these data were eliminated from both trajectory sets to make 
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them identical. After this manipulation, a total of 308550 hourly segments 

generated by 850 daily trajectories were used in computations. 

 

4.1.1. Visual Comparison of the Trajectories 

 

In this part backtrajectories of 30 days of were randomly selected from the 

HYSPLIT and ECMWF trajectory data sets. Then the backtrajectories of two 

models were compared pair wise for the same days. To save the space, only four of 

backtrajectories from this set were shown and compared in Figure 4.1. 

Backtrajectories starting from 100m, 500m and 1500 m (equivalently 1000, 955 and 

850 HPa in ECMWF) were drawn on the map in different colors and styles. 

HYSPLIT and ECMWF backtrajectories were drawn in blue and red color 

respectively.  

 

 

 

a. 15 September 1990  

 

 
 

 

Figure 4.1 Visual comparisons of the HYSPLIT and ECMWF trajectories 
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b. 27 January 1995 

 

 
 

 

 

c. 11 February 2000  

 

 
 

 
 

Figure 4.1 Visual comparisons of the HYSPLIT and ECMWF trajectories, (contôd) 
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d. 15 October 2000  

 

 

 

 

Figure 4.1 Visual comparisons of the HYSPLIT and ECMWF trajectories, (contôd) 

 

 

 

When Figure 4.1 is analyzed, it could be drawn that the trajectories of HYSPLIT 

and ECMWF moderately differ from each other in terms of direction, shape and 

length. In some days, the directions of trajectories, where air masses come from, 

look similar but in general both models produce different results. For example in 

Figure 4.1-a, good similarity is perceived but when turned to Figure 4.1-d it is easy 

to see that two model produced different results. In Figure 4.1-b, similar pattern is 

seen at 500 m, whereas in Figure 4.1-c the same path is seen at only 1500m but 

interestingly all trajectories points to North. The directions of trajectory ensembles 

somehow seem similar but the length and the pathways not the same at all. The 

same observations could also be drawn for the remaining 26 days. To see how 

different results produced by two models in different starting heights more 

comprehensively, 15 days were selected from previously selected 30 days and 

drawn on the maps, grouped by starting heights (Figure 4.2).  
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a. 100 m 
 

 
 

b. 500 m 
 

 
 

Figure 4.2 Visual comparisons of the HYSPLIT and ECMWF trajectories of 

different starting height 



 
74 

c. 1500 m 
 

 
 

Figure 4.2 Visual comparisons of the HYSPLIT and ECMWF trajectories of 

different starting height, (contôd) 

 

 

 

Grouping the trajectories of 15 days in one map according to starting height would 

provide a general perception to the differences between the patterns of ECMWF and 

HYSPLIT trajectories. Analyzing the backtrajectories according to their starting 

height (Figure 4.2) reveals some findings. One is that HYSPLIT trajectories travel 

from more distant places. For example, at 1500m starting height (Figure 4.2-c), 7 

HYSPLIT trajectories out of 15 are travelling out of the border of Europe, whereas 

only 2 ECMWF trajectories could extend out of Europe. This difference gets 

decreased in lower starting altitudes. Another finding from this visual analysis is 

that the backtrajectories having higher starting heights travels from larger distances.  

 

Being a qualitative analysis, visual comparisons could only provide information on 

the similarities between these trajectories in shape or direction and little perception 

on the frequency of flow over an area. There is not a good agreement seen between 
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HYSPLIT and ECMWF trajectory models when compared visually by trajectory 

ensembles of the same days. But this is strongly related to the number of trajectories 

used for visual comparison. In this part a limited number of trajectories were 

compared but in order to generalize the model differences, statistical methods 

should be utilized with larger number of samples. For instance, using daily 

trajectories of 1 year or more time period could provide information on the transport 

paths of pollutants. Trajectory statistics could more explicitly define the similarities 

between 2 models which would not be identified by visual comparison.  

 

4.1.2. Comparison of the Residence Times 

 

Visual inspection of an ensemble of trajectories calculated by both methods 

provides qualitative information on similarities of the results generated by the two 

codes, but cannot provide quantitative information. To be more quantitative, in the 

second step, trajectory segments are compared. A trajectory segment is the location 

of the air parcel at every hour. A 120 hr long (5 days) backtrajectory consisted of 

120 segments. Both models were used to compute backtrajectories which give the 

coordinates of trajectory segments. Coordinate of each segment end point gives the 

location where air parcel resided for one hour. The residence time analysis (RTA) 

was performed first by calculating the residence times in wind sectors and then by 

counting the segments in grid cells of our grid system, which was described in 

section 3.1 in the manuscript.   

 

a. Comparison Based on Sectors 

In sector based comparison, number of segments in each wind sector was counted 

using the wind rose described in Chapter 3.1. Trajectory segments were distributed 

into 16 wind sectors of wind rose, which is centered at ¢ubuk station. The wind 

rose, or in this case trajectory rose, was constructed by counting the number of 

segments in each sector. The outer boundaries of the sectors were the limits of our 

study domain, which is described previously in the manuscript. Two trajectory rose 

were constructed at each starting altitude using trajectories calculated by HYSPLIT 
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and ECMWF trajectory models. Then, residence times of air masses in each sector 

calculated by the two models are presented in Figure 4.3.   

 

 

 

  

a. 100 m starting altitude b. 500 m starting altitude 

 
 

 
 

c. 1500 m starting altitude d. All segments combined 

  
  

 
 

Figure 4.3 Percentage of time air masses spent at each wind sector, calculated using 

trajectories computed by ECMWF and HYSPLIT trajectory models at different 

starting altitudes (%) 
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There are two important points that should be highlighted. The first important point 

to note is that general features of the air mass residence time distribution between 

sectors obtained from both models are similar but not identical. In both models, the 

longest residence times of air masses occur between west and NNE sectors and this 

is more or less true in all starting altitudes.   

