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ABSTRACT

DEVELOPMENT OF GIS BASED TRAJECTORYSTATISTICAL ANALYSIS
METHOD TO IDENTIFY POTENTIAL SOURCES OF REGIONAL AIR
POLLUTION

Y &maz Reza Fi kret
M.Sc., Departmenbf Geodetic and Geographic Information Technologies
SupervisorProf. Dr.G ¢, r dumdel
Co-supervisor Assoc.Prof. Dr. ZuhalA k yek

May 201Q 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. Souregion

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 treatmentfdacktrajectory 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, especialtwo 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-ID Bistead of 2D could improve the
results will be assessed. The atparameter that is rainfall at each segment will be

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

iv



values will be evaluated. A user interface in Geographical Information System
(GIS) will be developed for effectivesa of improved methodology.

Keywords: Trajectory Statistics Geographical Information System Potential
Source Contribution FunctigiRegiors of Influence
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CHAPTER 1

INTRODUCTION

Environment is the place where human beiagd nature composed of air, water,
land resources and flora and fauna intexgith each other. It is an indispensible
component of life. Human and environment interact such a way thabement
provide the place and resources to be utilized by human beings. Wimian
utilize natural resources as inpubr the economical activitigsvastes that are
generally pollutants for the environmeate generatedf no precautions taken,
thesepollutantscause pollutionand deterioration of environmentooked at the
resultchain, pollution of environmemill cause damage on natural resources vital
for human life and economical development, risk food security and widespread
diseases and hungetc. Pollution meanthe loss of the quality of lifand even an

inevitable end of life for some living species

Air, water and soil pollutions are the main types aivieonmental pollution
according to the receiving mediall types of pollution havadverse impact on the
sustainability ® the natural resourceand life Moreover global environmental
problemssuch asclimate change reductionof ozone layemand desertificationare
affecing the common future of the world. Among thosdimate change rad
thinning of ozone layer are closely related with air pollutiom.pdllution, in other
words atmospheric pollutionis specifically interestechowadaysas an adverse
effect of industrializationbecause it includes complex physical and chemical
interactons, has multscalar i.e. local and regional extents, affecting human life
seriously (respiratory diseasesacid rains climate changeand etc.) The main
environmental problems associated with air pollution are harm to human health,

acidification and europhication of water and soils, and damage to natural



ecosystems, agricultural crops, cultural heritage and material in géDerbeeuw,
2002)

Air pollution and pollutantdormally definedasfithe introduction by man, directly

or indirectly, of substnces 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 environmerdnd fiair pollutant® s h al | be construed
(UNECE, 1979. Examples of air pollutants could be given as nitrogen oxides
(NOx), sulfur oxides (SOx), carbon monoxide (CO), hydrocarbons, volatile organic
compounds (VOCSs), particulate matter (PM), smoke laawze Air pollutantscould

be in gaseou@.e. carbon monoxide, SOx, NOx and hydrocarb@nsy the form of
particulate (i.e. smoke and dustand can be classified as either primary or
secondaryPrimary air pollutants arehe pollutantsuch as carbomonoxide, sulfur

dioxide and total suspended particteat retains in the same form as tleyitted

from the sourcesOn the contrary to primary pollutantsecondary pollutants are
formed inthe atmospheras a result of reactions such as hydrolysis @tidation.

An example of a secondary pollutant is ozowbich causes photochemical smog,
formed byphotoinduced 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 pollutaits. U and Li pt 8k, 20

When the pollution sourcegonsidered these could belivided into two types
anthropogenidmanmade)sources (i.e. power plants, moteehicles, incineration
plants andindustrial processestc.) and natural sourcegoflens of plantsdust
blown by winds lightning generated foredires, volcaniceruptions etc) (Liu and

Li pt 8 k.AnthBbpo@ehi¢ sources are generally located in urban and industrial
areas while natural sources hard to locate because any place thatpaatinabtes

formed on could be a source location.



In general these sources affect most the air quality of the plteEmsto these
sources. But, nder appropriate conditiongpollutant particlescan betransported

long distances even across continents byflaw. Pollution at a location could be
affected by many source locations and it is important to look at theoBurtipn
problemrather regionallyand everglobally. 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 lakesn 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 pollutantsould travel several thousands lifometersbefore
deposition and damage occurred. This also implied that cooperation at the
international level was necessary to solve problems such as acidifidtienssue
turned out to annternationalactionin 197 and 32 members of UN Economic
Commission for Europe (UNECEet on the table to sig@onvention on Long
range Transboundary Air Pollution (CLRTAR) address this threat to human
health and welbeing. The Convention aimio limit, gradually reduce andrgvent

air pollution including longrange transboundary air pollution among partigse
convention entered into force in 1983 and extended by eight protocokse diee

the protocolgo abate acidification, eutrophication and grodedel ozone (1999);

on persistent organic pollutants (POPs) (1998); on heavy metal8)(1@9 further
reduction of sulir 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 flux€s988); on the reduction of sulf
emissions or their transboundary fluxes (1985); on H@mm financing of the
Cooperative Programme for Monitoring and Evaluation of the Lamge
Transmission of Air Pollutants iBurope (EMEP)1984). Currently 51 countries
ratified the CRLTAP.Turkey signed the CLRTAP in 1979 and ratifi¢de
Conventionin 1983. Shealso signedEMEP Protocolin 1984 and ratified it after

one yea(UNECE, 2004)



EMEP is annternational monitorig programmethatis aiming to regularly provide
Parties of the CLRTAP with scientific information to support the development and
evaluation of theprotocolson emission reductionander the CRLTAP. EMEP
programmeincludesthree main missions: (1gollection of SO, NGy, VOCs and
other air pollutanemissios datg (2) measurement of aguality and precipitation

and (3) modeling of atmospheritransport anddispersion(EMEP, 201@). By
January 2009there are approximatel$02 monitoring stations i37 Eurgpean
countries, whicttonstitute the monitoring network of EMERILU, 20109).

In addition to CRLTAP and its protocolssome other internationalagreements
related to protection of atmosphemgch as Barcelona Convention frotectionof
MediterraneanRegion Against Pollution(1976) which wasamended in 1995,
Vienna Convention for the Protection of the Ozone Layer (1988)Bucharest
Convention on the Protection of the Black Sea Against Pollu(i®92) are
adoptedTurkey ratified Barcelona Convention 1981 and its amendment2002,

Vienna convention anBucharest Conventioin 1994 (SPO, 2007).

In Turkey, air pollutionhas beenan important environmental probleas an
undesirable result dfigh 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,
apdiance 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 bigo€ities
Turkey compared to th 1990s. Thanappropriate siteselectionof the industrial
facilities also contributes to the air pollutiamaused bythe thermal power stations

that aregenerally burningcoal The SQ emissons originating from high suli
content of domestic lignite ostitute aother risk. Exhaust gasesmitted 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, dltequality in the

country is currently monitored by ugithe119 monitoring stations in 81 provinces



of Turkey by Ministry of Environment and Forestrin all of these stations, SO

and PM parameters have been measured automatically and in addition to these
parameters NOx, CO ands;®ave been assessed in soofighe stationgMoEF

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 pollutiorequiresgood inventory of the pollution
sourcesestimating the emissionsjodeling of atmospheric dispersion and transport
andefficient monitoring of air quality levels (Hsu et,&003) Identification of the
pollution sourcesis the initial stepLocal 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 probhle that this plant would be a pollution sourde).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 greaimportance 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

guality management (Hsu al., 2003).

Apportionment of source regions in other words determinationsairces
contributiors on observed levels of pollution in the regional scale is necessary
information for air quality management and development of national policy for
exchangeof air pollutants with other countried.the source location is not known
but there is information on concentrations then trajectories providing geographical
and meteorologicalinformation 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 measurement$o identify potential pollution sources, several
trajectory statisticsechniques wer developedFlow Climatology,Potential Source
ContributionFunction (PSCFjAshbaugh et al., 198&ndConcentration Weighted



Trajectory (CWT) (Seibert et al.,, 1994ye some examples tiiesetechniques
Among all, PSCFwas primarily concered in this gudy. Although PSCF was a
widely used methodology in source identification, it has sdefeienciessuchas
rain and heighinformationare not being considered in the current studiéere is

a need for improving the PSCF methodology to decréasseuncertainties. In
addition,these types ofmethodologies requirexpensive long term measurements
Therefore simple approaches should be developed to idgotiéntial source areas
using very few and simple input data, so ttty can be usetb gathempreliminary
information where expertis®n running sophisticated numerical transport and

chemical models is not available.

Geographical Information SysterfGIS) have beemvidely used in air pollutiomand
quality studies(Lin and Lin 2002 Jin and Fu, 2009Briggs et al., 1997; Borrego et

al., 2003; Elbir, 2004; Elbir et al., 2010; Canepa et al., 2007; Lee, &0&4; Shad

et al., 2009; Vienneau et al., 2009; Woodfine et al., 2002; Shadbolt et al., 2006;
Wang et al.,, 2009). It has many advantages suckffestive management of
extensivedatg integration of differentmodels, efficient visualization, etén the
source apportionment studie®ne in Environmental Engineering Department of
Middle East Technical UniversityMETU), GIS weremainly usedor visualization
andthematicmapping ofthe analysis results. Busjgnificant pars of the analyses
such as data processing and calculations have beenimafifferent platforns
although they could also be applied in an integrated approach inGE$Shave
prominent capacity antheir u® in source apportionmergtudies 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 prade better management of the large amount of daséer

analyses and easier interpretation of the results.



1.1. Purpose andScope

The need formprovementof the current methodologies anchplementatiorof the
sourceidentification method effectvely within GIS that explained the previous
partconstitutedhe rationale for this studyhereforethis studyaimscomparison of

two widely-used trajectory calculation schemas, developing an air pollution source
identification methodology, improving exisg tools of trajectory statistics and
enhancing the GIS use mr pollution studies irenvironmental engineeringn

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

e The backrajectories obtained from 2 types of models, ngriy/brid Single
Particle Lagrangian Integrated Trajectory ModdlySPLIT) (Draxler and
Hess, 1998)and a trajectory model developed by Irish Meteorological
Service(IMS) (McGrath, 1989) running a@European Centre for Medium
Range Weather ForecasBEQMWF) arecompared in different aspects

e Regions of Influenc€Rol) methoalogyis developed

e Potential Source Contribution Function (PSCF) methodoisgyproved

e Processes in these methodse integrated and automated using GIS
techniques

e Potential sourceegions affecting pollutant concentraticar®assessed for 4
locations in the Mediterranean region (Amasra, Ankana Antalya in
Turkey and Corsica in France) in order to find potential pollution sources in

regional scale.

Since this studyvas focused maly in methodology, the data production was not
under primary concern. The pollution and trajectory data used in the analyses were
not produced in th context of thestudy; instead, pollution information was
obtained from previous studies and an onlingistey of EMEP emissions while
trajectory data was acquired frothe ECMWF and Air Resources Laboratory

websites Therefore the data production steps were not explained in detail.



1.2. Plan ofthe Thesis

Chapter 1 introduces the problem gmdsentsheaim, scope and the contexttbe

thesisstudy.

In Chapter 2iterature review for the subject was providesing& background
information ontrajectories and trajectory models wey@en Trajectory statistics
with some examples of widely used metheds explainedGIS usagein the air

pollution studiesverediscussed with some different example studies

In Chapter 3 of the thesis, the study aaed the dta used in the thesis studgre
described. Data sources wezgplained and aa gathering and mcessingsteps
were describedlhe methodology and its applicatiaithin GIS were described.

In Chapter 4, two trajectory models namely HYSPLIT and ECMWF were compared
based on visual perception, residence times and PSCF vameghElinclusion of
rainand height in PSCF calculatioashieved was discussed. In additiGRegions
of Influenced methodologydeveloped in the context of this stuagsdescribedand

thevalidaton of the resultof this methodvasexplained

Chapter 5concludesthe study an the recommendatianfor future studies were

presentedn this chapter



CHAPTER 2

LITERATURE REVIEW

Identification of pollutant sources ian importantcomponent ofair pollution
managementWithout information on source locations and their cobtriions to
pollution, efficientpolicies andactions could not beentified There are various
techniques for identification of source arebisajectories, paths of air parcels, could
be used for thenalyzingair flow pattern.HYSPLIT and ECMWF models ka
been widely used for the calculation of trajectorigghen combined with the
pollution information trajectory information will give significant insights on
identification of potential source®acktrajectory statistcare used toshow the
direction anl sources of air pollution at a receptor siteajectory 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) argopulartechniques used in thield.

In this sectionconceps of trajectoriesvith some generally used trajectory statistics

areexplained.The use ofGIS in air pollution studiearetold with some examples.

2.1.Trajectories

A trajectory defined & the path ofan air parcel, more scientificallythe time
integration of the position of an air parcel as it is transported by the wind.
Trajectory modelhave been used to study dynamical processes in the atmosphere.
They are applied innvestigating airmass flow around mountains (Steinacker,

1984), in identifying pathways of water vapor transport (D'Abreton and Tyson,



1996 anddesert dust (Chiapello et al., 199Md inestablishing soureeeceptor
relationshipsof air pollutants (Stohl, 1996

Therearetwo approaches to understand air motidaglerianapproach focuses on
points fixed in space through which the air floWghereasLagrangianapproach
takesindividual air parcels as they move through time and sp@gers, 1974,
Dutton, 1986; StohR002)

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

is defined by the differential trajectory equation;

dx . -
o = X KO, (2.1)

wheret: time, X: position vectorandX : wind velocity vector. If the initial position
Xo of the parceht timetp is known,thenits pathcould bedetermined through Eq.

