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ONSOZ

Dogu Akdeniz atmosferindeki yiiksek aerosol yogunlugunun onemli bir cevresel etki
potansiyeline sahip oldugu Tirkiye ve Yunanistan gibi bolgeyi cevreleyen iilkelerde
gerceklestirilen bilimsel arastirmalar ile gosterilmistir.  Bu arastirmalarin  sonucunda
aerosollerin bolgede iklim, hava kalitesi, atmosferden denizel ortama materyal taginmasi ve
hidrolojik dongii lizerinde etkili oldugu veriler ile ispatlanmistir. Ancak elde edilen verilerin
miktar1 ve niteligi iklim modellerinin bolgesel dlcekte gilivenilir sonuglar vermesi i¢in yetersiz
kalmistir. Burada final raporu sunulan projede Orta Dogu Teknik Universitesi-Deniz
Bilimleri Enstitiisii ve Girit Universitesi-Kimya Boéliimiiniin isbirligi kapsaminda dogu
Akdeniz aerosolleri arastirilmistir. Proje siiresince yiiriitiilen ikili isbirligi kapsaminda Ek’de
sunulan iki adet makale ve bir adet konferans bildirisi liretilmistir. Ayrica bu siirecte her iki
grubunda ortak oldugu ve FP7 kapsaminda desteklenen bir AB projesinde yer alinmustir.

Proje kapsaminda ODTU Deniz Bilimleri Enstitiisii (ODTU-DBE) kampiisiinde ve Girit
Adasinda 2003 yili icerisinde es zamanli toplanmis aerosol numunelerine ait veriler analiz
edilmistir. Ayrica ODTU-DBE’ye ait arastirma gemisi R/V BILIM 1II ile Avrupa Birligi
destekli SESAME projesi kapsaminda gergeklestirilen deniz seferleri siiresince Akdeniz, Ege
Denizi, Marmara ve Karadeniz atmosferlerinden aerosol Ornekleri toplanmis, analizleri
gercgeklestirilerek sonuglart yorumlanmaistir.

Proje Tiirkiye Bilimsel ve Teknolojik Arastirma Kurumu (TUBITAK) ve Yunanistan

Kalkinma Bakanligi-Arastirma ve Teknoloji Genel Sekreterligi (GSRT) arasindaki ikili
isbirligi protokolii ¢cercevesinde her iki kurum tarafindan desteklenmistir.
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OZET

Bu calisma, 2003 yilinda Tiirkiye (Erdemli) ve Girit (Finokalia) kiyilarinda bulunan iki
istasyondan toplanan kapsamli veri seti kullanilarak Dogu Akdeniz’deki suda ¢oziinebilir
aerosol iyon (Na", NH,", K', Mg, Ca®", CI', NOs, SO,~, C,04%) derisimlerinin ve aerosol
optik Olgiimlerinin mekansal ve zamansal degisimlerini degerlendirilmistir. Ayrica, Mart-
Mayis 2008 (Sefer I) ve Eyliil-Ekim 2008 (Sefer II) donemlerinde BILIM II arastirma gemisi
ile Dogu Akdeniz, Ege Denizi, Marmara Denizi ve Karadeniz atmosferlerinden aerosol
ornekleri toplanmistir. Sefer II siiresince aerosol orneklemeleri gemide ve Erdemli’de es
zamanli olarak yapilmistir.

Her iki istasyondan 2003 yilinda toplanan 6rneklerdeki suda ¢oziinebilir iyon derisimlerinin
mevsimsel degisimlerinin yagisla iliskili oldugu gosterilmistir. Olgiilen atmosferik tiirlerin
konsantrasyonlar1 (Deniz tuzu kaynakli olanlar hari¢) minimum degerlerine kisin diismekte
ancak yazin yagmur olmamasi bu tiirlerin atmosferde birikmesine sebep olmaktadir. Toprak
kokenli iyonlar aralikli fakat kuvvetli pik konsantrasyonlarini bdlgeye Sahra ve Arap
Yarimada’sindan gelen mineral tozlar nedeniyle yagisli olmasina karsin geg¢is mevsimleri
sliresince gostermektedir.

Yerde konuslandirilmis optik olgiimler Aerosol Robotic Network (AERONET) programi
cercevesinde Erdemli’de ve Finokalia’da yapilmistir. Olgiimler bdlgenin baskin aerosol optik
6zelliklerinin belirlenmesinde ve tanimlanmasinda kullanilmustir. Siilfat (nss-SO4*) aerosolii
ve aerosol optik kalinlik (AOT440) arasindaki iliski her iki istasyonda da 440 nm i¢in tiiretilen
optik kalinligin ana nedenin siilfat partikiilleri oldugunu gostermistir.

Gemiden toplanan orneklerde belirlenen ortalama PM;y konsantrasyonu, suda ¢oziinebilir
aerosol iyon ve elemental kompozisyonlar kiyisal Erdemli ve Finokalai istasyonlar i¢in rapor
edilen konsantrasyonlarla ayni seviyelerdedir. Sahra kaynakli toz girisleri nedeniyle Sefer I
siiresince gozlenen aerosol konsantrasyonlar1 (6zellikle toprak kokenli elementler) Sefer I1I’ye
kiyasla yiiksek gozlenmistir. PM;, kiitle konsantrasyonuna mineral tozun, deniz tuzunun,
iyonik kiitlenin, organik ve elemental karbonun goreceli katkilar1 hesaplanmis ve Finokalia
verileri ile karsilastirilmistir.

Anahtar Kelimeler: aerosol; dogu Akdeniz; kimyasal komposizyon; optik 6zellikler;
mevsimsel degiskenlik; uzun menzilli taginim
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ABSTRACT

The current study considers the spatial and temporal variability in aerosol water soluble ions
(Na®, NH4", K", Mg®", Ca*", CI', NO5", SO,4*, C,04%) concentrations and aerosol optical
measurements in the eastern Mediterranean, utilizing an extensive data library collected in
2003 at two stations along the Turkish (Erdemli) and Cretan (Finokalia) coastline. In
addition, aerosol samples were collected aboard the research vessel’s BILIM II cruising the
eastern Mediterranean, Aegean Sea, the Sea of Marmara and Black Sea during two periods in
March-May 2008 (Cruise I) and September-October 2008 (Cruise II). During Cruise II
aerosol sampling was performed both on board and at the Erdemli station simultaneously.

The 1onic concentrations of aerosols collected in 2003 at both stations indicated that the
seasonal variability were related to precipitation events. The atmospheric concentrations of
measured species (except those of marine origin) decreases to minimum values during winter,
whereas, during dry summer months the lack of precipitation resulted in their accumulation in
the atmosphere. During the transition periods, although there was still precipitation, crustal
ions exhibited sporadic but intense concentration peaks due to the intrusion of dust from the
Sahara and the Arabian Peninsula.

Ground based aerosol optical measurements were conducted within framework of the Aerosol
Robotic Network (AERONET)I program both at Erdemli and Finokolia. The measurements
were used to identify and define predominant regional aerosol optical properties. A
relationship between aerosol sulfate (nss-SO42) and aerosol optical thickness (AOT440) at
both stations denoted that sulfate particles are the main components of the optical thickness
derived at 440 nm.

Geometric mean concentrations of PM, aerosol water soluble ions and elemental
compositions determined in samples collected on board are at similar level with the
concentrations reported for the coastal stations of Erdemli and Finokalia. High concentrations
of aerosols (especially for crustal elements) collected during Cruise I relative to Cruise II
corresponded to incursions of Saharan dust. The relative contribution of mineral dust, sea
salt, ionic mass, organic and black carbon on PMy mass concentrations was calculated and
compared with Finokalia data.

Key Words: aerosol; eastern Mediterranean;chemical composition; optical properties;
seasonal variation; long-range transport
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1.GIRIS

1.1.Kiiresel Olcekte Aerosol Arastirmalarmin Onemi

Gegtigimiz yiizyillda Yeryiizii sicaklignr 0.6 °C artarak son bin yillik dénemin en yiiksek
seviyesine ulagmustir.  Iklim degisimi iizerinde etkili olan bir ¢ok etmenin yanisira
antropojenik seragazlarinin ve aerosollerin gozlenen sicaklik degisimi lizerinde 6nemli bir
rolii oldugu belirlenmistir (IPCC, 2001). Yeryiizii tarafindan sogurulan giines 1sinlar1 1s1ya
dontiserek kizilotesi 1simalar olusur. Bu i1simalar ise atmosferdeki sera gazlari (fosil
yakitlarin kullanilmasi ile agiga ¢ikan CO, en bilinen sera gazidir) tarafindan sogurularak
1sinmaya neden olurlar. Sera gazlarinin atmosferde kalis siiresi 100 y1l civarinda olup kiiresel
Olcekte homojen bir bicimde dagilmistir. Bu sebeple kiiresel dlgcekte CO,’in artig miktar tek
bir istasyondan gerceklestirilen yer Ol¢iimii ile belirlenebilmis ve sera gazlarinin isinma
tizerindeki katkis1 hesaplanabilmistir.

Atmosferik aerosoller ise diinyanin radyasyon dengesini direk (glines isinlarini sagarak
ve/veya sogurarak) ve/veya indirek (bulut olusumu i¢in gerekli ¢ekirdek gorevini gorerek)
yollarla etkilemektedir. Sera gazlarinin yarattigi 1sinma etkisinin tersi yonde iklimi sogutma
yoniinde etkiledigi icin aerosollerin iklim {izerindeki etkisi “beyaz ev” (white house effect)
veya “semsiye” (parasol) olarak tanimlanmistir (SCHWARTZ, 1996; CRUTZEN ve dig.,
2003). Aerosollerin atmosferde kalig siiresi kisa olup bir hafta kadardir. Dolayis: ile
aerosollerin kiiresel atmosferde dagilimi heterojen bir yapr gostermektedir.  Ayrica
aerosollerin tanecik boyutlari ve kimyasal komposizyonlar1 kaynaklarina gore farklilik
gostermektedir. Aerosoller ince ve kaba tanecikli parcaciklar olarak ikiye ayrilmaktadir. Ince
tanecikli pargaciklar genel olarak antropojenik aktiviteler (fosil yakitlar ve biyokiitle
yakilmasi) ile atmosfere salinan parcaciklar olup genellikle siilfatlardan, kara karbon (black
carbon) ve organik karbondan olugmaktadir. Kaba tanecikli olanlar ise riizgar asinmasi ile
atmosfere dagilan toprak ve deniz tuzu pargaciklari olup dogal kaynakli aerosoller sinifini
olusturmaktadir. Antropojenik aktiviteler sonucunda atmosferde artan aerosollerin miktarini
ve dagilimmi belirleyebilmek i¢in dogal ve antropojenik kaynaklardan atmosfere yayilan
aerosollerin tanimlanmasi sarttir. Aerosoller atmosferde homojen dagilmadigi (yer ve zaman
Olceginde ¢ok farkliliklar gostermektedirler) icin uzaktan algilama metotlar: ile aerosollerin
dagilimmnin belirlenmesi gerekmektedir. Uzaktan algilama verileri elverigli algoritmalar ile
islenerek atmosfer kolonundaki aerosol yogunlugu hesaplanabilmektedir. Aerosollerin optik
kalinlig1 (AOT, Aerosol Optical Thickness) uzaktan algilama metodu ile elde edilen atmosfer
kolonundaki aerosol yogunlugunu ifade etmektedir. Kaba ve ince tanecikli aerosollere ait
kiiresel AOT dagilimi Sekil 1’de sunulmustur (RAMANATHAN ve dig., 2001; KAUFMAN
ve dig., 2002). Sehirlerin ve endiistriyel aktivitelerin yogun oldugu bdlgelerdeki aerosol
emisyonlar1 ince tanecikli olup antropojenik kaynakli aerosollerin yogun oldugu bolgeleri
isaret etmektedir (Sekil 1a’da a, ¢ ve e ile belirlenmis bélgeler). Onceleri bu bolgelerdeki
aerosollerin baskin olarak siilfatlardan olustugu kabul edilmekte idi ancak yer 6lciimleri ile
elde edilen sonuclar buralardaki aerosollerin énemli bir bolimiinii karbonlu pargaciklarin
olusturdugunu gostermistir.  Biyokiitle yakilmasi ile atmosfere dagilan ince tanecikli
parcaciklar ise genel olarak siyah karbon (black carbon) pargaciklardir (Sekil 1a da b ve d ile
belirlenmis bolgeler). Afrika, dogu Asya ve Arap Yarimadasi iizerindeki ¢ollerden riizgar
asinimi ile atmosfere dagilan kaba tanecikli tozlar (mineral dust) ise dogal kaynaklardan
yayilan aerosolleri gostermektedir (Sekil 1b’de a ve c ile belirlenmis bdlgeler). Ayrica
okyanus kaynakli aerosollerde (deniz tuzu pargaciklart ve denizel ortamdaki mikroskobik
canlilarin aktivitesi ile atmosfere yayilan siilfat parcaciklari) Sekil 1b’de b ile gosterilmis
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alanda yogun olarak gozlenmektedir. Sonug¢ olarak antropojenik aktiviteler ile atmosfere
yayilan aerosolleri dogal kaynaklardan yayilan aerosollerden ayirmak zordur.  Yer
seviyesinde toplanan aerosol numunelerinin kimyasal analizlerinin yapilmasi gerekmektedir.
Uzaktan algilama verilerinin algoritmalar ile iglenmesi sonucunda elde edilen bulgularin yer
Olctimleri ile dogrulanmas1 gerekmektedir.

Aerosol optical thickness
—— __
0.0 0.15 0.3 0.45 0.6

Aerosol optical thickness
S

L ——
0.0 0.1 0.2 0.3 0.4

Sekil 1. Eylil 2000 dénemine ait MODIS uydusu verileri ile tiretilmis AOT nin kiiresel dagilimi
(KAUFMAN ve dig., 2002). (a) Ince tanecikli aerosollere ait AOT; (b) Kaba tanecikli aerosollere ait
AOT.