 

The second point worth noting is that the difference between air mass residence 

times computed for each sector using trajectories generated by HYSPLIT and 

ECMWF models differs with increasing starting altitude. Differences between 

trajectories generated by the two models are negligibly small at 100 m starting 

altitude (Figure 4.3-a), also small in 500 m starting altitude (Figure 4.3-b) and 

somewhat larger at 1500 m stating altitude (Figure 4.3-c). For example the largest 

difference between the air mass residence times at 100 m starting altitude is not 

more than 2% in any of the factors, in 500 m stating altitude the difference is 

approximately 3% in North sector. However, the difference is 5% and more in 

WSW, W and N sectors. In this case ECMWF trajectories predicted longer 

residence times of air masses (compared to HYSPLIT trajectories) at N, NNE and 

NE sectors and lower residence times of air masses (relative to HYSPLIT 

trajectories) at WSW, W and WNW sectors. This means that, higher contribution of 

pollution sources located at NNW, N, NNE and NE sectors, which includes 

countries like Ukraine and Russia, can be predicted when HYSPLIT trajectories 

starting at 1500 m are used in trajectory statistics and higher contribution of sources 

located at Western Europe can be predicted when trajectories calculated with 

ECMWF model.   

 

This observation suggests that the trajectory model used is not the limiting factor on 

uncertainties of source apportionment if starting altitudes < 1000 m are used. 

However, differences between predictions of source regions using trajectory 

statistics can have larger uncertainties if trajectory starting points are high. One 

reason for higher uncertainties associated with trajectories, which have higher 

starting altitudes, can be the longer nature of the high-starting trajectories as the 

length of backtrajectories often increases with starting altitude. Nevertheless, this 
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discussion suggests that trajectories with low starting altitudes should be used 

whenever possible. To compare trajectory models based on wind sectors, each 1-

hour segment of backtrajectories was assigned to a wind sector and the total number 

of segments in each of the 16 wind sectors was counted and then residence times 

were calculated. Comparison was done using the trajectories starting different 

altitudes separately and combined. The detailed description of the methodology of 

residence time analysis was given in section 3.3.1.  

 

b. Comparison Based on Grids 

The sector-based comparison, which was discussed in the previous section provides 

information on the similarities and differences in the trajectories calculated with 

two different backtrajectory models. However, one disadvantage of the system is 

that it treats each sector as one single unit and does not provide information whether 

differences between models has anything to do with the distance from the receptor. 

For example, the conclusion in previous section was that both models generate 

similar information in low-starting trajectories. However, distributions of segments 

in trajectories with starting altitude of 1500 m are not so similar. One reason can be 

the longer nature of the trajectories. Usually the length of backtrajectories increase 

with starting altitude, because their interaction with surface decreases with starting 

altitude. This reasoning for observed increase in the difference between trajectories 

generated by different models at higher starting altitudes is a speculation based on 

our experience. 

 

In this part of the work, it was attempted to calculate the differences between 

trajectory segments calculated in 1Ü Ĭ 1Ü grids (approximately 110 km Ĭ 80 km in 

this part of the world, but changes with latitude) in the study domain. Firstly, the 

residence times of trajectories generated by each trajectory model in each grid were 

counted as explained in section 3.3.1, and then the percent differences were 

calculated using the following relation (Dutton et al., 2009): 
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In Eq. (4.1), x1 is the residence time in the grid cell calculated by the trajectory 

model 1 (ECMWF in our case), x2 is the residence time in the same grid cell 

calculated by the trajectory model 2 (HYSPLIT in our case). The percent 

differences were calculated only for grid cells having segments from both models. 

Residence times of air masses calculated by using trajectories computed by 

ECMWF and HYSPLIT trajectory models are given in Figure 4.4. 

 

 

 

a. ECMWF 100m starting altitude b. HYSPLIT 100 m starting altitude  

 

 

 

 
 

c. ECMWF 500m starting altitude  d. HYSPLIT 500 m starting altitude  

 

 

 

 
 

Figure 4.4 Grid-based residence times calculated using ECMWF and HYSPLIT 

trajectories 
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e. ECMWF 1500m starting altitude f. HYSPLIT 1500 m starting altitude  

 

 

 

 
     

 
g. ECMWF Combined  h. HYSPLIT Combined  

 

 

 

 
 

Figure 4.4 Grid-based residence times calculated using ECMWF and HYSPLIT 

trajectories, (contôd) 

 

 

 

The longest residence times of air masses are in the grids that are close to receptor 

(¢ubuk station). This should be expected because, all trajectories without any 

exception converges to the grid in which the receptor is located. In other words, all 

trajectories, whatever the trajectory model is, have to pass through that particular 

grid and grids in the immediate vicinity of the station. Trajectories, with 100 m 

starting altitude, calculated using ECMWF and HYSPLIT models produce 

qualitatively very similar distributions of air mass residence time (Figure 4.4-a,b). 
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For trajectories with 500 m and 1500 m starting altitudes trajectories calculated by 

HYSPLIT trajectory model generated more uniform distribution of air mass 

residence time in the sector between SW and N, compared to distribution of air 

mass residence times calculated by using trajectories computed by ECMWF model 

(Figure 4.4-c, d, e, f). ECMWF model, on the other hand, generated more elongated 

air mass residence times on the SSW ï NNE axes. This discussion on grid based air 

mass residence time is qualitative and also does not give hints on the dependence of 

differences between models on the distance from the receptor. More quantitative 

information can be obtained by calculating grid-by-grid differences in residence 

times found by using different models. The grid based differences were calculated 

using Eq. (4.1) and results are presented in Figure 4.5.  

 



 

 

 

Figure 4.5 Grid-by-grid differences in air mass residence times calculated using ECMWF and HYSPLIT trajectories 

  8
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The legends in the Figure 4.5 show the percent differences between numbers of 

segments generated by the two models. The darkest green color indicates < 25% 

difference and red color indicates > 100 difference. The numbers in parentheses 

indicate the number of grid cells in each category. Table 4.1, on the other hand 

shows the percentage of grids fulfilling each criterion. 