(2.1). It can be written

X (1) =X Xo, 1) (2.2)
Inverse transformatioaf it could bewritten as,

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

Eqg. (2.3) gives the initial coordinates of the paregiich is at positiorX at timet.
Consequentlyair parcels may beackedeither forwardin time to producdorward
trajectories or backwarih time to obtainbacKkrajectories. The spatial coordinates
Xo at timety provide a means of identifying each air parcel for all time. These initial

coordinates are called Lagrangian coordingdiagton 1986)
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Eqg. (2.1) can be solved by finite difference approximation for metegio&l
applications (Walmsley and Mailhot, 1983). ExpandiXgt) in a Taylor series

aboutt=t, and evaluating atty+ it can be obtained:

X(t) = X(t,) + (At)%(% +%(At)2dd2t>2( ] (24)
The first approximation of #hEq. (2.4) yields

X () ~ X(t) + (A X (t,) (255)
Eq. (2.5 could be solved by iteraticaind therthe solution becomes

X (t) ~ X (t,) + %(At)[k(to) X)) (2.6)

where he superscript (ijndicates the number of iteration, an&'(t,) is the wind

velocity vectortaken at positioX ' (t,) . This called kinematisolution because only

the wind iformation is used in solutionDanielsen (1961) developed a
methodology tdouild trajectories bylabelingair parcels with (quasi conservative
guantities such as potential temperature. Daniés@®61) methodalleddynamic
due tothe velocity and masséield information and dynamic equations linking the
two (Merrill et al., 1986)vere usedn.

Dynamic methodsvere popular (Merrill et al., 1986; Steinacker, 88 because
they allowed usindong intervals between the wind fields. Howeveis showed

in Stohl and Seibert (1997hat dynamic trajectories calculated wittynamic
method(Steinacker, 19843an perform unrealistic oscillations at travel times longer
than 24 to 48 hKinematic trajectories arfound to bemore accurate than dynamic
trajectaies becausaccurate wind fields with high space and time resolution are
availablenowadaygqStohl and Seibert, 1997).
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Trajectoriescan be confused witstreamlineswhich arethe directiors of flow at a

fixed instant of time Streamlines aréangent to lie velocity vectors. At a certain
instant of time, each patrticle 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 streansliage no longer parallel. Only
during stationary conditionsthe trajectories and the streamlinase the same

(Stohl, 2002)

Trajectories can be calculated by interpolating betweenldbations of wind
observationsBut, trajectory calculations argpically based on the gridded output

of numerical modelsn practice Wind dataat discrete locations in space and time
areaccessibleeither as irregularly spaced observations or as the gridded output of
meteorological models. Iboth case, the wind speedhould be estimated at the
trajectory position by the trajectory model. This interpolation causes errors that
affect the trajectoy sccuracy substantially. Temporal and spatial resolutions of
the trajectories are the main triggers for the trajectory ®riiiey 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 raisovery

effective when the spatial resolution is l¢8tohl, 2002)

In most of the trajectory modeldyorizontal components of trajectories are
calculated by usingbseved or analyzed winds, whilejertical components are

computed based on one of tisdidwing assumption§ Doj an;, 2005)

e Isobaric: trajectory is assumed to follow a constant pressure,
e Isentropic: trajectory is assumed to follow a consperéntialtemperature,
e Kinematic: trajectory is assumed to move with the vertical velowityd

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 ofvertical winds Fields of verticd 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 includesalvevind
information (Stohl, 2002).

Wind field errorsanderrors in starting positions of trajectoriage the other errors
occurredin calculatiors that affect the accuracy of trajectoriesccording to the

type of wind fields used, wind field errors caocur 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 handaden significantto be considered

such as in theestimations of the effective source height of accidentally released
material(Stohl 2002)

Differences between the model topography and the real topography create another
uncertaintywhich makeghe seletion of atrajectorystarting height difficult.The

initial trajectory position erra@rcould berather smallbut they could strongly
increasein divergent (forward trajectories) aronvergent(backrajectories) flow
(Stohl, 2002)

Forward and badkajecbries are useful in describing the atmospheric dynamics of
various weather systemBackrajectories have bearsed as standard tool in air
qguality studies They have been using to describeurcereceptorrelationship
analyzemeteorological mechanismslatedwith pollutant observations, arsgt up
time scales for various chemical reactioffisast and Berkowitz, 1997When
constructing bektrajectoriesan air parcelis followed backwardfrom the receptor

in hourly steps for a specified length of timé/hile, in forward trajectories
particles are released from the source and their trajectories are tracked formvard

time.

13



2.2.Trajectory Statistics

Trajectories have been used to interpret individual flow situationa fong time

but statistical aalysis methods for large sets of trajectories have been developed
more recently (Stohl, 2002)n the recent methods, trajectomgformation isused
together with pollutant concentrations tdentify pollution sourcs. In these
methodsmeasuregollutantsconcentrationsire combinedvith air backrajectories

from receptor areto obtain information on the source regioBame widely used
methods of trajectory statistics are described in this part

Trajectoriesaccepted aan oversimplification of the atmspheravhereatmospheric
dispersionwas not taken into accounfCSU, 2010. Someother assumptions that
often have to bemnade inutilizing trajectory statisticamethods are as follows:
pollutant measurements areorrect and representativefor the study aa;
atmospheridgransport processese explained properlyith the air trajectoriesand

the pollutants are not subject to decay processeh aschemical reactions,
depositionand radioactive decay withime-scalesshorter than that of transport
(Wotawaa nd Kr ° g dhmese assi@gmdtidns.cause uncertainties in trajectory

analyses.

2.2.1.Flow Climatology

Flow climatology is the earliestajectory statisticenethod for the identification of

the pollution souces It is often used to determine thellption 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 th&iavel speed andtranspot directiors using

some criterig St ohl , 200.2; Dojan 2005)

Miller and Harris (1985) developedflow climatology for a #year period to
Bermuda to understand transport of pollutants off the North American continent

Similarly, Katsoulis (1999) usetlow climatologyto improvethe understading 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)a pp !l i ed t hi s¢ ared ehroldé aTturKkzeny rt o det
source regions for pollutants. Steuhdout 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 idgntifie

that contributions froncentral and easteuropean countries are significantly high

because of frequent air mass transport.

2.2.2.Cluster Analysis

A multivariate statistical techniqueluster analysiglividesa data set into a number
of groups. Cluster analysis iather subjectivelassification methoalogy since the
selection of the clustering algorithrthe distance measure and tinembers of
clustersare subjective(Stohl, 2002) It resembles to flow climatology in terms of
both method includes classification, baluster analysisthought to be more
objectivethan flow climatology sincét accounts for variations in transport speed

and direction simultaneous{ioody and Samson, 1989; Harris and Kahl, 1990).

T T 1

-840 70 -60 -50 40 30 -20
Longitude

Figure 2.1 An examplefor cluster analysis results presente@alvadoret al.
(2008
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Figure 2.1 showseight clusters of the analysis done depending on their direction
and speed by Salvador et al. (2008). The percest@iggajectories occurring in

each clusterare shown next to the cluster numberEach cluster represented a
characeristic meteorological scenario, i.eluster 1 represents low while, cluster 2
gathers westerly trajectories moderately moving from the mid Atlantic Otean.

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

backtrajedories to describe the main flow patterns over central Spain.

Rozwadowska et al.2010 used tuster analysis to classify backwarair
trajectories into groups of similar history, i.e. similar directa@nadvecton and
velocity of air movement in ordéo research the impact of air batrkjectories on

aerosol optical properties at Hornsund, Poland.

Baker (2010) applied cluster analysisfour-day backrajectories for the years 1998
to 2001in order for a better understanding of the pollution metegsoinfluencing

Birmingham, UK.

In another studyPark et al. (2007used trajectory cluster analysis for exposure
assessment in order to evaluate the relation between health effects and exposure to
air pollution. Theyexamined whether the associationméasured air pollutants

with heartproblems 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 dataAs compard with the previous methodgotential
source contribution function (PSCF) analydis 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 aamin value arrives at a receptor site
after having passed through a specific geographical area. By using the chemical

concentrations andir parceltrajectories, the PSCF model combines chemical data
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with meteorological data to provide an indication af thcations where ploitants
are emitted

In the literature, PSCF has been used in a number of prior studies to identify
possible locations of sources (Zeng and Hopke, 1@8%) et al., 19931996;

Plaisance et al., 199Hsu et al., 2003tiu et al., 208; G¢ | | ¢ et al ., 200
and Hopke 2007;Do j,a2005 1 k ek de mi r 2a0, 2@B; MuDzorj an et
2008).

The procedure of calculation ®SCFwas described iPlaisanceet al. (1997 as

follows:

Ani by j arrayof grid is superimposedver the whole geographic region covered
by the trajectogs so that PSCF will be a function of grid cell addregs&s. Size
of the grid cells depends on the geographical scale of the problemollutant
specie emitted within the grid celljj andtrajectory ofan air parcel passesver
this cell at theime of emissionit is assumed thatir parcelcollectsthe pollutant

emitted in the cell anttansportedt alongthetrajectory to the receptor site.

Taking N as the total number of trajectory end points during the study peritid,
n;j endpoints fd into ij™ cell, the probability of event; is given agEq.2.7):

PLAT = 27)

P[A] is the probability 6a random selected air pardslpresent in the Yfj cell

relative to time periodt. In the same cell, if there are a subsetpfendpoints of
trajectories that are considered to be ending at receptor area at a time when pollutant
concentration above selecteccriterion Then the probability of this event (E2.8)

is defined as:
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P{B,] = (2.8

P[B;] is the probatlity of a random contaminated air parcel is present in fhe ij

cell relative to same time period, T. Then the potential source contribution function
(PSCH) is then defined as a conditional probability (2):

PSCF. = ABJ_m (2.9

PIA] n

PSCHR is the conditional probability that an air mass with specified pollutant
concentration arrived at the receptor site after having resided if"thellijPSCF
takesthe value between 0 and 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 pssing this cell that can transport pollution to the receptor.
An example plot from the study by Xie and Berkowitz (2007 )which potential

source contribution function was used to identify source regions and advection

pathways of hydrocarbon emissionsHouston, Texass given in Figure 2.2
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Figure 2.2 An example plot ofPSCFanalysis forsummer nighttime propylene
based on data from Clinton site in Houston, TeXas and Berkowitz2007).

For large values ofjjn the results are statisticalstable.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 i§ lexefore

it is necessary to reduce the effect of small w&lokn; by developing a weight
function. Using arbitrary weightingbased on the average value 9f(Eg. 2.10)for

the small values ofjrcan be utilized for this purpogelopke et al. 1995; Rissar et

al. 2001;Zhao and Hopke2006 Xu and Akhtar 200).

1.0 N >2-n,,

0.75 navg < nj <2 navg
win. )= 2.1
") 05 n,,/2<n, <n (2.19

015 ny<n,/2
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Another way of thaveightingthe PSCF resultshe bootstrappingould beused to
provide better estimates of the probability values and their unc&ta{Wehrens

et al.,, 2000). This method assumes that the concentration values are independent
and identically distributed. From the original concentration dataCset{c;, C,...,

cn }, B random subsamples of size equal to the length of the dat@*set{ c;x,

Cz+,..., Cn#}, are drawn with replacement. For each bootstrapped samplee

corresponding PSCF spatial distributio¥j, is calculated. These values are

ordered a®* () < ... <P*@gj, wherek=1,..,B and U is tahce chose
level. If
P2 P eaa-Syi (2.1])

then, null hypothesis that there is no association between concentrations and
trajectories is rejected at (1 U)100% confidence levelThen only the PSCF
values satisfying the above relation are retaimednalysis(Lupu and Maenhaut,
2002 G¢ BlLI29058&0D] an et). al ., 2008

Although PSCF is a relatively easlye assumptions such as emissions are swept by
air parcel, concentratioregmospheric removal and chemistry are not considered as
an air parcel transports to the receptor stbghg et al., 1993Flaisance et al.,
1997 Lupu and Maenhaut, 20p2Combined with the uncertainties in trajectory
calculaton (Zhou et al., 2004Stoh| 1998 2002) thoseassumptions form the main

weaknesses 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 concemttions 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 methaxt.each grid cell, the

logarithmic mean concentration of a pollutant species was calculated as follows:
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In(C,) = N; i In(c, )7 (2.12)

kleijk k=1
wherei and jare the indices of grick the index of trajectoryN the total number of
trajectories used in analysig,the pollutant concentration measured upon arrival of

trajectoryk, andzjy the residence time of trajectokyin grid cell §, j). A high value
of C; means that, air parcels passing over ¢gl) (vould, on average, cause high

concentrations at the receptor site (Stohl, 1996).

In the Concentration Weighted TrajectoGWT) analysisthe concentration values
at the reeptor siteare assignedo the corresponding backward trajectories. The
mean or logarithmic mean concentration is computed and used as a weight for the

residence time of each grid cellfouet al., 2004).

CWT method wasimproved by Stohl (1996) into mEdencetime weighted
concentrations (RTWC) method by redistributing ttencentration fields in an

iterative process

CWT method used in various studies. For exam@la b letaal (2008) analyzed
summertime ozone pollution in Sloveni@hey 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 distinguisin soairces

from moderate ones by calculating concentration gradiénpéot of CWT analysis

in that study was given as an exampld-igure 2.3 In this plot, text box denotes

the cluster number and the percentage of trajectories involved in clustbr. Pat
widths measure average above ground level (AGL) of cluster trajectories.
Topography (resolution 9.5 km) above 500abbovemean sea leveAMSL), with

the contour intervals 500 m are shown in the background.
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Figure 2.3An exampleplot of CWT analysigor Nova Gorica, SlovenimmGa b k a r
et al. (2008)

Lupu and Maenhaut (2002pmpared”SCF and CWTnethods and found the two
methodsprovided similar resultand correctlyidentified known emission sources.
They saw both methods as complementing eachroffhe PSCF method works
with probabilities, the CWT method with concentrations. CWT seems being more
readily understanding and easily interpret&dit, when analyzing common sources
for multiple sitesPSCF method is advantageous in that working witlbalpdities
provides the same comparison base for all shemther advantagef the PSCF
method is that it allows one to examine the smearing of a real sourcedns of

an ideal source test.
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2.3.GIS Usagein Atmospheric Studies

A Geographical Information System (GIS) is a computer based system for
capturing, storing integrating manipulating, analyzing and displaying the
geographic (spatiajatato help making decisions on interedtsubjectsA popular
definition was done byronoff (1989 & somputerbased system that provides
the following four sets of capabilities to handle geterenced data: 1) input; 2)
data management (data storage and retrieval); 3) mangukad analysis; and 4)
out pGI$ iotegratedatabase operations such agryuand statistical analysis
with the visualization and geograpaianalysis benefits offered by maps. These
abilities distinguish GIS from other information systems and nilad&evaluable to

a wide rangef applicationgn science and technologgharmaet al. 2010.