Kiiresel radyasyon dengesinin degisimine (endiistriyel devrim Oncesi sartlari ile giiniimiiz
sartlarinin karsilastirilmasi) neden olan her bir faktoriin (atmosferdeki sera gazlar1 ve aerosol
yogunlugu, arazi kullanimindaki degisimler, giines 1sinimindaki dogal degisim v.b.) katkis1
hesaplanmistir. Sekil 2’de iklim modelleri ile hesaplanmis her bir etmene ait kiiresel 1s1nim
zorlanmasi yil bazinda gosterilmistir. Y ekseninde hesaplanan 1sinim zorlanmasi miktari, X
ekseninde ise etmene ait bilimsel bulgu ve bilgi seviyesini gosteren indeksler kullanilmigtir
(“H”, High-Yiksek; “M”, Medium-Orta; “L”, Low-Diisiik ve “VL” Very Low-Cok Diisiik).
Sera gazlarinin (CO,+CH4+N,O+Halokarbonlar) 1sinma {izerindeki katkist 2.5 W m?
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civarinda oldugu ve bu hesaplamadaki belirsizligin ¢ok diisiikk seviyede oldugu
gbozlenmektedir. Ancak aerosollerin kimyasal yapilarina gore soguma ve/veya 1sinma etkisi
yarattiklarindan dolay1 aerosollere ait hesaplamalardaki belirsizliklerinin yiiksek oldugu
dikkati ¢ekmektedir. Siilfat aerosolleri soguma yoniinde etki gosterirken, fosil yakitlarin
(Sekilde FF, Fossil Fuel ile gosterilmistir) kullanimi ile atmosfere yayilan aerosollerdeki kara
karbon (bc) 1sinma yoniinde, organik karbon (oc) ise soguma yoniinde etkili olmaktadir.
Benzer bi¢imde 6nemli oranda ¢ollerden kaynaklanan tozlar (mineral dust) hem soguma ve
hem de 1sinma etkisi yaratmaktadir. Biyokiitle yanmasi (BB, Biomass Burning) ile atmosfere
yayilan aerosoller ise soguma yoniinde katki saglamaktadir. Goriilecegi {lizere sera gazlarinin
radyasyon dengesinin bozulmasi {izerindeki katkis1 kiiresel Olcekte hassas olarak
hesaplanabilmekte iken aerosollerin katkist oldugu belirlenmis ancak hesaplamalarin
belirsizligi veri eksikligi nedeni ile yiiksek seviyelerde kalmistir (IPCC, 2001).

Global and annual mean radiative forcing (1750 to present )
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Sekil 2. Endiistriyel devrim 6ncesi (1750) ile giiniimiiz (1990 larin ikinci yarisindan 2000’lere uzanan
donem) atmosfer bilesenlerinin (gazlar ve aerosoller) miktarlarindaki, arazi kullanimindaki ve giines
1s1ma miktarlarindaki degisimlerin neden oldugu radyasyon zorlanmalar1 (IPCC, 2001).

HATZIANASTASSIOU ve dig. (2004) tarafindan atmosferik radyasyon transfer modeli
kullanilarak aerosollerin neden oldugu soguma etkisinin kiiresel ol¢ekte dagilimi kig ve yaz
aylar1 i¢in hesaplanmistir (Sekil 3). Bu calismada y1l bazinda dogal ve antropojenik kaynakli
aerosollerin kiiresel 6lgekte ortalama olarak yer seviyesinde 1.4 W m™ mertebesinde soguma
etkisi yarattigt gosterilmistir. Ancak soguma etkisinin zaman ve yer Ol¢eginde Onemli
miktarda degistigi belirtilmistir (bknz. Sekil 3). Sekil 3b’de yaz mevsiminde dogu Akdeniz
{izerindeki aerosollerin 10 W m™ mertebesinde soguma (kiiresel Olgekte aerosollerin
maksimum sogumaya neden oldugu bdlge) yarattigr goriilmektedir. Bu calismada kullanilan
modelin caligtirilabilmesi i¢in aerosollerin detayli mikrofiziksel, mikrokimyasal, optik ve
radiyatif oOzelliklerine ihtiyag vardir.  Saha c¢alismalarinda gergeklestirilen oSlgiimler
aerosollerin bu 06zelliklerinin kiiresel dagilimini veremedikleri i¢in bu oOzellikler model
simiilasyonlar1 ile kiiresel Olcekte cikarilmaktadir.  Dolayist ile bu hesaplamalardaki
belirsizlikler yiiksektir. Bu belirsizliklerin seviyesinin disiiriilmesi i¢in NASA tarafindan
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yiiriitilen AERONET (AErosol RObotic NETwork) izleme ag ile global dlgekte dlgiimler
gerceklestirilmektedir.  Bu Olclimlerle kiiresel oOlcekte aerosollerin optik ozellikleri
belirlenmektedir. AERONET 06l¢iim agina dahil istasyonlar Sekil 4’te sunulmustur.

(a)

(®)

Sekil 3. Atmosferin tepesinde aerosollerin neden oldugu soguma etkisinin kiiresel dagilimi (a) Ocak,
(b) Temmuz (HATZIANASTASSIOU ve dig., 2004).

AERONET ol¢iimlerinden (yer seviyesinde gerceklestirilen uzaktan algilama) tiiretilen AOT
degerleri, uzaktan algilama (uydu seviyesinde gerceklestirilen ) verilerinden tiiretilen
AOT’lerin dogrulanmasit ve uydu verilerinden gercekei bilgiler tiiretilmesi agisindan
onemlidir. Aerosollerin radiyatif 6zelliklerinin hesaplanabilmesi i¢in gerekli optik 6zellikler
(AOT, single scattering albedo ve asymmetry parameter gibi) AERONET 6l¢iimlerinden



tiiretilmektedir. Tim Olglim agina ait istasyonlardaki Ol¢timlerden tiiretilen veriler internet
tizerinden kullaniciya agiktir.

Sekil 4. Kiiresel AERONET 6l¢giim agina ait istasyonlarin lokasyonlari.

Aerosollerin atmosferde bulut yogusturma c¢ekirdegi olmalari nedeni ile bulut miktar1 ve
dagilimi {izerinde de etkisi vardir. Dolayisi ile bulut miktarinda artisa neden olduklar1 igin
troposferdeki aerosollerin indirek olarak (bulut olusturarak) soguma yoniinde katkisi oldukca
ylksek olmakla birlikte konu ile ilgili bilimsel birikim ¢ok diisiik seviyelerde oldugu i¢in
Sekil 2’de bu etmene ait hesaplanmis soguma miktarindaki belirsizlik c¢ok yiiksektir.
Aerosollerin bulutlar {izerindeki etkisi dolayisi ile su dongiisii ilizerindeki katkis1 da
tartistlmaktadir (RAMANATHAN ve dig., 2001).

Ote yandan aerosollerin denizel ortama yagislarla ve/veya kuru ¢kelme ile besin tuzu (fosfat,
azot ve demir) tasiyarak ortamin biyojeokimyasal dongiilerine ve dolayli olarak iklim
tizerinde katkisi oldugu gosterilmistir (JICKELLS ve dig., 2005; MAHOWALD ve dig.,
2008; DUCE ve dig., 2008).

Sonug olarak yukarida sunulan bilgiler 15181nda aerosollerin ¢evresel etkilerinin yadsinamaz
oldugu goriilmektedir. Aerosollerin hava kalitesi, iklim ve biyojeokimyasal dongiiler
tizerindeki etkilerinin tanimlanmasi ve belirlenmesi i¢in yeterli dlgiimler (yer dlgiimleri ve
uzaktan algilama) mevcut degildir. Aerosollerin atmosferde dagilimi homojen bir yapiya
sahip olmadig1 i¢in detayl1 aerosol aragtirmalarinin bdlgesel 6l¢ekte yapilmasi gerekmektedir.

1.2.Akdeniz Bolgesinde Aerosol Arastirmalarinin Onemi

Akdeniz atmosferi farkli kaynaklardan salinan ve uzun menzilli atmosferik taginima maruz
kalan diinyanin en yiiksek aerosol yogunlugunun tesbit edildigi bolgelerden bir tanesidir
(LELIEVELD ve dig., 2002; BARNABA ve GOBBI, 2004; PAPADIMAS ve dig., 2008).
Kaynak bolgeleri tesbit edilen aerosol tiirleri sunlardir: ince tanecikli antropojenik karasal
emisyonlar, kaba tanecikli Afrika kitasindan taginan ¢6l tozlari ve deniz tuzu parcagiklart. Bu
kaynaklara ait aerosollerin 2001 yilina ait mevsimsel degisimi tiim Akdeniz i¢in uzaktan
algilama (MODIS, MODerate Resolution Imaging Spectro-Radiometer) verileri kullanilarak



BARNABA ve GOBBI (2004) tarafindan gosterilmistir (Bknz. Sekil 5). Bu arastirmada en
yiiksek aerosol yogunlugu kurak yaz mevsiminde en diisiikk yogunluk ise aerosollerin
yagislarla yikandigir kis mevsiminde gozlenmistir. Sekil 5c’de Afrika kitasindan tasinan
mineral tozun Afrika kiyilarinda, Sekil 5d’de ise yerlesim bolgelerinin yogun oldugu kiyisal
kesimlerde karasal emisyonlardan atmosfere salinan aerosollerin yiliksek AOT degerlerinin
gbzlenmesine neden oldugu goriilmektedir.

desert dust contmental

876 0 016 A1

Sekil 5. (a) Yaz mevsimine ait toplam aerosol optik kalinligi (AOT) (b) deniz tuzuna ait AOT;(c) ¢61
tozuna ait AOT; (d) karasal (antropojenik) emisyonlardan kaynaklanan aerosollere ait AOT
(BARNABA ve GOBBI, 2004).

2001 yilinin agustos ayinda Akdeniz’de yogun bir atmosferik Ol¢lim kampanyast
gerceklestiren LELIEVELD ve dig., (2002), bulutsuz yaz aylarinda aerosollerin iklimsel
etkisinin bu boélgede 6nemli oldugunu gosteren bulgular tiretmislerdir. MODIS verileri ile
tiretilen AOT dagilimi Agustos 2001°de Akdeniz iizerinde yogun aerosol oldugunu
gostermektedir (Sekil 6a). Ayni donemde Girit adasinda yer seviyesinde ince ve kaba olmak
tizere iki ayr tanecik boyutunda aerosol numuneleri toplanmig ve laboratuarda analiz
edilmistir. Ince tanecik boyutuna sahip aerosollerin (antropojenik kaynakl1) baskin olarak
stilfat ve organik karbondan; kaba tanecik boyutuna sahip aerosollerin (dogal kaynakli) ise ¢61
tozu, deniz tuzu ve nitrattan olustugu gosterilmistir (Sekil 6¢). Bu kampanya doneminde elde
edilen bulgularin kullanilmasi ile Akdeniz bolgesindeki sera gazlarina (Green House Gases,
GHG) ve aerosollere ait 1sinim zorlanmasi hesaplanmistir. Hesap sonuclar1 gostermistirki
aerosollerin yaratti§1 soguma etkisi atmosferin en iistiinde (TOA, Top Of the Atmosphere)
sera gazlariin neden oldugu 1sinma etkisinin yaklasik iki kat1 iken yer seviyesindeki soguma
etkisi yaklasik alt1 katidir (Sekil 6b). Yine ayni ¢alismanin sonucunda ¢ikan bulgular ile
gerceklestirilen hesaplamalar, Akdeniz bdlgesindeki aerosollerin deniz yilizey suyu sicakligi
lizerinde yaratabilecegi sogumanin bolgenin hidrolojik dongiisiinii etkileme potansiyeline
sahip olduguna dikkat ¢ekmistir. Bu ¢alismada gergeklestirilen 6l¢iimler Akdeniz tizerindeki
aerosol konsantrasyonlarinin  Kuzey Pasifik Okyanusu iizerindeki tipik aerosol
konsantrasyonlarindan 2 ile 10 kat daha fazla oldugunu ve Akdeniz’in iizerinde gdzlenen



AOT’lerin (diger deniz atmosferlerine kiyasla) gbzlenen en yiiksek degerlere sahip oldugunu
gostermistir.
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Sekil 6. 2001 Agustos ayina ait (a) aerosol optik kalinligi; (b) sera gazlari ve aerosollerin neden
oldugu radyasyon degisimi; (c) ince (fine) ve kaba (coarse) tanecik boyutuna sahip aerosollerin
kimyasal bilesimi (LELIEVELD ve dig., 2002).

Akdeniz’de gozlenen yiiksek aerosol yogunlugu, hava kalitesi agisindan degerlendirilmis ve
Avrupa Birligi Hava Kalitesi Mevzuati kapsaminda degerlendirilmistir (KOCAK ve dig.,
2007a; RODRIGUEZ ve dig., 2007). Son on yil igerisinde gerceklestirilen diger
aragtirmalarin sonuglari, 6zellikle kiyidan uzak (a¢ik deniz) bolgeler ile dogu Akdeniz gibi
nehir girdileri acisindan yoksul ve oligotrofik 6zellikteki denizler i¢in atmosfer yolu ile
denize ulagan besin tuzlarinin ve toksik metallerin 6nemli oldugunu agik¢a kanitlamistir
(KOCAK ve dig., 2005; KROM ve dig., 2004; MARKAKI ve dig., 2003)

1990’ yillardan baglayarak Akdeniz aerosolleri yer Olgiimleri gergeklestirilerek
aragtirllmistir. Ancak Akdeniz aerosollerinin zaman ve yer 6lgeginde miktarsal ve kimyasal
komposizyon farklilasmas: gosterdigi gézlenmistir (KUBILAY ve dig., 2002; MARKAKI ve
dig., 2003; KOCAK ve dig., 2004a). Dolayisi ile uzaktan algilama verilerinin kullanilarak
hem tiim basen Glgeginde ve hem de uzun donemde aerosol verilerinin ¢ikarilmasi ¢ok
onemlidir. ~ Uzaktan algilama verilerinden tiiretilen aerosoller ile ilgili bulgularin
dogrulugunun test edilmesi i¢in yer seviyesinde yapilan Slgiimlerin 6nemi tartisilmaz bir
gercektir.