 

 

 

Table 4.1 Fraction of grids (with data) in the domain indicating difference  

 

Difference 

100 m 

Starting 

altitude 

500 m 

Starting 

altitude 

1500 m 

Starting 

altitude 

Combined 

0% - 25% 22.9 20.5 21.4 20.3 

25% - 50% 19.1 18.8 19.7 20.0 

50% - 75% 20.7 18.0 21.1 18.6 

75% - 100% 11.8 13.5 12.6 13.8 

>100% 25.6 29.2 25.3 27.3 

Total Number of grids 2074 2146 2691 3093 

 

 

 

There is number of points worth noting in the Figure 4.5 and Table 4.1. First of all, 

numbers of grids are different for each starting altitude. It was pointed in the 

beginning of this discussion that, grids included in the Figure 4.5 are the ones that 

have segments from both trajectory models. This means if there is no segment from 

either one of the models the grid is not included in percent difference calculations 

and left blank. The number of grids increases from 100 m starting altitude to 1500 

m starting altitude, indicating that as the starting altitude increases, backtrajectories 

get longer. Going from 100 m starting altitude to 500 m starting altitude adds 72 

additional grids, whereas going from 500 m starting altitude to 1500 m starting 

altitude adds approximately 500 additional grids in the calculations. As trajectories 

get longer these additional grids are added to outer parts of the study area. 
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The second point to note is that although red shaded grids look fewer at trajectories 

starting from 100 m altitude, Table 4.1 demonstrates that there is no significant 

difference in the percentage of grids that has low and high percent difference values 

do not change significantly with starting altitudes. The number of grids with 

% difference < 25% is 474 for 100 m starting altitude, 439 at 500 m starting altitude 

and 575 at 1500 m starting altitude. Similarly, there are 580 grids with % difference 

> 100 at 100 m starting altitude, 627 grids at 500 starting altitude and 680 grids at 

1500 m starting altitude. Although number of grids with < 25% and > 100% 

difference seem to increase with increasing starting altitude, it should be 

remembered that total number of grids also increase with increasing starting 

altitude. In relative terms (percentage), there is no substantial change between 

different starting altitudes. For example, grids having differences < 25% is 23% for 

100 m starting altitude, 10% for 500 m stating altitude and 21% for 1500 m starting 

altitude. Similarly, grids having > 100% difference is 26% in trajectories starting at 

100 m, 29% in trajectories starting from 500 m and 25% in trajectories starting at 

1500 m. Consequently, smaller absolute number of red shaded grids in trajectories 

with 100 m starting altitude is due to smaller number of grids with data. The 

agreement between the air mass residence times calculated with ECMWF and 

HYSPLIT trajectory models is better than 50% in 40% of the grids and worse than 

75% in another 40% of the grids. 

 

The grids with large differences between residence times calculated by the two 

models are at the outer parts of the study area. The green shaded area, which 

indicates the geography where both models generate fairly similar segments in the 

grids, cover most part of the Europe, Ukraine and central parts of Russia, most of 

the Turkey and eastern part of the North Africa. It is not symmetric around the 

receptor point, but elongated along S ï N axes. The orange and red shaded grids, 

where the two models generated fairly different number of segments, generally 

occur at the outer parts of the study area, France and Spain are two important source 

areas where uncertainty of the models are no very good. In addition to these to 

important countries (in terms of their potential for being source regions), Western 

part of the North Africa, Middle East and Eastern Russia are the other regions 
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where ECMWF and HYSPLIT models do not generate comparable number of 

trajectory segments. 

 

It should be noted that at all starting altitudes the region, where the two models 

generate comparable number of segments (the region identified by green and yellow 

shaded grids), do not change significantly. However, new grids are occupied by 

segments with increasing starting altitude of trajectories and those grids, which take 

place at outer borders of the study area, are the ones with high percent differences.  

 

4.1.3. Comparison of PSCF Results 

 

Residence time analysis discussed in the previous sections provided information on 

how good the backtrajectories, which are calculated using ECMWF and HYSPLIT 

models, agree with each other. These discussions demonstrated that the agreement 

between trajectories generated with different models is good at the close proximity 

of the receptor and becomes poorer with increasing distance from the station. In the 

studies at METU-Environmental Engineering, these trajectory models have been 

used to calculate potential source areas in our study domain, which covers most of 

the Europe and parts of Africa and Asia, which influence measured concentrations 

of pollutants at different receptors (stations) in Turkey. Because of this, assessment 

of uncertainties in our source-region-apportionment is more important than 

recognition of differences between air mass residence times, which was discussed in 

previous sections. 

 

Impact of trajectory model used on source-region-apportionment was explored by 

using the two trajectory models in the PSCF calculations using the same pollutant 

data set. Potential source contribution function (PSCF) is a statistical tool, which is 

very widely used in the field of trajectory statistics to determine source regions 

affecting a receptor. Since, principles and use of PSCF in air pollution studies is 

discussed lengthily in sections 2.2.3 and 3.3.2, only results of PSCF runs will be 

discussed in this section. 
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The PSCF exercise was performed using SO4
2-
 data generated in ¢ubuk station in 

the years 1995 and 2000. Because daily SO4
2-
 measurements in this station have 

being done since 1993, the trajectories of 1990 were excluded. The results are given 

in Figure 4.6. This Figure is prepared with the combined trajectories from all 

starting altitudes. This exercise was not extended to other stations, because, as 

pointed before in the manuscript, the objective is to compare the two trajectory 

models, and not to determine source regions affecting these stations.  

 

 

 

 

 

Figure 4.6 Comparison of potential source areas affecting SO4
2-
 concentrations 

measured at ¢ubuk station, with PSCF using trajectories calculated with ECMWF 

and HYSPLIT trajectory models (Trajectories from all starting altitudes are 

combined) 
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As can be seen from the Figure 4.6, there is a general agreement between the source 

regions assigned by PSCF using trajectories generated by ECMWF and HYSPLIT 

models. In both cases the regions that strongly influence SO4
2-

 concentration at the 

¢ubuk station are located in the Balkan region, particularly at the western part of 

Turkey, Greece, Romania, Bulgaria, Italy and Ukraine. Both models also predicted 

small influence of the source areas in the western part of Europe, such as, sources in 

Germany, France and Spain. In addition to these regions that are common to both 

models, there are also differences between the results obtained from two models, 

For example, HYSPLIT model predicted stronger influence of the eastern Turkey 

and Middle East (Figure 4.6-b). These areas did not appear as strong source regions 

when ECMWF model was used to calculate trajectories (Figure 4.6-a).  

