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ABSTRACT

VARIATION OF SULPHATE SOURCE REGIONS AFFECTING SULPHATE
CONCENTRATIONS IN THE EASTERN MEDITERRANEAN
ATMOSPHERE

Malkaz, Zeynep
M.Sc., Department of Environmental Engineering
Supervisor: Prof . Dr . Gegrdal T
CoSupervisor: Assist. Prof . Dr. Se

February 2014, 16gages

Mediterranearatmosphere, particularly Eastern Mediterranean is one of the most
complex air bodies around the world. The region is under strong influence of natural
sources located at North Africa and Middle East, and anthropogenic sources located
at the north of the Isan. Sulphate anomaly is one of the peculiarities of the Eastern
Mediterranean atmosphere. §Qoncentrations in aerosol and rain water is among
the highest recorded in the Europe and North America. Sulphate concentrations
measured by various researchaersthe Eastern Mediterranean atmosphere varies
bet ween 5 3aAltbough 2ery Gigh/ S& concentrations in the Eastern
Mediterranean is well documented in literature, the reason for such high levels is not
clear. In this study variation of $©saurce regions affecting S® concentrations in

the Eastern Mediterranean atmosphere between &8€02006 wasnvestigated

Vv



using source and receptor oriented trajectory statistics approachedr&ectories

were calculated for every day for Antalya adu b u k , which are t
Turkey where longerm SQ* data are available. The soumegions affecting these
locations weredetermined using Potential Source Contribution Function (PSCF).
Because of PSCF depends on measurement data and caniéé fpphe periods
where SG* measurement results are available. A different method which bases on
distribution of SQ emission in Europe and transport of pollutaahd called Region

of Influence Rol wasalso used. Rol is applied at locations whaereasurement
results are not availédd Weighing of Rol results based dwight of trajectory

segment werattempted.

Keywords: Eastern Meditetnaan Amosphere, Backrajectory, Potential Source
Contribution FunctionRSCH, Sulphate (S¢)

Vi

w o

0 C



¥Z

DOJU AKDENKZ ATMOSFERKNDEKK S!LFAT KONSA
ETKKLEYEN S! LFAT KAYNAK B¥LGELERKNKN

Malkaz, Zeynep

Y¢ksek Lisans, ¢tevre M¢ghendi sl i]j
Tez Y°neticisi: Prof . Dr . G¢rda
Ortak Tez Y°neticisi: Yrd. Do - . Dr .

k ubat,l6d<hjifad

Akdeniz atmosferi, °zelli kle de Doju Ak
hava k¢gtl el erinden ghkeisrii;diKru.z eyo jJAU dakikde nviez
doj al kaynakl ar én vV e havzaneén kuzeyi nde
et kil eri alténdadeéer . S¢l fat anomal i si, [
°czelliklerinden birisidir. 'l kenSOFi nde i
konsantrasyonl ar &, Avrupa vV e Kuzey Amer

tekitliac&l akt @d&ramaf éndan Doju Akdeniz de
OgPfwel120gPamsénda deji kt3G°kogSmalt malktyediumu |
Akdeniz b°lgesinde neden bu kadar y¢iksek
1990 ve 2006DgpPLI Akdeari asS@f kbasanfrasyonunud e k i
et kil eyen kaynak b°lgelerinin dejikkimi,
yak|l akénmdwl | anél ar aWz iam SO tveeer B il )& K tné mn bul

Te¢r kdieykeid i ki i stasyon olan Antalya ve ¢ul
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herge¢ngeir-ii ny°r ¢ngel.er Blhesaphaymaektee et kil e

bl gel er kaynak odaklé y°r¢gnge i statistik
fonksyonu (PSCF) letaé ml.anR,eRSCF bel i r | ia zuayngaunl. aanrmeelké& kélra r
PSCF, s kbesmantrasyonl aréna bajl éder ve sa
bulunduju zaman dil i ml erJemde ywyagu ldarn &rl.e m&wnrau
kirleticilerin tedwaneéend&md )b ajl laar meithod ia nke°ml g n ar
daha kul.l aBél nyéxktl é&ark € mé n avantaj é, °l -¢m so
noktalar vV e zaman andabliilmheesriidi r - i nY°uygge S

yé¢ksekdlijyakl akéména ent eghe edro-hane-sinys e met

ver mesine.-al ékél méxkt ér

Anaht ar Kel i mel er : Doj u Akdeni z At mosferi,
Kat ké Fonksiypnu, S¢lfat (SO
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CHAPTER 1

INTRODUCTION

Air pollution has been a major issue in aleothe worldbecause it directly affects

the human life, acidification of water and soil, natural ecosystem and agriculture.
Mainly, negative effects of industrialization and characteristics of air bodies identify
the properties of atmosphere. Especially, Mediterranean atmosphere, particularly the
Eastern Mediterranean atmosphere, is one the most complex air bodies around the
world because of strong polarity of sources affecting chemical composition of the
Mediterranean atmosphere and different economic levels of countries at the source
regions affecting the Eastern Mediterranean. When the chemical composition of
Eastern Mediterranean atmosphere is investigated, the high sulphate concentrations
are outstanding and eéhreasons of such high values are not obviously stated.
Therefore, it is aimed that variation of $Osource regions affecting SO
concentrations in the Eastern Midranean atmosphere between 1980 and 2010 was

investigated using source and receptarded trajectory statistics approaches.

The related studies shows that high levels of 8@ particulate matter caused air
pollution before 1970606s, but regional an
7006s. Transport o f hepasmodphere lisetlse mash idhporgaats e s
mechanism for dispersion of pollutants in the regional and global scales. Because of

the absence of boundaries within the earth's atmosphere, gases and particles
produced from one point source can be transported arbengldbe. To analyze the

long range transport of pollutants, the European Monitoring and Evaluation Program



(EMEP) and many national and international monitoring stations were established
around the world.

Natural sources of sulfate are the oxidation @k, $mitted from volcanoes and
dimethylsulphide (DMS) produced by biogenic processes in the marine environment.
On the other hand, main anthropogenic sources are combustion of fossil fuels,
especially coal combustion. Also, industrial activities are tymoakces of S@not

only in urban and industrial areas, but also in the regional scale.

When the international actions to control long range transport of sulphur emission is
studied, it is seen that the first meeting related to the long range transport of
pollutants was organized hynited Nations Conference on the Human Environment

in Stockholm in 1972. Increasing problems of acid rain in Europe was priority issue
at the conference. The basics of the-dperative Programme for Monitoring and
Evaluation ofthe Longrange Transmission of Air Pollutants in Europe (EMEP)
were established in 1978. Twenty four of Economic Commission for Europe (ECE)
countries and the European Community participated to the program. In 1985, the first
sulfur protocol was discusse@&nd signed in Convention on Lomngnge
Transboundary Air Pollution meeting. With the reduction of sulphur emissions
between 30 and 60% by 1993, direct decrease in sulfur concentration of European
atmosphere was seen. Furthermore, in atmosphere of Wé&siespe, more than

70% decrease in SOconcentrations was reported.

In addition, in 1998 Oslo Protocol was developed for further reduction of sulfur
emission. Main methods which were suggested in this protocol were difessd
approach, the critical &d concept, best available technology, energy savings and the
application of economic instruments. When the protocol relating to Abate
Acidification, Eutrophication and Grourdvel Ozone formation entered into force,
sulphur emissions in Europe decreaattbast 63%. Before the protocol, critical load
studies showed that 93 x®18a land area in Europe exceeds critical acid loads. With

the application of protocol, the critical acid loaded area decreased to $Hha.10



Instead of these protocols, regibregreements such as Mediterranean basin and
Black Sea region agreements to improve environmental conditions at specific regions
were conducted. For Mediterranean basin, Barcelona Convention including
management of the resources in the Mediterranean Basmtoring of information,
assessment of the states of pollution, the enforcement measures for the framework
convention and related protocols were approved in 1975. In order to control the
pollution in the Mediterranean region, monitoring of the Meditexean Sea itself and

atmospheric component were started in 1988.

The purpose of this study is to investigate the variation of?S€burce regions
affecting the Mediterranean atmosphere in last 30 years. The main objectives of the

work are summarized below:

1. To investigate the weighting trajectory segments, basetheir altitudeat
their location in trajectory statistic,

2. Variation n source regions of SO as determined by altitude weighted
potential source contribution functioP$CH approach, between 1993 and
2006,

3. Variation ofsulphatesource regions calculated by altitude weighteglions
of influence Rol) approach between 19&nd 2010

4. To compare the results obtained by PSCF and Rol methods.






CHAPTER 2

LITERATURE REVIEW

2.1 Eastern Mediterranean Atmosphere

Different types of aerosol sources, sea water with high relative humidity and solar
irradiance thatrives photochemical processes make the Mediterranean basin special
for atmospheric aerosol research (Haywood and Boucher, 2000). Some studies show
that the highest aerosol radiative forcing in the world is detected at this region during
summer. For the EBtern Mediterranean area, in summer time, huge amounts of
particulate pollutants originate from Europe and mineral dust particles are formed
and transported by long range transport process from arid areas of Northern Africa
such as Sahara desert (Lelievetdal., 2002, Mihalopoulos et al., 1997, Kalivitis et

al., 2007).

In atmosphere, ammonium, sulfate and organic matter are the primary scattering
particles. Therefore the components have an important role in Eastern Mediterranean
atmosphere. Study condedt by Kalivitis et al. (2011) at research station of the
University of Crete by continuous measurement of aerosol particles reveals the
chemical composition of the Eastern Mediterranean atmosphere. The effect of dust
particles from Northern Africa toward @dliterranean can easily Been in levels of

absorption.

Various pollutant sources resulting from long range transport and pollutants emitted

from Eastern and Western part of Europe directly affect the Mediterranean

5



atmosphere (Lelieveld et al., 2002). Mover, arid belts which cover from the North
Africa to the Eastern Mediterranean surround the southern and eastern shores of the
Mediterranean. The studies related to the aerosol chemical composition (Kubilay and
Saydam, 1995; Querol et al., 2004), effettust events (Kubilay et al., 2000; Viana

et al., 2002) and mineral dust source regions (Rodriguez et al., 2001; Escudero et al.,
2006) define the aerosol chemical composition in the Mediterranean atmosphere. The
research of Kubilay et al. (2000) im@i¢hat long range transport of dust from North
Africa to Eastern Mediterranean happen especially in spring time, also dust sources
in the Middle East generally transport to the Eastern Mediterranean in autumn. On
the other hand, Rodriguez et al. (2001) &wtudero et al. (2006) define that the
transportation from North Africa to the Western and Central Mediterranean takes
place especially in summer (Moulin et al., 1998; Escudero et al., 2006).

In order to explore the chemical and physical characterigifcaerosols, the
Mediterranean is the only important natural air laboratory. The effects of Saharan
and Middle East ,which are dust source areas, should be evaluated when
investigating the Eastern Mediterranean atmosphere in terms of aerosol composition
(Ko- ak et .al., 2012)

Researches which are conducted in the Eastern Mediterranean show that natural and
anthropogenic sources directly impact the qualities of aerosol load. Due to the
deposition from the atmosphere, Mediterranean region is susceptiplalutants
(Chester et al., 1993The studies show that there are high pollutant concentrations

in Eastern Mediterranean atmosphere and the sources of this high values are not
sight ful. Il n this context, Doj ameneed al
techniques to identify sources which affect chemical composition of the Eastern
Mediterranean aerosol. Based on this technique, it is deduced that in terms of long
range transport factor, Aegean coast, Northwest Turkey, Balkan countries, Ukraine
ard regions located in the northern part of Ukraine are the main source areas. In
order to define the chemical characterization of aerosols in the Mediterranean
atmosphere, very effective researches have been performed from the beginning of
1970s (Migon etal., 1990; Mateu et al., 1996a; Tov et al., 1997). These researches

6
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indicate that anthropogenic and crustal components are the main properties of the
atmosphere over the Mediterranean Sea. The contribution of these components is
directly based on distandsetween sources and receptor sites. In order to develop
some control system for air pollutants, the locations of pollution sources should be
determined (Chester et al., 1993).

Generally, studies related to the aerosol composition have been carriedtbet in
western part of the Mediterranean region. However, in recent years, topics associated
with concentration of elements and their episodic/seasonal variability and factors
affecting these variations have been researched in eastern part of the baslay (Kubi

and Saydam, 1995; Gel Il ¢ et al ., 1998; Her
al ., 2003; Ko-ak et al., 2004a, b).

Mainly, three general source types directly affect the Mediterranean atmosphere.
These can be classified as anthropogenic sourceshwahné placed at the north and
northwest of this region, strong crustal source sited in North Africa and marine
source which comes from Mediterranean Sea. When these source types are evaluated
in terms of pollution transport to the Eastern Mediterranetns iseen that

anthropogenic sources are the most significantpnés;, | | ¢ et al ., 2005)

There are many studies which have been completed in specific period of years,
especially during summer, though saler studies on physicochemical
characterization of aerosols have been carried out in the Eastern Mediterranean
(Ichoku et al., 1999; Kouvarakis et al., 2002b; Andreae et al., 2002; Bryant et al.,
2006). Hydrological cycle and climate of the Mediterraneay ot@nge depending

on the atmospheric transport and deposition of aerosols (Lelieveld et al., 2002). The
physical, chemical, and optical properties of aerosols and the limited knowledge on
the processes affect the distributions. The magnitude of the isnpheterosols on
ocean productivity, hydrological cycle, and climate of the Mediterranean are not

sufficiently comprehended.



It is known that both anthropogenic and natural sources influence the composition of

aerosol burden in Eastern Mediterranean. éealfand carbonaceous particles that

have undergone long range transport from Europe and Asia are the main
anthropogenic components. On the other hand, natural aerosol components consist of

sea salts, mineral dust particles and biogenic ally produced sad#ftwsols.

( Mi hal opoul os et al ., 1997; ¥zsoy et al ., 2C¢C
2002).