Proje Onerisinde sunuldugu iizere bu arastirma kapsaminda genel olarak Akdeniz
atmosferinde (Tirkiye, Erdemli ve Yunanistan, Girit, Finokalia) toplanmis aerosol
numunelerinde analiz edilmis olan suda ¢oziinebilir iyonlardan olugan veri seti detayli bir
bicimde degerlendirilmistir. Buna ek olarak, her iki istasyon i¢in elde edilen aerosol optik
kalinliklar1 yer dl¢limleriyle karsilastirildiktan sonra 6l¢iilmiis olan suda ¢oziilebilen iyonlarla
iligkileri gosterilmigtir. Ayrica 21 Mart- 7 Mayis ve 15 Eyliil- 20 Ekim 2008 tarihleri
arasinda Orta Dogu Teknik Universitesi-Deniz Bilimleri Enstitiisi'ne (ODTU-DBE) ait
arastirma gemisi RV-BILIM 1I ile yapilan seferler siiresince Akdeniz, Ege Denizi, Marmara
ve Karadeniz atmosferlerinden aerosol Ornekleri toplanmig ve analiz sonuglar1 da
degerlendirilmistir.

2.GEREC ve YONTEM

Dogu Akdeniz bolgesinde bulunan iki farkl istasyondan (Erdemli ve Girit adasinda bulunan
Finokalia) 2003 y1il1 igerisinde filtre kagitlar1 {izerinde toplanan aerosol 6rneklerinin kimyasal
analizleri bu proje kapsaminda Girit Universitesinde analiz edilmistir (istasyonlarmn
lokasyonu Sekil 7°de verilmistir). Ocak 2003 ve Aralik 2003 tarihleri arasinda Erdemli ve
Finokalia istasyonlarindan sirasi ile 317 ve 40 aerosol 6rnegi toplanmustir.

38

37 7

36 1

35

3 4 T T T T T T T T T T T T T T
22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37

Sekil 7. Aerosol 6rneklerinin toplandigi istasyonlarin lokasyonlari.

Ayrica, Mart-Mayis 2008 ve Eyliil-Ekim 2008 donemlerinde Bilim II gemisiyle Enstitiiniin
yiiritmekte oldugu AB destekli SESAME (Southern European Seas: Assessing and
Modelling Ecosystem change) konu baglikli arastirma projesi kapsaminda gergeklestirilen
deniz seferleri siiresince Akdeniz, Ege, Marmara ve Karadeniz atmosferlerinde sirasi ile 37 ve
26 aerosol ornekleri toplanmistir (Sekil 8). Buna ek olarak, Eyliil-Ekim 2008 déneminde
Erdemli istasyonunda (n = 32) Sesame seferi ile es zamanli1 6rnekleme yapilmistir. Toplanan
aerosol numunelerini bu proje kapsaminda Girit Universitesine gergeklestirilen calisma
ziyaretleri cergevesinde Kimya Bolumiindeki Cevresel Kimya Prosesleri Laboratuarinda
gergeklestirilmistir. Iyon Kromotografi (IC) ve ICP-MS (Inductively Coupled Plasma Mass
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Spectrometry) cihazlari ile aerosol numunelerinde suda ¢oziilebilen iyonlarin (Na“, NH,", K,
Mg2+, Ca2+, CI', NOs/, SO42', C2042') ve iz metallerin (Al, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Cd,
Pb) analizleri gerceklestirilmigtir. Organik ve elemental karbon olgiimleri ise termal/optik
karbon analiz cihazi ile yapilmistir. Analiz yontemi ile ilgili detayli bilgi bu arastirmay1
yiiriiten her iki grubun daha dnce yayinladiklar1 makalelerde sunulmustur (KUBILAY ve dig.,
2002; KOCAK ve dig., 2004b; KOCAK ve dig., 2007a,b; SCIARE ve dig., 2008).
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Eyl-Eki/2008 (N=26) [
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Sekil 8. SESAME projesi kapsaminda BILIM II gemisi ile gerceklestirilen arastirma seferlerinin
rotasi.

Ayrica MODIS uydusu verilerinden elde edilen AOT verileri her iki istasyon i¢in kullanima
acik web sitesinden alinmistir (http://modaps.nascom.nasa.gov/). Her iki istasyonda NASA ile
yiritiilen igbirligi c¢ercevesinde giines fotometresi ile yer seviyesinde aerosollerin optik
kalinlig1 olgiilmektedir. Bu ol¢timler Sekil 4’de verilen AERONET isimli kiiresel 6l¢tim
agina dahil olup veriler kullaniciya aciktir (http://aeronet.gsfc.nasa.gov/). Sekil 9°da Erdemli
istasyonunda bulunan AERONET 6l¢iim agina ait giines fotometresinin (CIMEL) fotografi
verilmigtir. Yer seviyesinde giines fotometresi ile Ol¢iilen aerosollerin optik 6zellikleri her iki
grup tarafindan yayinlanan makalelerde detayl olarak tartisilmistir (KUBILAY ve dig., 2003;
FOTIADI ve dig., 2006). Giines fotometresi ile yer seviyesinde farkli dalga boylarindaki
giines 1sinim miktar1 Ol¢iilmekte ve veriler uydu vasitasi ile NASA daki AERONET
merkezine yollanmaktadir. Burada veriler islenerek aerosollerin farkli dalga boylarindaki
AOQOT’leri, parcacik boyut dagilimi ve diger optik Ozellikleri (single scattering albedo,
refractive indices) tiiretilerek internet sitesinden kullanicinin kullanimina sunulmaktadir. Her
iki istasyon i¢in TOMS (Total Ozone Mapping Spectrometer) sensoriiniin verilerinden
tiiretilen AOT verilerinin bolgeye Afrika kitasindan taginan mineral tozun gostergesi oldugu
daha onceki caligmalarda gosterilmistir (KUBILAY ve dig., 2005; KALIVITIS ve dig.,
2007). Bu her iki calismada da AERONET verilerinden tiiretilen AOT’ler ile TOMS
sensoriinden TUretilen AOT’ler Kkarsilastirilarak uydu seviyesinden yapilan dOlglimlerin
giivenirliligi test edilmistir. Kiiresel 6l¢iim ag1 olan AERONET projesi kapsaminda her iki
istasyonda da giines fotometresi olmasi ve bu verilerin proje kapsaminda degerlendirilen
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aerosollerin kimyasal komposizyonlar ile birlikte incelenmesi dogu Akdeniz aerosollerinin
iklimsel rolii ile ilgili bilimsel birikime katk1 saglayacaktir. Isbirligi yaptigimiz Yunanl grup
ile daha onceki yapmis oldugumuz g¢alismalar dogu Akdeniz’de bulunan iki istasyonun
(Erdemli, Finokalia) aerosollerinin kimyasal ve optik oOzelliklerinin, zaman igerisindeki
degisiminin farkli oldugunu kamitlamistir (KUBILAY ve dig., 2002; VREKOUSSIS ve dig.,
2005).

Sekil 9. Erdemli istasyonunda bulunan giines fotometresi.

3. BULGULAR

3.1 Erdemli ve Finokalia Istasyonlarina ait 2003 Y1l Verileri

Tablo 1’de Dogu Akdeniz’de bulunan Erdemli ve Finokalia istasyonlarindan es zamanl
toplanan aerosol oOrneklerinde Olclilen suda c¢oziinebilir iyonlarin konsantrasyonlari ig¢in
istatistiksel 6zetler sunulmustur. Suda ¢6ziilebilen iyonlarin deniz tuzundan kaynaklanmayan
(non sea salt; nss) miktar1 agagidaki sekilde hesaplanmistir.

nss-X = Xoiilen - Xdenizsuyu

Aerosol Orneklerinde Olgiilen Sodyum (Na) konsantrasyonunun tamaminin deniz suyundan
kaynaklandig1 kabul edilerek nss fraksiyonu hesaplanacak iyonun deniz suyunda Na
konsantrasyonuna sabit olan orani kullanilarak deniz suyundan kaynaklanan konsantrasyon
fraksiyonu (Xgenizsuyu) hesaplanir. Daha sonra olgiilen toplam konsantrasyondan (Xeigiten)
deniz suyuna ait fraksiyon ¢ikarilarak nss konsantrasyonu (nss-X) elde edilir.
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Her iki istasyonda deniz kiyisinda bulundugu i¢in aerosol numuneleri iizerinde deniz tuzu
pargaciklarinin katkis1 vardir ve bu katki diger kaynaklarin toplam aerosol yiikii {izerindeki
etkisinin belirlenmesini engeller. Dolayist ile siilfat (SO4?), potasyum (K") ve kalsiyum
(Ca®™) gibi deniz suyunda bolca bulunan iyonlarin toplam 6lciilen konsantrasyonundan deniz
tuzundan kaynaklanan fraksiyonunun ¢ikarilmasi gerekir. Ancak bu sekilde diger kaynaklarin
(antropojenik kaynaklarin) toplam aerosol konsantrasyonu tizerindeki katkis1 gosterilebilinir.

Tablo 1. Erdemli ve Finokalia’dan es zamanli toplanan aerosol oOrneklerinde belirlenen suda
¢oziilebilir iyon konsantrasyonlarina ait istatistiksel veriler. (Tablodaki tiim konsantrasyonlar pg m-3
cinsinden sunulmustur).

Ol¢iilen Aritmetik Standart Sapma | Minimum Maksimu | Ortanca
Iyonlar Ortalama m

Erdemli

Na" 2.32 3.67 0.12 39.26 1.46
Cr 3.71 6.54 0.10 69.53 2.23
Mg** 0.38 0.45 0.04 4.67 0.30
K" 0.41 0.22 0.09 1.62 0.37
nssK” 0.32 0.20 0.04 1.28 0.27
NH," 2.94 1.11 0.10 5.48 2.90
NO5 5.19 2.79 0.38 16.32 5.28
SO42' 8.69 4.17 1.73 22.35 7.79
nssSO42' 8.11 4.28 1.55 22.00 7.30
C,04% 0.43 0.21 0.07 0.93 0.41
Ca* 3.32 1.86 0.37 8.73 3.08
nssCa*" 323 1.87 0.32 8.69 2.99
Finokalia

Na" 2.71 2.33 0.18 11.23 1.91
Cr 3.83 4.42 0.15 20.91 2.08
Mg 0.40 0.36 0.03 1.69 0.29
K" 0.21 0.14 0.01 0.62 0.16
nssK* 0.11 0.09 0.001 0.35 0.09
NH," 0.88 0.62 0.04 1.93 0.89
NO;5 1.85 0.99 0.10 4.74 1.80
SO42' 4.92 2.20 0.14 8.71 5.06
nssSO,> 4.24 2.14 0.10 8.23 4.14
C,04" 0.15 0.08 0.05 0.40 0.12
Ca* 1.24 1.08 0.10 5.00 0.81
nssCa*" 1.14 1.05 0.09 4.84 0.73

Tablodan da anlasilacagi gibi suda c¢oziilebilir iyonlarin konsantrasyonlar: 6rnekleme
stiresince biiyiik degiskenlik gostermektedir (minimum ve maksimum degerler, Tablo 1).
Ornegin Erdemli istasyonunda nssCa®" igin gozlenen en diisiik konsantrasyon 0.32 pg m™
iken yaklagik 30 katlik bir artis gostererek (8.69 pg m™) érnekleme siiresindeki en yiiksek
degerine ulagsmaktadir. Ayrica, iki istasyon goz Oniine alindiginda suda ¢dziilebilir iyon
konsantrasyonlarinda (deniz tuzlari hari¢: Na*, CI' ve Mg”") iki istasyon arasinda farklihk
gozlenmektedir. Finokalia istasyonuna kiyasla Erdemli’deki suda c¢oziilebilir iyon
konsantrasyonlar1 yaklasik 2 ve 3 kat daha ytiksek gozlenmektedir.
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Erdemli ve Finokalia i¢in aerosol optik kalinliklar1 (AOT) ve Angstrom katsayilar1 (440 nm
ve 870 nm i¢in verilen AOT’lerden tiiretilen bir parametre olup aerosollerin parcacik boyutu
hakkinda bilgi verir) icin istatistiksel 6zetler Tablo 2’de verilmistir. Suda ¢oziinebilir iyon
konsantrasyonlar1 gibi, her iki istasyonda gozlenen AOT’ler ve Angstrom katsayilari
ornekleme siiresince bliyiik degiskenlik gostermektedir (minimum ve maksimum degerler,
Tablo 2). Ornekleme boyunca Erdemli ve Finokalia i¢in gdzlenen aerosol optik kalinliklarmn
minimum degerleri 20-30 kat artarak maksimum degerlerine ulagsmaktadir. Genellikle
Erdemli’de belirlenen aerosol optik kalinliklar Finokalia ile kiyaslandigr zaman yaklasik %
30 daha yiiksek gozlenmektedir. Buna karsilik, Angstrom katsayilar1 karsilastirildiginda
Erdemli’de gozlenen degerler Finokalia’ya degerlerinden yaklasik % 15 daha diisiik oldugu
saptanmaktadir. Bu da Erdemli aerosollerinin biiyiik tanecik boyutuna sahip pargaciklar
tarafindan daha cok etkilendigine isaret etmektedir.