In air pollution/quality studies, Gl&re used extensively to prepare geographical
input data, analyze receptsource relationship and to process, analyze and
visualize modeling result®ir dispersion modeling is a wedlstablished discime

that can produce results in a spatial contéke integration ofdispersion modeling

with GIS would empower the predictive capacity of modeling with the data
management, analysis, and display capabilities of (GEht et al., 2000)GIS are

also essatial took used in identifying possible source areas of atmospheric
pollutants by receptor models or air mass trajectory statistics. For example in
trajectory statistics, GIS providiae way to analyze air mass residence times in each
cell of a geographa grid covering the area of interesnake the essential
numerical operations and to visualize potential source apaperly( Dvor s k §,
2008)

Some examples on the use @IS in atmosphericstudies such asair quality and

pollution mapping, local andegionalmodelingand decision support systemvere

givenin 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
databaseslin 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 emigsis on urban roads. Ansilar study was done by Briggs

et al. (1997) in which a regressidrmased methodology for mapping traffelated

air pollution like NQ was developed within a GIS environmenhhey expressed the
benefits of using digital data on @b 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 mappitgO..
Moreover, they denoted Gligased regression mappiag 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 urbareas. GlSwere used to
facilitate the processing of spatial data and to improve conversion of the resulting
emission data to the format required by air quality modglsr (2004) developed a

GIS based decision support system to support local authonitiesr quality
management in large cities of Turkey. The system is based on a dispersion model,
digital maps and related databases to estirtte@mbient air pollution levels at

high temporal andgpatial resolutionsind to enablenapping of emissions arair

guality levels. Related to this study, Elbiet al. (2010) developed a GiBased

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

A GlS-baseddecision support todbr the concentration assessment of radioactive
pollutants after an accidental release was developed by Canepa et al. (2007). The
developed software integest GIS with a numerical model which simulates
transport, diffusion, and deposition of airborgaseougollutantsand particulate
matterin the low atnesphere at both local and regional scdlee 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 geereferenced maps.

Lee et al.(2004) usedthe measuredBe radioactivityinformation with GIS to
construct regional ‘Be intensity fields for different altitude leveldhen they
compare the time taken for the air masses from e source to Hong Kong with
the experimently determined residence times. Finally, the experimentally
determined residence timesid the backtrajectorieswere used togethdo locate
the ‘Be sourcs.

Shad et al. (2009used fuzzy genetic linear membership kriging in GIS for
predicting air pollubn. Vienneau et al. (2009) developed a i&ed 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 ameel enissions and monitored
concentrations at a set of training sites, and then applied this technique to estimate

concentrations at usampled 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, includingromge
transport between regions. The model made use of GIS in parameterization of
environmentatharacteristics, interpretation of emissions data, and presentation of

model results.

Shadbolt et al. (2006) used airflow trajectories to creafi)-year air mass
climatology for the lower peninsula of Michigannited States of AmericaGIS
wereused to mnage and display thlextensive amount dfajectories 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 dentha potential source
contribution function (PSCF) and concentration weighted trajectory (CWT)
analysesilt includes a geographic information system technique built fraopenr

source GIS component for spatial data management, visualization and anggses
systemuses HYSPLIT modeto calculate trajectorieas an external procesA.

screenshot of TrajStat software was showRigure 2.4:
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Figure 2.4 A screenshot of Trajst@tVang et al., 2009) user interface

Related to the air qualitstudies 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, estimahe health risk burden of that population,
and determine correlations between pdiased health outcome results with
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estimated health risk (Dent et.al, 2000gnsen (1998) developed a model for
population exposure to traffic air pollution in orderntgorove assessment of health
impacts and in support of risk management. The model combined the air pollution

data with population data from existing administrative databaib GIS.
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CHAPTER 3

MATERIAL SAND METHODS

In this chapter informaton on thestudy area anthe stations wherg¢he analyses
based on were given. And then the data used in the thesis study and howerihey
acquired and processed were explaiddter that, methodology was explained with
the detailed procedures in GIS.

Throughout of the studyylapinfo 7.5 Maplnfo Corp, 2003) with Vertical Mapper
3.0 (Northwood Technologielsic. and Marconi Mobile Limited, 2001was used
extensively Data manipulation, editing, analygs querying and visualizatiorgtc
were done on th&IS softwarg only a fewpartsin the data angbis andgraphing
where it is best suited to do ispreadsheesoftware were done with Excel
(Microsoft Corp, 2007) All works on development o6GIS tools was done on
MapBasic5.5 Maplinfo Corp,, 1999).

3.1.Study Area

Consideringair flows to Turkey andhe geographical entities like trajectories and
stations, thestudy aregFigure 3.1) was selected astarting from west of the UK

and extendingo east of the Caspian Sea in easst direction(2 0 UWl a6n0 UE
longitude) andfrom the middle of the Siberia to almost to the equator in rewthh
direction(7 5 UN and 1)5Th&eforeghe analyses evere done in aerial
extend that covers whole Europe, west parts of Asia, Middle East, anamorth
Africa. Because the long range air pollutivas under concerithe study areavas

selectedarge enough teoverthetrajectoriesand pollution sourcareas
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Four sampling stations were selected asepresentatives for the region under
concern Antalya EasternMediterranea)) Amasra(Black Seg ¢ u b (Central
Anatolig) andCorsica WWestern MediterraneanThese four locations were selected
because, large data present in those sites and concentrations of various pollutants
were found to bsignificantly dfferent from each otheat these receptor point®r
Corsica:Migon et al., 2008GarciaOrellana et al., 2006P®ez et al., 2008Ridame

et al, 1999; Sandrorand Migon, 1997- for Antalya:D o ] at al., 2010; Erduran

and Tuncel,2001; Kuloj lu and Turel, 2005 Tuncel et al., 2008:; for Amasra:

Anwari et al.,, 1992Ha c € s al i h o ]a 1991k 1992aAlagha ethl9 2001,
Alagha and TunceR 0 0 3 ; Kar akak fertr @&GabauekkE P00% , and
Kaya and Tuncel, 1997; Tuncer et al., 200hg locations of stations were shown

onFigure 3.1 within the study area below.
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res (Port.)

Cape Merde
. Chad
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Figure 3.1 Study area andtations 6 sampling stations.
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Locatiors of the samplingstationsconcered havegreat importancén long-range
transport studies. The samplisge 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
carriedfrom upper atmosphere. Site selection criteria are fairly well established and
include factors such as minimumstince from settlement areas, from industrial
point sources, from major and secondary ro8d®f information on the sampling

stationsselected in this study wagvenbelow( Doj an;, 2005)

a. Eastern Mediterranean Station (Antalya)
The EasternMediterranea station is located at the coast approximately 20 km to
the east of Antalya (31°B, 36.8N). The station ist a height of 20 mete/SMSL.
Because there was extensive tourism developed in Mediterranean region of Turkey,
some difficulties were faced intsiselection.A recreationalarea owned by the
Ministry of Environment and Forestry was selectedtlf@r statiorto be locatedThe
area was under the protectiamd electricity suppliedthroughout the yearThe
nearest populat areawas the city of Antala, which was approximately 20 km

awayfrom the sampling station

b. Black Sea Station(Amasra)
The Black Seastation(32.3E, 41.5N) was situated on atorage areainder the
responsibilityof Ministry of Environment and Forestrfhe storage area is loedt
20 km to the east of the town of Amasra. Htation is approximately 3 km away
from Black Seacoast.The altitude of the station is approximately 150AMSL.

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

c. Central Anatolia Station ( ¢ u b Ankara)
Central Anatolia Station(33.10E, 40.16N) i s | ocated at ¢cubuk
approximately 50 km away from the city of Ankaaad havingaltitude 0f1169 m
AMSL. ¢ u b st&tion consists of a rectangular cabin (field station) with a surface
area of 12 m, which hosts automated measurement devices and a plaffonigh
volume sampler, a precipitation metameteorological mast and a stack filter unit

are installedn this platform
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Cubuk station i s sithatedinoTurlkey. TEeBtE Beledidna t i o n
sampling and analytical procedures were based on the EMEP protbepisere
appliedcommonlyin all EMEP stations ifeurope. The statiohas beemperated by

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

and precipitation samplémve beewrollected andhe parameters a80,, SQ,, NO,,
HNO3+NO; and NH3+NH,; have beermeasuredn air samples while SO NO;,

NH4, Na, Mg, Ca, K, ClpH and conductivityparametersndprecipitation amounts

have been assessesing the precipitation samplas¢ u b stdtion(NILU, 20108.

The collected data have been delivered to the EMEP secretari&@MEP, data

from sampling stations are used for continent wide comparisons and model

calibratiors.

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 aamproximatelyl60 km from the
French RivieraThe station located (42.98, 8.72E) on thewesterncoastof Cavli

with a sea level altitude

A1 U1 gridded domairtovering thewhole study area was used (Figure 3Phe

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

tool of Maplinfo. The boundary coordinates wenteeedusing the aerial extents

study area. And thegr i d cel | si zel 1wh sa nsde | celcjt eecdt  ats)
selected as closed polygon (total of 4800 grid cells).
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In section 4.1.2 of this study, a differedbmain was also used. A wind rose
centered orat 33.10E, 40.16N (t he c o or d statien} veas draavii on¢ u b u k
the Maplinfo (Figure3.3). The extents of wind rose were set large enough to cover

many of the trajectories from the data set and it alsorsdte great proportionfo

1 degreegriddeddomain Wind rose described here formed as a polygon uniformly
divided into 16 pies which shotie wind sectors. It was drawn using Create Line

by Length (Version 3) tool of Mapinfo. The pies were initially cosgub polyline

objects, and then they were converted to regions (polygon) to use it in the analyses.
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3.2.Data Description andPreparation

Dataused in this study coulde split into 2 groups: pollution datand trgectory

data.

a. Pollution data

Data to characterize the pollutiomcludesSQ;* concentrationsneasurd atcentral
Anatolia station| ¢ u bankS[0,* emissions of the EMEP regidhat monitoring
has been carried aut

33



SQ,%, which is derivedfrom gasto particle conversion processes of,2Ridation,

was selected becausie is a primary pollutant causing acid rains abccan be
transported long distanceSO;> measurementsf aerosol samples taken from

st at i dhe statienr became sogonal 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 werelugbd period,

1477 daily aerosol samplelsad beercollectedand analyzedn the hboratories of

Cubuk

Ministry of Health, Refik Saydam Hygiene Centdie results wereoriginally

archivedin Excel file format(173 kilobyteKB). Data were importethto Mapinfo

GIS from Excel spreadsheeaind saved as table fil&ll concentrationswvere in

ug/nt. Theexceldata format 080, measurementis shown in Table2.1.

Table 3.1 Datafile format ofSOQ,> measurements

id year month day Jday SO,
881 1995 5 31 151 0,96
882 1995 6 1 152 1,11
883 1995 6 2 153 15
884 1995 6 3 154 1,26
885 1995 6 4 155 1,65
886 1995 6 5 156 2,46

fi i :chudmber of the day frorthe beginning of measurements

fifyear o, fimont hdo and fidaydo: forms the date

fidaydo order of themeasuremerday in specified year

i S0 : concentrati®n measured in ug/m

SO% concentrations were used in PSCF calculations. In addition to the
concentration measuremengsnissions of sulfur oxides (S®Pmainly composed of

SO, (the precursor of S§) were obtainedrom EMEP.SOx emissions of years

fil990,1995, 200020040 (Vestremy et al., 2006)2005 (Vestreng et al., 20@J and
2006 (CEIP, 2008were obtained for the whole EMEP regidmission datavere

mainly used in the regions of influence analy&missions wergrovided asthe
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national totalgin units of Mg-10° grams)ard datawere usedin EMEPMSC-W

(Meteorological Synthesizing CentWest) reports, and by EMERMSC-E

(Meteorological Synthesizing CentEsast) Emission dataverebased on officially
repated emissionsbut some of the officially reported data have beemected
and/or gagilled.

Sixy e aemsss§iondataweredownloadedn text file format(total 14.2 megabyte

MB) by using Wekdab (webapplication developed by EMERETEIP, 2009. The
settings applied in Wellabareshownin (Table3.2):

Table 3.2 Setings applied Weladlab application in EMEP websi(€EIP, 2009

PARAMETER VALUE

All (all countries reporting to the United NatieBsonomic Commission for
Europe (UNECE) and other areas where emission values are only exper
estimates,.e. ship emissions, natural marine emissions, North Africa and
remaining Asian areas)

Countries / Areas

Years: 1990, 1995, 2000, 2004, 2005, 2006
Pollutants: SQ, from the list ofmain pollutants
Sectors: National Totas (without other sources and sinks)

Type and Format: | Gr i d T 0 0 5 & Y}colunBreeparated

The data provide gridded emissiodd. EMEP, agrid system haing a cellsize of

(50kmT 50km) and based on a polstereographic projection with real area at

| at i t uldaee béed Wsing\o produce griddadissionsGrid domain includes

1321 159 points (with x varying from 1 to 132 and y varying from 1 to 159)
(EMEP, 2010h)But the datan 50kmI 50km grid formathave also been provided
asinterpd at ed 1t0o 50. @1 | s iTaiseiderpolaed EMEFR grid ma t .
extends betawed né ®.92 5 BE Wweshdidctiomathcbbetivaen e a s t
75. 2% 0N 38&. 25UN | Bsbuthtdmedtiens Thisthe emission data

were downloaded from EMEP website Buch gridformat (0.501 0.5Ucell siz§
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haung latitude/longitude coordinate systeBamplegriddedemission data with its

format were shown belo{Wable3.3).