When the concentrations of ions such as,”3@d NQ are examined, lower
concentrations, compared to those detected during the summer, are observed in
winter season. Due to the lower rate of particle removal by wet deposition in
summer, the accumulation of particles in the atmosphere is observed. Also, the
activation of photochemical formation in summer improves the concentrations of
nssSO”and NQ( Ko-ak et. al., 2004a)

The research of Ko-ak et al . ong @ndtbed a) concl
seasonal variation of n&0,> are compatible with previous studies which are

carried out in the Eastern Mediterranean (L
Kouvarakis et al., 2002a). The study performed at Erdemli proves that very high

suffate concentrations are observed over the Mediterranean. The levels are

comparably higher than those over continental Europe (URL 1).

In the atmosphere over Israel and the Eastern Mediterranean sea, unusually high
sulfate levels, especially in summer, bBadween presented. The long range transport

of sulphates emanating from industrial areas of eastern and central Europe may
explain this occurrence. In addition to this, marine biogenic production of sulphate
from the oxidation of dimethylsulphide may catbe high sulfate levels. The results

of the study of Ganor et al. (2000) shows that biogenic generation of sulphate from
the Mediterranean sea increases the sulphate content of the aerosol over Israel during
the summer seasomlso, SQ? levels found in $rael and Syria mainly varies

bet ween 6. 7° Highal sulfae lev@lgin ain over Eastern Mediterranean

and Israel has been measdir The highest sulphate valus® found in summer and

8



an annual average sul phatkavecleancepresses at i on

by Luria et al. (1996).

Main effect of atmospheric sulphate on the environment is that it plays a role as
cloud condensation nuclei on rain formation in the Eastern Mediterranean region.
Approximately 90% of the particles at Lakeinkeret (northern Israel) contain
sulphur. Local pollution, long range transport from distance sources, transport of
crustal mineral matter from desert regions surrounding Israel and biogenic sources,
l.e. oxidation of dimethylsulphide (DMS) from marineloigical sources to sulphate

can be classified as potential sources of these high atmospheric sulfate grades (Ganor
et al., 2000).

Mixtures of anthropogenic and crustal components of the sources are the main
elements of the atmosphere over the Mediteaartgea (Chester et al., 1993). Short
and long term episodic variations are observed for concentrations of most of the
elements and ions. Transport of crustal material from North Africa during the
transient period and storm activity over the eastern Meditean Sea during the

winter season assign shéerm variations in concentrations of lithophilic and sea salt

related species (G¢gll ¢ et al ., 1998; Ko-

Although strong natural and anthropogenic sources surround the Turkey, there is no
homogenous distribution around the country. In Eastern Mediterranean region, huge
guantities of crustal particles arising from desert areas at the North Africa and

Middle East are one of the crucial natural sources (Kubilay et al., 2000; Rodriguez et
al., 2@M1). The other one is the sea salt particles emitted from Mediterranean Sea
(Kulojlu and Tuncel, 2005) . Whil e the

Turkey, anthropogenic sources of particles which are industrial emissions are located

in the nath, especially northwest dfurkey (Koulouri et al., 2008).

Considering such high sulfate concentrations in Eastern Mediterranean atmosphere,
identification of source regions affecting the aerosol concentrations in the

Mediterranean region becomes imp@oitt By using source or receptor modeling,

9
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source region apportionment is applied. In this purpose, the stuByoof an et al
(2010) focuses on PSCF for $©and NQ in the Black sea and Mediterranean

coasts of Turkey.

The region of lands around the Mediterranéea is defined as Mediterranean Basin
or Mediterranean in biogeography. In this region, Mediterranean climate is observed
and main characteristics of this climate are mild, rainy winters and hot, dry summers.
Therefore, Mediterranean forests, woodlaragl scrub vegetation are promoted.
Some parts of the Europe, Asia and Africa constitute the Mediterranean basin
(Krijgsman et al., 2001).

Mediterranean Sea is enclosed by the Europe and Anatolia on the north, North Africa
on the south and Levant (coungrief eastern Mediterranean) on the east. Also, the
Mediterranean Sea is stated as a portion of the Atlantic Ocean. The name of
Mediterranean comes from Latin; mediterraneus means inlandioe middle of the

land (URL 2).

Eastern Mediterranean or Levant refers to the countries which are located in the east
of the Mediterranean Se#s shown in Figure 2.1Cyprus, State of Palestine,
Lebanon, Syria, Jordan and Israel are the countries oE&iséern Mediterranean
(URL 3).

10



Figure 2. 1 Eastern Mediterranean Region

The area of Mediterranean basin is approximately 2.3 x 133 Kne basin consists

of more than 20 nations. Due to the geographic location of the Mediterranean basin,
where it is athe junction of the three continents, biodiversity has an important role
in this region. When the historical progress of Mediterranean geology is investigated,
dynamic changes on plate tectonics, mountain uplift and active volcamigen eh
significant role(URL 4).

2.2 Trajectories

The general definition of trajectory is the time integration of the position of an air

parcel due to transportation by the wind. Trajectory is basically identified as the path

along which an air mass has traveled. For instancea f | ui d particl e,
certain point in space at a given time is traced forward or backward in time along its
trajectory (Stohl et al., 2002). Based on the dynamic processes in the atmosphere,
there are many different applications of trajectmrigévaluating the airborne pollen
dispersion (Sauliene, 2006), identifying the route of water vapor transport
(D6Abr et on and Tyson, l-recemoy relatienoaf mie | at i n
pollutants (Miller, 1987; Stohl, 1996) and examining the air mass #woound

mountains (Steinacker, 1984), identification of the characteristics of an air mass for a
11



specific site (Lee and Leifer, 1993), investigation of the sources of moisture in the
atmosphere during snowfall events (URL 5) are some of the example$efor t
application of trajectories.

In order to identify the longange transport of air pollutants in the atmosphere, in
first sight, trajectories are used (Pack et al, 1978). Forward and backward
trajectories of an air mass are very useful componentsder do interpret an air
guality eventFor the determination of the sources of pollutants measured at a point
in space and time, back trajectories are used in studies of air pollution. In other
words, br ascertaining the origins and sources of pollutantsnly back trajectory
analysis is used. On the other hand, for determining the dispersion of pollutants,
forward trajectory analysis is a helpful and effective techniglrRL(6).

A wide variety of atmospheric models have been used to calculate thetaies
Mainly two approaches, which are Eulerian and Lagrangian, become important to
understand air motions. While Lagrangian models simulate variations in the chemical
composition of a specific air parcel as it is advected in the atmosphere, Eularian
models define the concentrations of settled calculated cells (Seinfeld and Pandis,
2006).

The theoretical account of Lagrangian modeling moves with the local wind.
Therefore, mass exchange between the air parcel and its surrounding, and species
emissions &wed to enter the parcel through its base are excluded and not observed.
A specific air parcel which moves through time and space is taken into consideration

in Lagrangian modelm (Byers, 1974; Dutton, 1986).
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Figure 2.2 Schematicpictures of (a) a Lagrangian model and (b) Eulerian
model (Seinfeld and Pandis, 2006)

As shown in Figure 2.2 which focuses on the schematic pictures of Lagrangian and
Eulerian models, concentrations at different locations at different timesnauéated

as continuous movement of air parcel by the Lagrangian models. Whereas, modeling
of the species concentrations at all locations as a function of time are calculated by

the Eulerian models which stays fixed in spé®einfeld and Pandis, 2006).

When the Eulerian and Lagrangian models are compared, it is pointed out that
Eulerian model is easy to apply. Although assuming a homogeneous air shed in
Eulerian model makes everything simpler, Lagrangian model supplies more
information. However, due toeglecting of horizontal dispersion, it might calculate
higher concentrationSeinfeld and Pandis, 2006).

The below differential trajectory computation explains the particular small air

parcel 6s trajectory;

2= 0[Yo]

o (2.1)

where t : time,
S: position vectn

u: wind velocity vector.

13



The route of the position vector can be calculated when we know the initial position
of S of the parcel at timg as stated through Equation 2.2

SM=S@GY (2.2)
and inverse transforman is identified through guation2.3,
St=t)=S(S, 1) (2.3)

Equation2.3 gives an information about the initial coordinates of the parcel ($,t). S
at time ¢ is the initial coordinate and it is named as Lagramgoordinates (Dutton,
1986).

Because of the inhomogeneities of wind fields, turbulent and convection motions,
and precipitation processes, a single trajectory is not sufficient to describe the path of
an air box. Therefore the computed trajectory can sgmiteonly a limited periodfo

the route of an air parcel.

SM)=%:, 6 10 (2.9)

Assuming that at timeptthe trajectory ends at the locatiop, he straightfoward
integration of Euation2.4 can calculate the location of the air parcel S(t) at time t on
this backward trajectory (Seinfeld and Pandis, 2006). For instance, calculated air
parcel trajectory arriving at Antalya during May 21, 2010 is shawfigure 11.

Based on the 5 days back trajectory computation, the air parcel started over the
Spain, traversed the Middle European Countries air basin picking up emissions from
the various sources along their way, and finally trajectory segments erdtihg a
receptor (Antalya). Heights of three different starting points which are implied by

green 1500m, blue500m and red100m are shown in Figure 2.3

14



NOAA HYSPLIT MODEL
Backward trajectories ending at 1400 UTC 21 May 10
CDC1 Meteorological Data

ok WY s

'J ’ i

w o

o

<

—

M |10

Z -

o |

© ;

< .

o)

©

x|

o |\ 4

E 1 ‘.__,_

= I

o H

U‘) I

-

O

<€

w

L.

£ | 1500 Hey

= | 588 . , , . :

12 06 00 18 12 06 00 18 12 06 00 18 12 06 00 18 12 06 00 18
05/21 05/20 05/19 0518 05/17

Job ID: 18483 Job Start: Thu Jul 18 07:16:57 UTC 2013
Source 1 lat.: 36.800000 lon.: 31.000000 hgts: 100, 500, 1500 m AGL
Trajectory Direction: Backward Duration: 120 hrs
Vertical Motion Calculation Method: Isentropic
Meteorology: 0000Z 1 May 2010 - reanalysis

Figure 2. 3 Example of back trajectory

For the solution of the trajectory equation, the differential trajectory equation
expands S(t) in a Taylor series abbugtty , evaluates at = to+ gd and finally, with

the first approximation ahe equation, Equation 2i$obtained;

Sty  do) +$ (tpu(to) (2.5)
By the iteration, the final §uation2.6forms;
S(t) &) +g( thlulte) + U™ ()] (2.6)

where the superscrip) ¢ number of iteration,

U (t1) : the position vector at position (&).

Equation2.6 is a kinematic solution and only wind information is applied to this

calculation. Not only the wind information but also the velocity and mass

information are taken into consideration at dynamic solutions (Danielsen, 1961). The
15



research of Merrill (1986) ampares the three isentropic Lagrangian trajectory

techniques, one is kinematic (using only wind information) and two are dynamic
(using both mass and velocity fields). As a result of this research it is found that 12
data interval is useful for dynamiechnique due to routine aerological observations

(twice daily data available) whereas significant discrepancies \ierad for

kinematic technique.

During the computation of trajectories, errors because of truncation of the finite
difference equations ehild be estimated. Incorrect treatment of the 1segde factor,

wind data interpolation error, and magnitude of position errors are the points which
should be remarked. Especially, interpolation error of wind data originates from
horizontal interpolation othe wind velocity component (Walmsley and Mailhot,
1983). Moreover, due to the absence of routine observation of vertical winds, many
different assumptions are carried out and this situation causes many errors.

Therefore, the vertical winds arestecorect (Stohl, 2002).

At the theoretical estimates of error in position, each error of individual time step is
added to each other. However, in the real atmosphere, the errors may be cancelled
out some of the time. Therefore, the theoretical error is atrmaxilevel and upper
estimates of the errors in a trajectory model have oati&almsley and Mailhot,

1983).

Mainly, trajectory model is done using mean horizontal and vertical winds from a
meteorological model by integrating the trajectory equationw&uat trajectories
focus on where a particle will go. On the other hand, backward trajectories identifies

where the particle came from (Walmsley and Mailhot, 1983).

Trajectories are used to get geographical information in order to find possible
location ofthe release if the location of release is not known. The researchers can
determine the horizontal advection component of trajectory by the use of observed or
analyzed winds. For the computation of the vertical component of trajectory,

trajectories are asmed as isobaric (following a constant pressure), isentropic
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(following a constant potential temperature) and kinematic (moving with the vertical
velocity wind fields generated by a diagnostic or prognostic meteorological model)
(Munzur, 2008).

Although the isobaric trajectory models were widespread in the past, the important
vertical motions were ignored in this model (Harris and Kahl, 1994). Presently,
isentropic trajectory models are very practical because the trajectory calculation can

be done withoutvertical motion data. Moving along sloping isentropic surfaces

forms the vertical motion (Fuelberg et al., 1996). The seasonal variation in

at mospheric transport patterns to Summif
study (Kahl et al., 1997) by usingethsobaric back trajectories. Geostrophic wind
relationship was used to identify horizontal wind fields whose components are

calculated at each trajectory time step

2.3 Trajectory Statistics

In the field of air pollution control, the pioneer researohesir motion trajectories
were conducted based on individual trajectory information (Seibert et al., 1994),
however the statistical approach for trajectories have been improved especially by
Stohl (1996). In the current studies, mainly trajectory stesishethods which are
based on the combination of the air parcel trajectory information and trace gas

measurements to represent the distribution of pollution sources have been used.

Exception of atmospheric dispersion and decay processes of test spetieass
radioactive decay, chemical reactions and deposition are the main assumptions of
trajectory statistics procedure. Test specie concentrations are assumed be correct and
fully representative for study region. Furthermore, it is supposed that airl parce
trajectory data interprets atmospheric transport procedure accuraielpérg et al.,

1996 ; St ohl and Seibert, 1998; Wot awa a
2006; Nyanganyura, 2008)
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Many different types of statistical procedures have been wegrto characterize the
source areas of pollutants by applying trajectory and -teng air pollution
measurements (Stohl, 1996). Flow climatology (FC), potential source contribution
function (PSCF), cluster analysis, concentration weighted trajectory j@Q¥é¢Tsome

of the important and widespread types ojeictory statistics methods.