Tablo 2. Erdemli ve Finokalia istasyonlarinda belirlenen aerosol optik kalinliklar1 ve Angstrom
katsayilar icin istatistiksel 6zet. 1 ve 2 sirasi ile yer Ol¢timleri (AERONET) ve uzaktan algilama
(MODIS) yontemlerini simgelemektedir.

Aritmetik | Standart

Minimum | Maksimum | Ortanca
Ortalama | Sapma

Erdemli

AOT (550 nm)2 0.28 0.16 0.06 1.44 0.25
AOT (1020 nm ! 0.11 0.07 0.01 0.39 0.09
AOT (870 nm) 0.15 0.08 0.03 0.46 0.13
AOT (675 nm)’ 0.18 0.10 0.02 0.50 0.15
AOT (500 nm)l 0.24 0.15 0.04 0.69 0.21
AOT (440 nm)1 0.32 0.17 0.05 0.86 0.28

Angstrom Katsayisi

140 570 1.05 0.37 0.17 1.67 1.12
Finokalia

AOT (550 nmY | 0.26 0.16 0.04 1.45 0.23
AOT (1020 nm)' | 0.10 0.08 0.02 0.44 0.07
AOT (870 nm)' | 0.1 0.08 0.02 0.46 0.09
AOT (675 nm)! | 0.14 0.09 0.03 0.52 0.12
AOT (500 nm)' | 021 0.10 0.04 0.75 0.19
AOT (440 nm)' | 0.24 0.11 0.05 0.87 0.23
Angstrom Katsayist | | 5, 0.54 0.03 2.17 1.37

(440-870 nm)'

3.2.Mart-Mayis ve Eyliil-Ekim 2008 Donemlerinde Deniz Seferlerine Ait Veriler

Tablo 3(a-c)’de siras1 ile Mart-Mayis 2008 (Sefer-I), Eyliil-Ekim 2008 Seferlerinde (Sefer-1I)
ve Erdemli istasyonundan toplanan aerosol 6rneklerinde 6l¢iilen PM,y, iz metallerin ve suda
¢oOziinebilir iyonlarin konsantrasyonlar1 i¢in istatistiksel 6zetler sunulmustur. Tablolardan da
goriilecegi gibi PM)y, iz metallerin ve suda ¢oziilebilir iyonlarin konsantrasyonlar1 biiyiik
degisiklikler gostermektedir. En yiiksek ortalama PM;, ve toprak kaynakli metallerin
konsantrasyonlar1 (Al, Fe, Ti, Mn ve Ca) Sefer-1 siiresince gozlenirken en diisitk PM,
nssSO4>, NO3", OC ve EC degerleri Sefer-II’de gozlenmektedir. Diger yandan en yiiksek
deniz tuzu konsantrasyonlar1 (Na”, CI" ve Mg®") Erdemli istasyonunda gdzlenmektedir.
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Dogu Akdeniz ilkbahar aylarinda yogun olarak Afrika kitasindan atmosfer ile tasinan ¢ol
tozlarina maruz kalmaktadir (KUBILAY ve dig., 2003; 2005; KALIVITIS ve dig., 2007).
PM konsantrasyonlarinin bu dénemde yiikselmesinin nedeni bdlgeye atmosferik taginimla
ulasan ¢0l tozlarimin etkisidir. Toz tasinim donemlerinde AOT degerleri en yliksek
seviyelerine ulasirken Angstrom Katsayilari ise en diisiik seviyelerine ulasir (KUBILAY ve
dig., 2003; FOTIADI ve dig., 2006). Bu donemde toprak kaynakli elementlerin (Al, Fe, Ti,
Mn) ve iyonlarm (nss-Ca*") konsantrasyonlarida pik seviyelerine ulasir.

Tablo 3a. Mart-Mayis 2008 doneminde gergeklestirilen deniz seferinde toplanan aerosol
numunelerine ait PM,o, iz metaller, suda ¢oziilebilir iyonlar ile organik karbon (OC) ve elemental
karbon (EC) konsantrasyonlarina ait istatistiksel bilgiler (Sefer rotast Sekil 8’de sunulmustur). PM,g
konsantrasyonlart pg m>, diger aerosol bilesenlerinin konsantrasyonlart ise ng m~ cinsinden
sunulmustur.

Aritmeti | Standart Ortanc
k Sapma Minimum | Maksimum
a
Ortalama
PM, 38.2 24.8 7.5 130.0 33.3
Al 1704 5160 51 31735 646
Fe 708 615 90 2563 413
Ti 24.7 21.6 1.0 79.5 18.7
Mn 16.3 18.7 1.6 109.1 10.3
Ca 1525 1379 186 7103 1146
Cr 20.2 20.0 45 120.9 13.9
vV 3.2 3.9 0.1 12.4 1.5
Ni 5.3 3.9 1.3 19.0 4.9
Cu 13.7 12.7 0.2 51.6 9.2
Cd 0.33 0.25 0.07 1.35 0.25
Pb 9.7 7.9 1.6 38.9 7.8
Na® 677 616 35 3721 620
CI 1081 813 232 5084 976
Mg”" 136 94 8 336 124
nss Mg”" 94 90 1 316 56
K" 413 569 59 3600 292
nss K 387 549 58 3458 270
Ca”" 1065 1473 104 8668 798
nss Ca”" 925 474 187 1888 835
NH," 414 390 112 2434 317
SO~ 1478 555 512 3237 1370
nss SO4~ 1309 540 390 3149 1213
NO;y 1217 538 467 2170 1098
C,04~ 107 59 33 328 95
oC 3132 1873 289 8334 2779
EC 1100 964 3 3905 846

Tablo 3’de verilen PM;, konsantrasyonlar1 daha 6nce Erdemli istasyonunda gergeklestirilen
bir yillik 6rnekleme sonucunda elde edilen ortalama PM;( konsantrasyonu olan 36.4+27.8 ug
m” ile uyumludur (KOCAK ve dig., 2007a). Ayrica Tabloda verilen PM,, konsantrasyonlari
SMOLIK ve dig., (2003) tarafindan Girit adasindaki Finokalia istasyonu i¢in rapor edilen
degerlerle de uyumlu olup dogu Akdeniz atmosferini temsil etmektedir. Ote yandan Akdeniz
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kiyisinda bulunan Beyrut sehri i¢in PM;, konsantrasyonu yillik ortalamasi 84427 pg m™
gozlenmistir (KOUYOUMDIJIAN and SALIBA, 2005). Beyrut’ta gozlenen yiiksek
konsantrasyon sehrin lokal emisyonlari ile agiklanmustir.

Tablo 3b. Eylil-Ekim 2008 doéneminde gerceklestirilen deniz seferinde toplanan aerosol
numunelerine ait PM,y, iz metaller, suda ¢oziilebilir iyonlar ile organik karbon (OC) ve elemental
karbon (EC) konsantrasyonlarina ait istatistiksel bilgiler (Sefer rotast Sekil 8’de sunulmustur). PM;,
konsantrasyonlar1 pg m>, diger aerosol bilesenlerinin konsantrasyonlar1 ise ng m™ cinsinden
sunulmustur.

Aritmeti | Standart Ortanc
kOrtalam | Sapma Minimum | Maksimum a
a
PM,, 18.4 11.4 7.0 46.7 12.7
Al 359 502 10 1802 116
Fe 208 236 16 762 87
Ti 13.4 16.7 0.1 44.6 6.2
Mn 4.3 4.0 0.6 12.9 2.8
Ca 697 719 12 2480 377
Cr 18.2 17.9 0.5 92.2 14.6
\ 1.2 3.0 0.1 12.7 0.1
Ni 2.9 1.7 0.8 6.7 2.1
Cu 5.8 5.6 0.2 21.1 3.5
Cd 0.17 0.18 0.01 0.68 0.11
Pb 3.7 42 0.2 17.2 2.3
Na" 550 999 37 4785 308
Cl 1058 819 278 3379 929
Mg*" 225 185 65 782 157
nss Mg~ 160 126 52 569 123
K" 160 143 47 568 100
nss K 139 115 44 494 90
Ca™’ 700 702 107 3401 510
nss Ca”" 679 671 92 3225 507
NH," 307 419 40 1681 146
SO, 1086 1107 283 5607 727
nss SO~ 947 1080 67 5317 624
NO;y 823 501 253 2489 692
C,04" 41 63 1 304 23
oC 2160 1358 378 5479 1631
EC 603 563 37 2196 348

Eylil-Ekim 2008 doneminde es zamanli olarak deniz seferinde ve kiyida (Erdemli’de)
bulunan atmosfer orneklemesi kulesinden gergeklestirilen aerosol drneklemesi ile kiyidan
yapilan Orneklemenin deniz atmosferindeki durumu temsil ettigi gosterilmistir. Erdemli
istasyonunda gozlenen konsantrasyonlar Akdeniz kiyisinda bulunan Beyrut sehrine ait
konsantrasyonlardan ¢ok diisiik olup Erdemli istasyonunun verilerinin Girit adasinda bulunan
Finokalia istasyonu verileri ile gdstermis oldugu uyum dolayisi ile dogu Akdeniz atmosferini
temsil ettigini kabul edilinebilinir.
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Finokalia istasyonu i¢in elemental karbon (EC) ve organik karbon (OC) mart-mayis donemi
icin sirasi ile 340 ve 1760, eyliil ekim dénemi igin ise 370 ve 1915 ng m™ olarak rapor
edilmistir (SCIARE ve dig., 2008). Finokalia i¢in verilen degerler uzun donemli gézleme ait
oldugu icin bu verilerin Tablo 3de ortanca konsantrasyonlar ile karsilagtirilmasi daha uygun
olur.

Tablo 3c. Eyliil-Ekim 2008 doneminde Erdemli’de toplanan aerosol numunelerine ait PM,, iz
metaller, suda c¢oziilebilir iyonlar ile organik karbon (OC) ve elemental karbon (EC)
konsantrasyonlarina ait istatistiksel bilgiler. PM,, konsantrasyonlar1 pg m>, diger aerosol
bilesenlerinin konsantrasyonlari ise ng m™ cinsinden sunulmustur.

Aritmeti | Standart Ortanc
k Sapma Minimum | Maksimum a
Ortalama
PM, 290.8 11.9 10.4 52.3 26.8
Al 298 357 27 1660 163
Fe 256 237 35 1010 156
Ti 10.8 14.6 0.7 79.1 6
Mn 4.9 4.1 0.8 16.9 3.1
Ca 1598 946 187 4644 1375
Cr 9.5 2.9 4.2 17.2 9.5
vV 1.0 1.4 0.1 5.6 0.5
Ni 2 1.2 0.4 5.1 1.6
Cu 2.5 1.4 0.5 6.1 23
Cd 0.13 0.09 0.01 0.47 0.11
Pb 3.8 3.1 0.7 12.8 2.5
Na® 1589 787 164 3159 1685
CI 3292 2513 646 9468 2230
Mg 284 128 94 679 263
nss Mg~ 97 53 15 307 93
K’ 170 70 48 330 156
nss K 109 57 40 263 92
Ca”™ 1063 620 342 3105 852
nss Ca”’ 1005 614 307 3020 781
NH," 379 294 137 1391 289
SO~ 2352 1191 1058 6292 2029
nss SO,~ 1955 1152 787 5870 1643
NO;5 1062 578 354 2856 876
C,0,” 102 60 26 297 84
0oC 3306 1422 1348 7480 2959
EC 815 378 238 1760 689
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4. TARTISMA
4.1. 2003 Yilina Ait Verilerin Degerlendirilmesi

Her iki istasyondan toplanan aerosol drneklerinde analizleri gergeklestirilen suda ¢6ziinebilir
iyonlarin aylik ortalama derigimleri Sekil 10°da sunulmustur. Mevsimsel zaman serileri
aerosol popiilasyonuna tesir eden etmenler hakkinda bilgi vermektedir. Bu etmenler: kaynak
emisyonundaki zamansal degisimler; atmosferik tasinim yolunda degisim, gazdan partikiile
degisme oranlar1 ve aerosollerin mevsimlere bagli olarak atmosferden uzaklastirilmalari
olarak siralanabilir

Sekil 10°da goriildiigi lizere suda ¢oziinebilir iyonlar bariz bir mevsimsel salinim
sergilemektedirler. Bu iyonlar kabaca {i¢ ana gruba ayrilabilir:

1) Deniz tuzu kaynakli iyonlar: Bu iyonlarm (Na®, CI, Mg*", Br; Sekil 10a,b,c,d) kis (Ocak,
Subat, Aralik) aylarinda siddetli riizgarlar nedeni ile deniz yiizeyinden deniz tuzu
parcaciklarinin olusumunun artmasiyla ortalama derisimleri en yiiksek degerlerine ulasirken
yaz aylarinda ise en diigiik degerlerine inmektedir.

2) Ikincil aerosoller: Bu iyonlar (nssSO42', NOs, NH4+;C2042'; Sekil 10g, h, i, j) olup en
yiiksek degerlerini yaz aylarinda gosterirken (Haziran, Temmuz, Agustos) en diisiik
derigimleri kis aylarinda belirlenmektedir. Kis aylarinda gozlenen diisiik derisimler 6zellikle
bu iyonlarin yagislarla atmosferden uzaklastirilmasina baglanabilir. Diger yandan, yaz
aylarinda gozlenen yiiksek konsantrasyonlar etkisiz yas ¢okelmenin bu iyonlarin atmosferde
birikmesine olanak tanimasi ve yaz kosullarinin (yliksek radyasyon ve sicaklik) bu iyonlarin
gazdan partikiile doniisiimiinii arttirmasina atfedilebilir.