Table 3.3 Data format ofyridded SO»emissios

ISO2| YEAR|  SECTOR | POLLUTANT |LONGITUDE [LATITUDE |UNIT [NUMBER/
IS | 1995| A?:\IOA,\T L SOx 14 645 | Mg | 2.4766
IS | 1995| A?:\IOA,\T L SOx 14 65 Mg | 83.6832
IS | 1995| A?:\IOA,\T L SOx 14 655 | Mg | 21415
IS | 1995 | Aﬂ\'OA,\T L SOX 14 66 Mg | 1.5873
IS | 1995 | Aﬂ\'OA,\T L SOX 14 665 | Mg | 0.2656

ISO2 country code

YEAR: year of emission calculate

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: numericalalue ofpollutant emission in specified units

This yearly data were imported intdapinfo GIS table files where unnecessary
columns(ISO2, Sector, uniaind pollutan) were deleted.Using thecoordinatesat

each rowpoint objectsd e scr i bing t he. 58 ntywerecreateél| 0s 50

byselect ng ficreate pointso option in Maplnfa

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 valuefor each cellin gridded data To get the total
emission the values of all locations for these cgtisuld beadded upTo do this,

point objects havinghe same coordinates were aggregated usyng Vertical

Mapper 3.0 (point aggregation with statistiocdyeraging techniquavas selected as
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summing the emission values of coincident points. There#2888 pointswere
aggregated into 14683 pointgsuling in datasizereduction from 19 MB to Q95
MB.

As these points are the centers®f b @. &ell sizedemissiongrid (extending

29. 75U0W and 60. 25WEst odgreatdeonnaeadasbet w
30. 25UN | at i southldirectiol this gridowad ftwmed by using Grid

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

data were converted to polygon based objegt&l) to be used in future analyses.

ThisO . BaJ. 5 Uthegy overthidwith the previously aggregated poiritsconvey

the emission information to the gridhis achieved by updating the emission

column in thegrid file with spatially joining the grid cells with center poingdter

t hese stidp$,U a el filéddntainimygearly emissiorinformation

have been obtained.

However, i this studyal U 1 grid as explained in section 3.1 had beslected

for the analysesin order to use the EMEP data in the analysssission grid

havi nbO .0&lBside was aggregateddarthel U1 U size grid. This was
achievedbyover |l aying O.vwitl @ es$ i zssumngaetisstpn i d
values of 0.5U sized grids prioMapmfbi onal |
GIS. Because the edges of 0.5 degree grid do not covered by 1 degrethgrid,
uncoveredparts are omitted in this analysiBhe emissiongrids are presenteth

Figure3.4.
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Data preparation stepef emission and concentratiotisat explainedin this part

summarizeds aflowchart in Figure 3.5.
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b. Backtrajectory data

Two commonly usedypes of backajectory data wassed in this studyHYSPLIT
and ECMWF backrajectories. These data were explained with the model
descriptionsn detail below:

HYbrid Single-Particle Lagrangian Integrated Trajectory (HYSPLITjnodel and

trajectory data

Hybrid-Single Particle Lagrangian Integrated Trajectory (HYSPLIT) model

(Draxler and Hess, 1998Jeveloped by the National Oceanic and Atmospheric
Administrationdos (NOAA) AiThe HFSPHdTonadelc es L a
is used tasupport a wide range of applications rethto the atmospheric transport,
dispersionand depositionof pollutants and hazardous materiais the Earth s

surface Some of its applications include tracking and forecasting the release of
radioactive materialvolcanic ash, wildfire smoke, and pollutants from stationary

and mobil e emi ssion sources. Operati ona
National Weather Service through the National Centers for Environmental
Prediction and at local Weather Forecast Offigd3L, 20103.

The HYSPLIT model can output trajectories and air concentratibins. model
calculation method is a hybrichethodologybetween the Lagrangian approach
(usng a moving frame of reference as the air parcels move from their initial
locatio) and the Eulerian approacfusng a fixed threedimensional grid as a
referenceframé. In the model, advection and diffusion calculations are noada
Lagrangian frameworko describethe transport of the air parcahd tajectoies

while a fixed gridis used to calculatpollutant concentrationRL, 20103.

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 modelTime integrated advection term of a particle taken

as the trajectory computed using babmrizontal J, V) and vertical ¢) wind
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components of meteorological dafBhe calculations of trajectories were told in
Draxler and Hess, 1997 and 1998 as follows:

After thewind components of meteorological data processed and integrated into the
model 6s internal grid, the advection of
average of the thredimensional velocity vectors for the initipbsitionP(t) and the
first-guesgositionP ' ( t Fhantthe velocity vectoy¥ are linearly interpolated in

both space and time. The first guess position is calculated accordiog(®1) as:

P(t + @t) = P(t) + V(P, t) ot (3.1)

And the final positiorbecomes:

P(t + ot) = P(t), +t 0O+5mp{ V] Pt t) 3.2+ V(P

The integration time step (pt) can vary
the requiement that the advection distance per tstep should be less than the

0.75 of the meteorological grid spacifigajectory computation terminates once the
trajectories exceed the model top defined in the model setup, but the trajectories
stay on the sugice 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 linearigterpolated from the grid to the integration point.

The model uses previously gridded meteorological data on one of three conformal
map projections (Polar, Lambert and Mercatdf)e meteorologicadata used by
HYSPLIT is gridded fowdimensional (x, yz, t) meteorological fields outped as
analysis or forecastwind fields from the NOAA National Centers for
Environmental Protection (NCEP) weather prediction models. Model output field
resolution varies according to the model, anywhere from standasdupeclevels
(1000, 925, 850 hPA) to every 25 hPa intervals for the regional moddd., (
20108 For example, NCEP/NCAR (National Center for Atmospheric Research)
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Reanalysis data s@iCAR, 2010 has aresolution of T62 (209 km) with 28 vertical
sigma leels. Results are available at 6 hour intervélsing a single analysis
system, historical meteorologicdhta beginning from 1948&as beenreanalyzed
within the NCEP/NCAR Reanalysis Projeénalyses are available every six hours
per day and daily or mointy 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 dhi22.5 degree grids, 28 sigma level stack on
1921 94 Gaussian grids, and 11 isentropic level stack ol 2% degree grid.
They are organized as different subgroups in the archive. In addition to analyses,
diagnostic terms (for example: radiative hegfi convective heating) and

accumulative variables (like precipitation rate) are present.

HYSPLI T can be run int er a-timeiEmwdnypentaln ARL
Applications and Display sYstem) web s{@RL, 2009, or it can be installed on a

PC and ru using a graphical user interfa¢Braxler 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 worktlvno restrictions but users must obtain their own
meteorological data files. But unregistered versions cannot utilize forecast
meteorological data in calculation of plume concentrations. The trajezidyy

model has no restrictions and forecast or archiajectories may be computed with

either versionARL, 20109.

HYSPLIT backtrajectories from multiple heights are often run to capture the effects
of vertical variation of horizontal winds within the mixed layer defffOHA,
2010. Sample backward tjectoriesof Antalya stationwith multiple start height
obtained from HYSPLITREADY systemareshown inFigure 3.5.
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Figure 3.5 HYSPLIT trajectories of having 3 different startiafjitudes

HYSPLIT trajectories were also used in many scientific issi@Crawford et al.,
2007; 2009; Shan et al., 2009; Challa et al.,80cGowan and Clark, 2008;
Escudero et al., 2@)Wain et al., 2006; Draxleand Rolph 2003; Rolph 2003). For
example:McGowanand Clark (2008) used HYSPLIT trajectories to identifistd
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 ;Pkbncentrations over the

central Iberian Peninsula
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HYSPLIT trajectories used in the study

In this studyHYSPLI T trajectories were obtai
application (Draxler and Rolph, 2003; Rolph, 200BRL, 2009. NCERNCAR
global reanalysis meteorological datag@®48present was usedas input data for
trajectory calculationUsing HYSPLITmodel, backtrajectories starting at 4 stations
were calculatedor each day othe years 1990, 1995, 2000, 2004, 2005 and .2006
Vertical motionwas modeledas isentropic, where trajectes were assumed to
follow constant temperature potensialrajectories started at 14 pm in every day
and calculated 120 hours bagkrdly (5 day).Up to 3 simultaneous trajectories can
be calculated at multiple levellsy READY applicatiorntherefore3 starting heghts
(100, 500, 1500 meters) weselected. Rainfall information in mm/hour at each
segment of trajectory was also requestdddel parameters were summarized
theTable 3.4.

Table 3.4HYSPLIT model parameters

PARAMETER VALUE

Duration 120 hours (5 dayackward in time
Vertical Motion Isentropic

Meteorological fields NCEP/NCAR Reanalysis
Trajectoryend time 14:00

Trajectoryendheights 100,500 and 1500 meters

After configuring READY application according to the settings, the model was run
and tajectoryfiles were obtainedor each day of the study perio@ne trajectory

file contairs summary of model setting8;D segment endpointoordinates of3
trajectores having different starting heights ame information on thavind speeds

andrain.
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At each READY runof HYSPLIT mode,lonly one dayds trajec
calculated.Therefore it took relatively long time to acquire trajectory data. Totally

2191 days trajectas in 3 different starting heightfor 4 stations (total 26,292
trajectorie$ were acquired.

The datadownloaded asext files for each day (3 trajectories of different starting
height in eachfile consumes40 KB memory on hard diskiotally 342 MB).
HYSPLIT output text fileformatis shown in Table & anda sample trajectoryile

is in AppendixA.

Table 3.5 HYSPLIT trajectorydatafile format (ARL, 20109

No. of lines Description
1 Number of meteorological grids used in calculation
3 (number of | Meteorological Model identification and
grids) Data file starting Year, MonttiDay, Hour, Forecast Hour
1 Number of different trajectories in file, direction of trajectory calculat
(FORWARD/BACKWARD) and vertical motion calculation method (OMEG
THETAEé
3 (humber of | Startingyear, month, day, hour
trajectories) Startinglatitude, longitude
Startinglevel above ground (meters)
1 Numberof diagnostic output variables
Labelidentification of each variable (PRESSURE T HE)T A é
N Trajectory segment end points
Col 1Col 2Col 3Col 4/Col 5Col §Col 7/Col §Col 9Col 1JCol 11Col 12/Col 13 |Col 14 |Col 15
—~ [2)
- | 2 o} 0 0
£ 3 @ = =
o > = D
5 |2 8| < o |E |52 |E5_
£ 12 8| 21 3| 3 |2_|83¢53¢
g T - o] = =4 - 2+~ 2 0.3
2 g s °| 8| 5| £ 85928828
Slo| 0| 8| ®@| | | @] = - c |co|co Hecao D =
5|68 > E| | €| E| Q|5 | S| S |S¢los@oSs?l =
ko) g-g 0o | v | o | o o | D = E | E>8Seg8e x| ©
SeS|E|E|E|E|E|5| 5| 8| 88352553 5
FIZ2El | F|F|F|F|lL|<| a O A ®Z>®Z>c| X
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Every row in the HYSPLIT output file after header rows stores the data of trajectory
segment end point®ecauseof the headerows in text files large numberof text
files and 3 trajectory data in one file, HYSPLIT outgdtajectories cannot be
opened ifMaplnfo using manual methods. MapBasicapplication( D a b 2009 é ,
that previously developed in METU faustomconvertingHYSPLIT text filesinto
Maplnfo table file was used wittsomemodificationsand bug fixed Source code
was provided inAppendix B. This tool readsll trajectoryfiles from 10" row of
each text filein a directory specifiedndthenaggregates the trajectesinto 3 files
according to the starting height¢00, 500, 1500 m)The converttool adds a
column showing the date as a number composeaf+month+las® digit of yead
(i.e. 1 January 1995 converted in@d0195). Thisprovides the seamless traject
segmentgo differentiae the trajectories of different day#&s a result for each
station, 3 trajectory fileqne for each starting heighdf 100, 500, 1500m) were
obtainedfor each stationAnd, eachtrajectoryfile consistsapproximately264,000
trajectory segments and consunds3 megabyte memorpata preparation ended

with creatingpoint objects for each segment endpoint of trajectamidsaplnfo.
ECMWF model and trajectory data

A trajectory model(McGrath, 1989) developed by Irish Meteorataj Service
(IMS) to calculate the trajectories using global wind fields of European Centre for
MediumRange 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, &,components of wind speed and the logarithm of
surface pressures for model level davailableas spectral fieldgh GRIB codes of
ECMWEF. Both dathasewas updated daily and hold the latest 15 day analysis and
100 days of forecast at @2 h intervals. Older windieldsd data of ECMWFare
obtained from the Meteorological Archival and Retrieval System (MARSIch is

the main repository aheteorologicatiata at ECMWFMARS contains terabytes of

operational and research data as well as data from special projexiis freely
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available to registered users in the Member States andp@ating States of
ECMWF (ECMWEF, 2010).

Using IMS model(McGrath, 198), trajectories could be calculated forward or
backward in time with pressure level or model level datah @ 3-D if vertical
velocity componentp is used. During the calculatiorof ECMWF trajectories,
GRIB coded spectral fields were read and adogrdo the selected spectral
truncation the wind values are synthesized at epoimt along the trajectory path.
This minimizes the number of spectral to goidint transformations required and
redu@sthe execution time in computemDenoting X(t) as thdworizontal position
and P(X,t) as the pressure of the trajectory at timheand U (X, t) is the
corresponding 2limensionalind field then, following iterative method is used to

calculatethepositions otrajecto y at tt i me t + @

Xi(t + pt ) WX Daftt ) +
Pi(t + ot )& XP(tt)). #pt
4 (3.3
Xt + ot ) = WO UEXQ t+ Bpt. ot
Po( t + oot ) 85[REDY) afXnst+ pt ) ] . opt

Where theU and o velocities were derived by linear interpolation in time amd
vertical by linear interpot#n in log (P). If the 2D trajectories required pressure is
kept constant. The model iteratios stoppeda n=2 because itiges accepable

accuracy foip 1 hour (McGrath, 1989).

The model was originally written in 1988ut updated over the years to reflect
changes in computer architecture at ECMWF and chaimgd®e ECMWF model
resolutions Now, the model can use either reanaly&RA-15, ERA40 or ERA
Interim) or operationaNumerical Weather PredictiofNWP) model (analysis or
forecast) datalMS model can be run after secure loggingiétgate, a server of
ECMWF (ECMWEF, 2009 using command line or using a script file.
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ECMWEF trajectorieswvere used in various studies (Khosrawi et al., 2010; Lee et al.,
2010; Thomas and Bracegirdle, 2009; Frquz#9; Morcrette et al., 2009; Bashir
et al.,, 2008; Delcloo an®e Backer, 2008while 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; Knippettal.,2003; Norman et

al., 2003; Paateret al, 2003).