2.3.1 Flow Climatology

Among the trajectory statistics methods, firstly flow climatology has been discovered

and implementedlhe main aim of the flow climatology technique is identifying the

airflow characteristics and pollution information of specific region which is far away

from the source of pollution. Fl ow cl i mat ol c
i nf | ue n cialér site;oon thepother hand detection of the special source areas

cannot be properly computed. A number of years of back trajectories are estimated

for a specific receptor and based on the direction and speed information they are

sorted (Miller, 1981a,b In addition to this classification, precipitation chemistry

information is taken into account by many scientists such as Henderson and
Weingarten(1982), Colin et al. (@89) and Miller et al. (1993).

With the 10day back trajectory information of Beroh@ and related flow
climatology which continuous 7 years, the pollutant transportation in North America
have been analyzed. Then, it was stated that the contribution of chemical data was
more effective in rainy periods. In addition, the research incluteeshemical data

information obtained from Berada (Miller and Harris, 1985).

Katsoulis and Whelpdale (1993) sorted thgear trajectory data for Greece EMEP
station and it was shown that main flow sectors did not change in years. Therefore,
the possiblesource regions of pollutants were studied by using the back trajectory

and thetransport sectors information.

Airflow climatology information, especially impact of temperature and precipitation,

for Michigan during 40 years was operated by using GISdésels. Then, the
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comparison of the results of this study and previous results implied that the
developed methodology was remarkable on detectiorowfce regions (Shadbolt,
2006).

In order to identify why the Antarctic Peninsula is a rapidly warmmgjon, flow
climatology approach, especially focusing on the climatology of weather system, was
applied with research project conducted by University of Leeds and British Antarctic
Survey (URL 7).

2.3.2. Potential Source Contribution Function

The studyof Ashbaugh (1985) which is conducted at Grand Canyon National Park is
the one of the main studies in order to define potential source contribution function
(PSCF) approach. As chemical mass balance (CMB) and positive matrix
factorization (PMF), PSCF is eeceptororiented method which has been widely
used to justify pollutiorcontrol decisions (Zeng and Hopke, 1989). The chemical
concentrations of pollutants at the receptor site and air back trajectories for this
receptor are the relevant information tglpthe PSCF. In order to determine source
areas to receptor sites, trajectory statistical methods such as PSCF are used
(Ashbaugh et al., 1985; Zeng and Hopke, 1989). Probability of an air mass with a
pollutant above a criterion value which arrived at teeeptor site after having
passed through a particular geographical area can be explained by PSCF. For this
approach, all pollutants are assumed as conservative species because of the exception
of chemical transformation, atmospheric scavenging and lessigh diffusion
(Acadia National Park). In order to identify the locations which may have a higher
possibility of being source areas of substances in tlly sagion, PSCF approach is

an effective concept.

In the literature, PSCF has been successfaltyi@d out in many studies. One of the
prior studies has been performed by Hopke and his colleagues (1995) to define the
possible sources and pathways for biogenic andseasalt sulfur in Arctic region.
Cheng and Lin (2001) have determined the sourtas ddy applying the PSCF
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approach to data of 1998 Central American smoke events. In the study of Begum et
al. (2005), potential sources and the testing of the ability of the PSCF analysis with
the forest fire whose source location was clearly sighted baea identified by

using the analysis. The research performed at China (Jinan, China) has indicated that
higher potential source regions for sulfate are seen at some specific provinces and
agreement on PSCF results with cluster analysis results is appavbserved.
Moreover, a new modified method of PSCF has been developed by Jeong et al.
(2013) in order to evaluate the contribution of long range transport that alters the
mean mixing ratio of test species at receptor site. The conditional potentieé sour
contribution function (CPSCF) has focused on kaenual differences in the change

in mean S@mixing ratio due to thé@ng-range transport in Seoul.

In the construction of PSCF, the trajectory endpoint lies at an i by j array grid cell
and the trajetory collects pollutants emitted in the cell. The pollutant is assumed to
transport through the trajectory to the receptor without any atmospheric removal and
chemical change. Based on the geographical scale of the problem and the length of

trajectory segrmnt, the grid cell size is selected (Hopke et al., 1995).

The calculation of PSCF can be defined as below;

PA,] = %
(2.7)

The probability of falling of trajectory segment endpoints into the specific cell (i,)),

in other words the potential transport of material to the receptor site, is notated as

P[A;]. The number of endpoints that falls in i cell is represented ag. And the

total number of trajectory segment endpoints throughout the study period (t) is stated

asN.

P[B ,,.] = "I:I”'
(2.9

The probability of falling of polluted trajectory segment endpoints into the same cell

is notated a$[Bj]. The number of polluted endpoints which are considered to be

ending at receptor site at a time when measured concentration exceeds a selected

criterion value for each species is representemkas
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P[B,/.] m,
P[A/I.] n, 2.9

Additionally, PSCE; is the conditional probability function that identifies the spatial

PSCF, =

distribution of possible geographical source locations deduced by using trajectories
(Hopke et al., 1995). The PSCF value ranges between 0 and 1. Cells with PSCF of 1
mean that the celleave high probability of being source region. The cells which
contain pollution sources have high number of polluted trajectory segmepjts (m
therefore the PSCF values of thesdscate higher than the others.

Then; values are different for each ceflor example some cells have small number

of trajectory segments and it causes an uncertainty. When there are only two
trajectory segments in a cell and one of them is polluted segment, the PSCF value is
0.5. Due to small number of trajectory segmentainot represent the possibility of

the source region correctly. In order to reduce the effect of small numb®y of
weighting function is applied. Based on the average value ohithéhe weight
function 2.10 have been applied at many studies (Zhao Hopke, 2006; Xu and
Akhtar, 2009). In addition, similar weight functions which depend on avetaged
different weighting coefficients have been used in the researches of Poissar and
Hopke (Hopke et al., 1995; Poissar et al.,, 2001).

10  nm;>20N Nay

W) = 075 Nag<nijO M2 Ny (2.10)
05  Nag2< ni;Onayg
0.15 nijOnayy2

Instead of the weighting function, by using the 4{p@mametric bootstrapping
technique, PSCF results can be modified with the minimization of the uncertainties
(Lupu and Maenhaut, 2002; Wehrens et al., 2000; Vasconcelos et al., 1996). In this
technique, oncentrations are assumed to be independent and identically distributed.
While C = {c1, c2, ...,cN} implies the concentration of original data set, B implies

random subsamples of size equal to the length of the daté*sef c1*,c2*, ...cN*}
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is drawnwith substitution and the corresponding PSCF spatial distribu@ithgij, is
calculated K is the each bootstrapped sample). These values are ordérgd)ais <
... <P*(B);ij, wherek=1,...B and U is the chosen significa

Pi O "RBnavs 2)) i (2.11)

the null hypothesis, in which there is no association between concentrations and
trajectories, is rejected at {1U) 100 % cleyel fini tlthie case,efor further
analysis, only the RS- values satisfying dtiation2.11are taken into consideration
(Lupu and Maenhaut, 2002).

Unidentified and background sources, mixing factor of air parcels during
transposition from source to receptand differential loss of species such as
deposition are the main uncertainties in trajectory calculation. Both these
uncertainties and assumptions of the PSCF calculations are the weak aspects of this
method (Stohl, 1998; Stohl et al., 2002).

2.4 Sourcesand Transport of Sulphur Compounds

The important anthropogenic sulphur sources include power plants, industrial boilers,
municipal or industrial incineration, ore processing, pulp and paper industry, plastics
and paint manufacture, motor vehicles andcaaft. On the other hand, volcanoes,
biogenic emissions from soils, plants, wetlands and the ocean, biomass burning and
seaspray are the main natural sources of sulphur. While the electric utilities generate
approximately 60% of the mamade sulfur dioxde, industries form about 30% of it.

The rest consists of the other types of maade source of sulfur dioxide such as
mobile sources (Girish, 2007). Mainly, 98% of total sulfur is emitted from
anthropogenic activities, and thel8% of sulfur is formedoy natural activities
(Cullis and Hirschler, 1980). Particularly, the ratio is prevalent for industrial
countries like North American and European countries. On the other hand, natural

sources of sulfur oxides have a more important role in eastern @suntricas and
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Akimoto imply that about 69% of the S@rms from mammade surface emissions,
20% from the oceans and 10% from volcam@Lucas and Akimoto, 2007).

Sulfates include a charged group of sulfur and oxygen atomg. BQ salt and
fundamental component of sulfuric acid. Based on diameter, approximately 0.1 to 1.0
micrometer sulfates exist in atmosphere and more concentrated values are detected in
industrial areas (Charlson et al., 1992). By the oxidation of sulfwidgowhich is
produced from combustion of fossil fuels, a great deal of sulfate aerosol occurs. In
addition, as an origin of dust, sea salt and compounds of marine, natural sulfate
aerosols are present. When the concentrations of natural and industatdssate
compared, it is seen that anthropogenic (industrial) types have been increasing from
1950s while natural types stay almost constant. Lung irritation, contribution to acid
rain and haze formation are the main negative side effects of the s(Gasetson

and Wigley, 1994).

Andreas et al., (1988) have studied the possibility of material being transported from
Asia to North America by examining the composition of the atmospheric aerosol and
gases over the western North Pacific Ocean. They haveluded that
dimethylsulphide (DMS) concentration over the Pacific Ocean is controlled by
marine rather than continental processes. The vertical profiles 0dr80nssSO,”

from the work of Andrea et al. (1988) suggest that, significant amounts 0&180
nssSQ,” are produced by the oxidation of DMS within the boundary layer. The
study of Eliassen and Saltbones (1983) implies that the deposition of sulphur due to
foreign sources acts as an important contribution to the total deposition in most of

Europea countries.
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CHAPTER 3

METHODOLOGY

3.1 Study Area

In this study, the study area was described depending on the |scatiédmtalya,
¢Cubuk, A s h d o statioasnatid n©©wement of teajectories. The rectangular
study area extenddgtbm 20 West to 60East longitudes and 7North to 14 North
latitudes. It means thahe boundary longitudes reached from west of Iceland to east
of Caspian Sea and the boundary latitudes included from north of Scandinavian
countries up to south of R&ka. The study domain consists of Europe, western part
of Asia, North Africa and Middle East.

3.1.1. Stations Selected for PSCFdlculations

Four sampling points which were selected to represent the study area are given in
Figure 3.1. Among the foust at i ons, t wo of t hem, name
stations were used in PSCF calculations, because these were the stations where SO

data were available for long enough time periods. Antalya station was established in
1991, and first research was conddcteby G¢l |l ¢ (1996) . Rel at e
this site, it is implied that selection of reference stations is an important stage in
study of long range transport. However, such regional stations are expected to fulfill
certain siting criteria. The statie should be away from local sources. According to

the availability of power, having trained personnel to change samples and being on

the grounds of a governmental property where it can be protected, the site of the
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Antalya station wé&). s@hecttaadbuk GSHltlag, oh9 Wwas
represent the Central Anatolian atmosphere, so that potential source regions which
affect the Anatolia can be investigated.

JCorsica Station

Figure 3.1 Locations of sampling stations (Google Earth, 2013)

3.1.1.1 Southern Anatolia Station (Antalya)

Antalya Station is on the coast, approximately 20 km to the west of Antalya city. The
geographic coordinates of the station is 31Hast longitudes and 36.8\orth
latitudes. The location of the station was established at distant place from populated
region in order to minimize the influence of local emissions. The station was built on
the rock structure near the sea and it is 20 m above thé&ssa Pictue of the

sampling platform is shown in Figure 3.2.
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Figure 3.2 Antalya Station, H-V o | s a neptl ¢errk ,( ¥2 00 9)

3.1.1.2. Central Anatolia Station (¢ubuk,

The ¢ubuk % tamdt40.3)ris af 0Be30f the remote areas of Ankara city.

It is approximately 50 km away from city center and also height above sea level of
the station S 1169 meter s. ¢ kuopekn St at |
Monitoring and Evaluation Programme (EMES®aton in Turkey and thus it was the

best equipped station in the country. The station operated between 1993 and 2006 by

the Ministry of Health. It wadransferred to théMinistry of Environment and

Forestry in the year 2006 and terminated due to operatioablems. During this

period of time, generated data were transferred to the EMEP secretariat. Data, from
Turkey and other countries were used to calibrate EMEP models. EMEP avoided

interpretation of data from individual stations.

3.1.2. Stations Selectefbr Rol Calculations

The Rol approach does not depend on availability of pollutant data at the receptor.
This means that we were not confined with stations where data were available for
Rol calculations. Pollutant information in Rol calculations consieferission data

compiled byEMEP.
27



Four stations were selected for Rol calculations, which represent different regions in

the Mediterranean Basin. Ant al ya, ¢Cubuk, As
represent Eastern Mediterranean region and Corsitarswas selected to represent

the Western Mediterranean atmosphere. Corsica and Ashdod are the two locations

where extensive aerosol and rainwater research was conducted in the past. Site
characteristics were easily accessible in literature. Applicatid®ol calculations to

Antalya and ¢ubuk stations in Turkey all owed

PSCF and Rol calculations.

3.1.2.1. Western Mediterranean Station (Corsica, France)

The third station (8.7E, 42.53N) is located at the Corsidaland of France, which
is approximately 90 km away from the Italian coast and almost 150 km away from
the French Riviera. The station is situated on the coast and at the sea level.