3) nssCa’" ve nssK': Bu iyonlar (Sekil 10e, f) diger iki gruba gore daha diizensiz bir
mevsimsel dagilim gostermektedir. Toprak kokenli nssCa®" etkili yagislara ragmen gegis
mevsimlerinde (Nisan, Mayis ve Ekim) ve Kasimda Kuzey Afrika (Biiyiik Sahra Colil) ve
Ortadogu (Arab Colii) ¢ollerinden bolgeye tasinmakta olan episodik mineral toz nedeniyle en
yiiksek konsantrasyonlarmi sergilemektedir. nssK™ ise hem bolgeye mineral toz tasmmasi
nedeniyle hem de biyokiitle yanginlar1 nedeniyle ge¢is ve yaz mevsimlerinde en yiiksek
derisimlerine ulagsmaktadir. Tiim 6rnekleme bo;funca nssCa”" Erdemli’de en yiiksek degerini
3 (nssCa”=10.1 pg m™), 4 (nssCa”"=8.0 ug m™), 5 (nssCa’=11.9 pug m™) Nisan 2003 zaman
araliginda gostermektedir. Ayni giinler i¢in nssK" derisimleri sirasi ile 0.35, 0.52, 0.65 pug m™
olarak gozlemlenmistir. Buna ek olarak Erdemli’deki aerosol optik kalinligin bu tarihler
arasinda en yiiksek degerlerine ulastigi belirlenmistir (3, 4, 5 Nisan degerleri sirasi ile 0.61,
1.09 ve 1.44). Sekil 11°de 04 Nisan 2003 tarihine karsilik gelen 3 giinliik geri yoriingeler
(1000, 850, 700, 500 hPa), TOMS (Aerosol Index) ve MODIS uydu resimleriyle birlikte
sunulmustur. Tiim geri yoriingeler (1000 hPa hari¢; Sekil 11a) Erdemli’ye ulasan hava
kiitlelerinin Sahra’dan etkilendigini gostermektedir. TOMS’dan elde edilen uydu goriintiileri
(Sekil 11b) toz bulutunun Misir {izerinden baslayip Dogu Akdeniz basenine yayildiginin ve
bu bolge tizerinde Aerosol Index degerinin 3 civarlarinda degerlere ulastig1 gézlenmektedir.
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Sekil 10. Erdemli ve Finokalia istasyonlar1 atmosferine ait aerosollerin suda ¢oziilebilir iyonlarn

mevsimsel zaman serileri (a) Na®; (b) CI'; (c) Mg”"; (d) Br; (e) nssCa”"; (f) nssK'; (g) nssSO4™; (h)
NOs7; (i) NH," ve (j) C,04%.
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Ayrica MODIS uydu resmi Misir kaynakli toz bulutunun Dogu Akdeniz bdlgesine niifuz
ettigini dogrulamaktadir. Finokalia’da ise nssCa>" en yiiksek degerlerinden biri 12-19 Mayis
2003 (nssCa*=2.2 pug m™) tarihleri siiresince toplanan 6rnekte gozlenmektedir. Bu tarihler
arasinda elde edilen kompozit TOMS Aerosol Index’i (Sekil 12) 6rnekleme istasyonun Sahra
kokenli toz bulutunun etkisi altinda oldugunu desteklemektedir. Her iki istasyona tagian ¢ol
tozlarmin aerosollerin kimyasal komposizyonunda ve optik 6zelliklerinde ani degisikliklere
neden oldugu her iki grubun 6nceki yayinlarinda da gosterilmistir (KOCAK ve dig., 2004a,b;
2007a, b; KALIVITS ve dig., 2007; SMOLIK ve dig., 2003; VREKOUSSIS ve dig., 2005).
Dogu Akdeniz’in partikiil madde yiikii agisindan diger bolgelere nispeten daha yiiklii olmasi
bu tozlardan kaynaklanmaktadir. Insan sagiligi iizerindeki olumsuz etkisi nedeni ile AB
Komisyonu iiye iilkeler i¢in PMo yonetmeligi hazirlamistir. Bu yonetmelige istinaden yillik
ortalama PM;, konsantrasyonunun 20 pg m™ olacak sekilde emisyonlarin asagi cekilmesi
istenmektedir. Ancak dogu Akdeniz gibi dogal kaynaklardan (¢6l tozu ve deniz tuzu
pargaciklar) atmosfer ile tasinan pargaciklara maruz kalan bdlgelerde bu yonetmelige
uyulmast miimkiin degildir. Bu durum aerosollerin kaynaklarinin tespit edilmesinin énemini
¢ok giizel vurgulamaktadir (KOCAK ve dig., 2007a).

00 05 10 15 20 25 30 40

Sekil 11. 4 Nisan 2003 tarihine ait Erdemli icin (a) geri yoriingeler, (b) TOMS Aerosol Index (Al) ve
(c) MODIS uydu resmi.
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Sekil 12. 12-19 Mayis 2003 tarihine ait kompozit TOMS Aerosol Index (Al).

Suda ¢oziinebilir iyonlar arasindaki istatistiksel karsilikli bagint1 kullanilarak; (a) iki iyonun
ortak bir kaynaktan geldigi, (b) benzer olusum mekanizmasina sahip oldugu (c) aralarinda
tepkime oldugu ve/veya benzer atmosferik taginim bi¢imine sahip oldugu hakkinda bilgi
edinilebilmektedir. Tablo 4a,b Erdemli ve Finokalia istasyonlarindan elde edilen suda
¢Oziinebilir iyonlar arasindaki bagintilarin korelasyon katsayilart birer matris halinde
gostermektedir. Suda ¢oziinebilir iyonlar arasindaki bagintilar su sekilde ifade edilebilir;

(a) zayif korelasyon (r=0-0.4); (b) orta derecede korelasyon (r=0.4-0.7) ve (c) kuvvetli
korelasyon (r=0.7-1.0). Beklendigi iizere her iki istasyonda da deniz tuzu kaynakli iyonlar
(Na", CI, Mg%, Br’) kendi aralarinda kuvvetli bir korelasyon gostermektedir (r>0.9) ve ortak
bir olusum mekanizmasina isaret etmektedirler. Erdemli istasyonunda ikincil aerosoller
(nssSO42', NOs, NH4+;C2042'; Tablo 4a) kendi aralarinda kuvvetli bir korelasyon gosterirken
Finokalia’da C2042' ve nssSO42', NO;, NH," iyonlart bir iligki sergilememektedir. Tablo
4b’den de anlasilacag: tizere oksalat iyonu (C,04%) deniz tuzundan kaynaklanan iyonlarla
giigli bir bagnti gosterirken toprak orijinli nssCa®* ile orta derece bir korelasyon
vermektedir. Bu iliskiler de oksalat iyonun bazik olan deniz tuzu katyonlari ve nssCa®"
katyonu ile partikiil-partikiil tepkimesini veya oksalatin oncli gazinin bu bazik katyonlar
{izerinde partikiil olusturmasina isaret etmektedir. Ayrica toprak orijinli nssCa’" ile oksalat
iligkisine bakilarak, oksalatin en azindan bir kisminin toprak kokenli olabilecegi de
soylenebilir. nssCa’” Erdemli’de nssK’ ile orta siddette bir korelasyon gosterirken
Finokalia’da Mg®" ile bu bagintiy1 gostermektedir. Bu suda ¢oziilebilir iyonlarin nssCa”" ile
korelasyonlarina bakarak gozlenen konsantrasyonlarinin bir kisminin topraktan kaynaklandigi
ileri siiriilebilir.
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Tablo 4. Suda ¢6ziinebilir iyonlar arasindaki karsilikli baginti (a) Erdemli ve (b) Finokalia. Kuvvetli
korelasyon katsayilari gri ile vurgulanmugtir.

(@) nssSO,”
Erdemli Na* | CI Mg** | Br nssCa® nssK* |- NO; | NH,' | C,0.”
Na® 1.00
Cr 0.99 | 1.00
Mg* 098 097 |1.00
Br’ 095 (096 |095 |1.00
nssCa’" -0.04 | -0.04 [0.04 [0.02 |1.00
nssK* -0.18 | -0.18 | -0.11 |[-0.11 ] 0.53 1.00
nssSO,> | -0.17 [ -022 |-0.05 |-0.19 |0.22 0.36 1
NO; -0.26 | -029 |-0.15 |-024 |0.56 0.64 0.70 1.00
NH," -0.23 | -027 |-0.14 |-024 |021 0.47 0.91 0.78 | 1.00
C,0” -0.17 | -021 [-0.03 |-0.13 | 0.48 0.63 0.79 0.79 | 0.75 | 1.00
(b) nssSO42
Finokalia Na® | CI Mg** | nssCa** | nssK* i NO; | NH,' | G0,
Na' 1.00
Cr 0.98 | 1.00
Mg** 098 | 098 |1.00
nssCa’ 0.33 | 037 |044 |1.00
nssK* 028 (024 ]039 039 1.00
nssSO,> 0.03 |-0.13 |0.02 |0.13 0.55 1.00
NO; 0.01 [-0.13 [0.02 ]0.09 0.43 0.77 1.00
NH, -
034 |-044 |-035 |-0.23 0.24 0.84 0.73 1.00
C,0,” 071 (072 |076 |o0.64 0.38 0.07 0.11 -0.24 | 1.00
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4.2. Aerosollerin 2003 Yilina Ait Optik Ozellikleri

Her iki istasyon i¢in tiiretilen aerosol optik kalinliklarin (AERONET: 440, 870 ve 1020 nm,
MODIS: 550 nm) ve Angstrom katsayilarin (ou40.870) aylik ortalamalar1 Sekil 13°de
sunulmustur.
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Sekil 13. Erdemli ve Finokalia istasyonlar1 i¢in tiiretilen aerosol optik kalinliklarin (AERONET: 440,
870 ve 1020 nm, MODIS: 550 nm) ve angstrom katsayilarin (o449.870) aylik ortalamalari.

Her iki istasyonda da aerosol optik kalinliklar en diisiik degerlerini ki aylarinda
gostermektedir. Erdemli’de AOTa49 en yiiksek ortalamalarini yazin ve Eyliil-Ekim aylarinda
gostermekteyken Finokalia’da en yiiksek degerlerini ilk-bahar ve yazin gostermektedir.
AOTg7 ve AOTjp Erdemli’de Nisan-Mayis-Haziran aylarinda yiliksekken yaz ortalarina
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dogru diisme egilimi gosterip Eyliil-Ekim aylarinda tekrar yiikselmektedir. Finokalia
istasyonunda ise en yiiksek ortalamalar1 ilk bahar ve Ekim’de belirlenmektedir. MODIS ten
elde edilen AOTss) ortalamalar1 ise Nisan aymnda Erdemli’de, Mart-Nisan aylarinda
Finokalia’da en yiiksek degerini gostermektedir. Buna ek olarak, Angstrom katsayilarinin en
diisiik degerleri Nisan-Mayis ve Ekim-Aralik donemlerinde belirlenmistir. Farkli dalga
boylarindaki aerosol optik kalinliklarinda ve angstrom katsayilarinda gozlenen mevsimsel
dongiiler, Dogu Akdeniz iizerinde farkli kimyasal kompozisyona ve partikiil boyuna sahip
aerosollerin varligina isaret etmektedir. Ornegin, yazin gdzlenen yiiksek AOT449 ve angstrom
katsayilar1 (Erdemli:~1.2, Finokalia: ~1.5) belirlenen aerosol optik kalinligin 6zellikle kiiclik
boy dagilimi1 gosteren partikiillerden kaynaklandigina isaret etmektedir. Diger taraftan Nisan-
Mayis aylarinda gozlenen yiiksek AOTg7o (ve AOTign) ve diisiik angstrom katsayilari
(Erdemli:~0.7, Finokalai: ~0.9) belirlenen aerosol optik kalinligin daha ¢ok biiyilk boy
dagilimi gosteren partikiillerden kaynaklandigini gostermektedir.

Sekil 14 her iki istasyon i¢in elde edilmis AERONET (500 nm) ve MODIS (550 nm) optik
kalinliklarinin arasinda iligki sunulmustur. Sekillerden de goriildiigii gibi her iki istasyon i¢in
elde edilen egimler 1 degerinden farklidir. Erdemli’de bu egim 0.84 iken Finokalia’da 0.51
olarak tespit edilmistir. Bu verilerde MODIS’in AERONET’ e gore Erdemli istasyonu i¢in
% 16 daha fazla aerosol kalinlik verirken Finokalia i¢in nerdeyse 2 kat fark gozlenmektedir.
Ancak giivenlik ¢izgileri dikkate alindiginda elde edilen verilerin Erdemli ve Finokalia igin
strast ile % 91°1 ve % 86°s1 bu kosulu saglamaktadir.
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Sekil 14. MODIS Aerosol optik kalinliklar1 ile AERONET aerosol optik kalinliklarinin (AOT)
karsilagtirilmasi. (a) Erdemli ve (b) Finokalia. Siyah c¢izgiler regresyon egrilerini ve kesikli ¢izgiler
regresyon egrisinden MODIS AOT’ye karsilik gelen teorik degerlere MODIS AOT’nin standart
sapmasinin (Erdemli: %50 ve Finokalia: %56) eklenip ve degerlerden ¢ikarilarak hesaplanan
rakamlara karsilik gelmektedir.

Bu cizgilerin diginda kalan degerler her iki istasyon i¢in veri setlerinden c¢ikarildiginda
MODIS ve AERONET optik kalinliklar1 arasindaki iligki Sekil 15°deki gibi gozlenmektedir.
Her iki istasyon i¢cin MODIS ve AERONET aerosol optik kalinliklar1 arasindaki egim ve
korelasyon katsayilar1 (r degeri Erdemli i¢in 0.75’ten 0.86’ya, Finokalia icin ise 0.69’dan
0.81’e ¢ikmistir) belirgin bir artis gostermektedir. Erdemli i¢cin AERONET/MODIS egimi
0.91’e ¢ikarken bu oran Finokalia i¢in ancak 0.65’e tekabiil etmektedir.
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Sekil 15. MODIS Aerosol optik kalinliklart ile  AERONET aerosol optik kalinliklariin
karsilastirilmasi. (a) Erdemli ve (b) Finokalia.