ECMWEF trajectories used in the study

Trajectorymodel of McGrath (1989) was used talculate s5day ECMWF back
trajectories of <¢ubuk st at iForrthe frajectoryt h e
calculations, wind fields data of operatiolimerical Weather PredictioN{VP)

model (T213 L31) of the European Centre for Medigdange WeatlreForecasts
(ECMWF) were used. The T213 L31 ECMWF model produce wind field data
T213 (approximately 60 kmhorizontal resolutioron 31 levels (approximately 10
levels below 2800 m) on & tesolution grid (Stohl and Koffi, 1998).

ECMWEF trajectories we downloaéd for comparison with the HYSPLIThodel
To make the trajectories comparghteodel parametersquivalent to HYSPLIT
were selecteds similar as possibli@able 36). Vertical positions are represented

as pressures in ECMWEF trajectories, sajiegjent 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 posit (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 36 ECMWF model parameters

Parameter Value

Duration 134 hours (% day)

Meteorological fields Operational NWP model of ECMWF
Receptor end time 14:00 EST

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

ECMWEF trajectories wereequested by using ecgate from internet with a script file.
The site does no publicly open, requires password to request trajecitiaghe
requestsverequeued to be processed. After the trajectories Gkl they sdras
attached to -enails. Appraximately, 30 days of trajectories could be obtained in one
day. The resultant trajectory files were in text fornfdte ECMWEF trajectory files
have the following general file formahown in Table3.7. A sample ECMWF
trajectory file wagpresenedin Appendx C.

Table 3.7 ECMWF trajectorydatafile format

# of lines |Description
3 Empty
9 Trajectoryheader, date, time, number information
1 \Variablename line (hr, latitude, longitude, level u, v, andsinds, ps)8 variables
1 Empty
135 trajectory cta values folfrajectory 1 (135 trajectory end poiht
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 thiext NOTES:
Coll |Col2l Col3 Col 4 Col 5 Col6 | Col7 Col 8 Col 9 [Col 1(
HOURS| LAT | N/Sident | LON | E/W ident |LEVEL |[U-WIND|V-WIND|W-WIND| PS

LAT: Latitude value

N/S ident: North/south identifier

LON: Longitudevalue

E/W ident: East/west identifier

U-WIND: u-component of windrfietersper second)
V-WIND: v-component of windrietersper second)
W-WIND: vertical wind componenBascaber second)
PS surface pressure (HPa)

48



The first 9 row gives information about trajectory (trajectory start and end time,
starting pessure level and coordinates). Latitudes and longitudes are given in

degrees. Pressure levels are in hectopafuaig

ECMWEF trajectories includin@ trajectories startingdm 3 different pressure level
(1000, 955, 850 HPajownloadedas tex files for each dayeach fileuses26.3 KB

totally 22.4 MB. After the data downloaded, they were converted Meplinfo

table file using anewly developedMVapBasic applicationthat is basedon the
HYSPLIT convert too[source code given in Appendd). Because the data format

is different from HYSPLIT, different procedure was applied in separating
trajectories in a text flEECMWEF conversionool reads the text fileandselectghe
trajectories according to their starting pressure levdis tool retains only the first

120 hours of backtrajectories for comparison with HYSPLIT adds date
information as a separate column in order to differentiate the trajectory segments.
Date information is addedimilarly asa number compose of day+month+last 2
digit of year (.e. 010195).The application automatically addg &ign before the
coordinates of south latitudes and west longitudes and then create points for each
trajectory endpointAfter that it saves all trajectories into 4 files; 3 table file for
eachpressure leve(10.7 MB each)and 1 for the combination of all trajectories
(30.4) Totally 874 day trajectoryfile consistingof approximately314000trajectory
segments werprocessedThen point objects were created for the trajectory end

points.

Comparing HYSPLIT fileformat, 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
coordinatesb tr ajectory end poi(htos Wemreée hdem&tde
in ECMWF, whereas south and west directions are affiliated-pgign before
coordinatesn HYSPLIT.
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A separate data set fang comparison of the two trajectory moglelas prepared
for the ¢&®GWM dasatwastobtanddr thelast 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
havecalkulated using similaconfigurationsTrajectories started at 14:00 afternoon

at three different altitudes (100 m, 500 m, and 150th HYSPLIT equivalently
1000, 955, 850 HPa in ECMVWHRVain differencedetween the trajectory data are
the meteorologicalata usedor calculation which significantly affect the accuracy,
assumptions for vertical motion atitetrajectorymodet usedSince the number of
days and number of segments should be identical for both models in this
comparison, data were first chedkéor consistency and completeness. Because
some days osome hours may be missing in one of the two trajectory #edse

data were eliminated from both trajectory sets to make them iderfieséral
queries were applied iMapinfo to find these inconstent trajectoriesAfter this
manipulation,a data set compesof total 308550 hourly segmentd 850 daily

trajectorieSromeach model was prepared.

For visualization of trajectories, tool that drawsrajectory lines using segment end
point was develped in MapBasic Some parts of this tool were previously
devel oped20q9DENd toaldare drawthe trajectories of ECMWF and
HYSPLIT separately for the selected datefor all datesIt can alsodraws the
ECMWEF and HYSPLIT trajectories for randombelected 30 days. The source

codes were presentedAppendixE.

The operations in the trajectory data preparation are summarized in Figure 3.6.
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3.3. Methodology

Based orthe bakground information given i€hapter2, the methodolagsused in

this studysuch as Residence Time, Potential Source Contribution Function and
Regions of Influenceanalyses aredescribed GIS analyses accomplished in the
study are explainenh detail

3.3.1.Residence Time Analysis

Residencelime Analysis(RTA) is areceptor model developed Bshbaugh et.al,
(1985 to identify the source regioms pollutants It is defined aghe probability of
a randonly selected air parceb be present in thdj™ cell on a gridded domain
relative to time periodf. Taking N as the total number of trajectosggment
endpoints during the study periddif n; endpoints fall intdj™ cell, the probability
of this eventA; (Eq. 3.4) is given as:

PR, }n—l\ll (3.9

RTA methoalogy then formed a basis for PSCF analysis where residence time of

air parcels having higher concentrations are incotpdrintly 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 amcwfie way of tracing
trajectories on an annual basis, thus minimizing the uncertainties of individual
trajectories (Shadbolt et al., 2006). As the number of segments irctbasair
parcel stays more in the region that increases the contact timepafead with the

pollution sources.
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In this studyresidence times of the air parcels in each /geictor cell were

calculatedin GISbyu s i nigl Ul Ugnd ividd roselescribed in section 3.To

calculate it first the number of the trajectory segmemtd points under each cell

were countedisingspatial joinof grid/wind rose table with trajectory tables. Then

dividing thesenumbers by the total number of trajectory segment endpoints inside

of the whole grid wusing Maplafd &d takinge st ai
percentagethe residence time values were calculated. Finally thematic maps were
created dr the visualization othe results.In the sector based analysighere the

wind rose used, the results were presented using radar graphs prindtixeel.

The implementation of RTAs given inFigure 3.7
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3.3.2.Potential Source Contribution Function

Using the backgrounahformation given in Chapter 2he methodologyescribed

in Plaisance et al. (1997) was mainly followed in this thesis.

The PSCF of an elemeXtin ij™ cell of agrid is calculatedy usingEq, (3.5):

PSCFE = % (3.5

i
wheren; is the total number of trajectory segments iniffesell andmy; is the total

number of polluted trajectory segments in the sifheell during the study period.

It is important to notify that grid celsize must be sufficiently large for the
assimilation of reasonable trajectory segment endpdihiss the grid described in
section 3.1 hdatlUngdeglrkesivas ase@dlUin the

To calculate the PSCF values, fireetry valuesfor each grid cell were calculated
as counting the total trajectory segments falling in these wélhsa spatil joining
grid file and trajectories iMaplnfo. In order to calculate ynvalues, first daily SQ®
measurements for these years were ordeighl to low. Then from this ordered
values, highest 40%f the concentration values wasken as pollution above the
selected criteriorand the bacKkrajectoriesstarted m the days when these high
measuremestoccurwereselected as polluted trajectoridscolumn added into the
trajectory table indicating the polluted or unpolluted trajectorigsen the my;
values wereadded into grid fileby selecting the polluted trajectories by querying
and counting the number of the segments of polluted trajectdalésg into the

grid cells

Then the PSCF values calculated for each grid meldividing m; values by p
values and stored in grid file as separate coluPBCF values takes value between
0 and 1. Cells with high PSCF value approaching to 1 havegotential 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 cglis small, it
results in a high PSCF value with a high uncertainty. To minimizeeffect of
small values of p an arbitrary weighting method as descrilbed/arious studies
(Hopke et al. 1995; Pdissar et al.2001; Zhao and Hopke, 2006; Xu and Akhtar,
2009)was used in this study. Thethe PSCF values were weighted according to
the rule @scribedn Zhao and Hopke (200&ising the average number of segments

in grid cells as shown ifEq. (3.6):

1.0 N >2-N,,

0.75 Ny <Ny <2:n,,
05 n,,/2<n,<n
015 n;<n,/2

w(n,) = (3:6)

avg

Although PSCEF is a relativelyasily gplicablemethodology, the assumptions such

as emissions are swept by air paresithout considering trajectory heigland
transported to the receptor site without concentration decrease by atmospheric
removal and chemistry adds some uncertainty into aleufations (Plaisance et al.,
1997 Cheng et al., 1993; Lupu and Maenhaut, 2002 addition tothe errors and
uncertainties in trajectory calculatig8toh| 1998;2002 Zhou et al., 2004)those
assumptions form the main weaknesses in PSCF methodtogal situations, air
parcel does not collect pollutant particles at the same amount at different heights
andam occasional rain on the air parcel 6
carried by the air parcel will contribute inaccuracy of the PSGilie To
overcome thesedeficiencies trajectory segmentprecipitation 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 backtrajectomgformation 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 anymoredatihe probability of the locations before that point on
the trajectory being a potential pollution source vanishies.probability of being a
pollution source before that point is low due to the occurrence ofTherefore it
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Is logical to remove the djectory segments before the point where rain above a
defined amount is first seen on the backtraject®hys will increase the statistical

confidence of the results.

As the air parcels moves along its trajectory, they collects pollutants when they
pasgs over the emission sourc@&uit thecollection of pollutants greatly depends

on thesegment height at the sourée air parcel at higher altitudes is not affected

by the emission source as high as the air parcel at lower altiflidegffects of

trajedory height on the PSCF results wgneviouslyd i scussedl2005y Doj ar
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 underestim@tedhe 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 heighs dog collect pollutant.
Therefore,use of appropriate weighfsr trajectory segments accordingdiferent

altitudes wouldimprove PSCF andenablemore accurate assessment of source
regions.| t is also expressed by Dojan (2005

studies.

A MapBasic application, where the psetmte of that application is given in
AppendixF, was developed for the PSCF analysis. This application opens the excel
file of concentation measurements in Maplnfo 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 hagi the same dates of highest concentration occurrences
by querying and adds Alo for polluted a
column in trajectory file. Then it calculates;,ym; and PSCF values using update
column function with spatial joiningf 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 ry values of grid cells.
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Inclusion of ran was implemented in Maplinfo as follows. Rain information at each
segment endpoint had been requested within the HYSPLIT backtrajectory data.
Several rain filters were applied between 0.1 ltomm/hr. For each polluted
trajectory, precipitation values wemhecked backwardly on time. From the first
existence of the selected amount of precipitation, trajectory segments previous to
this point were deleted from data set. Thefy mmand PSCF values were calculated
using new data set. Then, PSCF values weirghted to reduce the effect of small

n;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
trajectorydefined as polluted trajectory, goarcel assumed toollect pollutans to

the receptor aredifferent 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 accorditgsegmenheights, the PSCEnalysis
representshe real situations more. The arbitrary weightre appliedonly to the
polluted trajectorigsresultingin an adjustment bthe my values therefore fothe
PSCF valuesNormally a polluted segment counted as onthécalculation ofn,

but after weighting its contribution is decreasétie polluted trajectory segments
were selected by querying, atieeir weightedcontributiors calculated in a separate
column inthe trajectory file. Thenm; valuesof grid cells were calculated using
these weighted contribution§he n; values were not affected from this weighting
After calculatingm; and n; values regular procedure for arbitrary weighting for
small number of pwas applied A MapBasicapplication was develag to make
necessargalculations for inclusion of segment height and rain information into the

PSCF. The source code is provided in Appelix

The effects of the weighing on segment height and precipitation were quantified by
taking percent change onetloriginal results. In this analysiifferences between

rain or heightweightedPSCFvaluesand originalPSCF valuesvere calculted as

the percentage change of the original PSCF valislifferent weighting results

compared with the original grid onl
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The results of PSCF analyses were visualized by creating thematicusiaggrid
files in MapInfo GIS.Becausea PSCF value variesetween 0 and lten equal
intervalswere selected irthematicmaps. The thematimaps of PSCF werdrawn
by usingthe gid cells only coveringhe land areasThis information was added to
the grid cells by spatially joining the grid with globe m&jobe map used in the
visualization was obtained from the sample data of Mapinfo

The methodology applied in GIS was sumined in Figure 3.8.
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3.3.3.Regions of Influence AnalysigRol)

There are two different approaches to determine source regions affecting pollutant
concentrations at a given receptor (source region rappment). These are
classified as fAsource orientedo and dArec
approaches, bases on source information, such as emissions, source characteristics

to calculate pollutant concentrations at the receptor. This dedess 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, dnaagpryoaidhecepstoar
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 measuredtratiwes are

revealed. This approach, where measured concentrations of pollutants at the
receptor are used to determine types of sources responsible for those pollutant
concentrations, i's called Areceptor mo d e
numeical 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 rdxeptor
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
geograploal 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 owwaatages 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 simalanospheric 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 usedrin eve
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 coatjmuts, 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 sourceceptor modetevebpedto identify the source
regions which affects the pollution at a receptor altegpresents the contribution
of a source region'fjcell to the pollution at the receptor area in terms of emission

loads.