3.1.2.2. Eastern Mediterranean Station (Ashdod, Israel)

In order to repesent the eastern end of the Mediterranean basin, the Ashdod Station
(34.655E, 31.804N) was selected. The station was located on the Mediterranean
coast of Israel, 40 km south of Tel Aviv. Sampling equipment was installed
approximately 20 m above groutelel and 2.5 km away from the coast. It should be
noted that it is not possible to find any site on the Israel cost that is entirely free from
anthropogenic emissions. Because of this, Ashdod represents a site which is under

the influence of a mixture afatural and anthropogenic sources

3.2.Description of Study Domain

Two different grid systems were used in PSCF and Rol calculations. The first grid
system, which was used in PSCF calculations, extended frove€t to 60 East in
E-W direction and fom and 71 North to 14 North latitudes in NS direction. The

area between these grids was divided irfftto11° grids. The grids, which are on the

28



seas, were ignored because this first grid system was used to calculate the potential
source contributiodunction for SQ* only. Grids on the sea should be included in
calculations when PSCF was calculated for ions and elements with marine sources,
such as Na, ClSince seas are not a strong source of anthropogenfc,S@ did

not include marine grids iour PSCF calculations. There were 3150 grid cells in the
defined study area.

The second grid system was used in Rol calculations. The reason for using a
different grid system in Rol calculations was the need for exact math with EMEP

grid system in Rol coputations. Emission datacim EMEP data base was used in

Rol calcuations.Emission data in EMEP datamse are given in EMEP grid system,

which does not exactly matched with the grid system used for PSCF
computationsThe difference is not very largEMEP grid system is 0.25shifted

version of our PSCF grid systeithis second grid system, which is shoinrFigure

3.3, extended from 20.25Vest to 59.7%East longitudes and 71.2Borth to 14.28

North latitudes The grid size in this system was alsbtd 1°. Rol grid system is

generated by mowing PSCF grid system 0.2&thwest direction. Number of grids

in Rol grid system was 4560. Both grid sys
(Version 1.3)0 application of Maplnfo 7.
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Figure 3.3 Second grid system (gridded domain of°ix 1°)

3.3. Data Preparation

There are only two data sets were used in this study. Those were pollutant data, or

SO data andback trajectorydata generated blyack trajectory modeling. While
SO*concentrations were obtainedenissionm Ant al ya
concentrations were taken from EMEP databbser Ant al y a, ¢Cubuk, As h
Corsica On the other hand, back trajectory data were calculated by UisajStat

programfor each station and every dayhe detailed information related to the data

preparation is given in Section 3.3.1 and Section 3.3.2.
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3.3.1. Pollutant Data

Sulfate is an important ion in the Eastern Mediterranean for two reasonsis(it)e

most important ion for acidification of environment through acid rain formation and
(2) its concentration in the Eastern Mediterranean is higher thafi B@asured
anywhere else around the world. These are the two main reasons for why we wanted
to understand how source regions of;S@ffecting Eastern Mediterranean changed

in time.

In Turkey SQ* was measured in a number of stations, but data that iselomggh
to be used for the assessment of temporal variations in source regions of this ion are

only avail able at <¢ubuk and Antal ya.

At C¢ubuk station daily aer okopldce Itaveerp!| i ng
1993 and 2006. The statiorawoperated by the Ministry ofgdlth very successfully.
The station was transferred tbet Ministry of Environment anddfestry in 2006.

Unfortunately no data was generated since then.

Samp | eubuk atationwere collected oneallulose filters using a high volume
pump. Sampling was daily. After sampling filters containing ions are transferred to
the Central Laboratory in the Refik Saydam Institute of Public Hygiene in the
Ministry of Health. In the lab majooins are measured by ion chromatography. The
laboratorywas equipped with two Dionex @2on chromatographs. One of them was
fitted with a Dionex AG3HC anion exchange column and the other one was

equipped witlDionex CS12Acation exchange column.

Sulfate vas not the only parameter measur ed
including SQ* , NOy, CI, Na, Mg*, K", C&*, NH;" and H, were measured in
aerosol samples. In addition to these, NSO, were measured using filter pack
technique. These data werengrated without any significant interruption between
1993 and 2006. Only S®d at a from ¢ubuk station were
0f 3686 S dat a were available from ¢ubuk st :
wereobtained from the Ministry of llth through a special protocol signed between
the university and ministry.
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Station at Antalya was located approximately 20 km to the W of the city of Antalya.
The station was established by METU, Department of Environmental Engineering in
1992 and remagd operational until 2001. It was shut down in 2000 due to funding
problems. Sampling was conducted on a daily basis using a high volume sampler.
Sulfate was measured with a Varianotiel 2010 HPLC ion chromatograph,
equipped with a mdelVYDAC 302 IC anionexchange column and a mod&SCO
UV-VIS 875detector{ ¥zt ¢r k, 2009)

Like in ¢ubd kasadt the dnly ion me&sdred in Antalya station as
well. In the same aerosol samples other major ions and approximately 50 trace
elements were measuredngsia Perkin Elmer ICIMS. Rain were also collected and
analyzed for ions and trace elements. Only*S@ata were used in this study. There
were approximately 137@aily SO,* data were available from Antalya station.

In addition to the sulphate measurentes at t he Antalya and ¢ubuk
applying regions of influence approach, ;S€&nission data were also needed., SO

emissions were obtained from EMEP website, 8the precursor of sulfate, and

SO« mainly consist of S@ Therefore, SQ data obtaied from EMEP directly

related with sulfate data. EMEP gives the emission data information for whole

EMEP region. Emission data in EMEP website are available for the years 1980,

1985, and from 1990 to 2010. Parameters, which are necessary to get enaitsion d

are summarized in Table 3.1 1 n EMEP website, emi ssions ar
dat abaseo (;@wedsidna in EMEP Sd0a base were downloaded for all

countriesfor the targetyears. Data obtained from EMEP were given irf 6050.5

grids for 10source sectors, which includes:

S1: Combustion in energy and transformation industries (stationargesy),
S2: Nonindustrial combustion plants (stationary sources),

S3: Combustion in manufacing industry (stabnary sources),

S4: Production processes (stationary sources),

S5: Extraction and distribution of fossil fuels and geothermal energy,
S6: Solvent use and other product use,

S7: Road transport,
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S8: Other mobile sources and machinery,
S9: Waste treatment and disposal,
S10: Agriculture.

In this study data from all sectors are combined

Table 3.1 Summary table for getting emission data from EMEP

Data Information Section Desired Data

Countries/Areas ALL (except international shipping)

Years 1980, 1985 and frorh990 to 2010 (all years)

Output formats Grid (0.50 x 0.50), SemicoleSeparated (CS
file)

Main Pollutants SO (as SQ)

Available Sectors National Total (without other sources a
sinks)

The gridded emission data covers the longitudes fronP\8t6 60°E and latitudes

from 30.5N to 75N. The region where the emission data information is defined
contains Iceland, Scandinavian countries, all European countries, Western Russia,
Turkey, Georgia, Armenia, Azerbaijan, west parts of Kazakhstan, Uzbekistin an
Turkmenistan, Syria, Israel, Lebanon, North parts of Iraq and Iran and Jordan, small
portion of northern Aderia, Tunisia, Libya and Egyjp.this study, emission data for

all years were downloaded one by one via using tfeermation explained in Table

3.1 The text file format data was converted to excel so that it can be uploaded to GIS
software (Maplnfo). A small part of the gridded emission data are giv€able 3.2

as an example. In the table, S@lues are given with grid center coordinatestiier

year 2002. The column of Number/Flag identifies the numerical value q@f SO

emission in megagram (Mg).
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Table 3.2 Example for SO« emission data format, EMEP

Country Year | Sector Pollutant | Longitude Latitude Unit | Number/F

Code lag

PL 2002 | Snap SO 19 53.5 Mg 3423.958
National

PL 2002 | Snap SO 19 54 Mg 4145.48
National

PL 2002 | Snap SO 19 54.5 Mg 13764.39
National

PL 2002 | Snap SO 19 55 Mg 927.0188
National

PL 2002 | Snap SO 19.5 48.5 Mg 0.1991
National

PL 2002 | Snap SO 19.5 49 Mg 55.7621
National

PL 2002 | Snap SO 19.5 49.5 Mg 5294.446
National

Before uploading emission data to

Mapinfo software, only the year, longitude,

latitude and number/flag columns wekept and remaining columns shown in the

t abl

sect

part of distribution of S@emission data in EMEP griystem is given in Figure 3.4.

Based on the longitude and latitude vall®9; emissiondata was obtained for each

point.
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3.32. Back Trajectory Data

I n t his study, Air Resources -Radideor at or
Lagrangian Integratedrajectory Moded ( HYSPLI T) ( Draxl er and
used to calculatback trajectoriesThe model was developed by the U.S. National
Oceanic and Atmospher Administration (NOAA) for the studies related to air

guality, atmospheric dispersion, and climate.

The HYSPLIT model is a complete system for computing simple air parcel
trajectories, complex dispersion and deposition simulations. The model cortiputes
advection of a single pollutant particle, or simply its trajectory without the additional
dispersion modules. The calculation method of the model based on a hybrid between
the Lagrangian approach (using an air parcels move from their initial locatian a
reference moving frame) and the Eulerian approach (using a fixeddimeasional

grid as a reference frame). While the Lagrangian approach focuses on the advection
and diffusion calculations, the Eulerian approach computes the pollutant air
concentréions. The model has also dispersion modules to calculate transported

concentrations of pollutants, but that module was not used in this study.

HYSPLIT web site allows computation of one trajectory at a time (in our case one
day at a time). This makesadk trajectory calculations a very slow process if

trajectories are to be calculated for several years, as we did in this study.

A supporting program, namely TrajStat, which is GEsed software (Wang et al.,
2009), allows computation of trajectories monthly batches. The trajectory
calculation module of HYSPLIT is included in TrajStat as an external prdaoess
calculate trajectories. TrajStat softwambich became availabla ilast three years
significantly reduced our calculation time. Calculatedetrijries were converted to

GIS line shape file. In this shape file, trajectories are defined by its longitude (x),
latitude (y) and height (z) datum. The two dimensions trajectories are shown based

on the x and y coordinates.
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TrajStat is free software. lalso includes various trajectory statistical analysis
methods such as Potential Source Contribution Function (PSCF), Concentration

Weighted Trajectory (CWT) and Cluster Analysis.

In order to obtain back trajectories, in this study TrajStat software sexk &irstly,

the TrajStat desktop application was downloaded, but Microsoft. NET Framework 3.5

had to be installed before using TrajStat I
ATrajectoryo segment which is at the tool ba
back trajectories. The information of yeaonth, starting location, run time, starting

hours, meteorological information, start and end days were entered to the system.

When the AMulti _ Locationsdo option was select
were entered one by one for three different starting height, so all trajectories were

downloaded with only one run. The related meteorological files depending on the

desired month of trajectory were added.

The meteorological data were obtained from gritideteorological data archives of

ARL. The required meteorological data were downloaded by using NOAA ARL FTP

Server of (The National Weather Service's National Centers for Environmental

Prediction) NCEP/NCAR Reanalysis (192810) data set. The executke fivas also

definite and constant. The output file was created and path of the file was selected.

The 6hyts std.exeb6 file obtained from HYSPL
names were set automatically to &6ymmddhho,
was rewritten to the format with column titles as fist row and coeianited data

with clicking the 6Convertd button. The exte

6.t gsb. Finally, using 6Combinedé button, o0.'t

A sample TraStat dialog interface to calculbagek trajectorf or ¢ubuk St ati on

July 1995 is given in Figure 3.5
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Trajectory Monthly Calculation x|

“wear_haonth 0 hahd): Igﬁ a7 W multi_Locations

Starting Location (Lat Lon Heighttm agli: Locations |
Run Time Chrs): |.12|:| Top of Madel {m agly: 10000

Starting Hours (HH HH ... |14

Wearical

£ 0: data = 1 isob {* 2 isen {3 dens [ 4 sigma

r— Duration
Add Metearolagical Files Clear

Start Cray:
[\RP199506.gbl

DARP199507.gbl I1

End Cray:

—

Execute File: IE:'I.D-:-cumenE and SettingstAdministratonD esktopiTrajStatiln ) |

Dutput Path: IE:'I.D-:-cumenEandSet‘tingE’lAdministrat-:-l’l.Deskt-:-p'l.cubuM.'iQQf al

Load Config

SaveEnnfigl Calculate | Convert Combine |

Figure 3.5 Example of trajectory monthly calculation window of TrajStat

The combined monthly badkr aj ect ory data named as 095
file format because Excel is an appropriate format to transfer trajectory segment
coordinates to Maplinfo for spatial calculations. The small part of prepad d

format is given in Table 3.8s an exaple.
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Table 3.3 Example of back trajectory data format, TrajStat

% % % ;05 S E § é = )

95 |7 |1 [(14(95|6 |27|14|-96 59.21 28.477 | 2382.8 | 758.8
95 |7 |1 |14(95|6 | 27|13 |-97 59.4 28.231 | 2372.4 | 760.2
95 |7 |1 |14(95|6 |27 |12 |-98 59.585 | 27.973 | 2362.3 | 761.5
95 |7 |1 (14(95|6 |27|11|-99 59.777 | 27.699 | 2355.5 | 762.3
95 |7 |1 |14(95|6 |27 |10|-100 | 59.985 | 27.403 | 2376.5 | 759.9
95 |7 |1 (14956 |27|9 |-101 | 60.215 | 27.08 2400.2 | 757

In order to get annual total trajectory data, the monthly files (such as 9501, 9502,
9503 etc.) were also be combined by wusing

Therefore data with 132495 trajectory segments was produced.

HYSPLIT also providerainfall information for every trajectory segment. If the
precipitation data is needed, the unconverted daily data files are used. The format of

files is undefined and size of each file is 40 KB. The daily trajectory data files cannot

be combined since the ar e not in O0.tgsd6 format. They

Command Prompt which is an execution of Microsoft Windows. By using the
command of Ocopy/ bbd, the desired days are
format, then it is again converted to excel formit this study we worked on

weighting trajectory segments with rain, because rain effectively washes pollutants

and if a trajectory passes through a rain event, history of pollution transport, from

that segment backwards is erased. We did not use ompastéor rain weighting in

this study because there were no good methods to test the accuracy of weighting

used.