 

The results from the two models can be compared more quantitatively using Figure 

4.7, where grid based percent differences are plotted. Definition of percent 

differences was given earlier in the manuscript. As in the case of air mass residence 

time calculations, agreement between the distributions of PSCF distributions 

obtained using the two trajectory models is reasonably good in the vicinity of the 

station. The term ñvicinityò in this case includes Turkey, Balkan countries 

(including Greece, Croatia, Serbia, Bosnia Herzegovina, Bulgaria, and Romania), 

Ukraine, Czech Republic, Southern parts of Russia. It is also interesting to note that 

the region, where agreement between the two models is good is not uniformly 

distributed around the receptor (¢ubuk Station). Good agreement area is extended 

toward North and Northwest, but very short in the south. This is reasonable, 

because there is few trajectories arriving the station from south (please see the 

discussion on air mass residence times), resulting in a few segments to be used in 

PSCF calculations in the south sector. Small number of segments is the main source 

of uncertainty in PSCF calculations. Consequently, the lack of agreement between 

the PSCF values at the south is probably due to uncertainty arising from few 

trajectory segments computed for these grids. This distribution indicates that the 

agreement from the models are good all the way to Poland in Europe, but poorer 

agreement was found at western parts of the Europe, including Holland, Belgium, 

Germany, UK, France, Spain, Portugal. 
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Figure 4.7 Distribution of percent difference, between the PSCF values for SO4
2-
 

obtained from ECMWF and HYSPLIT trajectories (Trajectories from all starting 

altitudes are combined) 

 

 

 

The PSCF calculated from trajectories computed by ECMWF and HYSPLIT at 

three different starting altitudes are given in Figure 4.8 and percent differences at 

each grid are also depicted in Figure 4.9. The conclusions reached from combined 

trajectories in the previous paragraphs do not change significantly in these figures. 

Agreement between the source regions apportioned by the two models becomes 

worse with distance from the receptor. There is no obvious difference in the 

agreements in PSCF values with different trajectory starting altitude. 
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Figure 4.8 Distribution of PSCF values in the study domain at different trajectory 

starting altitudes 
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Figure 4.9 Distribution of percent difference, between the PSCF values for SO4
2-
 

obtained from ECMWF and HYSPLIT trajectories 

 

 

 

The following points can be highlighted as a conclusion of the model comparison 

part of this study: 

Both trajectory models have certain amount of uncertainty. It is well documented 

that these model-related uncertainties increase with distance from the receptor 

(Harris et al., 2005; Baumann and Stohl, 1997; Du et al., 1994; Kahl et al., 1989; 

Haagenson et al., 1987). Uncertainty associated with methods used in trajectory 

statistics largely arises from these model uncertainties. In these sections, the two 

models have been compared thoroughly to determine to what extent they can be 

used in trajectory statistics. The two model used in this comparison, namely 

ECMWF and HYSPLIT are very well tested and reliably used in many studies. The 
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objective was not to assess the deficiencies of these models, but to find the regions 

in our study domain, where trajectories produced by these two models agrees with 

each other, as these are the regions where sources can be apportioned with relatively 

low uncertainties. The areas where these two model products do not agree with each 

other are the areas where source apportionment (both with numerical modeling and 

receptor modeling) will have higher uncertainty.  

 

The outcome of this comparison demonstrated that the trajectories calculated with 

these two models resulted in comparable air mass residence times around the 

station, but agreement degrades with distance from the receptor. This good-

agreement-area includes Turkey, Balkan countries, Ukraine, part of Russia. In these 

regions the difference in number of trajectory segments generated by the two 

models are less than 50%. The agreement between the air mass residence times 

calculated by the two models were moderate (percent difference between number of 

segments from the two models is between 0%-100%) in countries at the central 

Europe, such as Czech Republic, Austria, Poland, Belarus and parts of Russia. The 

agreement was poor (the difference between the segments generated by two models 

is > 100% in countries at the peripherals of the European Continent, namely 

Germany, France, Spain, Portugal, UK, Scandinavian countries and large part of 

Russia and most of the countries located to the south of Turkey. This distribution 

agreement between the two model results is probably, at least partly, due to fewer 

segments generated at the outer parts of the study domain. 

 

It is interesting to note that the so-called good-agreement-area is not uniformly 

distributed around the receptor. It is elongated in SE ï NW direction and it can 

roughly be defined as ellipse, which is centered not at the receptor, but to the north 

of the ¢ubuk station.  

 

Comparison of model products at different starting trajectory altitudes did not show 

large differences at different starting altitudes. Longer air mass residence times at 

longer distances are observed at 1500 m starting altitudes of trajectories, but the 
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difference was not dramatically different than results obtained from 500 and 100 m 

starting altitudes. 

 

In the last step of comparison, distribution of PSCF values calculated using 

trajectories computed with both models were compared. As expected, the grid-

based differences in PSCF values was very similar to the grid-based differences in 

residence times, indicating that the uncertainty in trajectory statistics is determined 

by the uncertainties in trajectory model outputs. 

 

Since the starting altitude of trajectories did not show expected differences in good-, 

moderate- and poor-agreement regions in the study domain, the use of combined 

trajectories (trajectories at all starting altitudes) can be recommended in trajectory 

statistics. The reason is, combining trajectories results in larger number of segments 

in most of the grids and thus decreases the uncertainties arising from counting 

statistics. This would not be warranted if there were clear differences between the 

results of PSCF at different starting altitudes. 

 

4.2. Assigning Potential Source Areas Based on Emission Inventories and 

Transport Patterns (Regions of Influence-RoI) 

 

In this part of the study, results of source oriented approach which is developed for 

this study is discussed. The method developed and called as ñRegions of Influence 

(RoI)ò is a qualitative source oriented approach that generates information on 

potential source areas that affect concentrations of pollutants at a given receptor. 

The method developed here, is not an alternative to numerical models because, it 

does not produce quantitative information on pollutant concentrations at the 

receptor, but generate qualitative information on the potential source areas that can 

affect measured concentrations of pollutants at a receptor location, which is an 

information comparable to that generated with trajectory statistics. 
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The objective was to develop a source oriented method that can generate potential 

source areas using very few and simple input data, so that it can be used as a 

preliminary information in every laboratory, particularly in research groups where 

expertise for running sophisticated numerical transport and chemical models is not 

available. 