Suppose N represents the total number oéttary segment endpoints during the
whole study periodt and nj represent endpoints fall into thd"igell. Then the

residence time of the trajectorias percentages the cell(i,j) given in Eq (3.7) :

ij

n.
RT = WJ x100 (3.7)

Residence times means how long the trajectories stay in the grid cell (i,j) that
reveas some information on how much these grid cells affect the recapar But
this is solely in terms of how often the trajectories passeside in grid cells.

Pollution information is needed to be incorporated with trajectory information to
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identify the pollution sourceshenthe residence time valuaultiplied with the
total emission at the grid cell (i,jjo find Rol valus of cell(Eqg. 3.9:

Rol, = RT, xE, (3.8)

WhereE;j is the total emissions of the pollutant under cona# the grid cell (i,j)

over study period,. 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. They&otecould be called

a sourceoriented method. In this methothe 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 agriddedi by j array. If a trajector endpoint lies in thé™ 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 thesgme
assumptions as in PSCF are holdttatmospheric removal and chemistry are not

considered as an air parcel transports to the receptor site.

The procedurgFigure 3.9)includes the calculation of residence times and then
multiplying with emission valueg GIS. EMEP emissions discussedsaction 3.2
were used. The residence times were calculated4fatationsusing HYSPLIT
trajectories of having different start heighty following the procedure described in
section3.3.2. Then Rol valuegalculated by multiplying the emission values with
the residence time values of grid ceRol values for trajectories having different
start heightwith yearly valueswere calculatedat each statiomo analyzesource

receptor relationship in these areas.
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In order to validate this methodology, the reswere compared with the PSCF

resutsP SCF val ues for ¢ ubai2004800GandRa valugsor t he
for the same time interval witthe same trajectory dataere calculated using the
procedures explained beforéhen the resultsvere comparedwith each other to

validatethe use of Rol methodology?SCF is used as a reference method because it

is widely used in many studigZeng and Hopke, 1989; Gao et al., 1993, 1996;

Pl ai sance et al ., 1997; Hs u e005; lwang, 2003
and Hopke, 2007; Doj an, 20058 Mugw,k de mi r
2008) and therefore a scientifically validated methodology. Both methods have
similarities as mentioned beforéh¢ same assumptions on transport, used similar

logic, conbines chemical information with the meteorological informatitc)
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CHAPTER 4

RESULTS AND DISCUSSIONS

In this section various aspects in trajectory statistics are discussszlisBions

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. Theagefour main objectives of this study.

The first objective is to find the magnitude of differences in the trajectories
computel with two well documented batkjectory models, namely, ECMWF and

HYSPLIT 3D trajectory models. Both of these models are widely used in literature
and both are claimed tgenerate 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 wieltumented receptor locations in the
western Mediterranean, Eastern Mediterranean, Black Sea and Central Anatolia.
The specific locations selected as receptor coordinates included Amasra for the
Bl ac k [l far,the ¢entral 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 reportefdr these receptor points are significantly different from
each other (®ez et al.,, 2008; Migon et al., 2008arciaOrellana et al., 2006;
Ridame et al., 1999; Sandroaind Migon, 1997,for Corsica, Tuncel et al., 2008;
Erduran and TunceR00X D o {ah, 2M8e2010; Kuloglu and Tuncel, 2005, for
Antalya,Ha c € s a ét alh 1094] 1991b;1992; Anwari et al., 1992Alagha et
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al., 2001; 2003; Kar akak etl,2800;Kayaa@ 0 4 ,
Tuncel, 1997 Tuncer etubugl . , 2001 for ¢

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 weiging 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 gaplgical 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. $raraples
include TRAIET (Reap, 1972)LACYTRAJ (Clain et al., 2010)METeorological

data EXplorer METEX) (Akata et al., 2009)British Atmospheric Data Centre
(BADC) (Russdl et al., 2008), APTRA (Delclm and De Backer 2008) and
FLEXTRA (Stohl et al., 201). However, two of these models found much wider
scale use than the others. These two modeieng them, namelHYSPLIT
(Draxler and Hess, 1998Which is developed by NOAA, USA amtCMWF model
(McGrath, 1989)which was developefibr the use aEuropan Center for Medium
Range Weather Forecast (ECMWF, Redding,)Uitd wide application in
literature (HYSPLIT(Draxler and Hess, 1998) mod€&rawford et al., 2007; 2009;
Shan et al., 2009; Challa et al., 8300AcGowan and Clark, 2008; Escudero et al.,
2006; Wain et al., 2006; Draxlemnd Rolph 2003; Rolph 2003; ECMWF
(McGrath, 1989 model (Bigg et al, 1996; Birchet al.,2009; Eneroth et al2003;
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Fink and Knippertz, 2003; Heintzenberg and Let894; Knippertzet al, 2003;
Norman et al., 2003; Paateet al, 2003).These models haesobeen used in the
Environmental Engineering Department of Middle East Technical University
( METU) S I n c dHene=ghede wo Inbdélsvere used throughout this
study.

No matter how frequently they are usedcentainty in backtrajectory modeling had
always been a serious concern (Riddle et al., 2006;,3t896 Stohlet al.,200%
2002;2005 . A rule of thumb approximati on
km horizontal displacement (deviation from calteth centerline) at 3 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 tkat ext

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, regince 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 byettwo models and results of the PSCF calculations

were compared.

The comparison of the two trajectory
Backtrajectories extending 5 days (120 hours) backward in time were calculated
using both ECMWF and HYSPLIT model$rajectories 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 numbeegrments 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 setsthese data were eliminated from both trajectory tetsiake
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them identical. After this manipulation, a total of 3885hourly segments
generated by 850 daily trajectorwsreused in computations.

4.1.1 Visual Comparison of theTrajectories

In this part backrajectories of30 days of were randomly setded from the
HYSPLIT and ECMWEF trajectory dataes. Then the backrajectoriesof two
modek were compared pair wider the same dayJ o save the spacenly four of
backrajectories from this set were shown and compareth Figure 4.1.
Backtrajectoriestarting 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 ECMWEF backtrajectories were drawn in blue and red color
respectively.

a. 15 September 1990

ECMWF

----- 850 HPa (1500 m)
955 HPa (500 m)
1000 HPa (100 m)

HYSPLIT

Figure 4.1 Visual comparisosiof the HYSPLIT and ECMWF trajectories
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b. 27 January 1995

ECMWF

----- 850 HPa (1500 m)
— . 555 HPa (300 m)
1000 HPa (100 m)

HYSPLIT

c. 11 February 2000

ECMWF

----- 850 HPa (1500 m)
— - 535 HPa (300 m)
1000 HPa (100 m)

HYSPLIT

Figure 4.1 Visual comparisosiof the HYSPLIT and ECMWEF trajectorieco n ) 6 d
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d. 15 October 2000

s ECMWF

. 5 e ] 250 HPa (1500 m)
| P = - 855 HPa (500 m)
o 1000 HPa (100 m)

PR P HYSPLIT

Figure 4.1Visual comparisons of the HYSPLIT and ECMWF trajectoriesp n)t 6 d

When Rgure 4.1 is analyzedit could be drawn that the trajecies of HYSPLIT
and ECMWFmoderatelydiffer from each other in terms of direction, shape and
length. In some days, the directions trjectories whereair masses come frgm
look similar but in general both models produce different rests. example in
Figure 4.1a, good similarityis perceivedbut whenturned to Figure 4-H it is easy
to see thatwo model produced different results. Figure 4.1b, similar pattern is
seen at 500 m, whereas in Figure-d.the same path is seah only 1500m but
interestingly all trajectories points to Nortlhe directions of trajectory ensemble
somehow seem similar btite length and the pathways ribe sameat all. The
sameobservations could also be drawn for the remaining 26 d&ysseehow
different results poduced by twomodels in different starting heights more
comprehensively15 days were selectddom previously selected 30 days and

drawn on the mapgroupedby starting heights (Figure 4.2).
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a. 100 m

HYSPLIT 100m
ECMWF 1000 HPa

b. 500 m

HYSPLIT 500m
——— ECMWF 955 HPa

Figure 4.2Visual comparisons of the HYSPLIT and ECMWEF trajectooés

different starting height
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c. 1500 m

HYSPLIT 1500m
ECMWF 850 HPa

\ &
IR
Z
re
o,
| L)

3 L
2

]
/

Figure 4.2Visual comparisons of the HYSPLIT and ECMWF trajectooies
different starting heigh{c o n)t 6 d

Grouping the trajgtories of 15 days in one magcording to starting heigktould
provide a general perceptitmthe differences betwe¢he patterns dcECMWF and
HYSPLIT trajectores. Analyzing the backrajectories according to tiestarting
height (Figure 4.2)revealssomefindings One isthat HYSPLIT trajectories travel
from more distant places. For examp¢,1500m starting heigh{Figure 4.2c), 7
HYSPLIT trajectoriesout of 15 are travellingut of the border of Europ&hereas
only 2 ECMWEF trajectoriescould extad out of Europe.This difference gets
decreased in lower starting altitudésiother finding from this visual analysis is

thatthe backtrajectories having higher starting heigtatgelsfrom larger distances

Being a qualitative analysis, visual comipans could only provideaformationon
the similaritiesbetween thestrajectoriesin shape or directioandlittle perception

on the frequency of flow over an ar@dere is not a good agreement seen between
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HYSPLIT and ECMWEF trajectory models when comgzh visually by trajectory
ensembles of the same daBsit this is strongly related to the number of trajectories
used for visual comparisonn this part a limited number of trajectories were
compared but in order to generalize the model differencesstst@t methods
should be utilizedwith larger number of samplesor instance, using daily
trajectoriesof 1 year or more timperiod could provide information on the transport
paths of pollutantsTrajectorystatistics could more explicitly define tlsenilarities
between 2 modelshich would not be identified by visual comparison.

4.1.2 Comparison of theResidence Times

Visual inspection of an ensemble of trajectories calculated by both methods
provides qualitative information on similarities of thesults 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 daysktagctory consisted of

120 segments. Botmodelswere used to compute backtrajectoriebich givethe
coordinates of trajectory segments. Coordinate of each segmemointgives the
location where air parcel resided for one hour. The residence tiatgss{RTA)

was performed first bgalculating the residence timeswind sectos andthen by
counting the segments in grklls of our grid system, which was describéual

section 31 in the manuscript.

a. ComparisonBaseal on Sectors
In sector based cqmarison, number of segments in each wind sector was counted
using the wind rose described in Chapter. 3rhjectory segments were distributed
into 16 wind sector®f wind rose whichisc ent er ed at ¢Cubuk st a
rose, or in this case trajectorgse, 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 alttucsing trajectories calculated by HYSPLIT
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and ECMWEF trajectory model3hen, esidencdimes of air masses in each sector
calculated by the two models gyeesented in Figuré.3.

a. 100 m starting altitude b. 500 m starting altitude
N
NNW 12— NNE
C\ENE
IE
/ESE
SSW-— | —SsE SSWi— | —SsE
S S
c. 1500 m staing altitude d. All segments combined
N
NNW 15— NNE
WNW  ENE
w! IE
WSW /ESE
sw_ / SE
SSW——— ——SSE
5

—4—  ECMWF —&— HYSPLIT

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 importarpoints that should be highlighted. The first important point

to note is that general features of the air mass residence time distribution between
sectors obtamd from both models are similar but not identical. In both mgdkés
longest residence tim®f 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 byLlH¥ Sand
ECMWF models differs with increasing starting altitude. Differences between
trajectories generated by the two models are negligibly small at 100 m starting
altitude (Figure 4.3a), also small in 500 m starting altitudéFigure 4.3b) and
somewhatiarger at 1500 m stating altitudEigure 4.3c). 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% inNorth sector. However, the difference is 5% and more in
WSW, W and N sectors. In this case ECMWEF trajectories predicted longer
residence times of air masses (compared to HYSPLIT trajectories) at N, NNE and
NE sectors and lower residence times of air magselative 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
stating 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 limaithog én
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
reasonfor higher uncertainties associated with trajectories, which have higher
starting altitudescan be the longer nature of the hiflarting trajectoriess the

length of backtrajectories often increaseth starting altitude Nevertheless, this
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discussionsuggests that trajectories with low starting altitudes should be used
wheneverpossible. Tocompare 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 ofi¢ 16 wind sectors was countadd then residence times
were calculated Comparison was done using the trajectories starting different
altitudes separately and combinddhe detailed description of the methodolagy

residence time analysigas given in sgtion 3.3.1.

b. ComparisonBasel on Grids
The sectotbased comparison, which was discussed in the previous section grovide
information on the similarities and differences in the trajectories calculated with
two different backtrajectory models. However, atisadvantage 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 bboth models generate
similar information in lowstarting 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 lengthagktrajectories 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 altéudea speculation based on

our experience.