In this study, the &lays back trajectories for the starting height of 100 m, 500 m and
1500 m were <calculated for each station
during 23years period (for 1980, 1985 and from 1990 to 2010) by using TrajStat

software. \értical motion was selected as isentropic because of the assumption of
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trajectories which is related to constant temperature potentials. Trajectories started at

14 pm for every day and calculated 120 hours backward in time.
3.4. Potential SourceContribution Function (PSCF)

As defined in Section 2.3, the PSCF calculation wadmsed on the Equation 3.1.
The m implies the total number of polluted trajectory segments, while the total

number trajectory segments fdf grid cell.
PSCRK = m; / n (3.1)

In PSCF calculation, the first grid system identified fron? 2@&st to 60 east
longitudes and 7Inorth to 14 north latitudes with cell size of’1o 1° grid system

was created.

Principally, altitude of trajectory segment is not taken into consideration in PSCF
calculation. All trajectory segments which are at different altitudes have same
potential of picking p pollutants. However, in this study, PSCF calculation was
done by applying altitude weightings in order to add the effect of trajectory
segment s6 height. I't is assumed that the
probability of picking up pollunts from surface sources, than trajectory segments
that are close to the surface. We believe that uncertainties in assigning source regions
are minimized by weighting trajectory segments depending on their altitudes. In the
study of Doj anaz @20),GHe pnltituaeneffectYo® RSAF calculations
were discussed. They implied that the trajectories which are far from the receptor
have high altitude levels; hence, possibility of being potential source region

decreases.

Three different altitude weigimgs, which are shown in Table 3.ere tried. For
i nstance, at altitude weighting type 1,
500 meters, the segment is counted as 1.0. The weighing factor 1.0 means that

segment totally contributes to theamsportation of pollutant, and it was used for
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segments which are close to the surface. When the height ranges between 500 and
1000 meters, it is weighted by 0.8. Finally, if the height is greater than 1000 meters,
it is weighted by 0.5It means that iteffect of determining sources of pollution was
decreased by 70%.

Table 3.4 Height weightings used incalculations

0 m < altitude < 500 m < altitude < 1000 m < altitude
500 m 1000 m
weighting factor of 1.0 0.8 0.5
altitude weighing type
1
weighting factor of 1.0 0.5 0.3
altitude weighing type
2
weighting factor of 1.0 0.3 0.1
altitude weighing type
3

In order to calculate altitude weighted PSCF, the trajectory data files were prepared.
The weighting factors were added ttte new column of the file according to the
altitude of each segment. The sulfate measurements were sorted in descending order.
The highest 40% sulfate concentrations were defined as polluted days, therefore the
back trajectories belonging the polluted slayere determined. The same weighting

approach was also used to prepare polluted trajectory data file.

At this stage, the total trajectory data file and polluted trajectory data file were

prepared. The grid file was also ready to perform the PSCF. Tilesa/ére opened

at Maplinfo. While fp was calculated by counting the altitude weighting factors of

total trajectory segments in th& ijrid cell, m was counted by summing the altitude

weighting factors of polluted trajectory segments. These were eduny using

060SQL (Structured Query Languageestionhgl ect 6 t ec
in the GIS softwareSummations of altitude weighted factors (for altitude weighting

type 3) of total trajectory segments in each grid cell for the years of &892000

are shown in Figure 3.tbr Antalya data, as an example. The trajectory data file
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(99 00 _ant_1 altAB) and gird file (sonhakkin2003) were seen, also the summation

of altitude weighted segments (P column) were written as in SQL Select window. As
coosequence, the program was run and the
browser. Same procedure was performed for polluted trajectory segments, hence the
altitude weighted mfor ij™ cell was found. Then the values (Queryl and Query?2)

were updatedtogti f il e by wusing the OUpjdauese Col u
were divided by jvalues as indicated in Figure 3.7Yhus, the altitude weighted

PSCF values for each grid cell were computed.

As defined in Section 2.3.2he numbers of total trajectorggments are different for

each grid cell. If the value is small, the PSCF value has high uncertainty and assigned
source regions become equally uncertain. This problem appeared particularly at the
edges of the study area, where number of trajectoriesrajgttory segments are

few. An approach developed by Zhao and Hopke (2006) was used tewdzgirt

the contribution of grids with few segments in apportionment of source regions.

Hence, the weighting coefficients used in the research of were applieid study.

The approach depends on a weighting of number of trajectory segments in a
particular grid ij with fractions of 1.0 depending on the difference between number
of segments in that grid {hand average number of trajectory segments in all grids

in the study domain &@y). The weighting scheme is given in Equation (3.2).

1.0 £m> 2n £6DQ

e 075 EQDQ< @ 20 £ADQ

VEB= s EB2< ¢ £VQ (3.2)
0.15 ORI

This equation implies that no weighting is used if the number of trajectory segments

in a grid is higher than twice the average number of trajectory segments in whole
grid system. Number of segments in a grid is multiplied with 0.75 if thesn
between twice the average number of segments and average number of segments etc.

This approach down weights the contribution of segments at the peripherals of the
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grid systenthat have small number of segments on assigning source regions based
on the PSCF values.

In PSCF approach one trajectory is calculated for each sample. Since there is not
necessarily 360 samples collected in every year, number of measurements and thus
nunber of trajectories are not large enough to calculate statistically significant PSCF
values in some of the years when sampling is not complete due to various problems
in the stations. To avoid this PSCF calculations, in this study, were performed with

two-year increments.

All back trajectories, for the days with $Odata, were combined in an excel file,
which was then opened with Mapinfo software and trajectory segments were
distributed based on their longitude and latitude values, using the Create Points
option. Also the prepared grid file was opened by using Updakemn option.

Another factor affecting the PSCF values is rainfall amount of trajectory segments.

When the rainfall amount of trajectory segment is high, the pollutants which are

transported with air masses are washed out. In other words, previousisegreeno

longer effective for calculation of pollution sources. The probability of being a

pollution source before the segment is low because of the washout of pollutants.

Yél maz (2010) devel oped a wei gueighttheg s c he me,
contibution of prerain segments to identification of potential source areas. In that

study, the best result was obtained by selecting the rainfall weighting as 0.2 mm.

At the beginning of the study we started t
(2010). Thus, 0.2 mm rainfall weighing was used. This means that if a trajectory

passes through a rain event, which is > 0.2 mm all segments before that point are

multiplied by zero (deleted) and they do not contribute to segment counts in their

respective grids.

The use of rain weighting was completely abandoned because there were no way to

check the accuracy of the weighting scheme and uncertainty of rainfall calculations
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at each grid was high and we were not sure if the altitude of rain event matches with
the dtitude trajectory segment. However, the logic for the need for rain weighting is

valid and we may work on such weighting in the future.

3.5. Regions of Influence (Rol) Approach

Regions of I nfluence approach washisorigin
study altitude weighting was added to original Rol method and the method is used to
understand how source regions changed in time in four locations in the Eastern and

Western Mediterranean basins.

Rol can be considered as source oriented trajectatigtics, which is different from
most of other methods involving trajectory statistics as most of them are receptor

oriented statistical tools.

While conducting Rol, S©emissions were used as an input. EMEP has a database
where emissions of S@nd otler pollutants are kept in gridded form. Emission data

is available for the years 1980, 1985 and from 1990 to 2010. Because of this these
are also the years for which we calculated Rol distributions. And, back trajectory
information for each of these yearsis generated using TrajStat code for each of the
four stations. The grid system used in Rol calculations were discussed before and

will not be repeated here.

Rol is a very simple computational scheme. Number of trajectory segments in each
grid cell was ounted and multiplied with the S@missions in that cell. We applied
altitude weighting in as we did for PSCF calculations. For each station, yearly back
trajectory data with altitude weighting constants were prepared for each of the grids
in the systemThis altitude weighted segment count in each cell is multiplied with
the SQ emission value obtained from EMEP data base for that particular cell. This
procedure can be formulated as:

R0|ij =Ny | i E (3.3)
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Here Roj is the region of influence value for grid cell ij; i8 the number of altitude

weighted segments in grid ij ang 5 the SQ emissons in grid ij.

Advantage of the Rol distributions over PSCF calculations is that Rol does not
require measurement data and thus can be used for wherever and whenever there is
SO, emission and trajectory data. That is why we calculated Rol distributans f
four selected stations (¢ubuk, Ant al ya,

Western Mediteranean).
Although Rol calculations were performed in a gridded format, we also took the

average of all calculated Rol values in all grids of countriesurojge. In this way

we also generated country based distributions of Rol in Europe.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1. Investigation ofWeighting Trajectory Segments, Basen Their Altitude

As explained beforegltitude of a trajectory segment (or an air parcel) directly affects
its potential to pick up a pollutant from a source region and transport it to the
receptor. Because of this, equal treatment to all trajectory segments without paying
attention to their litude can increase uncertainty in identification of source regions.
This is overcome by weighting trajectory segments depending on their altitudes. The
need for altitude weighting is also depicted in Figure 4.1. Results of a PMF study
perbormed on Antalg a er o s o Irk edah,2042) Wa¥ ased¢iniffure 4.1 In

any PMF study one of the outputs issGores, which correspond to factor scores in
conventional factor analysis.-&ores of a factor are a measure of the weight of that
factor in that particlar sample. When Gcore of a factor i for a particular sample j is
multiplied with the factor loading of an element in that factor x, result is the

contribution of factor i to concentration of element x in sample j.

We have selected-6&cores of rarine (factor 4) and anthropogenic (factor 2) factors

in Antalya PMF study to demonstrate the rationale for altitude weigmilRSCF

and Ro calculations. We selected marine factor, because sources are well defined
(Black Sea or Mediterranean Sea). Anthropagdactor was selected to show that
source regions are different from marine factor. In both cases trajectories that

correspond to the highest 20% of factor scores are plotted in Figure 4.1.
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Top views of the trajectories that are associated with the $tigt®86 of the marine
factor are depicted in Figure 4.1a. this top view, trajectories cannot be directly
related to a marine source at first sight. However, when same trajectories are viewed
from one of the sides, as showm Figure 4.b, it becomes cleathat all of the
trajectoriestouchto the surface of eidr Mediterranean or Black Sea. This clearly
demonstratethat location of low lying trajectories is more important to identify the

marine factor.

Figure 4.b shows sideview of trajectories thatra associad with the highest 20%

of the mwllution factor (Rctor 2) in the same exercisk this case none of the
trajectories touches to sea surface, but their segments are close to the surface over
Turkey, Balkan countries, Ukraine and Russia, whioh #he source regions of
pollution aerosols affectg almost all parts of Turkeyiscussion of source regions

found in that PMF exercise isejpond the scope of this studdowever, figures

clearly demonstrate the need for altitudeghéng applied in tts study. Sideview

of trajedoriesis plotted usingsoftwareof PloTra (version3.0).
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Figure 4.1 Top and side view of trajectory groups associated with highest 20% of
pollution and marine factor scores in PMF study performedon Antalya aerosol data
(¥zt¢rk et al ., 2012)

PSCF, as a receptoriented trajectory statistics method, is commonly used to
identify regions having higher potential to be source of pollution for a given receptor.
In basic calculation of PSCF method, #ie motion mechanisms such as diffusion,
chemical transformation or atmospheric scavenging are omitted and these omissions
make the model qualitative. In other words PSCF provide information on the
locations of potential source regions, but cannot quawmétg tell how much a
pollutant (such as SP) is transported from identified source region to receptor. The
model has also some uncertainties in locations of source regions, which is mainly

due to (1) uncertainties in trajectories (or uncertainties h@e toordinates of
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segments) and (2) equal weighting of segments at all altitudes and (3) ignoring the
effect of scavenging on particle loadings of air masses.

There is not much can be done on horizontal and vertical uncertainties of trajectories.
There hd been several studies in the past to assign horizontal uncertainty as a
function of distance from starting point (Walmsley and Mailli&83; Kuo et al.
1985; Kahl and Samspri986; Merrill et al, 1986; Rolph and Draxlerl990;
Schoeberl et g11992; Bowman 1993; Doty and Perkey993; Seibert1993;Stohl
and Wotawal995; Stohl and Seibert998; Bourqui2006; Davis and Dacy2009).
Although there is no agreement between studies, it is typically accepted that

horizontal uncertainties can be as hagh20% of the distance traveled (Stohl, 1998).

In this study influence of equal treatment of segments at all altitudes were
investigated and a weighting scheme was developed to minimize the uncertainties in
identification of source regions due to thieatment. Once weighting criteria was

selected it was then used in all subsequent PSCF and Rol calculations.

Although we also worked on the rain weighting and attempted to develop another
weighting scheme to reduce uncertainties arising from ignoring seavenging,
eventually we decided not to use it in this study because (1) there were too many

assumptions involved and (2) it was difficult to test the accuracy of the results.

Because of the different capacity of picking up pollutants at differentices, much

more pollutants are collected at the low altitude segments than the high altitude
segments. It is assumed that application of altitude weighting in PSCF calculation
reduces the uncertainties forming from altitude differences. Therefore, altitud
weighting function was applied in PSCF calculations. While applying weighting
function, altitude of segments was divided into three parts betwegdQr, 500
1000m, and (greater than)>1000m, and weighted each part separately. Each
trajectory segment aoading to its altitude belongs to one part, so it is multiplied
with related coefficient. Therefore three different altitude weighting types were

created with different coefficients anuetse were mentioned at Table.3.4
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As shown in Table 3,4he segment&hose altitudes range between 0 m and 500 m
were multiplied by 1.0, segments ranging between 500m and 1000m were multiplied
by 0.8, and segments higher than 1000m were multiplied by 0.5 for the first
weighting function. On the other hand, at second weighunction, the weighting
constants were defined as 1, 0.5, and 0.3 for the same altitude ranges. Segments
located between 0 m and 500 m, segments located between 500 m and 1000m and
segments located higher than 1000m were weighted with the condtant3.8, and

0.1, respectively at third weighting function.