 

The source regions affecting concentration of a pollutant at a receptor depends on 

five factors, including (1) emissions at the source region, (2) residence times of air 

masses, which are intercepted at the receptor, in the source region, (3) meteorology 

during transport of pollutants between source region and receptor, (4) topography 

between source and receptor and (5) chemistry during transport. If all these 

parameters are accurately known, one can calculate concentrations of pollutants, 

which are emitted from a given source at the receptor. However, such a 

computation requires sophisticated and expensive models. In RoI approach, only 

emissions and air mass residence times have been included in the model. The time 

resolution was taken as longer than 1 yr. Meteorology is indirectly included in 

computations (as the trajectory computations are based on meteorology). The output 

of the model is the relative significance of each 1 Ĭ 1  grid in our study domain as 

a source area affecting our receptor. 

 

In this study, RoI calculations were separately performed by using Antalya, ¢ubuk, 

Amasra and Corsica stations as receptors. Backtrajectories and SO2 emissions for 

the years 1990, 1995, 2000, 2004, 2005, 2006 and with starting altitude of 100, 500, 

1500 m were used. The RoI concept is discussed in four subsections, namely, (1) 

comparison of RoI results with distribution of PSCF values, (2) effect of trajectory 

starting altitudes on RoI distributions, (3) variation of RoI with time and (4) 

comparison of RoI distributions calculated for four different receptor locations. 
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4.2.1. Calculation of Potential Source Areas and Comparison with PSCF 

Distribution in the Study Domain 

 

In this section RoI that were calculated for ¢ubuk station are compared with the 

distribution of PSCF values, again, calculated for the same location. Comparison of 

RoI results, with an established receptor oriented technique is one way of validating 

the RoI method. PSCF calculations is proper method to compare with the RoI 

results, because it is very frequently used in the literature for assessing potential 

source areas affecting pollutant concentrations at a given receptor (Karaca et al., 

2009; Xu and Akhtar, 2009; Doĵan et al., 2010; Uygur et al., 2010; Bahadur et al., 

2010) and its weaknesses and strengths are well documented (Pekney et al., 2006; 

Begum et al., 2005) 

 

Regions of Influence were calculated by multiplying emissions in each grid with the 

air-mass residence times at that particular grid. Emission data were obtained from 

EMEP website and air-mass residence times were computed by counting number of 

hourly trajectory segments in each grid in the study domain.  

 

Since the objective in this section is to compare results obtained with distribution of 

PSCFôs at different altitudes, and not to evaluate the RoI of different stations, which 

will be done later in the manuscript, the RoI, for this comparison, were computed 

only for the ¢ubuk station. HYSPLIT trajectories computed for the years 2004, 

2005 and 2006 were used in calculations. PSCF calculations were also performed 

for the same station and for the same years by using these trajectories. Trajectories 

corresponding to days with the highest 40% of the SO4
2-
 concentrations were 

formed the ñpollutedò trajectory group.  

 

Distributions of RoI and PSCF for the ¢ubuk site are depicted in Figure 4.10. 

Trajectories starting at all altitudes are used to generate this Figure. 
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Figure 4.10 Comparison of PSCF and RoI results calculated using combined 

trajectories for the years 2004, 2005 and 2006 at ¢ubuk station 

 

 

 

The main features in distribution of PSCF values are nicely imitated by the 

distribution of RoI. There are two important points that must be highlighted in the 

distribution of PSCF values. The first of these points is that most of the Turkey, 

Balkan countries and parts of Ukraine are the main source regions affecting SO4
2-
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concentrations at ¢ubuk (Figure 4.10-a). These are also the areas with high RoI 

index (Figure 4.10-b). The second point that needs to be highlighted in PSCF 

distributions is that the grids in distant areas, such as Scandinavia, UK, Spain, 

France and Germany generally have low PSCF values. This feature is also shared 

by the RoI values. 

 

Another important performance check for both of these methods is to see if they can 

identify a well known emission source. There are two such well known SO2 sources 

in our study domain. One of them is the Mt. Etna Volcano at Sicily, Italy and the 

second one is the Afĸin Elbistan Power Plant at the Southeastern Turkey. Both of 

these sources are well identified in both PSCF and RoI results 

 

Although the general agreement between the distributions of PSCF and RoI values 

is good, there are also some disagreements between the results of the two 

approaches. For example, Poland, which is a country with documented high SO2 

emissions (Kiuila, 2003; Klimont et al., 1994; Veldt, 1991), appears as a significant 

RoI, as expected. However, PSCF values in most of the grids in Poland are rather 

low, indicating that the SO4
2-
 concentrations in samples corresponding to 

trajectories passing over Poland are not particularly high. A similar high RoI and 

low PSCF area also appears at the central Ukraine. Although both east and west 

parts of Ukraine are characterized by high PSCF and RoI values, PSCF values at the 

central Ukraine have low PSCF values.  

 

These high RoI - low PSCF areas can be explained by the effect of wet particle 

scavenging. As pointed many times previously in the manuscript, PSCF technique 

is a receptor oriented technique and bases on measured SO4
2-
 concentrations. If 

SO4
2-
 particles are scavenged by rain on their way to ¢ubuk, then, naturally, SO4

2-
 

concentration in that sample is low, no matter from where the air mass comes from. 

And areas with frequent rain appear as low PSCF areas even if the SO2 emissions 

are high. However, this rain scavenging is not taken into account in RoI approach.  
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On the contrary, high PSCF and low RoI values are observed at Southern Italy and 

North African coast in Figure 4.10. RoI values are low in these areas, because SO2 

emissions are low. These high-PSCF and low-RoI areas cannot be explained by 

scavenging. However, they are real, because in many studies, including studies 

performed in our group, high concentrations of anthropogenic species, such as SO4
2
, 

NO3
-
 and trace elements were observed to be associated with backtrajectories that 

originate from North Africa (Celle-Jeanton et al., 2009; Querol et al., 2009; Liu et 

al., 2009). This documented transport of anthropogenic species from North Africa is 

believed to be due to recirculation of air masses that originate from Europe between 

North Africa and the Mediterranean basin (Kallos et al., 1998; 2007). This 

recirculation of pollutants between North Africa and Mediterranean gives the 

impression that there are high-emission areas in the North Africa. These areas are 

identified as potential source areas in PSCF calculations. However, since 

concentrations are not taken into account in RoI calculations, the same areas have 

low RoI values.  