In this part of the workjt was attempted tocalculat the differences between
trajectory segmiehl sgrciad < u( ap @il 80ikmrmaltUe | y
this part of the world, but changes with latitude)the study domainFirstly, the
residence timesf trajectores generated by each trajectory model in each grid were
counted as explained in section 3.3.And then the percent differensevere

calculated using the following relatigbutton etal., 200):

X% =%
(X +%)/2

%Diff = x100 (4.2)
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In Eg. (4.1) x5 is theresidence timen the grid cell calculated by the trajectory
model 1 (ECMWF in our case);xs theresidence timan the same griccell
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 Figuré 4.

a. ECMWEF 100m starting altitude b. HYSPLIT 100 m starting altitude

Figure 4.4 Grid-based residence times calculated g €MWF and HYSPLIT
trajectories
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e. ECMWF 1500m starting altitude f.  HYSPLIT 1500 m starting altitut

g. ECMWF Combined e0Ute 00

[

=
05 to

025 to 0, |
012 to 025 |
0,08 to 012
0,04 to 008
0,02 to 0,04
0,01 to 002

(Y e
EEEEE

to 0,005

Figure 4.4 Grid-based residence times calculated using ECMWF and HYSPLIT

trajectories(c o n)t 6 d

The longest residence times of air masses are in the grids that are close to receptor

(Cubuk

station). This should

be

expect e

exception converges to the grid in which the receptor is located. In other words, all

trajectories, whatever the trajectory model limveto 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

gualitatively very simila distributions of air mass residence tifkégure 4.4a,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 betwesW and N, compared to distributiarf air

mass residence times calculated by using trajectories computed by ECMWF model
(Figure 4.4c, d, e,f). ECMWF model, on the other hand, generated more elongated
air mass residence times on the SEWNE axes.This dscussion 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 gogrid differences in residence

times found by using different models. The grid based differences were calculated

usingEq. (4.1)and results are presented in Figure 4

81



8

a. 100 m starting altitude difference b. 500 m starting altitude difference
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B 75t0100 (245)
50to 75 (429)
25to 50 (396)
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.. ECMWF vs HYSPLIT 500m (%)

W 100to 194 (627)
B 75t0 100 (290)
50to 75 (386)
25to 50 (404)
W Oto 25 (439)
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Figure 4.5Grid-by-grid differences in air mass residence times calculated using ECMWFRELHT trajectories



The legends in th&igure 4.5show the percent differences betwaammbersof

segments generated by the two models. The darkest green color indi&igs <
difference and red color indicates1®0 difference. The numbers in parentdses
indicate the number of grid cells in each category. Talle ah the other hand

shows the percentage of grids fulfilling eachiterion

Table 4.1Fraction of grids (with data) in the domain indiogtdifference

100 m 500 m 1500 m
Difference Starting Starting Starting Combined

altitude altitude altitude

0% - 25% 229 205 214 20.3

25% - 50% 191 188 197 20.0

50% - 75% 20.7 180 211 186

75% - 100% 11.8 135 126 138

>100% 25.6 29.2 25.3 27.3

Total Number of grids 2074 2146 2691 3093

There is number of points worth noting irethigure 4.5 and Table4.1 First of all
numbers of grids aréifferent for each starting altitude. It was pointed in the
beginning of this discussion thajrids included in thé-igure4.5 are the ones that
havesegments 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 startingaltitude, indicating that as the starting altitude increases, backtrajectories
get longer. Gimg from 100 m starting altitude to 500 m starting altitude adds 72
additional grids whereasgoing from 500 m starting altitude to 1500 starting
altitude addspproximately 500 additional grids 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 100m altitude, Table 4.1demonstrates 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 fdL0O0 m starting altitude, 439 at 500 m starting altitude
and 575 at 1500 m starting altitude. Similathereare580 grids with%o difference

> 100 at 100 m starting altitude, 627 grids at 500 starting altitude and 680 grids at
1500 m starting altitudeAlthough number of grids with < 25% and 200%
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 (percentagéfere is no dostantial change between
different starting altitudes. For example, grids having differenc2s% is 23% for

100 m starting altitude, 10% for 500 m stating altitude and 21% for 1500 m starting
altitude. Similarly, grids having 200% difference is 26% itrajectories starting at

100 m, 29% in trajectories starting from 500 m and 25% in trajectories starting at
1500 m. Consequentlgmaller absolute number of red shaded grids in trajectories
with 100 m starting altitude is due to smaller number of grid$ wita. 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 timakulated 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 Roesitiof

the Turkey and eastern part of the North Africa. It is not symmetric around the
receptor point, but elongated along 3N axes. The orange and red shaded grids,
where the two models generated fairly different number of segments, generally
occur atthe 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 Noth 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 regidrere the tw models
generate comparabhumber 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 tife studyarea,are the ones with high percent differences.

4.1.3. Comparison of PSCHResults

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 statioa.
studies at METUEnNvironmental Engineeringhése trajectory modelsave been
usedto calculate potential source areas in our study domain, which covers most of
the Europe and parts of Africa aAgia, whichinfluence measured concentrations

of pollutants at difrent receptors (stations) in Turkey. Because of this, assessment
of uncertainties in our sourgegiorapportionment is more important than
recognition of differences between air mass residence times, which was discussed in

previous sections.

Impact of tajectory model used on souregionrapportionment 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 usedn 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 sectior&s2.3and 3.3.2 only results of PSCF runs will be

discussed in this sectio
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The PSCF exercise was performed usi@“d at a generated in ¢u
the years 1995 and 2000. Because d&i#* 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 detaine source regions affecting these stations.

a. ECMWF combined M 06107 (1)
3 M 051006 (5)

041005 (33)
03t004 (111)
0,2t003 (203)

M 011002 (412)
M 0 00,1 (780)

M 071008 (1)
M 061007 (2
M 05t086 (7)
041005 (55)
031004 (149)
02t003 (255)
M 011002 (422)
W 0 10,1 (867)

Figure 4.6 Comparison of potential source areas affectingSf@ncentrations

measured at <¢ubuk station, with HFSCF usi
and HYSPLIT trajectory mode(§rajectories fom all starting altitudes are
combined
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As can be seen from thegure 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 infle€3®> concentration at the

Cubuk station are |l ocated in the Bal kan

Turkey, Greece, Romania, Bulgaria, Italy and Ukraine. Both models also predicted
small influence of the source areas in the western part opEusuch 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 eabtekey

and Middle Eas{Figure 4.6b). These areas did not appear as strong source regions

when ECMWF model was used to calculate trajectqRégure 4.6a).

The results from the two models can be compared more quantitatively using Figure
4.7, where gid 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 trajgey models is reasonably good in the vicinity of the
station. The term Avicinityo i n t his
(including Greece, Croatia, SerbBpsniaHerzegovina, Bulgariaand Romanig
Ukraine, CzechRepublic Southern parts of Re®. It is also interesting to note that

the region, where agreement between the two models is good is not uniformly
distributed around the receptor (Cubuk
toward North and Northwest, but very short in the southis Tis 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
PSCEF calculations in the south sector. Small number of segments iaitheaurce

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.

87

C
~



—, -
ECMWF vs HYSPLIT (%)
o= W 100t0 187 (843)
P e~ ] W 75to100 (427)
> ~ ]‘ 50to 75 (575)
NN, 25to 50 (620)
W oto 25 (628)

Figure 4.7 Distribution of percent difference, between tH&GF values for Sg3
obtained from ECMWF and HYSPLIT trajectori€&ajectories from all starting
altitudes are combingd

The PSCF calculated from trajectories computed by ECMWF and HYSPLIT at
three different startingltitudesare given in Figurel.8 and percent differences at
each gridarealso depicted in Figuré.9. The conclusions reached from combined
trajectories in the previous paragramo not change significantly in these figures.
Agreement between the source regions apportioned by the twelsnbecomes
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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a. ECMWF 100 m starting altitude

b. HY SPLIT 100 m starting altitude
b s F :

- £ B

09to1.0
08to 08
07t008
06to 07
05t006
04to 05
03to04
02to03
01to0.2
0 to01

Figure 4.8Distribution of PSCF values in the study domain at different trajectory
startingaltitudes

8¢



a.100 m starting point = - h b. 5300 m starting point

Difference (%)

B >100
B 75t0100
S0to 75
25t0 50
Oto 25

Figure 4.9 Distribution of percent difference, between the PSCF values fgt SO
obtained from ECMWF and HYSPLIT trajectories

The following points can be highlighted as a conclusion of the model comparison
part of this study

Both trajecbry models have certain amount of uncertainty. It is well documented
that these modeklated uncertainties increase with distance from theptec
(Harris et al., 2005; Banann and Stohl, 1997; Du et al., 1994; Kahl et al., 1989;
Haagenson et al., 1987ncertainty associated with methods used in trajectory
statistics largely arises from these model uncertainties. In these sethierg/o
modelshave beencompared thoroughly to determine to wieatentthey can be
used in trajectory statistics. The twuodel 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 producedhegé 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 witkenical 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 gimdes with distance from the receptor. This good
agreementrea includes Turkey, Balkan countries, Ukraine, part of Russiaese th
regiors the difference in number of trajectory segments generated by the two
modelsare less than 50%. The agreement betwehe air mass residence times
calculated by the two models were moderate (percent difference between number of
segments from the two models is between186%) in countries at the central
Europe, such as Czech Republic, Austria, Poland, Belarus andp&ussia. 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
Russa 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 theo-called gooeagreementarea is not uniformly
distributed around the receptor. It is elongated iniSEW 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 moel 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 nodlramatically different than results obtained from 500 and 100 m
starting altitudes.

In the last step of comparisomlistribution of PSCF values calculated using
trajectories computed with both models were compared. As expected, the grid
based differencem PSCF values was very similar to ted-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 slddw expected differences in gepd
moderate and poofragreement 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 trajectorieslresularger 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 ofinfluence-Rol)

In this part of the studyesults of source oriented approach which is developed for
this study is discussed. The method developed and cald&egions ofl nfluence

(Rol)o 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 matslase, 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 informationn every lalbratory 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, incluehg (1) emissions at the source regi@B) residence times of air
masses, which are intercepted at the receptdine source regior(3) meteorology
during transport of pollutants between source region and recépjdopography
between source and egmor and(5) chemistry during transport. If all these
parameters are accurately knquame can calculate concentrations of pollutants,
which are emitted from a given source at the receptor. However, such a
computation requires sophisticated and expensieéels. InRol approachonly
emissions and air mass residence sitm@ve been includeth the model. The time
resolution was taken as longer than 1 yr. Meteorology is indirectly included in
computationgas thetrajectory computations are based on metiegsg. The output

of the model is the relative significance of eaéH 11° grid in our study domain as

a source area affecting our receptor.

In this studyRolc al cul ati ons were separately perf
Amasraand Corsica stations asceptors. Backtrajectories and Sémnissions for

the years 1990, 1995, 2000, 2004, 2005, 2006 and with starting altitude of 100, 500,

1500 m were used. THeol concept is discussed in four subsections, nangg)y,
comparison oRol results with distribubn of PSCF valueqR) effect of trajectory

starting altitudes orRol distributions, (3) variation of Rol with time and (4)

comparison oRol distributions calculated for four different receptor locations.
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4.2.1. Calculation of Potential Source Areas ad Comparison with PSCF

Distribution in the Study Domain

In this sectionRol that were calculated fo? u b gtétion are compared with the
distribution of PSCF values, again, calculated for the same location. Comparison of
Rol results, with an establishedceptor oriented technique is one way of validating
the Rol method. PSCF calculations is proper method to compare witliRote
results, because it is very frequently used in the literature for assessing potential
source areas affecting pollutant concemres at a given receptor (Karaca et al.,
2009;Xu and Akhtar 2009;D o ] atml., 2010; Uygur et al., 2010; Bahadur et al.,
2010) and itsveaknesseand strengths are well documented (Pekney et al., 2006;
Begum et al., 2005)

Regions ofnfluencewere catulated by multiplying emissions in each grid with the
air-mass residence times at that particular grid. Emissionvdataobtained from
EMEP website and aimass residence times were computed by counting number of

hourly trajectory segments in each gridhe study domain.

Since the objective in this secti@to compare results obtained with distribution of
PSGF6s at different al t Rdaidlfferentstatonsgwhiclot t o
will be done later in the manuscript, tR®l, for this @mparison, were computed

only for the¢ u b station. HYSPLIT trajectories computed for the ye2g94,

2005and 20® were used in calculation®SCF calculations were also performed

for the samestation and for the same years by udimgsetrajectories. Tajectories
corresponding to days with the highest 40% of theSEbncentrations were

formedt he Apol lutedo trajectory group.

Distributions ofRol and PSCF for th& u b site are depicted in Figuré.10.

Trajectories starting at alltéldes are usetb generate thikigure.
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Figure 4.10 Comparison of PSCF arRbl results calculated using combined
trajectories for the years 2000 ® 5 and 2006 at <¢ubuk s

The main features in distribution of PSCF values are nicely imitated by the
distribution of Rol. There are two importamointsthat must be highlighted ithe
distribution of PSCF values. The first of these points is that most of the Turkey

Balkancountries and parts of Ukraine are the main source regions affectifg SO
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concentrations a¢ u b (Figure 410-a). These are also the areas with higal

index (Figure 410-b). The second point that needs to be highlighted I€APS
distributions is that the grids in distant areas, such as Scandinavia, UK, Spain,
France and Germany generally hage/ IPSCF values. This feature is also shared
by theRol 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 knowrs&@@ces

in our study domain. One afiem is the Mt EtnaVolcano at Sicily, Italy andthe
second one i s PoweePlaAdt tha Southedstbrn ButkeynBoth of

these sources aveell identified in both PSCF arfidol results

Although the general agreement between the distributb®SCF andRol 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 SO
emissions (Kiuilaz003 Klimont et al.,1994 Veldt, 1991, appears as a sigrotint

Rol, as expected. However, PSCF values in most of the grids in Poland are rather
low, indicating that the S{ concentrations in samples corresponding to
trajectories passing over Poland are not particularly high. A similar Rajhand

low PSCF arealso appears at the central Ukraine. Although both east and west
parts of Ukraine are characterized by high PSCFRuoidvalues, PSCF values at the

central Ukraine have low PSCF values.

These highRol - low PSCF areas can be explained by the effect edf particle
scavenging. As pointed many times previously in the manuscript, PSCF technique
is a receptor oriented technique and bases on measurédc8@rentrations. If
SO particles are scavenged by rain on their wag to b,uHen, naturally, S§&
concentration in that sample is low, no matter from where the air mass comes from.
And areas with frequent rain appess low PSCF areas even if the S&nissions

are high. However, this rain scavenging is not taken into acco®dliapproach.
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On the ontrary, high PSCF and loRol values are observed at Southern Italy and
North African coasin Figure 410. Rol values are low in these areas, becausg SO
emissions are lowThese highlPSCF and lowRol areas cannot be explained by
scavenging. However, thieare real, because in many studies, including studies
performed in our group, high concentrations of anthropogenic species, suckf.as SO
NOs 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 dia (Kallos et al., 1998; 2007)This
recirculation of pollutants between North Africa and Mediterranean gives the
impression that there are higimission areas in the North Africa. These areas are
identified as potential soce areas in PSCF calculationslowever, since
concentrations are not taken into accounRal calculations, the same areas have

low Rol values.