In order to understand results of the three weighting functions, PSCF values of
¢Cubuk station for t he combined years 1
calculations were repeated by every threggivmeng functions. The obtained results

were shown in Figure 4.2.
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Figure 4. 2 Effect of three different altitude weighting preferences to distribution of PSCF
values at ¢ubuk station for the combined
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At such methods based on trajectory statistics, the accuracy of results depends on the
segment numbers in grids. In order to have an opinion on uncertainties at grids,

segment numbers in each country stated in the grid system are shown in Table 4.1.

Table 4.1 Number of total trajectory segments without altitude weighting and with three

different altitude weightings for countries in grid system used at PSCF calculation

Country Total Total Total Total
trajectory trajectory trajectory trajectory
segments w/Q segmerts w/ segments w/ segments w/
altitude altitude typel altitude type2 altitude type3
weighting weighting weighting weighting
Saudi Arabia | 290 181.9 (-37.2%) | 145.6 (-49.8%) | 119.6 (-58.7%)
Algeria 1328 776.7 (-41.5%) | 553.5 (-58.3%) | 349.7 (-73.6%)
Liby An Arab | 1335 894.4 (-33%) | 697.6 (-47.7%) | 533.6 (-60%)
Jamahiriya
Egypt 548 337 (-38.5%) | 276.7 (-49.5%) | 224.9 (-59%)
Iran 678 452.3 (-33.3%) | 373.3 (-45%) | 305.9 (-54.8%)
Morocco 86 46.6 (-45.8%) | 30.4 (-64.6%) | 14.4 (-83.2%)
Jordan 328 243.8 (-25.6%) | 206.9 (-37%) | 181.1 (-44.7%)
Iraq 1329 823.8 (-38%) | 678.7 (-49%) | 569.7 (-57%)
Tunisia 561 341.9 (-39%) | 230.6 (-58.8%) | 134.6 (-76%)
Israel 45 30.5 (-32.2%) | 25.6  (-43%) | 21.2 (-52.8%)
Syrian  Arab | 1784 1267.2 (-29%) | 1028.7(-42.3%) | 854.1 (-52%)
Republic
Lebanon 223 165.7 (-25.7%) | 132.9 (-40.4%) | 109.5 (-51%)
Spain 399 208.7 (-47.7%) | 133.2 (-66.6%) | 59.6  (-85%)
Turkey 37014 25161.2(-32%) | 19821.7 (-46%) | 15315.1 (-58%)
Portugal 45 22.5 (-50%) | 13.5 (-70%) | 4.5 (-90%)
Italy 1304 703.6 (-46%) | 4445 (-66%) | 199.1 (-84.7)
Greece 1366 820.9 (-40%) | 552.6 (-59.5%) | 310.6 (-77.2%)
Armenia 93 60.9 (-34.5%) | 45.4  (-51%) | 32.2 (-64.4%)
Azerbaijan 125 74.4 (-40.5%) | 49.1 (-60.7%) | 26.1 (-79%)
Albania 230 127.6 (-44.5%) | 87.5 (-62%) | 50.1 (-78.2%)
Macedonia 186 99.8 (-46.3%) | 69.6 (-62.5%) | 42 (-77.4%)
Bulgaria 1991 1077.7(-45.8%) | 693.3 (-65%) | 336.3 (-83%)
Georgia 514 331.8 (-35.4%) | 240.1 (-53.2%) | 165.5 (-67.8%)
Russian 10567 5893.7(-44.2%) | 3897.2 (-63%) | 1999.6 (-81%)
Federation
Kazakhstan 379 220.1 (-42%) | 154.1 (-59.3%) | 94.3 (-75%)
Andorra 23 11.5 (-50%) | 6.9 (-70%) | 2.3 (-90%)
France 1301 708 (-45.6%) | 445.6 (-65.7%) | 197.2 (-84.8%)
Yugoslavia 1191 711.5 (-40.2%) | 498.5 (-58%) | 303.5 (-74.5)
Bosnia  And | 400 232.4 (-42%) | 153.7 (-61.5%) | 80.3  (-80%)
Herzegovina
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Table 4.1 (contd) Number of total trajectory segments without altitude weighting and with

three different altitude weightings for Countries in grid system used at PSCF calculation

Country Total Total Total Total
trajectory trajectory trajectory trajectory
segments w/Q segments w/ segments w/ segmerts w/
altitude altitude typel altitude type2 altitude type3
weighting weighting weighting weighting
Croatia 412 220.2 ¢46.5%) | 138.9 (66.3%) | 61.5 {85%)
Romania 2808 1489.6 {47%) | 968.5 (65.5%) | 465.1 ¢83.4%)
Ukraine 6262 3403.8 {45.6%) | 2235.3 (64.3%) | 1109.9 ¢{82.3%)
Switzerland 207 118.8 (-42.6%) | 91.4 (55.8%) | 64.6 (68.8%)
Austria 448 253.4 (43.4%) | 169.5 {62%) | 88.9 {80%)
Slovenia 48 25.7 ¢46.4%) | 17.5 {63.5) | 9.7 {80%)
Hungary 703 356.9 (49.2%) | 221  (68.5%) | 87.4 (87.5%)
Moldova 429 221.1 ¢48.4%) | 136.2 (68.2%) | 53 (87.6%)
Germany 1101 569.9 (48.2%) | 367.7 (66.6%) | 170.3 (84.5%)
Slovakia 220 114.6 {48%) | 72 (67.3%) | 29.6  {86.5%)
Luxembourg 20 10.6 {47%) | 6.4 {68%) | 2.4 (-88%)
Czech 279 129.9 (53.4%) | 78 {72%) | 26.4  (90.5%)
Republic
Poland 1331 664.1 {50%) | 408.7 69.3%) | 156.5 {88.2%)
United 407 207 {49%) | 127.4 (68.7%) | 47.8 (88.2%)
Kingdom
Belgium 19 9.5 (-50%) | 5.7 {70%) | 1.9 {90%)
Netherlands 79 37 {63%) | 22.2 {72%) | 7.4 €90.6%)
Belarus 719 384  (46.6%) | 250.5 (65.2%) | 119.5 {83.4%)
Ireland 69 34.5 {60%) | 20.7 {70%) | 6.9 {90%)
Lithuania 93 46.5 {60%) | 27.9 {70%) | 9.3 {90%)
Denmark 94 47 {60%) | 28.2 {70%) | 9.4 {90%)
Sweden 730 365 {60%) | 219 {70%) | 73 {90%)
Latvia 118 59 {60%) | 35.4  (-70%) | 11.8 {90%)
Norway 348 177 {49%) | 106.4 (69.4%) | 36.8 {89.4)
Estonia 62 31 {650%) | 18.6 {70%) | 6.2 {90%)
Finland 402 201 {60%) | 120.6  {70%) | 40.2 {90%)
Total 83071 51205.2 {38%) | 37580.7 {64%) | 25332.1 {69%)
Trajectory
Segments

As seen in Figure 4.2, the PSCF results prepared by using altitude weighting types 1
and 2 are not so different than PSCF distribution obtained without any weighting. On
identification ofsource regions, these two altitude weighting schemes had minimum
effect because of the small \hting factors (coefficientsince trajectory segment

altitudes are expected to higher at the edges of our study domain, we were expecting
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to avoid artifactan those regions by dowwwveighting highaltitude segmemst This

would also be morén agreement with literature. Source regions of pollutants (not
necessarily S§3) wereinvestigated extensively by our group and other researchers

by using a variety ofechniquesPoj an et al ., 2010; Gul I'u
al ., 2014; Kar aca eta?2@a0b;Ozturkebal, 2012; Raubetk et
al., 2003. Results in most of these studies suggest that anthropogenic sources
affecting concentration gfollutants at Eastern Mediterranean are quite local, namely
Balkan countries, Russian Federation Ukraine etc. Consequently, a distribution of
PSCF values after weightingegmentsshould be consistentvith this general
conclusion.However, with weighting cheme #1 and #2t did not work out that

way. The outside reigns are not properly cleaneBistribution obtained by using
weighting scheme 3 is m® in line with the literatureBased on this argument,
among three weighting types, third one was seletielde used in the rest of the

study.

How segments in countries that take part in different parts of the study area are
affected by three weighting schemisgjiven in Table 4.1. Also percent difference of
total trajectory segments of each type with resgectotal trajectory segments
without altitude weighting is given in parenthesifiere is approximately a total of
83 000 segments when there is no altitude weightingapasied. That number is
reduced to 51 000 when weighting system # 1 is used ar®¥ t600 when #2
weighting scheme was applied and to 25 000 when weighting scheme was
applied. Naturally larger fraction of segment reduction (or demeighting) was
observed atthe edges of the study domaiRor example, number of segments
decrease by dactor of five when altitude weighting scheme 3 wapligd to
segments in Bulgariddowever, corresponding reduction was an order of magnitude
in the United Kingdom and Norwait is clear from segment counts that trajectory
segments in a grid which arlecated >1000 m from surface has very little

contribution to PSCF value calculated for that grid.

From this point on, in all PSCF or Raalculations, PSCF and Rol values were

compued using weighting scheme #Bhat is to say, in every grid cell number o
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segments whose altitudes range between 0 m and 500 m are multiplied with 1.0,
number of trajectory segments whose altitudes range between 500 m and 1000 m are
multiplied with 0.3 and number of segments with z > 1000 m were multiplied with
0.1.

Usually \isualization of PSCF values in their distribution over thedg domain is

also importantWe tried three different legends to depict distribution of PSCF and
Rol values in our grid systerithese are given in Figure 4 Bistributions shown in

the figurear e PSCF di stri butions calcul at ed
1993+1994.

In legend#1 PSCF values be&een 0.4 and 1.0 are colored. Values < 0.4 are left
white. In this legend scheme important and moderate source regions are shown and
weak source regions are rgignificantly consdered.Please note that PSCF value

0.4 for a grid i means that if 100 trajectories that are interrupted at our station passes
throughgird ij, 40 of themare expected to corresportd high SQ? concentration

(top 40%).

Grids with PSCF values between 0.6 andakécolor coded in legend #2nly very
strong source regions are depicted wheu goly color PSCF values > 0.8loderate
saurce regions which are also important in terms of their influence on chemical

composition of atmospheric aeodsit the receptor are ignored.
All PSCF values betwee0 and 1.0 are color coded iegend #3. Althoughhis

legend scheme is being usby resarchers, we feel that even very weak source

region are colored and thisapbe confusing in many cases.
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Figure 4.3Di stri buti on of PSCF values for a ¢ubuk
weighting type 3 with legend 1legend 2 and legend 3.

Based on the Figure 4.3, lege#itl which shows PSCF values vary between 0.4 and
1 was selected as most suitable visualization. Therefore the PSCF results were stated

by using legend 1 in this study.

4.2. Variation in SO, Source Regions as Determined by PSCF Approach,
Between 1993 ad 2006

The main objective in this study was to understand how sulfate source regions
affecting SQ* concentrations measured at different parts of Turkey and
Mediterranean have been changed from 1980 to 2010. Since the beginning of 1970s,
high sulfate concentrations have been measured in the Eastern Mediterranean region.
Therefore the sulfate is a sigindint ion in this part of the world. At the beginning, in
806s and esacohcgntrafiodsdnseasBed in the diterranean area was
comparableo the SG* concentrations measured in other parts of Europe. However,

starting with 1990 Sg concentrabns measured in the EMEP network started to
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decrease with actions taken to reduce, @@issions. These actions proved very
effective first in the Western Europe and then in Eastern Europe. Todgy SO
concentrations in EMEP network is approximately 70%l&n than corresponding
concentrations measured in 70s and 80s (Lajtha and Jones, 2013; Colette et al., 2011;
Forsius et al., 2001).

However, it was seen that $Ovalues measured in the Mediterranean region did not
decrease at the same rate with Eurdpeal reason of this situation is not known yet.

Although, the high Sg concentrations in the Eastern Mediterranean have been
mentioned in many studies till today, there is not any article written about the

potential cause of it.

In this study, the clification of how the sulfate source regions affecting Eastern
Mediterranean region changed irstlaB0 years wasliscussed. This is important
because it provides information about past and current source regions affecting

Eastern Mediterranean atmosphere.

Variation in source regions were discussed vitith PSCF and Rol approaches.

Results of the PSCF approaate discussed in this sectiofime period covered by

PSCF was girter that that covered by Rdbat a fr om ¢ubuk and Ar
were used in the PSCF analydiirly large SGF data set is needed to apply PSCF
technique to find S& source regionsAlthough there are many SOdata sets

generated in different parts of Turkey, there are only two stations \aiad long

enough da. One of the stations is about 20 km east of Antalya, a picnic area
belonging to the Ministry of Forestry and Water Affairs and it is established and
operated by the Department of Environmental Engineering of Middle East Technical

University. Thisstatom s r ef erred as AAntalya Station
Aerosol and trace elements in rain water and ions collected at Antalya Station from

1993 to 2000 were analyzed. Sulfate concentrations obtained by aerosol samples

from the ion measurement were used in shigly.
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There were dataon $®concentrations in rainwater in b
stations those data were not used in this study, because rain data is generally fewer

that aerosol data in most of the sampling locations. Annual number of rainy days in

the Antalya region is fewer than 100 per year. Thus, the highest number of rain

sample collected each year is 100. Whereas the number of aerosol sample collected

annually ranges from 200 to 300. Because of higher statistical reliability of results,

the aeosol data were preferred.

On the otherSthaatnido,n of ¢wiabsukest abl i shed and ru
Health within framework of the EMEP program between 1993 and 2006. In 2006,

the station was transferred to the Ministry of Environment and UPksming. Since

2006, the Ministry has not been successful so far for the operation of the station.

Thus, daily S@ concentrations generated by the Ministry of Health from 1993 to

2006 were used for this station.

In order to understand how source regidrave been changed in time, the PSCF
technique was applied to twear periods for these stations. Implementation of two
year period rather than otyear period was preferred because measuring data of the
stations have some missing data for some yeathe|PSCF was applied to annual
periods, the statistical reliability of the results, at least for some years, would likely

be too low. This is true for both stations.