 

4.2.2. Effect of Trajectory Starting Altitude  on RoI Distribution  

 

In the previous discussion, RoI (and also PSCF) were calculated using combined 

trajectories from all starting altitudes. In this section, on the other hand, the 

influence of starting altitudes of trajectories on RoI distribution is discussed. In this 

exercise, trajectories with starting altitudes 100 m, 500 m and 1500 m calculated in 

this case for the Antalya station, in the years 1990, 1995 and 2000 are used. Results 

of RoI calculations are depicted in Figure 4.11. 
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Figure 4.11 Regions of Influence calculated for Antalya station for each trajectory 

starting altitudes 

 

 

 

Since gridded emissions do not change with starting altitude, differences between 

RoI distributions for different starting altitude is due to variations in air mass 

residence times as a function altitude. Figure 4.11 demonstrates that differences in 

RoI distributions between trajectories with different starting altitudes are not very 

much, particularly in the areas with closer distance to the receptor. However, there 

are slight differences in the outer parts of the study domain. For example, there are 

some additional high RoI grids in Spain, Tunisia and Morocco in when RoI 

calculations are based on 1500 m starting altitude (Figure 4.11-c). Grids in the 

Middle East, Turkey and most of the Europe have fairly similar distribution of RoI 

at all starting altitudes. This observation, suggests that the use of combined 

trajectories (trajectories starting at all altitudes) can be a proper approach in RoI 
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calculations, as combining all trajectories increases the number of segments in each 

grid, thus increasing statistical significance of results. 

 

4.2.3. Variation of Regions of Influence with Time 

 

The SO2 emissions in Europe decreased steadily in last 20 years. Approximately 75 

ï 80% reductions in SO2 emissions were reported in different parts of the Western 

Europe. Since the RoI calculations are based on SO2 emissions and air mass 

residence times and since in previous sections it was demonstrated that air mass 

residence times did not change with time, then any change in RoI should be due to 

reductions in SO2 emissions and should reflect the change in source regions 

affecting Turkey and Eastern Mediterranean regions. In other words, with changes 

in SO2 emissions in Europe the areas that affect receptors are expected to change in 

time and source areas affecting SO4
2-

 concentrations in 1990 is expected to be 

different from the source areas affecting SO4
2-
 at the same site in the year 2000. 

 

This variation of source areas in time is demonstrated for Antalya station in 

Figure 4.12. RoI calculations were performed for the years 1990, 1995 and 2000 

using EMEP emission data for each of these years. Backtrajectories calculated for 

the years 1990, 1995 and 2000 are used in calculations and trajectories with all 

starting altitudes are included in computations. 
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Figure 4.12 Variation in the distribution of regions of influence calculated for 

Antalya station between 1990 and 2000 

 

 

 

Changes in potential source areas affecting SO4
2-

 concentration Antalya station is 

very clear in the Figure 4.12. In the year 1990 (Figure 4.12-a), SO4
2-
 concentrations 

in Antalya are affected from source areas in Turkey and Balkan countries, Italy, 

Central European countries such as Czech Republic, Slovakia, Belarus, Poland and 

Germany and Ukraine. Countries such as France Spain and northern parts of Russia 

are not expected to contribute significantly to measured SO4
2-
 concentrations at 

Antalya. 
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In the year 1995 (Figure 4.12-b), Western part of Turkey, Balkan countries and Italy 

are still the most important source regions. But Germany and central European 

countries turned out to be less important sources of SO4
2-

 concentrations at Antalya. 

Poland is still a source, but number of grids with high RoI values in Poland 

decreased. The same situation is also true for Ukraine. It is still a source, but not as 

important source as it was in 1990. 

 

In the year 2000 (Figure 4.12-c), the significance of western European sources 

decreased observably, due to reductions in their emissions. The important source 

regions for observed SO4
2-
 levels in at Antalya are confined to Western Turkey, 

Afĸin Elbistan Thermal Plant, Balkan countries including Bulgaria, Romania 

Greece, Serbia and Montenegro and Croatia, Eastern Parts of Ukraine, Czech 

Republic and central parts of Poland, Regions which appeared as potential source 

areas in earlier years, such as Germany, UK, Italy, western parts of Ukraine and 

central parts of Russia are no longer important source areas for SO4
2-
 concentrations 

at Antalya in the year 2000. 

 

This discussion demonstrated that the source areas affecting pollutant 

concentrations in different parts of Mediterranean basin have changed significantly 

between 1990 and 2000. In general, the potential source areas in Turkey and Balkan 

countries remained the same, but the source regions in Western European countries, 

which were important in 1990, lost their strengths completely in the year 2000. 

 

4.2.4. Comparison of the Potential Source Areas Affecting Eastern and 

Western Mediterranean Basins 

 

Similarities and differences in potential source areas (high RoI areas) affecting 

SO4
2-
 concentrations at Antalya, ¢ubuk, Amasra and Corsica stations are 

investigated. Because such a comparison can provide, not only, a general idea on 

the source region affecting different locations in Turkey, Eastern Mediterranean and 

Western Mediterranean, but also explain differences in chemical composition of 

particles at different locations in the Mediterranean basin. 



 
102 

Since it was demonstrated in previous sections for Antalya station, that RoI values 

changed in time and source regions that are effective in 1990 may not necessarily 

represent the situation in 2000, comparison was made separately for the years 1990, 

1995 and 2000. Trajectories calculated by HYSPLIT were used and trajectories 

with different starting altitudes were combined to improve statistical significance of 

results. The distributions of RoI for Antalya, Amasra, ¢ubuk and Corsica stations in 

the year 1990 are depicted in Figure 4.13 ï a, b, c, and d respectively. 

 

 

 

  

 

Figure 4.13 Variation in the distribution of regions of influence between different 

stations in the year 1990 
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For Antalya, ¢ubuk and Amasra, high RoI areas in the year 1990 resemble to each 

other with minor differences between them (Figure 4.13-a, b, c). However, 

distribution of high RoI areas for the Corsica Station is totally different (Figure 

4.13-d). This explains different chemical compositions of particles at Eastern and 

Western Mediterranean basin, which was reported frequently in the literature. 