4.2.2.Effect of Trajectory Starting Altitude on Rol Distribution

In the previous discussioRol (and also PSCF) were calculated usingnbmed
trajectories from all starting altitudes. In this section, on the other hand, the
influence of starting altitudes of trajectories Ral distribution is discussed. In this
exercisetrajectories with starting altitudes 100 m, 500 m and 1500 m eaélih

this casdor the Antalya station, in the years 1990, 1988 2000are usedResults

of Rol calculatiors are depicted in Figuré.11.
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Figure 4.11 Regionsof Influencecalculated for Antalya station for each trajectory
starting altitudes

Since griddedemissions do not change with starting altitudéferencesbetween

Rol distributions for different starting altitude is due to variations in air mass
residence times as a function altitude. FighvH demonstratethat differences in

Rol distributions between trajectories with different starting altitudesnatevery
much, particularly in the areas witlosker distance to the receptblowever, there
are slight differences in the outer parts of the study domain. For exahgre are
some adilional high Rol grids in Spain, Tunisia and Morocco in whéwol
calculations are badeon 1500 m starting altitud@-igure 4.11c). Grids in the
Middle East, Turkey and most of the Europe have fairly similar distributid®obf

at all starting altitudesThis observation, suggests that the use of combined

trajectories (trajectories starting at all altitudes) caralpeoperapproach inRol
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calculations, as combining all trajectories increases the number of segments in each

grid, thus increasing statisticsignificance of results.

4.2.3.Variation of Regionsof Influence with Time

The SQ emissions in Europe decssal steadily in last 20 yeaispproximately 75

T 80% reductions in SOemissions wereeported in different parts of the Western
Europe. Sincethe Rol calculations are based on S@missions 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 chanBelishould be due to
reductions in S© emissions andshould reflect the change in source regions
affecting Turkey andEastern Mediterranean regioms. other words, with changes

in SG; emissions in Europe the areas that affect receptors are expected to change in
time and source areas affecting .SQ@oncentations in 1990 is expected to be
different from the source areas affecting,S@t the same site in the year 2000.

This variation of source areas in time is demonstrated for Antalya station in
Figure4.12 Rol calculations were performed for the yea@9Q, 1995 and 2000
using EMEP emission data for each of these years. Backtrajectories calculated for
the years1990, 1995 and 2000 are used in calculations and trajectories with all

startingaltitudes are included in computations.
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Figure 4.12 Variationin the distribution of regions of influence calculated for
Antalya station between 1990 and 2000

Changes in potential source areas affecting?Séncentration Antalya station is
very clear in theFigure 4.2. In the year 199QFigure 4.12a), SO, concentrations

in Antalya are affected from source areas in Turkey and Batkantries, Italy,
CentralEuropean countries such @zechRepubli¢ Slovakia, Belarus, dtand and
Germany and Ukrainé€Countries such as France Spain and northern parts of Russia
are not expected to contribute significantly to measureg® S®ncentrations at

Antalya.

10C



In theyear1995(Figure 4.12b), Western part of Turkey, Balkazountriesandltaly

are still the most important source regions. But Germany and central European
countries turnedutto be less important sources of S@oncentrations at Antalya.
Poland is still a source, but number of grids with higal values in Poland
decreased. Theame situatiors also trudor Ukraine.lt is still a source, but not as

important source as it was in 1990.

In the year 200QFigure 4.12c), the significance of western European sources
decreased observably, dueraductions in their emissionghe important source
regions for observed SO levels in at Antalya areonfinedto Western Turkey,

Afkin Elbistan Thermal Plant, Balkan countries including Bulgaria, Romania
Greece Serbiaand Montenegroand Croatig Eastern Parts of Ukraine, Czech
Republic and central parts of Poland, Regions which appeared as potential source
areas inearlier years, such as Germany, UK, Italy, western parts of Ukraine and
central parts of Russia are no longer important source areas forc8entrations

at Antalya in the year 2000.

This discussion demonstrated that the source areas affecting apbllut
concentrations in different parts of Mediterranean basin have changed significantly
between 1990 ah2000.In generalthe potential source areas in Turkey and Balkan
countries remained the same, but the source regions in Western European countries,

which were important i1990,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 (Rghareas) affeting

SO concentrations at Ant al igaa statiodsuareu k ,
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 Medirranean, but also explain differences in chemical composition of

particles at different locations in the Mediterranean basin.
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Since it was demonstrated in previous sections for Antalya statiorRtthaalues

changed in time and source regions that #ieceve in 1990may not necessarily

represent the situation #00Q comparison was made separatelytfog years 1990,

1995 and 2000Trajectories calculated by HYSPLIT were used and trajectories

with different starting altitudes were combined to impretatigical significance of
results.Thedistributions ofRol for Antalya,Amasra¢ ubuk and Cor si ca
the year 1990 ardepicted in Figurd.131 a, b, cand drespectively

1990 I,

" a. Antalya .":. \ b. Amasra l‘:. _

W 50,000 to 75,000

B 2500010 50,000

B 10,0001t0 25,000

B 5000t0 10,000
2500t0 5,000
1,000t0 2,500

- 500to 1,000

= B 100to 500

i

Oto 100

. p—

Figure 4.13 Variation in the distribution of regions of inflnee between different
stations in the year 1990
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For Antalya, ¢ u b Rokareasnndthe femral990 sesembieitagelach
other with minor differences between thefRigure 4.B-a, b, c¢) However,
distribution of highRol areas for the Corsica Stat 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 weasterukanddumasmg)er r ane
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 efmas

residence time rather than lack of S€nissions in France, Spain, Norway, Sweden

and Finland.

Although general appearance ®&fol distributions is similar for these three
receptors, there are some differences in detail. For example, Antalya stadges is |
influenced in sources in Ukraine and CentRalssia compared to ¢Cub
Amasra stations. On the other hand, the effect of source regions in Italy and western
Balkan countriesonS@dat a at the Amasra and Cubuk

their influence on Antalya station.

The differences inRol affecting Amasra (Black Sea), Antalya (Eastern
Mediterranean and <¢ubuk (Centr al Anatolia) st a
concluded that these three stations are affected from the same anthropogerec

regions which are distributed throughout the Europe in the year 1990.

The Rol that affect SGF concentrations at westeMediterranearbasin (Corsica)
are substantially different. Corsica station is strongly influenced from SO
emissions in most fothe WesternEurope, but not influenced from emissions in

Balkan Countries, Turkey, Ukraine and Russia.
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This difference inRol calculated for Eastern an@estern MediterraneanSea
clearly suggests that chemical composition of atmospheric particlegse tiwo
basins is significantly diérent from each otheLike concentrations, the trends in
pollutant concentrations aedso expected to be differei@orsica station is affected
much more strongly fnm emissions in Western Europ€onsequently measured
concentrations of pollutants in this site are expected to demonstrate similar trends
with the trends in pollutant emissions in Westgrart of Europe. However,
emissions irBalkancountries Ukraine, Turkey and Russia have stronger influence
on measuredgilutant 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 basirearot 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 Mediterean, which is correlated by phasing out of

Pb from gasoline in Western European countries. On dbetrary, SQ*
concentrations in the Eastern Mediterranean and Cehiatolia did not show a
significant decrease between 1992 ;and
Yor¢gk) 2004

Distribution of calculatedRolv al ues for Ant al ya, Amasr
the yeas 1995 and 2000 are given kigures 4.14and4.15respectivelyt is clear

from these figuresthat the influence of distant sources, particularly those in the
western part of Europe, $O concentrations at three stations the Eastern
Mediterranean became less and less important in time due tioumrs reduction
inSQ,emi ssi ons, particularly after the
effective in 1994 (Vestreng et al., 2@)7
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Figure 4.14 Variation in the distribution of regions of influence between different
stations in the year 199
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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 statiohsrkeywerewesternpartsof
Turkey, Balkancountries, including Bulgaria, Romani Greece, Serbia, Bosnia
Herzegovina, Slovakia, Poland, Ukraine and Russia. Gerranaghy K ceased to be
important source areas for the Eastern Mediterranean in (E@&re 4.14, Russia
and Poland are still source areas, but they are not@astant ashey were in 1990
(Figure 4.13. In the year 2000potential source areas affecting S@oncentration
at the Eastern Metirranean shrink even furth@figure 4.1%. For example ltaly,
which is fairly close to receptors at the Eastéiediterraneanjs no longer an

important source for any of the three netes selected for this studRasically
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westernparts of Turkey, Bulgaria, Romania, southern parts of Poland and Ukraine
are the most important potential regions for the Eastern Mediterranean basin.

The differences in higikolar eas affecting Antalya, ¢ub
which was previously discussed for the year 1@Qure 4.B-a, b, c)continued in

the years 199%Figure 4.8-a, b, c)and 2000(Figure 4.5-a, b, c) For example

Ukraine andPoland are less important source regions for Antalya then they are for

¢ u b u k Amagsnadn both 1995 and 200@aly and Greece, on the other hand, are

|l ess significant source regions for Amas

The variation in soure regions wadglifferent for Corsica. In 199(Figure 4.B-d),

areas that affected Corsica were in Western Eurogmamtries, such as France and
Germany, due to close proximity of the receptor to those emission areas. In 1995
(Figure 4.3-d), the influenceof 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 impoRahfor Corsica
station. Contributions of Central European coustr@d Poland did not change
much in 1995 compared to their contributions in 19@0the year 2000 (Figure
4.15-d), contributionsof France, Germany and Poland on;S@oncentrations
measured in Corsica decreased further and they became insignificaze acess

for the Western Mediterranean basifhe most important source regidor the
Western Mediterraneam 2000 is the Northern ltaly, due to close proximity of
emissionsin Northern Italy to Corsicaln addition to Northern Italy, Serbia and
some grils in Germany and Southern UK also contribute tg”S®ncentrations in

Western Mediterranean basin.

4.3. Inclusion of SegmenHeight and Rain Amountin PSCF Calculations

PSCEF is receptenriented 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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concentrions at a particular receptor. The concept of PSCF was introduced to
identify geographical regions that may have a higher probability of being source
areas opollutants like sulfate in the study area. It is assumed that pollutants emitted
within a grid @Il 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 thensatime the reliability of the model will be loosened
and uncertainties increased. In real situgt&@nparcels at different heights passing
through a pollution source does not collect pollutants at the same amount i.e. air
parcel close to the surfaceveahigher probability of picking up of pollutants than
air parcels that are far from surface.
couldwash out the pollutant carried by the air patbatwill contribute inaccuracy

of the PSCF results.

In this part of the studyt is tried to reducehe uncertainties in PSCF calculations,
by weighting the segments based on their hsightion thepresencer absence of

precipitation at the coordinates of segments.

4.3.1 The Effect of Precipitation on PSCF Calculations

In PSCF calculationsain 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 depositione ThAdnyo

d e p 0 s lagsumptiord doesot 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 depositioncannoterase 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 emsing 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 lcese all its pollutants and may appear
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as a clean trajectory dhe receptor. It should also be noted that an air mass
trajectory can pass through several precipitation evertseba the source and
receptor. The precipitation scavenging does not render PSCF results totally
meaningless, because PSCF calculatians 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 gridh adtthem. The net result

iIs decrease in PSCF values in grids. If this effect of scavenging would occur
homogeneously in the study domain, the PSCF distoibuwould be flue but
correct. However, effect of precipitation can be more pronounced in oertai
directions and increases with distance, which results in underweighting source areas

in certain regions relative to others.

In this part of the studyrain informationis attemptedto be included into PSCF
calculations. Assuming that backtrajectory mmhation 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 anyimodethe 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 trajextpwhich were used in

PSCF calculations performed for <¢ubuk St
2006.

Rain information at the coordinates of each trajectory segwasitequested within

the HYSPLIT backajectory data. For each polluted trajegtoprecipitation
amounts were checked backwardly on time. Trajectory segments before the first
existence of the fApredefined amount of
calculation of ny and n; values resulting a weighting of the PSCF values across

rain occurrence.



The most di fficult part of the study wa
precipitationo, which is actually wei ght
amount of precipitation associated with it. Since there is no scientifisalind
guantitative 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, i@ given in Figure4.16

to 421 In each figure there are three distributions, including (a) distribution of

PSCF vales without any rain weightinglhese figures (a) are the same in all

figures betweert.16 and4.21. It is repeatedly added to these figures to facilitate
comparison with wighted dstribution in the same figur&he second distributien

(b) are thedistributiors of PSCF values when they are weightgith the certain

mm ofrannThe term Awei ght i ngtbethreshold rainfadl c as e
associated with each segmeRor each trajectory in the polluted and unpolluted

data sets used in PSCF calculagjaiis threshold rainfall is searched starting from

the arrival time of he trajectory to the receptowhen this threshold rainfall is

found (closest to the receptpgll the segments before that particular segment (all
segments farther away, in time, from the recepaoe)deleted from both polled

and unpollutedtrajectory setsbecause all the source information carried by the
trajectory is lost when it @@ed througha 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 eventsThe distributios (c) in eachof these figuresare the percent

changebetween weighted and wmeighted PSCF values in each dffity. 4.2)

% change:wxlo(] (4.2)
X

In Eg. (4.2), x is the unrweighted PSCF value in the gricell) andx; is rain
weighted PSCF valudifferent from percent difference formula used in previous
sections, this formula was used weighting part because the change from- un
weightedvalueswanted to beobserve or quantifed. The percenthange values

were calculated for grid cells havingrweighted PSCF values only.

11C



09101 I b. 1 mm rain weighting .
081009 |- PP
071008 |“mF pee by
061007 4 75
05t006
04t005
03t004
02003
011002
0 to01

] ] ]

mE
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Figure 4.17 Distribution of PSCF values for %40 high&®* calculated for
¢ u b utdtion$or the years 2002006 Rainthreshold i9.8 mmn)
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Figure 4.18 Distribution of PSCF values for #9highestSQ? calculated for
¢ u b Btation for the years 2062006 Rainthreshold 9.5 mn)

Figure 4.19 Distribution of PSCF values for %40 high&®* calculated for
¢ubuk St at i on -2006(Rairtthnesholyi®.8mm 200 4
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