In this way, the PSCF was applied to the period of four consecuyeardperiods
between 1993 and 2000 in Antalya Station. On the other hand, the period of seven

consecutive 2/ears between 1993 and 2006 was ve st i gated i n ¢ubuk St

The PSCF results were discussed in three different levels. First, distribution of PSCF
values in our gd system was visually investigated and visible changes were
discussed. Secondlthe PSCF values of each grid calculated for the first period was
subtracted from PSCF values of the same grid calculated for the previmes 2
period or a reference-year period and percent change between them were plotted

and discussed. Distributions of the percent change were also shown by using the GIS
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software, Maplnfo. With these figures, distributions of differences of PSCF between
periods were examined. Obviousliig approach is more quantitative than the first
level, which depends on visual assessmamly. Finally, in the third level, the
average PSCF value of each country was calculated based on the PSCF values of the
girds covered by countries. The effects otiotries or individual grids on sulfate
concentrations measured at the two stations were analyzed for different periods of

time, because data coveragassn ot t he same in Antalya and

4.2.1. Antalya Station

For Antalya Station, PSCF valuealculated for the two year periods were shown in

Figure 4.4. While showing the distribution of PSCF values, the grids whose PSCF
values are smaller than 0.4 are shown in white in order to avoid confusion and
highlight only the moderate and high potensialirce regions. Therefore, a large part

of Europe was shown as white which indicates that there is not large enough source
region which can be classified as fAmoder

there is not any source in Europe.

When analyzig the source regions affecting the measured sulfate concentrations in
Antalya station, it is seen that the important source regions include Balkan countries
particularly Greece (especially Athens region), Bulgaria, Romania and the area to the
North East ofTurkey, which contains Georgia and Azerbaijan and eastern parts of

Ukraine.

As seen in Figure 4.4 gdribution of PSCFrepared for the years 199994 shows

that the source regions extend to the North of Italy and Central Europe. On the other
hand, digributions of PSCF for the years of 199996 and 1992000 implies that
source regions affecting the Antalya Station and more generally Eastern
Mediterranean region are more local. The source regions are limited to Balkan
countries, eastern part of Ukrainwestern part of Turkey and a region close to the
North Eastern border of Turkey. It generally explains why?Séncentrations did

not decrease in Eastern Mediterranean region contrary to Europe.
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Distribution of PSCF values for years 199B98 is sligkly different from
distributions discussed for previous years. Although there were no significant source
regions identified beyah Romania in the years 199394, 19951996, Central
European countries and southern parts of Germany appeared as modexatgly st
source regios in the years 1997998. These distant source regions did not appear in
PS@F performed for 1992000. We do not know the reason for such unexpected
modification in identified source regions for these two particular years, a different
meteorological regime, which was specific for these years, was suspected.
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Figure 4. 4 Distribution of PSCF values for Antalya Sation with two year intervals between
1993 and 2000Altitude weighting was used in PSCFealculations

Two important points stand out in terms of the distribution of the source regions in
time. The first one is a marked region which is at east of Ukraine seems to be an

important source. Although PSCF values calculated in this area has déclimad,
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the area measurements made in recent years A8%3 indicate that the marked

region has still been a major source for Antalya station.

There is also a similar region which covers Armenia, Azerbaijan and Georgia in
Northeastern Turkey. Thisg®n seems to be an important source for Antalya and
also still maintains its importance in 2000, which is the last year of the
measurements. A series of industrial facility with Reyhission exists at the
Georgian border of Russia. In addition, Azerbaigeems to be an important source
of SO, until recent years.

At the second stage of the study, the difference of PSCF values betwegeaatwo

periods and the period of 199894 were calculated based on grids and the
difference was expressed age@rcentage change with respect to values of 11993
19914. The distribution of e a ¢l994 prethei o0 d 0 s
basis of grids is shown in Figure 4.5. Different shades of green in the figure indicate
that PSCF values in those grids are en@han corresponding values in 1993+1994.
Different shades of red, on the other hand indicate that emissions increased relative

to base period.
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Figure 4.5 Grid -based percentifferences between biyearly PSCHlistributions.
Differences were calculated between different years and 1993+1994

There are few interesting points at the distribution of PSCF differences. In the years
following the period of 1993994, the green areas are in majority, particularly in
Western Europe, indicating that PSCF values decreased compared t499993
period. However, there are increases observed in some of the grids. Most of these
grids take place at former USSR countries. Both the decrease observed in western
European countrieand occasional increases observed in Eastern European countries

are in close agreement with literature.

Sulfur protocol, which was formed as an annex to Long Range Transboundary Air
Pollution convention, became effective in 1994. Most of the countrié¥estern
Europe took necessary measures to reduce theire8sions. Eastern European
countries, on the other hand, were economically weak after the etépise Soviet
Union in 1991.Reductions in S@emissions in Eastern Europe occurred later with
the help of he Western European countri®ease note that all periods we used in
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Ant al ya PSCF Shusudcyeasesobserved i RSEE values in grids in
the WesternEurope and increases observed in Eastern Europe agegement with

this sceario. When PSCF values calculated for the year 2000 are compared with
base period (1993994), a general reduction in PSCF values is noticed in whole
study area (except for a limited number of grid).

Another noteworthy point in Figure 4.5 is increase of PSCF values in Turkey over

t he year s. Thi s I mpl i es t koartes an8@> ef f ec
concentrations measured at Antalya station increased in Time.is partly due to

decreases in carbutions of foreign sourcesinfortunately this weakens our hand in
international platform,no matter what the reason iSince SQ emissions are
decreasing in other Balkan Countries, like Bulgaria, Romania as they became
members of EU antlaveto complywith EU directives, contribution of our country

to SQ levels in Antalya station and elsewhere in the Eastern Mediterranean basin

are expected to increase in time.

PSCF values of source regions detected i
with Georgia donot decrease significantly in time. On the other hand, while Ukraine

was the most important source region affecting Antalya at the beginning of the
1990s, the PSCF values compared to 1993 decreased substantially by the 2000s.
Even though PSCF vads of source regions located in eastern part of Ukraine
decreased, the region is still important source region fo§* S®ncentrations

measured at Antalya.

In the third step in evaluating PSCF values calculated for Antalya station, Country
averages of RSF values were calculated for the first time. PSCF technique has been
used in many thesis studies in our group; however PSCF results in terms of countries
have not been discussed up to now. Codbérsed distribution of average PSCF
values for Antalya Stain is depicted in Figure 4.6, with tweear intervals. It is seen

that the sources affecting $O concentrations measured in Antalya are ltaly,
Ukraine, Romania, Greece, Georgia and Turkey in gmafiod. Contributionof

distant countries to S® concertration measured in Antalya is less comparing with
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the closest countrigs all time segments. One feature afdire 4.6, worth notingis
that minor influence of distant countries, such as, Germany, Poland, Bepablic
and Hungary can be seen in thelieatime segments, such,&931994 and 1995
1996. However, contribution of these countries disappeared entirely in last time

segments.

1995+1996
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Figure 4. 6 Country Average of two years period PSCF results using altitude
weighting type 3 for Antalya Station between 1993 and 2000

In 2000, source regions were limited with the Balkan countries. Ukraine seems to be
a source until 1998; however it was not a major source in 2000. It is known that
eastern region of Ukraine was also an amant resource in 2000. However, when

calculating the average for the whole of Ukraine, the high PSCF values calculated in

the grids that correspond to eastern parts of Ukraine disappeared.
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Georgia seems to be an important source region in 1993 and sBtia source in

2000. Since these countries are very small, the grids can cover more than one
country. In fact, there is an industrial area in Russia Federation, which is very close
to Georgia. Probably, Georgia appears as an important source aré&Ojfor
concentrations measured at Antalya because of this industrial area. Stevens et al
(1984) also reported contribution of two highnitting smelters in this industrial area

on concentrations of anthropogenic elements and ions, including, @ their
sampling point in Georgia.

4 . 2. 2. Cubuk Station

Sul fate data is available at Cubuk Stat.i
PSCF was run for these years. As given in Figure 4.7, the important source regions
affecting S concentrations measured in ¢ubuk i
1996) are almost all Balkans, eastern region of Ukraine, the border of Georgia and

Russia Federation, western and southeastern parts of Turkey.

At the end of the 1990s (between the yedrd397 and 2000), Balkans are still an
important source region. However PSCF values were not as high as in the early
1990s. Both eastern and western parts of
Station. Eastern region of Ukraine and the border ofr@a@nd Russia Federation

were still source regions, but the PSCF values of these regions reduced compared to
1990.

In the period of 2000 to 2004, importance of eastern and western parts of Turkey as
source regions increased. Balkans, eastern regiondki#ine and the border of
Georgia and Russia Federation were still source regions, but PSCF values have
decreased compared to the early 1990s. The distribution of PSCF k2Q06%vas

not much different from the previous two years.
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Figure 4.7 Two years period of PSCF results using altitude weighting type 3 for
Ccubuk Station
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The difference graphics which are given in Figure 4.8 are interesting. In central
European countries such as Poland, CRsgpublic, Hungary and the western part of
Russia Federation, ¢hPSCF value of 19996 and 19998 were higher than PSCF
value of 1993294. Increase of the PSCF values at some parts of this mentioned
regions continued up to 2006. This may be due well dontedefact that S©
emission control in former USSR countries become effective after the emission
control applied at the western European countries. There is another point that should
also be considered. The PSCF values calculated for these regions niglyeoehan

the previous yearodos PSCF value, but PSCF
Since these regions were not important source regions fof $@ncentrations
measured at the central Anatolia, change of PSCF values with respect to time may

not be so important.

Maybe more important point to note is that PSCF values for grids that include
significant source regions, such as Balkan countries, Ukraine, Turkey and Georgia
did not decrease significantly between 1993 and 2006. On the contrary vVBBES
calculated for regions like eastern regions of Turkey, Georgia, and western Ukraine

was higher in 2006 than they were in 1993.
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Trends observed for the Western European countries were different from trends
observed in main source regions for Central Anatolia. The PSCF values in Western
European countries decreased steadily after 1993. The point to be considered is that
Western Europe was not an important sou
Decreasing tetency of the PSCF values calculated for Italy and some Balkan
countries is more important than the decrease observed in Western Europe. Because
these countries significantly contributed to $@oncentrations measured in 1993s

in ¢ubuk. Their contribution decreased si

Average PSCF values of countries are shown in Figure @dhtributions of
European countries to PSCF values in ¢u
betweenl993 and 2006. In 1993s, Central European and Balkan countries, Ukraine,

and some Middle Eastern countries, especially Syria shown in yellow were the most
important source regions. Looking at the average values of PSCF on the basis of
countries in 2006, iis seen that same countries were still the most important
countries affecting ¢ubu kolmderasource negionsft Eur
Principally, this explains why S® ion concentrations in the Eastern Mediterranean

region did not decreasetilmecent years.
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Figure 4.9 Country Average of two years period PSCF results using altitude
weighting type 3 for ¢ubuk Station bet wi
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4.2.3. RelationbetweenPSCF Values and S@Emissions

Variation ofsource regions affecting $Oconcentrations measured at Antalya and
Cubuk stations in time was discussed in

the PSCF part, three more questions should be addressed:

1. Is source regions identified for Antalyma ¢ubuk stations U
distributions consistent with distribution of $&missions in Europe and near
East?

2. Can the source regions found with PSCF calculations be related with known
industrial activities in the study domain?

3. To what degree the sourcee gi ons cal cul ated for Ant

similarities and differences.

The first two questions wemiscussed in this section, as they are related. The third
guestionwill be addressed in the following section, because it is independent from

the first two questions.

SO, emission distribution maps and data in Europe for years, 15880, 1995,
2000, 2005, and 201@ere obtained from EMEP database, to see the variation of
SO, emissions in Europe. Distributions of emissions in these years are given in
Figure 4.10.
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Emission distribution maps show that the amounts of emissionsdeaveased in
Europe, especially beginning from 1995. This is the information that has already
been discussed widely in literature. However, the decrease did not start at the same
time and was not with the same rate in all parts of Europe.

Because of beeni ng r egi onal and gl obal air pol
increasing problems of acid rain in Europe, fir@ meeting related to the long range

transport of pollutants was organized byited Nations Conference on the Human
Environment in 1972. Bnsport of particles and gases via the atmosphere is the most
important mechanism for dispersion of pollutants in the regional and global scales.
Because of the absence of boundaries within the earth's atmosphere, gases and
particles produced from one posource can be transported around the globe.

Therefore, as consequences of first sulfur protocofire reduction in Sg&
concentrationsn especiallydeveloped and industrial countries, Western European
Countries which are more close thechnologicaldevelopmerg such as cleaner
production techniquesvas reported. Totallythe reduction of sulphur emissions
between 30 and 60% by 199&as satisfied with this protocoMoreover effects
based approach, the critical load concept, best available technelwggy savings

and the application of economic instruments became important in second sulfur
protocol in 1998.Also it can be said that theecond sulfur protocol was more
effective for Eastern European Countries in comparison to first protocol. Because
enforcements were more effective and technological developments were more
accessible for all countries. Therefore, with the application of protocol, the critical

acid loaded area decreased to 15 %HE0in Europe.
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Figure 4. 11 Variation in SO, emissions in selected Western and Eastern
European countries

Earlier and faster decline in emissions was observed in Western Europe. This is
fairly obvious in Figure 4.10 and Figure 4.11, where country based emissions are

plotted for selected western and eastern European countries with two year time

intervals. On the other hand, decrease in emissions of Eastern European countries

started later and is occurred at a slower rate. For example Poland has still high
emissions in the year 2010ne interesting point in both figures is the unique pattern

of Turkish emissions. Start of emission reduction and its rate in the Western Europe

is not very important for the stations selected in this study for PSCF calculations,

because Western Europad never been important source regions for Antalya and
day Turkey is the

Cubuk stati
show any decreasing trend. This may have significant implications for our country if

ons. To

only <co

we do not something about our esions. This variation or lack of variation 5O

emissions in Turkey is very nicely picked up by our PSCF calculations. For both

Ant al ya

and

¢ubuk
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important source regions affecting $O0concentrat o ns a't ¢ubuk and

stations. But it turned out to be the most important source region in the PSCF runs
performed for the year 2000 in Antalya
that if this exercise is repeated in the future, Turkey willheeanly source region.