4.3. Suda Cozinebilir Iyonlar ile Aerosol Optik Kalinliklar ve Angstrom
Katsayis1 Arasindaki Iliskiler

1) Deniz tuzu kaynaklr iyonlar: Her iki istasyonda da deniz tuzu kaynakli suda ¢6zilinebilir
iyonlarla (Na", CI, Mg®", Br) acrosol optik kalinliklar ve angstrom katsayilar1 arasinda tiim
veri seti i¢in her hangi bir baginti bulunamamistir. Diger taraftan, kis mevsimi siiresince
Erdemli istasyonunda bu iyonlar AOT)¢y ile orta siddette bir korelasyon gosterirken (r~0.67)
ve angstrom katsayisi arasinda negatif bir bagint1 (r~-0.63) gézlenmistir. Bu iligkilere bakarak
kis mevsiminde aerosol optik kalinligin biiyiik boy dagilimi gosteren (angstrom katsayisi
arasinda negatif baginti r~-0.63) deniz tuzu kaynakli iyonlar tarafindan etkilendigi ileri
stirtilebilir.

2) Ikincil aerosoller: Bu iyonlar (nssSO4>, NOs, NH,";C,0,4%) her iki istasyonda da AOTas
ile orta siddette ve kuvvetli korelasyon gostermektedir. Sekil 16 her iki istasyonda nssSO4>
ve AOT44 arasindaki iliskiyi gostermektedir. Sekilden de gorilldiigii tizere nssSO4” ve
AOT44 Erdemli’de kuvvetli bir korelasyon gosterirken Finokalia’da ise orta kuvvette bir
korelasyon sergilemektedir. Bu veriler 1s181nda Dogu Akdeniz atmosferinde gozlenen aerosol
optik kalinliklarin y11 boyunca ikincil aerosollerden etkilendigi sdylenebilir.

1.0 0.6
|(a) Erdemli (b) Finokalia

| r=0.74 : 1 r=0.56

0 5 10 15 20 25 0 2 4 6 8 10
nssSO 42'(ug m'3) nssSO 42'(ug m'3)
Sekil 16. nssSO42' ve AOT4 arasindaki baginti. (a) Erdemli ve (b) Finokalaia
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3) nssCa’" Toprak kaynakli olan nssCa*" ile AQT44 arasinda tiim y1l boyunca (AOT g0 ve
AOTg70) net bir iliski gézlenmezken 6zellikle Mart, Nisan ve Mayis aylarinda AOTgy ile
orta siddette bir korelasyon (r~0.6) gosterdigi tespit edilmistir. Ayrica her iki istasyonda da bu
iyonla angstrom katsayisi arasinda orta siddette negatif (r~-0.6) bir baginti oldugu
gdzlenmistir. Ozellikle bu donemde bdlgede gozlenen nssCa’" iyon derisimleri Sahra kdkenli
mineral tozu tasinimindan etkilenmektedir. Dolayisi ile bahsi gecen aylarda Dogu Akdeniz
basenindeki iki istasyonda gozlenen aerosol optik kalmliklarinim biiyiik boy dagilimi (nssCa**
ve angstrom katsayisi arasindaki negatif iliski) gosteren mineral tozundan etkilendigi one
stiriilebilir.

4. 4. Mart-Mayis ve Eyliil-Ekim 2008 Yilana Ait Verilerin Degerlendirilmesi

ODTU-DBE’ye ait arastirma gemisi Bilim II ile yapilan seferler ve Erdemli’den elde edilen
PM,, iz metallerin ve suda c¢oziinebilen iyonlarin ortalama konsantrasyonlart Finokalia
istasyonundan elde edilen literatiir verileriyle karsilagtirilmak iizere Tablo 5’te sunulmustur.

Tablo 5. Sefer-I,II ve Erdemli’de elde edilen verilerin Finokalia verileri ile karsilastirilmasi. PM;

konsantrasyonlar1 pg m>, diger aerosol bilesenlerinin konsantrasyonlar1 ise ng m™ cinsinden
sunulmustur. * SMOLIK ve dig., (2003); °BARDOUKI ve dig., (2003); * SCIARE ve dig., (2008).

Sefer-1 Sefer-11 Erdemli Finokalia- Finokalia-K1s
Yaz
PM;, 38.2 18.4 29.8 32 14*
Al 1704 359 298 251% 99
Fe 708 208 256 246* 34%
Ti 24.7 13.4 10.8 22% 2%
Mn 16.3 43 4.9 6* 1%
Ca 1525 697 1598 - -
Cr 20.2 18.2 95 1% -
\ 3.2 1.2 1.0 6* 3%
Ni 5.3 2.9 2 2% 2%
Cu 13.7 5.8 25 2% 1*
Cd 0.33 0.17 0.13 - -
Pb 9.7 3.7 3.8 - 5%
Na" 677 550 1589 2028° 1199°
CI 1081 1058 3292 2279° 2057°
Mg®" 136 225 284 304° 208°
nss Mg”" 94 160 97 78° 75°
K 413 160 170 294° 163°
nss K 387 139 109 217° 117°
Ca’’ 1065 700 1063 1510° 157°
nss Ca’" 925 679 1005 1435° 113°
NH, 414 307 379 2371° 771°
SO 1478 1086 2352 6877° 2363°
nss SO~ 1309 947 1955 6370° 2063°
NO; 1217 823 1062 2750° 1528°
C,0,” 107 41 102 255° 69°
oC 3132 2160 3306 2180" 1130
EC 1100 603 815 360" 180"

En yiiksek PM o degeri Sefer-I’de gézlenmis ve Finokalia istasyonunda yaz ve kis doneminde
gozlenen konsantrasyonlardan sirast ile 1.2 ve 2.7 kat daha yiiksektir. Toprak kokenli iz
metaller (6zellikle Al, Fe ve Mn) en yiizsek ortalama degerlerini Sefer-I siiresince gosterirken
Finokalia istasyonunda gozlenen konsantrasyonlardan 3 ile 20 kat fazla olarak belirlenmistir.

24



Insan kaynakli kursun en yiiksek degerini Sefer-I’de gosterirken, Sefer-II ve Erdemli’de
gozlenen konsantrasyonlar Finokalia’da gbozlenen degerden yaklasik 25 % daha azdir. Deniz
tuzundan kaynaklanan suda ¢6ziinebilir iyonlar (Na*, CI" ve Mg®") Sefer-I, II siiresince hemen
hemen aymi seviyelerde gozlenirken Finokalia ve Erdemli istasyonunda belirlenen
degerlerden yaklasik 50 % daha azdir. Sefer-III ve Erdemli istasyonunda gézlenen nssSO4>
degerleri Finokalia’da yazin gozlenen degerden yaklasin 6 ile 3 kat daha azdir ancak Sefer-
LII’de belirlenen degerler Erdemli’de ve kisin Finokalia’da gozlenen konsantrasyonlardan
yaklasik 2 kat azdir. Amonyum degerleri seferler siiresince ve Erdemli’de Finokalia’da
gozlenen degerlere kiyasla 2 ile 5 kat daha azdir. Seferlerde ve Erdemli’de gézlenen nitrat
degerleri Finokalia’da kisin gozlenen degerle mukayese edilebilirken Finokalia istasyonunda
yazin gozlenen degerden 2 kat daha dusiiktiir. Elemental karbon (EC) degerleri seferler
stiresince ve Erdemli’de Finokalia’ya kiyasla 2-3 kat daha yiliksek gozlenirken, organik
karbon miktarlar1 Finokalia’da kisin gozlenen degerlerden yaklasik 2 kat yiiksek ve yazin
belirlenen degerle mukayese edilebilir diizeydedir.

Sekil 17°de gozlenen PM;y konsantrasyonlarina kaynaklarin goreceli katkisini
gostermektedir. Mineral tozun katkisinin en yiliksek gozlendigi donem Sefer-I olarak
belirlenmistir.  Gozlenen PM;, konsantrasyonun yaklasik %60’1 mineral tozdan
kaynaklanmaktadir. Mineral toz olaylarim belirlemek iizere Fe i¢in 500 ng m™ degeri, OMI-
Al (Ozone Monitoring Instrument Aerosol Index) ve 3 giinliik hava kiitlelerinin geri
yoriingeleri kullanilmistir. Incelemeler sonucu Mart-Mayis 2008 déneminde toplanan 37
ornegin 18’inin (49 %) mineral tozlu giinlere denk diistiigli gozlemlenmistir. Bu toz
olaylarinin 1 giin ile 1 hafta araliginda siirebildigi belirlenmis ve en yliksek toz olay1 29 Nisan
ile 1 Mayzs siiresince gdzlemlenmistir (3 giin; ortalama Fe ~ 1400 ng m™). Diger yandan 10
Nisan ile 13 Nisan tarihleri arasinda ortalama 1300 ng m™ Fe konsantrasyonuyla 4 giin siiren
ikinci en yliksek toz olay1 gozlemlenmistir.

Sekil 18’de 11 Nisan 2008 tarihi i¢in elde edilen 3 giinlik hava kiitlelerinin geri
yoriingelerini ve OMI-AI degerlerini gostermektedir. Tiim geri yoriingeler (1000 m, 2000 m
ve 3000 m; Sekil 18b) Canakkale yakinlarinda Bilim II gemisine ulasan hava kiitlelerinin
Sahra’dan etkilendigini gostermektedir. OMI’den elde edilen uydu goriintiileri (Sekil 18a) toz
bulutunun 6zellikle Misir iizerinden baslayip Ege basenine yayildigr ve bu bdlge iizerinde
Aerosol Index’in 3 degerinin iizerine ¢iktig1 gézlenmektedir.

En diisiik deniz tuzu katkis1 seferler (6-10 %) siiresince tespit edilmistir. En yiiksek katk: ise
beklendigi gibi kisin Finokalia (28 %) istasyonunda gozlenmektedir. Diger yandan Sefer-II ve
Erdemli’de yiiriitiilen es zamanli 6rneklemeler goz oniine aliip bir kiyaslama yapildiginda
Erdemli’deki deniz tuzu katkisinin Sefer-II’ye kiyasla 2 kat fazla oldugu goézlemlenmistir.
Bunun nedeni ise kiy1 bolgelerindeki istasyonlarin 6zellikle dalgalarin sahil seritlerinde
kirilmasi sonucu deniz tuzu iiretiminin artmasindan etkilenmesine baglanabilir.

Diger yandan iyonik kiitlenin PM;, katkis1 Sefer-1, II ve Erdemli i¢cin mukayese edilebilir

seviyelerdedir (12-18 %). Ozellikle ikincil aerosollerden kaynaklanan iyonik kiitlenin katkisi
Finokalia istasyonunda yaklasik 2 kat daha yiiksek tespit edilmistir (32-37 %).
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Sekil 17. Goézlenen PM,, konsantrasyonlarina kaynaklarin goreceli katkist. MT: Mineral Toz; DT:
Deniz Tuzu; IK: Iyonik Kiitle; OC: Organik Karbon; EC: Elemental Karbon.

Organik karbonun PM;, konsantrasyonuna katkis1 Sefer-II ve Erdemli istasyonunda diger

orneklemelere oranla 30 % kadar daha yiiksek gozlemlenirken, elemental karbon seferlerde
ve Erdemli’de Finokalia’ya oranla 2 kat fazla olarak belirlenmistir.
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yoriingeleri (b).
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5. ONERILER

1980’lerin basinda osinografik seferler siiresince aragtirma gemileri tlizerinde gerceklestiren
ilk aerosol Slgiimleri Akdeniz’in kiyidan uzak agik deniz lizerindeki aerosol yogunlugunun
degisik karasal kaynaklarin emisyonlari ile kontrol edilmekte oldugunu gostermistir. Ayrica
bu arastirmalar sonucunda Akdeniz atmosferindeki aerosol konsantrasyonlarmnin zaman
icerisinde ¢ok biiyiikk degisim gostermekte oldugu icin kesintisiz 6l¢iim programlari ile
izlenmesinin  geregi  vurgulanmistir. Izleyen donemde aerosollerin  kimyasal
komposizyonunun ve optik 6zelliklerinin yer ve uzay seviyesinde gerceklestirilen uzaktan
algilama Olctimleri ile belirlenebilir olmasi ile Akdeniz aerosollerinin zaman ve uzay
Olcegindeki degiskenligi gozlenebilmistir. Uzaktan algilama verilerinin giivenirliliginin test
edilmesi amaci ile yer seviyesinde gerceklestirilen Ol¢limlere halen ihtiyag vardir ve bu
Olctimlerin devam ettirilmesi gerekmektedir.

Aerosol iklim etkilesimleri tiim diinyada bolgesel olgekte yogun Olciim kampanyalart ile
aragtirilmis olmasina ragmen Akdeniz bolgesi goreceli olarak ihmal edilmistir. Akdeniz
bolgesinde aerosollerin cevresel etkilerinin (denizel biyojeokimya dongiileri tlizerindeki ve
hava kalitesi gibi) tanimlanmasi ve gosterilmesi gerekmektedir. Bu tiir arastirmalarda
bolgesel uluslarast igbirlikleri kurularak farkli noktalardan eszamanli 6lgiimler yapilmasi ve
karsilikli veri ve bilgi alisverisinde bulunulmasi elzemdir.
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Abstract

Two-stage aerosol samples (PM;y, s and PM,s) were collected at a coastal rural site located in the northeastern
Mediterranean, between April 2001 and 2002. A total of 562 aerosol samples were analyzed for trace elements (Fe, Ti, Mn,
Ca, V, Ni, Zn, Cr) and water-soluble ions (Na™, NH;, K, Mg>", Ca’>*, CI-, Br~, NO3, SO3~, C,03~ and
MS™:methane sulfonate). PM, crustal elements, sea salt aerosols and NO3 were mainly associated with the coarse mode
whereas non-sea salt (nss)SO;zf, C,03~; MS™, NH,, Cr and Ni were found predominantly in the fine fraction.
Concentrations of aerosol species exhibited orders of magnitude change from day to day and the aerosol chemical
composition is heavily affected by dust events under the influence of airflow from North Africa. During the sampling
period, 11 specific mineral dust events of duration varying from 1 day to a week have been identified and their influence on
the chemical composition of aerosols has been studied in detail. Ionic balance analysis performed in the coarse and fine
aerosol fractions indicated anion and cation deficiency due to CO3~ and H™, respectively. A relationship between nssSO3~
and NH,; denoted that sulfate particles were partially neutralized (70%) by ammonium. Excess-K/BC presented two
distinct ratios for winter and summer, indicating two different sources: fossil fuel burning in winter and biomass burning in
summer.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Chemical composition; Fine and coarse mode; Dust; Northeastern Mediterranean; Sources

1. Introduction

Aerosols physically affect the heat balance of the
Earth, both directly by reflecting and absorbing
solar radiation, and by absorbing and emitting some
terrestrial infrared radiation and indirectly by
influencing the properties and cloud processes and,
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E-mail address: kubilay@ims.metu.edu.tr (N. Kubilay).