 

For stations in the eastern Mediterranean basin (Antalya, ¢ubuk and Amasra), 

potential source areas in the year 1990 is distributed in whole Europe, except for 

France, Spain and Scandinavian countries. Since emissions were high throughout 

the Europe in 1990, this distribution is determined by distribution of air-mass 

residence time rather than lack of SO2 emissions in France, Spain, Norway, Sweden 

and Finland. 

 

Although general appearance of RoI distributions is similar for these three 

receptors, there are some differences in detail. For example, Antalya station is less 

influenced in sources in Ukraine and Central Russia, compared to ¢ubuk and 

Amasra stations. On the other hand, the effect of source regions in Italy and western 

Balkan countries on SO4
2-
 data at the Amasra and ¢ubuk stations are not as much as 

their influence on Antalya station. 

 

The differences in RoI affecting Amasra (Black Sea), Antalya (Eastern 

Mediterranean) and ¢ubuk (Central Anatolia) stations are not much and it can be 

concluded that these three stations are affected from the same anthropogenic source 

regions which are distributed throughout the Europe in the year 1990. 

 

The RoI that affect SO4
2-
 concentrations at western Mediterranean basin (Corsica) 

are substantially different. Corsica station is strongly influenced from SO2 

emissions in most of the Western Europe, but not influenced from emissions in 

Balkan Countries, Turkey, Ukraine and Russia. 
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This difference in RoI calculated for Eastern and Western Mediterranean Sea 

clearly suggests that chemical composition of atmospheric particles in these two 

basins is significantly different from each other. Like concentrations, the trends in 

pollutant concentrations are also expected to be different. Corsica station is affected 

much more strongly from emissions in Western Europe. Consequently measured 

concentrations of pollutants in this site are expected to demonstrate similar trends 

with the trends in pollutant emissions in Western part of Europe. However, 

emissions in Balkan countries, Ukraine, Turkey and Russia have stronger influence 

on measured pollutant concentrations in Eastern Mediterranean. Since decrease in 

pollutant emissions in these regions are not as significant as the emissions in 

Western Europe, then the decrease in concentrations of pollutants measured in 

Eastern Mediterranean basin are not expected to be as significant as the decrease in 

Western Mediterranean basin. There is not much data on the trends of pollutants in 

the western part of basin. Migon et al. (2008) demonstrated a rapid drop in Pb 

concentrations in the Western Mediterranean, which is correlated by phasing out of 

Pb from gasoline in Western European countries. On the contrary, SO4
2-

 

concentrations in the Eastern Mediterranean and Central Anatolia did not show a 

significant decrease between 1992 and 2000 (Iĸēkdemir, 2006; Tuncer et al., 2001; 

Yºr¿k, 2004). 

 

Distribution of calculated RoI values for Antalya, Amasra, ¢ubuk and Corsica for 

the years 1995 and 2000 are given in Figures 4.14 and 4.15 respectively. It is clear 

from these figures that the influence of distant sources, particularly those in the 

western part of Europe, SO4
2-
 concentrations at three stations on the Eastern 

Mediterranean became less and less important in time due to continuous reduction 

in SO2 emissions, particularly after the ñSecond Sulfur Protocolò, which became 

effective in 1994 (Vestreng et al., 2007b).   
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Figure 4.14 Variation in the distribution of regions of influence between different 

stations in the year 1995 
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Figure 4.15 Variation in the distribution of regions of influence between different 

stations in the year 2000 

 

 

 

The main source areas affecting these three stations in Turkey were western parts of 

Turkey, Balkan countries, including Bulgaria, Romania, Greece, Serbia, Bosnia 

Herzegovina, Slovakia, Poland, Ukraine and Russia. Germany and UK ceased to be 

important source areas for the Eastern Mediterranean in 1995 (Figure 4.14), Russia 

and Poland are still source areas, but they are not as important as they were in 1990 

(Figure 4.13). In the year 2000, potential source areas affecting SO4
2-
 concentration 

at the Eastern Mediterranean shrink even further (Figure 4.15). For example Italy, 

which is fairly close to receptors at the Eastern Mediterranean, is no longer an 

important source for any of the three receptors selected for this study. Basically 
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western parts of Turkey, Bulgaria, Romania, southern parts of Poland and Ukraine 

are the most important potential regions for the Eastern Mediterranean basin. 

 

The differences in high RoI areas affecting Antalya, ¢ubuk and Amasra stations, 

which was previously discussed for the year 1990 (Figure 4.13-a, b, c) continued in 

the years 1995 (Figure 4.14-a, b, c) and 2000 (Figure 4.15-a, b, c). For example, 

Ukraine and Poland are less important source regions for Antalya then they are for 

¢ubuk and Amasra in both 1995 and 2000. Italy and Greece, on the other hand, are 

less significant source regions for Amasra and ¢ubuk then they are for Antalya. 

 

The variation in source regions was different for Corsica. In 1990 (Figure 4.13-d), 

areas that affected Corsica were in Western European countries, such as France and 

Germany, due to close proximity of the receptor to those emission areas. In 1995 

(Figure 4.14-d), the influence of emission areas in France decreased significantly. 

Contributions of emissions in Germany also decreased compared to their 

contributions in 1990, but Germany continued to be an important RoI for Corsica 

station. Contributions of Central European countries and Poland did not change 

much in 1995 compared to their contributions in 1990. In the year 2000 (Figure 

4.15-d), contributions of France, Germany and Poland on SO4
2-
 concentrations 

measured in Corsica decreased further and they became insignificant source areas 

for the Western Mediterranean basin. The most important source region for the 

Western Mediterranean in 2000 is the Northern Italy, due to close proximity of 

emissions in Northern Italy to Corsica. In addition to Northern Italy, Serbia and 

some grids in Germany and Southern UK also contribute to SO4
2-
 concentrations in 

Western Mediterranean basin.  