As mentioned in Section 4.2.1 and 4.2.2, the source regions which have considerable
Il mportance for both Antalya and C¢Cubuk
Greece, Romania and Bulgaria because of their closer proximayrtstations in
Turkey), the eastern regions of Ukraine, Georgia, and region of Russia Federation
which is at the north of Georgia. Tirgepended variations in S@missions in these

regions are the ones we have to investigate carefully.

These source regns, (namely, Greece, Bulgaria, the east part of Romania and
Ukraine, Georgia, and Russian side of Georgia Russia border) are marked by blue
circles in Figure 4.10. Distributions of emissions in areas circled with red line in

different years were then coamed.

These regions remained as high emitting areas in Europe until 2005. They stand out
as high emitting areas even in 20Rease note that our PSCF calculations do not
extend to the year 2010, due to lack of;S@easuement data in years after 2006.
Variation in source regns in more recent years wdscussed in com@ sections

using Rol approachin the period for which we had measurement data, source
regions that are common for both <¢ubuk
PSCF distributias are all high emitting area§his agreement between emissions
and PSCF values is impressive and a good demonstration of reliability of PSCF
calculationsHowever there is an exceptione of the consistent source areas found

by PSCF calculations is aearound the border betweere@gia and Russian
Federation.This region had fair amount of emissions in 1980 and early 1990, but
emissions decreased significantly in later years, but our PSCF calculations kept on
showing that area as potential source dm@aSQ;” concentrationsmeasured at

¢ ubuk an dittiisrpoird it iy ret.clear whether it is due to some sort of error
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in PSCF calculations or it is due to, intentional or unintentional, poor quality

emission reporting.

Another point is notthe graual increase in Turkish emissions, parkely in

Northwestern TurkeyNorthwestern Turkey was not a hot spot in terms of SO

emissions in 1980 and 1990, but starting witB3.@missions started increaB&CF

calculations identified this area as an impot SQ*s our ce region since ea
and it remained as important source region in PSCF calculatenfisriped in all

time segmentsThis obviously reflects the development oflurstry at Thrace and

Istanbui Kocaeli regionWhatever the reason, it ésdangeros development for the

country.In time Turkey may be the sole higimitter in the region.

Secondly, in order to see if we can relate P&f&ftified potential source areas
(these areas were also turned out to be high emission areas) to kdostnial areas

in the regionHigh-emitting (SQ%) industriesthat are located in Ukraine, Turkey,
Bulgaria and Rsisia are depicted in Figure 4.TThis data were obtained from EMEP
data base and is not available for all countries surrounding TurkeexBawple; it
would be good if there were similar data for Romania, but unfortunately it is not

available.
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Figure 4. 12 Location of significant SO, point sources in some of the countries
around Turkey.

After the PSCFealculations mentioned at Section 4.2.1 and 4.2.2, the source regions
affecting Antalya and ¢ubuk Stations are
figure clearly demonstrates why Eastern part of Ukraine is an important source
region in all time segents. It is seen that there is an important industrial region in

east of Ukraine. Emissions of these industries have not decreased as much as other
industriesd emissions. Al so this region

stations until recentears.
4. 2.4. Comparison of PSCF Resultdians Obt ai n

One of the questions that should be answered abosft Sfirce regions affecting
Easern Mediterranean and e@tral Anatolia is the similarities and differences
betweenlocations of these source regions affecting the two stations. PSCF, for the

two stations were run for time segments, becaus€ 8t a avail abl e at
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Antalya do not cover the sanmfedataéxisted i nter val
between years B3 and 2006, whereas at Antalya station data were available

between 1992 and 200%ince this 4years difference in data coverage can be the

reason for som of the differences new PSCF exerciseas performedor the years

between 1993 and 2000. Since the aim is to compare the results obtained for the two

stations, onaingle run covering entire eigkears were performed.

Obtained source regions of the two stations can be seen in Figure 4.13. Some
common prperties and some differences were determined when both figures were

compared.

Figure 4.13Distribution of PSCF v al ue s aAntalgabtations a n d
between 1993 and 2000
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Greece, Bulgaria, Romania, the western region3 wkey, east of Ukraine, and

north of Georgia seem to be important source regions affecting both stations.
Especially Athens region of Greece, a f e
region at the middle part of Romania are the highest level of theesweagions

affecting these two stations.

On the other hand, there are some differences between the regions affecting these
stations as well. The entire northern coast of Black Sea is a significant source region
for C¢Cubuk. However , stemBlack Sem @appearcas signiicant n o r t

sources affecting sulfate concentrations measured in Antalya.

The Western Turkey and Eastern Bulgaria are important source regions for both
stations (PSCF > 0.4); however these regions are more effective for Aitaiya.
frequent air mass movements from these regions to Antalya could be a reason for
this.

For both stations, Western Europe is not a major source region because the emissions
of Western European countries have been reduced before countries that appear as
important source regions for sites in Turkey and Eastern Mediterraneanheh

reason is the distanc&Vestern European countries are further away from our
sampling points than Balkan Countries andrddas to the North of Turkeylhis

can have two imptant consequences; (1) air massesing from Western Europe

have a larger chance of hgiwashed out by rain eventBhis is used to explain

lower concentrations of pollution derived elements (not only”Gn winter season,

at the Eastern Mediterraaue, in many studies, (2) Since western European countries
are further away, air masses, which weelinepted at our stations, are generally at
higher altitudes antlave smaller chance of picking up pollutants including 8&m

surface. Note that this wasour rationale to use altitude weighting in PSCF

calculations

To simplify compari son, PSCF values of

subtracted from each other and percent variations were calculated in order to see the
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relative contribution of source regis on the two station. Results are depicted in
Figure 4.14 Grids with green shading indicate areas that are more important source
regions for C¢Cubuk Station and grids with yel

important source regions for Antalyatsha.

Please note that the distributions were pldtior the whole study domaiA given

region may appear as a more important source region for one of the stations, but it

does not mean that is significant source regiorf-or example, some Germany

appears a green, indicating that It is a m
station, but we know that Germany is not a significant soarea for any of the

station.That means t b&isg more importat f or C¢ubuk ISg thenot meani
regions thashould be compared are the regions that affegt $0ncentrations in

both stations.

Figure 4. 14 Percent difference between PSCF values at each grid calculated for
Antalya and Cubuk stations.

As shown in Figure 4.14/Romania and Ukraine contributes almost equally t@°SO
levels in both stations. Bulgaria, Greece and Western parts of Turkey have stronger

influence on SG concentrations measured at Antalya station. Sources located in the
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Middle East and Eastern Turkehave stronger effect on S@ concentrations at
Cubuk. These differences are probably di

both stations.

These results demonstrate that major source areas affecting Central Anatolia and
Eastern Mediterranean afgetsame but there are some minor differences. Generally
source regions affecting both stations are very similar. This is not surprising because
upper atmospheric air flow patterns at central Anatolia is not much different from air

flow patterns affecting &tern Mediterranean. However, Probability of these regions

to be source areas affery one of the stations malye different. For example
Bulgaria is among main source regions af

However, sources in Bulgaria havelher probability of affecting Antalya station.

4.3.Region of Influence (Rol)Approach

PSCF and similar techniques, such as, conditional probability function and
distributed concentrations fields are co
They are proven and reliable tools to identify regions that have high probability of
affecting concentrations of a given pollutant at a receptor. However, all of these
techniques require concentration information as input, which means that they can
only beapplied to receptors at which measurement results are available, or for time
period during which concentration information exists. In many cases this is a
drawback. For example there are many locations in Turkey for which we would like

to have source infonation. In this study we were able to use only tWohese and

only between 1992 000 (or 2006 for ¢utdmBQ“dataat i on)
were available only in these two stations. This limited PSCF part of this work,
because (1) SOemi ssions in Europe is changing
learn how source regions modified after 2006 and (3) we would like to know how

SO* source regions changed in other parts of Turkey, such as Eastern Black Sea,
another locations in the Easteand Western Mediterranean regions. There is no way

to generate this information if we stick with measurementdependent PSCF

technique.
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A new technique, which is called fiRegion
measurement data was developed ased to increagemporal and spatial coverage.
ARegions of I nfluencedo is also a method,
affecting concentrations @bllutants,butit does not need pollutant concentrations at
receptor. The approach neeasvfand simple input data, whighcludesemission

data at the study domain and back trajgctoformation.Sinceback trajectorigsin

our study domain, are available bagk to
emission dataEmission data foour gridded study area is availaldmce 1980 in

EMEP database Initial emissions are avaibble for years 1980 and 198&ter 1990

emission datasi available on a yearly basiEmissions are organized and presented

in 0.5x 0.5 grids (which is onvertional EMEP grid system)Since our grids are

1 x 1, we combinedEMEP girds to makene grid in our systenQur grid system

wasalso shifted 0.25 so that combined girds in EMEP system exactly matches with

our grids.

The ARegions of warsf [dueevred eo0p eadp pboryo aYcéhk ma z
applied to find source regions affecting Antalya station in the years 1992, 1995 and
2000, as a case study. In this study, we improved methodology by applying altitude
weighting to Rol calculations and apply @ tletermine how S£ source regions
affecting Antalya and C¢ubuk stations, so
of PSCF alculations in these stations.n addi tion to Antalya
calculations were also performed at a site in Easterditérranean, namely Ashdod,

Israel and a site in the western Mediterrangemely Corsica Island Francéhe

altitude weighting was applied as describedSection 4.1.Rol calculations were
performed for 1980, 1985, 1990 and every after 1990 until 2010.

As mentioned at Section 3.4, Rol approach is performed require back trajectory and
emission data as input parametelsimber of trajectory segments in a grid is

multiplied by the S@emission for the same grid to generate a Rol value.

A weighting scheme, which is exactly identical to the one used PSCF calculations

were used in Rol calculations as wellorsica and Ashdod were selected for Rol
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calculations, because (1) they are typical locations for Eastern and Western
Mediterranean basins and (2)@y are welequipped atmospheric measurement sites
and their characteristics are well known through large volume of publications that are

available in literature.

4.3.1 Variation in SO4* Source Regbns as Determined by Rol Approach
Between1980 and 200 in Four Stations at Eastern and Western Mediterranean

In this part of the study, three different calculations were performed to discuss
ARegions of Il nfluenceo calculation for e
identical to approach adoptedmh\SCF cal cul ations for Ant al
In the first step, annual variation of Rol distributions in our grid system was
discussed for the years between 1980 and 2010. In the second stéjasgdd
differences between each year from 1985 to 20itDthe base year, which is 1980,

are plotted and discussed. Finally, in the third step, country based temporal variations

in Rol distributions were discussed.

4.3.11. At Antalya Station

Yearly change of Rol distribution between 1980 and 2010 for Ant3ig#Hon is

given in Figure 4.15It can be seen in Figure 4.15 that emissions in most part of
Europe including UK contributed to $0levels at Antalya in 1980. Only the effect

of France and Spain were lower compared to other regions, probably because
frequency of air mass transport from W (West) sector is smaller than frequency of
transport from NW (North West) and N (North) sectbrsr 1 9 8,@nission wasO

high in all countries in Europe and source regions were determined primarily by the

directionof air mass movements in the upper atmosphere.
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Figure 4. 15 Yearly Change of Rd distribution between 1980 and 2010
calculated for Antalya Sation
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Figure 4.15 (contd). Yearly Change of ROI distribution between 1980 and 2010 calculated for

Antalya station
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Figure 4.15 (contd). Yearly Change of ROI distribution between 1980 and 2010 calculated for
Antalya station
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Climatological studies in this region demonstrated that air mass movement is the
most frequent from NW sector. This is depicted in Figure 4.16, which is taken from

an earlier stmdyrkneburnl grof2P12)¥ and sho
with transport of pollutants to Antalya station. As can be seen in the figure,
trajectories that are associated with pollution transport shows an overwhelming
preference to NW wind sector. That is why S@otential source regions occur in

NW sector if emissions are similar in all directions. This explains the brown channel,
indicating reasonably strong source regions, in NW direction from Turkey in Rol

maps for 1980 or 1985. However, this pattern changkednwemission reductions

became effective in later years.

Figure 4. 16 Direction of back trajectories computed at an earlier work at
Antalyast ati on ( ¥zt ¢ ¢rk et al., 201
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Apart from the regions located in directiontbé trajectory group, Ukraine, north of
Georgia and Western Turkey were also important source regions in Europe. There
were not significant changes in distribution of Rol results until 1995. Only effect of
Germany was slightly reduced. Fundamentally, a6 & discussed later in the
manuscript, there is a reduction in many grids, but it cannot be distinguished by
visual evaluation of Rol results. Effect of Western Europe significantly reduced after
1995, but changes that occurred in Eastern Europe andriZalkere not significant

at that time.

Rol values in Balkan countries started to decrease only after 2005. In 2010, Western
region of Turkey, Israel Coast, East of Ukraine and the some regions of Balkans
were the most effective regions for Antalya statiSource regions in most of the

Europe, which were important source regions in earlier years, are no longer

significant source regions when we come to 2010.

Percent variation of Antalya Rol values at
1985 and 200 is given in Figure 4.17. Firstly, Rol values of each year were
compared with previous yearods values. The
small changes, which cannot be seen by looking onlyifiRBlgure 4.15 values can

be detected. Furthermorept only decrease in Rol values but also increase of the

values are observed.
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Figure 4. 17 Percent variation of Antalya Rd values & each grid, relative to
1980 Rad 6 s, bet ween 1985 and 2010
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