1352-2310/§ - see front matter © 2007 Elsevier Ltd. All rights reserved.
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possibly, by changing the heterogeneous chemistry
of reactive greenhouse gases (e.g., O;; IPCC, 2001
and references therein). The global radiative forcing
due to aerosols is roughly 1.6+1.3 Wm ™2, which
nearly compensates for the mean global radiative
forcing of 2.44+0.3Wm™ due to greenhouse gases
warming (IPCC, 2001). Recently, Vrekoussis et al.
(2005) investigated aerosol optical properties in the
eastern Mediterranean and estimated radiative
forcing at the top of the atmosphere ranging from
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—12.6 to —23Wm? for summer and winter,
respectively. Their estimated radiative forcing
values are up to five times higher than that induced
by greenhouse gases but opposite in sign. The large
range of uncertainty associated with aerosol forcing
estimates reflects the poor state of knowledge
regarding the sources, distributions and properties
of atmospheric aerosols. The need for an increased
effort in characterizing tropospheric aerosols in
order to reduce the uncertainty in the aerosol
forcing estimate has been stressed (Schwartz and
Andreae, 1996; Ramanathan et al., 2001; Kaufman
et al, 2002). Recent model studies reproduced
satellite observations and demonstrated the role of
three major components of aerosols in surrounding
regions of the Mediterranean basin (sulfate, black
carbon (BC) and dust), having very high direct
radiative forcing for aerosols at the top of the
atmosphere (Jacobsen, 2001; Sciare et al., 2003).
Knowledge of the spatial and temporal variability
of aerosol concentrations, their physical, chemical
and radiative properties are very important since
they can directly and indirectly influence planetary
albedo (climate).

Adverse effects of particulate matter (PM) on
human health have been shown by a great deal of
studies (Englert, 2004 and references therein). For
example, PM, has important health implications
through the inhalation of PM, which can be
deposited in the lung and high concentrations of
trace metals associated with these inhalable particles
such as Pb, Cd, V, Fe, Zn, Cr, Ni, Mn and Cu are
potentially toxic to human (Singh et al., 2002 and
references therein).

Several studies have been conducted in the
western Mediterranean (Querol et al., 2001; Rodri-
guez et al., 2002), considering temporal and spatial
variability of the concentration of PM;,, aerosol
trace elements and water-soluble ions. Nevertheless,
studies for the eastern Mediterranean are limited.
To our knowledge the only study reporting the
temporal variability of trace elements in coarse and
fine particles was performed at the arid site, Negev
Desert of the Israel (Andreae et al., 2002). This
paper addresses the temporal variability of the
concentration of PM,,, aerosol trace metals and
water-soluble ions influencing the Levantine Basin
of the eastern Mediterranean, in two-size fractio-
nated aerosol populations (over 1-year period) from
the Erdemli site.

A size-fractionated sampling strategy will allow
the identification of the (i) size distribution of

chemical species, (ii) chemical components and
contribution of each component to the coarse and
fine PM levels, (iii) meteorological processes (by
using local rainfall and back trajectories) on the
observed concentration levels, (iv) mineral dust
events, (v) evolution of organic (oxalate) and
inorganic anions on dust particles.

2. Material and methods

A Gent-type PM, stacked filter unit (SFU)
sampler was used in order to collect atmospheric
particles in two size ranges, namely, coarse and fine
at a rural site located on the coast of the eastern
Mediterranean, Erdemli (36° 33’ 54'N and 34° 15
18"E), Turkey (for more details see Kubilay and
Saydam, 1995; Kubilay et al., 2002; Kogak et al.,
2004a, b). Typical to Mediterranean, the sampling
site is mostly wet in winter and dry in summer. Pulp
and paper industry exist 45km to the west and a
petroleum refinery, soda, chromium, fertilizer in-
dustry, a thermic power plant and the city of Mersin
(~1million inhabitants) are located 45km to the
east of the sampling site. Sampling commenced in
April 2001 and ended in April 2002. During this
period a total of 562 aerosol filter samples were
collected with a temporal resolution of 24 h. After
collection of aecrosol filters, PM;q > 5 and PM, s
concentrations were determined gravimetrically.
Water-soluble ions were measured by ion chroma-
tography (IC) at Environmental Chemical Processes
Laboratory (ECPL), University of Crete, following
the method described in details by Bardouki et al.
(2003). Concentrations of the elements (Fe, Ti, Ca,
Mn, K, Cr, V, Zn, Cl, S) were obtained using 2cm?
of the filter sample applying proton-induced X-ray
emission (PIXE) at ATOMKI (Institute of Nuclear
Research of the Hungarian Academy of Sciences,
Debrecen, Hungary). During the experiments, the
aerosol samples were irradiated by a 2 MeV proton
beam, which was supplied by the SMV Van de
Graaff Accelerator of ATOMKI (for more details
see Borbely-Kiss et al., 1999). For the evaluation of
PIXE spectra, the PIXEKLM software was applied
(Szabo and Borbely-Kiss, 1993).

BC content in 46 fine acrosol filter samples
collected during winter and summer was determined
using a smoke stain reflectometer (SSR, Borbely-
Kiss et al., 1999). For this purpose, obtained
reflectance was converted into pgm ™ calibrating
instrument using EC. More details about sampling
and analysis can be found at Kocak et al. (2007).
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Three-dimensional (3-D), 3-day backward trajec-
tories (European Center for Medium Range Fore-
casts) of air masses arriving at the sampling site on
12:00 UT at a pressure level of 850 hPa representing
the top of boundary layer (Katsoulis, 1999) were
calculated from April 2001 and 2002. Cluster
analysis in the categorization of air masses back
trajectories is widely used (Dorling et al., 1992;
Cape et al., 2000) since it allows large quantities of
data to be processed automatically. The categoriza-
tion was based on the trajectory coordinates with no
inclusion of the information such as whether the
trajectory had over land or sea or regions with the
potential for emitting crustal materials and/or
pollutants into the air mass. In order to use cluster
analysis in the categorization of back trajectories,
Statistica Package program and the method de-
scribed by Cape et al. (2000) were applied.

Table 1

3. Results and discussion
3.1. General characteristics of the data

The average concentrations of PM, trace elements
and water-soluble ions in the fine (d<2.5um,
PM,5) and coarse (10pum >d >2.5um, PM o 5)
atmospheric particles along with standard devia-
tions are presented in Table 1. The annual average
sulfate and nitrate mass concentrations were 4953
and 1857ngm™>, respectively. Ca, Fe, Ti and Mg
(mainly originating from crust) mass concentrations
were found to be 1550, 351, 27.1 and 7.6ngm*3,
respectively. Ammonium and potassium had mean
values of at 850 and 203 ngm >, respectively. Sea
salt particles consist mainly of sodium chlorite and
sulfate (primarily Na,SO4, MgSO,4 or K»SO,4) and
non-sea salt fractions of ions was calculated from

Statistical descriptions of the elemental and ionic concentrations measured in the coarse and fine fractions of particles collected at Erdemli

over the period of April 2001 and 2002

Species This study PM,, eastern Mediterranean PM,, western
Mediterranean

PM g5 PM, 5 This study® rural Sde boker® arid Monagrega® rural

PM 26.7426.4 9.74+59 36.4 60.4 22

Fe 298 +444 53.3+82 351.3 1293 222

Ti 23441.7 4.14+7.6 27.1 125.9 20

Mn 58475 1.8+1.7 7.6 24.9 5

Ca 17304+ 1567 158 +£208 1888 6744 930

v 42+3.1 4.5+43.7 8.7 9.8 2

Ni 2.1+1.8 1.6+1.3 3.7 5.7 5

Zn 4.842.8 4.9+3.7 9.7 30.6 30

Cr 39453 1.843.5 5.7 - -

S 5154319 11224869 1637 2646 -

K 2444258 116+112 360 599 203

Na™ 3095+4195 3394242 3434 1216 294

Cl 538447772 108 +182 5492 1199 349

Mg * 4354540 54439 489 958 117

nssMg>* 90+ 128 25420 115 - -

Br~ 1094214 - 10.9 29.2 -

K* 95+114 108 +127 203 - -

nssK ™ 40452 994125 139 - -

NH, - 8504830 850 - 1284

NO3 1589 +983 2684295 1857 - 2177

Norm 154141352 341243093 4953 - 3877

nssSOj 8104834 333643072 4146 - 3803

C,05~ 158 +94 2344160 392 - -

MS™ - 24.14+25.6 24.1 - -

Ca?™" 1398 +1405 162+ 162 1560 - -

nssCa®* 1285+ 1346 1504161 1435 - -

Concentrations are expressed in ngm™>, except for PM, for which concentrations are in pgm=>.

“This study.
®Andreae et al. (2002).
‘Rodriguez et al. (2002).
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measured concentrations of ion interested, Na ™ and
a standard sea water composition (Turekian, 1976).
Sea salt-originated water-soluble ions were also
found in high concentrations, as expected for a
coastal sampling site. Trace metals V, Ni and Zn
have anthropogenic origins such as residual oil and
smelters and show concentrations of 8.7, 3.7 and
9.7ngm™>, respectively. The annual arithmetic
mean PM, mass concentration was 36.4 ug m~>.
Ca concentrations obtained from PIXE analyses
are higher than those obtained from IC measure-
ments; the results indicate (Table 1) that on average,
water-soluble Ca®>" concentrations (IC) are about
20% lower than the total Ca (PIXE). The insoluble
fraction (amounting to 20%) might be attributed to
the existence of insoluble compounds of Ca such as
calcium oxide and feldspar. Water-soluble sulfate
has mean values about three times of the elemental
S concentration (PIXE). This ratio is identical to the
mass ratio of SO37/S and implies that almost all of
the observed elemental S is in the form of sulfate.
Size distributions of trace metals and water-
soluble ions in coarse and fine fractions are
presented in Fig. 1. The largest portion of the
atmospheric particle mass is associated with coarse
particles and contributes 73.4% to the observed
particle mass. Crust-originated trace metals (Fe, Ti
and Mn), water-soluble ions Na™, CI=, Mg>",
Ca’*, Br~ and NOj are associated mainly with

M. Kogak et al. | Atmospheric Environment 41 (2007) 7351-7368

coarse particles (>75%). The mass concentration of
oxalate (C,O37) and non-sea salt sulfate (nssSO3")
was mainly found in the fine mode (60% and 80%,
respectively). On the other hand, ammonium
(NH, ) and methane sulfonate (MS™) mass con-
centrations were exclusively found in the fine size
fraction. Trace metals V and Zn displayed almost
half of their mass concentrations in the fine fraction
while about 60% and 70% of the mass concentra-
tions of Ni and Cr were found in the fine the
fraction, respectively.

3.2. Daily variations of chemical composition

The daily variations in the concentrations of PM,
aerosol trace elements and water-soluble ions with
daily precipitation between April 2001 and 2002 are
presented in Fig. 2.

Aerosol species originating from sea salt (Na™
and CI7) exhibit their highest mass concentrations
and larger variations during the winter season due
to unsettled weather, which enhances the concen-
trations of the aforementioned aerosol elements
throughout periods of severe sea spray generation.

Crustal aerosol species (Fe and Ti, see Fig. 2)
indicates strong daily variability in their concentra-
tions. The concentrations of crust-originated species
showed lower values frequently during the winter
season (due to rain). As is well documented in the
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Fig. 1. Relative contributions of PM, and aerosol species in the fine and coarse fraction.
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Fig. 2. Daily variations of sea salt, crustal, anthropogenic and biogenic aerosols throughout the period between April 2001 and 2002 along

with daily rain events.

literature (Alpert and Ziv, 1989; Kubilay and
Saydam, 1995; Moulin et al., 1998; Kubilay et al.,
2000; Kogak et al., 2004a), despite efficient scaven-
ging by wet precipitation, crustally originated
aerosol species showed higher concentrations and
larger variations during the transitional (spring and
autumn) period when the air mass trajectories
originated predominantly from North Africa but
rarely from the Middle East, and are often
associated with intense sporadic peaks of mineral
dust. However, during the summer period, crustally
originated trace metals exhibited less variability in
their concentrations since the soil is dry in this
season and the lack of wet precipitation leads to
greater re-suspension of local soil particles.

Fig. 2 presents the daily variations of the water-
soluble ions nssSO5~, MS~, NH,, C,03  and
NO5. They show larger variabilities and peak values

in summer due to the absence of precipitation and
changes in air masses origin. For example, the
highest MS™ concentration was found on the 3rd of
June 2001 under the influence of maritime airflow
originating from the Mediterranean Sea. Sharp
decreases in the concentrations of MS™ from the
summer towards winter may be attributed to
variations in several different processes: chemical,
biological (primary productivity) and meteorologi-
cal (Kubilay et al., 2002).