 

4.3. Inclusion of Segment Height and Rain Amount in PSCF Calculations 

 

PSCF is receptor-oriented method that uses chemical measurements of pollutants at 

the receptor site and meteorological information. Therefore, it combines flow 

frequency with the measured elemental composition of the region. As pointed out in 

previous sections, it is very widely used to assess source areas affecting pollutant 
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concentrations at a particular receptor. The concept of PSCF was introduced to 

identify geographical regions that may have a higher probability of being source 

areas of pollutants like sulfate in the study area. It is assumed that pollutants emitted 

within a grid cell are swept into the air parcel and transported to the receptor site 

without loss through diffusion, chemical transformation or atmospheric scavenging 

(Cheng et al., 1993; Lupu and Maenhaut, 2002). These assumptions make 

calculations easier but at the same time the reliability of the model will be loosened 

and uncertainties increased. In real situation, air parcels at different heights passing 

through a pollution source does not collect pollutants at the same amount i.e. air 

parcel close to the surface have higher probability of picking up of pollutants than 

air parcels that are far from surface. An occasional rain on the air parcelôs trajectory 

could wash out the pollutant carried by the air parcel that will contribute inaccuracy 

of the PSCF results. 

 

In this part of the study, it is tried to reduce the uncertainties in PSCF calculations, 

by weighting the segments based on their heights and on the presence or absence of 

precipitation at the coordinates of segments.  

 

4.3.1. The Effect of Precipitation on PSCF Calculations 

 

In PSCF calculations, rain or other forms of precipitation are not taken into account.  

It is assumed that pollutants that are picked up by air parcel at the emission point 

are transported to the receptor without dry or wet deposition. The ñno-dry 

depositionò assumption does not pose a serious error, because dry deposition 

removes a certain fraction of pollutants and likelihood of dry deposition decreases 

substantially when pollutants gets away from the surface. Because of these factors, 

dry deposition cannot erase emission signatures from a trajectory. However, wet 

deposition is not like that. When an air parcel passes through a precipitation event, 

more than 90% of the pollutants are washed into the cloud or rain droplets, thus 

totally erasing emission information carried by that trajectory. If such a 

precipitation scavenging occurs, an air parcel, which passed through a very heavy 

emission area and loaded with pollutants can lose all its pollutants and may appear 
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as a clean trajectory at the receptor. It should also be noted that an air mass 

trajectory can pass through several precipitation events between the source and 

receptor. The precipitation scavenging does not render PSCF results totally 

meaningless, because PSCF calculations are based on information carried by 

hundreds of trajectories over a period of at least a year. In one year period, loss of 

source information from trajectories through precipitation scavenging occurs in 

some of the trajectories passing through a source grid, not in all them. The net result 

is decrease in PSCF values in grids. If this effect of scavenging would occur 

homogeneously in the study domain, the PSCF distribution would be flue but 

correct. However, effect of precipitation can be more pronounced in certain 

directions and increases with distance, which results in underweighting source areas 

in certain regions relative to others. 

 

In this part of the study, rain information is attempted to be included into PSCF 

calculations. Assuming that backtrajectory information is included in the each 

segment endpoint of the backtrajectory, if the pollutants are washed out by 

sufficient amount of precipitation in some part of the trajectory, the assumption of 

transport of the pollutants without loss does not hold anymore and the probability of 

the locations before that point on the trajectory being a potential pollution source 

vanishes. Therefore it is logical to remove the trajectory segments before the point 

where rain occurs.  This logic was applied to all the trajectories, which were used in 

PSCF calculations performed for ¢ubuk Station and for the years 2004, 2005 and 

2006.   

 

Rain information at the coordinates of each trajectory segment was requested within 

the HYSPLIT backtrajectory data. For each polluted trajectory, precipitation 

amounts were checked backwardly on time. Trajectory segments before the first 

existence of the ñpredefined amount of precipitationò, were excluded from the 

calculation of mi,j and ni,j values resulting a weighting of the PSCF values across 

rain occurrence. 

 



 
110 

The most difficult part of the study was to decide on the ñpredefined amount of 

precipitationò, which is actually weighting each trajectory segment based on the 

amount of precipitation associated with it. Since there is no scientifically sound 

quantitative relation between the rainfall and amount of pollutants scavenged, 

different weighting factors were applied. The results, which were weighted with 1 

mm, 0.8 mm, 0.5 mm, 0.3 mm, 0.2 mm and 0.1 mm rain, are given in Figures 4.16 

to 4.21. In each figure there are three distributions, including (a) distribution of 

PSCF values without any rain weighting. These figures (a) are the same in all 

figures between 4.16 and 4.21. It is repeatedly added to these figures to facilitate 

comparison with weighted distribution in the same figure. The second distributions 

(b) are the distributions of PSCF values when they are weighted with the certain 

mm of rain. The term ñweightingò in this case refers to the threshold rainfall 

associated with each segment. For each trajectory in the polluted and unpolluted 

data sets used in PSCF calculations, this threshold rainfall is searched starting from 

the arrival time of the trajectory to the receptor. When this threshold rainfall is 

found (closest to the receptor), all the segments before that particular segment (all 

segments farther away, in time, from the receptor) are deleted from both polluted 

and unpolluted trajectory sets, because all the source information carried by the 

trajectory is lost when it passed through a rain. This is repeated for all the 

trajectories and after removal of segments influenced from rain, what is left behind 

(and what is used in PSCF calculations) is the trajectories that are not washed out 

by the rain events. The distributions (c) in each of these figures are the percent 

change between weighted and un-weighted PSCF values in each grid (Eq. 4.2). 

 

100%
1

12

x

xx
change                                                                                     (4.2) 

 

In Eq. (4.2), x1 is the un-weighted PSCF value in the grid cell) and x2 is rain 

weighted PSCF value. Different from percent difference formula used in previous 

sections, this formula was used in weighting part because the change from un-

weighted values wanted to be observed or quantified. The percent change values 

were calculated for grid cells having un-weighted PSCF values only. 
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Figure 4.16 Distribution of PSCF values for %40 highest SO4
2-
 calculated for 

¢ubuk Station for the years 2004-2006 (Rain threshold is 1 mm) 

 

  

 

Figure 4.17 Distribution of PSCF values for %40 highest SO4
2-
 calculated for 

¢ubuk Station for the years 2004-2006 (Rain threshold is 0.8 mm) 
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Figure 4.18 Distribution of PSCF values for 40% highest SO4
2-
 calculated for 

¢ubuk Station for the years 2004-2006 (Rain threshold is 0.5 mm) 

 

 

Figure 4.19 Distribution of PSCF values for %40 highest SO4
2-
 calculated for 

¢ubuk Station for the years 2004-2006 (Rain threshold is 0.3 mm) 






































































































