3.3. Influence of dust events on aerosol chemical
composition

The Mediterranean region is affected by large
quantities of mineral dust associated with air mass
transport mainly from sources in North Africa and
occasionally from sources in the Middle East.
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Recently, dust storm source areas have been cyclonic activity (Alpert and Ziv, 1989; Moulin
determined by the total ozone-mapping spectro- et al., 1998; Kubilay et al., 2000, 2005).
meter (TOMS) and results indicated that the Fig. 3 presents the daily variations (from winter
Saharan desert is the predominant source and the to transitional seasons) of the aerosol trace metals
Middle East is one of the key sources (Washington Fe, Ti, Mn and Ca concentrations between April
et al., 2003). Mineral dust transport from North 2001 and 2002, along with identified dust events and
Africa can be observed at any time of the year in the daily rainfall. Aerosol Fe concentrations higher
eastern Mediterranean; however, the frequency of than 500ngm™— as threshold values, and corre-
the events is much greater in March, April, May and sponding air mass back trajectories, satellite images
October when air masses are associated with obtained from TOMS were utilized in order to
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Fig. 3. Daily variations of trace metals associated with a crustal component from the winter to transitional seasons between 2001 and
2002.
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refine mineral dust events at Erdemli in the winter
and transitional seasons. During these periods, 34
dust days were identified by an abrupt increase in
the concentrations of Fe, Ti, Mn and Ca. These dust
days were characterized by 11 specific mineral dust
events of duration varying from 1 day to 7 days, but
most commonly for 2-3 days (Fig. 3). During dust
events, Fe concentrations were found to range from
500 to 7000 ngm~>, indicating a large variability of
the dust events with time.

Figs. 4a and b show air mass back trajectories
along with TOMS satellite images for 13 May when
the highest Fe concentration (6666ngm ) in the
dataset was observed. On 13 May, trajectories
showed that at 850, 700 and 500 hPa levels, air
masses arrived at Erdemli from the northeastern
Saharan region. In addition, TOMS satellite image
showed particularly high Aerosol Index values over
Libya, Egypt and the Middle East and very intense
dust transport in the eastern Mediterranean region.

Table 2 (derived from Fig. 3) shows arithmetic
mean concentrations of aerosol species for dust and
non-dust events at Erdemli. As can be seen, aerosols
definitely show different chemical compositions
between dust events and non-dust events. For
example, the crustally derived aerosol species (Fe,
Ti, Mn and Ca®>") for dust events had arithmetic
mean concentrations at least three times higher than
those observed for non-dust events. Anthropogeni-
cally derived aerosol elements (Zn, V, Ni and Cr)
also showed enhancements during dust events with
values ranging from 1.3 to 1.5. In addition, water-
soluble ions nssSO;~, C,O3  and NOj3 also
indicated enhancements during dust events with
values ranging from 1.6 to 2.0.
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Field and laboratory studies indicated that
mineral dust particles can serve as reaction surfaces
for different species, including those of man-made
origin (Mamane and Gottlieb, 1992; Underwood
et al., 2001; Aymoz, et al., 2004; Putaud et al., 2004,
Alastuey et al., 2005). Gaseous species such as SO,,
N>Os, HNO; and O3 can react with mineral dust
particles (Mamane and Gottlieb, 1992; Dentener
et al., 1996) and result in the modification of optical
properties, size distributions and chemical composi-
tion of the aerosols (Usher et al., 2003). Aymoz
et al. (2004 and references therein) emphasized the
limitations of the current knowledge about interac-
tions between mineral dust and organic compounds.
Recently, Putaud et al. (2004) have indicated that

Table 2
Arithmetic mean concentrations of aerosol species for dust events
and non-dust events at Erdemli

Species Dust events Non-dust events
Fe 1200 176

Ti 100.3 10.7

Mn 21.0 4.2

Ca®™" 3500 1033

Ant-Zn 9.4 7.5

Ant-V 10.2 7.7

Ant-Ni 4.3 33

Ant-Cr 6.9 4.5

nssSO3~ 3960 2563

C,05™ 412 244

NO3 2560 1273

Ant refers to the anthropogenic fraction and is calculated
using the formula presented as (Xani = Xiotai—[(CR)aerosol X
(CX/ CR)Reference]-
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Fig. 4. Air mass back trajectories for the 13th of May 2001 (a) Horizontal component (b) TOMS Aerosol Index. The back trajectory
pathway every 12h is indicated by triangles for 1000 hPa, stars for 850 hPa, circles for 700 hPa and squares for 500 hPa.
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there was no significant SO, oxidation onto mineral
dust particles while NO3 shifted to the super-um
fraction due to the adsorption of HNO; onto dust
particles during Saharan dust plumes. However,
very low increases of sulfate and nitrate onto
mineral dust particles were found by Aymoz et al.
(2004). Furthermore, these authors detected various
organic acid (including oxalic acid) levels and have
suggested low reactions of primary volatile organics
on dust particles, but some uptake of acidic gases
such as formic acid during transport. In
contrast, Falkovich et al. (2004) clearly showed
interaction of semi-volatile compounds with mineral
dust particles.

In order to identify the enrichment of sulfate and
oxalate onto mineral dust particles, the transitional
period was considered since most of the dust
episodes take place during this period. Fig. 5
presents the concentrations of nssSO7~ and C,05~
during the transitional period together with

nssCa”" concentrations in the coarse particle size
range. As can be seen, clear enrichment of nssSO?f
and C,03~ were found to occur during the intense
mineral dust events (nssCa’" >5000ngm™).

As mentioned before, the highest mineral dust
outbreak was observed on 13 May 2001 and
characterized by an extremely high nssCa®" con-
centration (around 19000ngm~>; case-3). The
corresponding nssSO3F /nssCa’” ratio is 0.26 in
the coarse size range. During the second event, the
nssSO3 /nssCa® " ratio is identical to the ratio
observed for case-3 (0.26). During cases 1 and 4,
nssCa’"  concentrations remained higher than
6500 ngm . The nssSO; /nssCa’ " ratios for cases
1 and 4 were 0.74 and 0.67, respectively. Putaud
et al. (2004) applying nssSO3 /nssCa’" ratios
(0.4+0.1) in the super-um aerosol size range during
highest mineral dust episodes in their study,
suggested that this event showed super-pm nssSO3~,
which was probably of pure Saharan origin. The
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Fig. 5. Daily variability of C,03~, nssSO3~ and nssCa>" in coarse size range during the transitional period.
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calculated ratios for cases 2 and 3 are close to the
ratio (0.4+0.1) observed by Putaud et al. (2004) and
implies there was no enrichment of sulfate onto dust
particles. On the other hand, cases 1 and 4 show
about three times enhancements of nssSO3~ com-
pared to cases 2 and 3. For that reason, this
enhancement might be attributed to significant SO,
oxidation onto mineral dust particles or to a
significant H,SO,; reaction with mineral dust
particles.

As can be clearly seen from Fig. 5, oxalate shows
highest concentrations in the coarse size range
during the mineral dust episodes. Oxalate concen-
trations showed abrupt increases during the mineral
dust outbreaks and indicated 2-4 times enhance-
ment compared to the concentrations observed for
the previous day. As a result, this enhancement
might be attributed to significant oxidation of
adsorbed gaseous precursors onto dust particles or
coagulation between fine particles of oxalate and
mineral dust particles. Although nitrate concentra-
tion for dust events is about two times higher than
those for non-dust events, oxidation of gaseous
precursors of nitrate onto dust particles or coagula-
tion between fine particles of nitrate and mineral
dust particles were not observed. This might be
attributed to the accumulation of pollutant nitrate
with the dust event following the mechanism
suggested by Guo et al. (2004).

2
- DY

7(6.6%)
Y SK :

Mediterranean Sea

3.4. Influence of airflow on aerosol chemical
composition

The result of cluster analysis for the whole dataset
from April 2001 to 2002 is shown in Fig. 6. The
diagram shows the means of clustered trajectories
and calculated frequencies for each cluster, respec-
tively. Beginning from the north-west, there are two
clusters (1 and 2). First cluster shows trajectories
with high wind speeds (long fetch) from the Atlantic
Ocean, then passing through Europe and account-
ing for 5.3% of the airflow during the study period
(hereafter EL). The second cluster also denotes
north-westerly air flows but they are relatively
slower than trajectories of the first cluster, and
elucidating 8.2% of the trajectories, (ES) third and
fourth clusters show short trajectories originating
from north-west (Cluster 3; NWT) and north
Turkey (Cluster 4; NT) and they represent 42.8%
and 19.8% of the airflow, respectively. Air masses
originating from the Middle East/Arabian Peninsu-
la (Cluster 5; SE) and Eastern Saharan (Cluster 6:
SAH) represent 9.6% and 7.8% of the trajectories.
The last cluster shows trajectories traveling at high
speeds, being maritime air masses from the western
Mediterranean Sea, representing 6.6% of the air-
flow (hereafter MS).

In order to assess the influence of air mass
movement on observed constituent concentrations,

Y : 0.8%) \
-

(7.r.,) é‘

Fig. 6. Average 3-day air mass back trajectories for 850 hPa pressure level on the core days for the seven main clusters for April
2001-2002. The percent of trajectories belonging to a particular cluster are shown in parenthesis.
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clusters of trajectories were applied. The Kruskal—-
Wallis (K-W) test was applied to test for the
presence of significant differences in water-soluble
and trace metal concentrations categorized by
trajectory clusters. Mean concentrations of water-
soluble ions and trace metals in eastern Mediterra-
nean aerosol representative of trajectory clusters are
presented in Table 3.

3.4.1. PM,

Application of the K-W test would indicate that
there was a significant difference in concentrations
of PM 4 (p<0.01). PM/, concentrations in Clusters
5 and 6 were found to be statistically higher than
those calculated for the remaining clusters. These
two categories are heavily affected by sea spray and
crustal aerosol populations, which are the main
agents of the eastern Mediterranean acrosol. There-
fore, PM,, concentrations in the eastern Mediterra-
nean are predominantly controlled by sea spray and
crustal-derived aerosols.

3.4.2. Marine components (Na and CI, Mg, Br,
p<0.006)

As can be seen from Table 3, sea salt aerosols had
the highest concentrations under the influence of air
mass originating from the south-east since trajec-
tories swept over the Mediterranean Sea before
arriving at the sampling site and hence enhances sea
salt generation. For this category, calculated con-
centrations (Cluster 5: SE) are approximately
2.0-3.3 times higher than those calculated for other

Table 3

categories (as the site is more exposed to SE than W
or wind speed for SE >> than W sector).

3.4.3. Crustal components (Fe, Ti and Mn)

As expected, these trace metal aerosol exhibited
their highest concentrations when the air masses
originated from North Africa (Cluster 6, S), which
are often associated with intense sporadic peaks of
mineral dust. Crust-originated trace metals Fe, Ti
and Mn concentrations in this category (Cluster 6)
were found to be about 24 times higher than those
observed for the remaining categories.

3.4.4. Primary anthropogenic components (V, Ni,
Zn; p<0.05)

V and Ni had statistically significant higher
concentrations in trajectory Cluster 1 (NWL) and
Cluster 2 (NW). Zn statistically showed lowest
concentration under the influence of western Med-
iterranean airflow. According to the first report
(2001) of European Pollutant Emission Register
(EPER, which focuses on the prevention and
control of pollutants; http://eper.cec.cu.int/eper/)
the emission of nickel and its compounds are
particularly affected by European countries Spain,
Italy, Portugal, Germany, Belgium, United King-
dom and Netherlands (all have contributions higher
than 4%). Consequently, it is more likely that
airflow from the European continent makes sig-
nificant contributions of V and Ni to aerosol
collected at Erdemli (since air masses can pick up
such compounds on both routes; NWL and NW).

Mean concentrations of water-soluble ions and trace metals (in PM) as a function of the cluster corresponding to the 3-day air mass back

trajectory arriving at Erdemli

Species Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7
EL ES NWT NT SE SAH MS
Na* 2645 3667 3189 2450 8040 4050 3232
NO5 1202 1526 1964 2220 1163 1815 1900
nssSOZ” 3467 3331 4064 5816 2982 4064 3503
G035~ 316 335 376 552 312 379 330
NHy 807 596 844 1301 431 775 652
MS™ 13.9 20.4 24.5 36.9 8.7 22.9 22.7
Fe 246 352 313 322 363 763 318
Ti 15.3 25.5 23.8 23.6 27.8 67.5 26.2
Mn 5.9 9.6 6.6 7.1 7.0 14.7 6.4
nssCa” 1548 1862 1292 1195 1548 2315 1105
v 12.9 10.1 8.6 7.8 7.3 8.1 7.6
Ni 5.9 4.3 3.6 3.2 3.7 3.3 3.1
Cr 5.7 73 53 6.7 43 5.2 6
Zn 11.8 11.7 9.1 10.4 9.1 11.1 6.9
PMo 33.52 40.0 34.3 315 56.1 51.4 29.7
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3.4.5. nssSO7~, NO3, NH;, C,05~ and MS~

These water-soluble anions showed statistically
significant higher concentrations in Cluster 4, under
the influence of airflow from north Turkey. Kubilay
et al. (2002) showed that nssSO3~ and MS~
concentrations at Erdemli are affected by air mass
flow from the Black Sea, which supplies the
aforementioned ions due to DMS-producing species
(such as coccolithophorids, flagellates, etc.). Hence,
higher concentrations of nssSO;~ and MS™ (C,035~
as well) might be attributed to high biogenic
activities taking place in the Black Sea. It is worth
mentioning that the concentrations of nssSO3 ",
NOj;, NH,, C,07 water-soluble ions are also
likely to originate from pollution emissions. Urban
agglomerations (such as Ankara, Konya) are
attractive centers for gathering population (for
example increased traffic) and industrial activities;
therefore, such air masses can be loaded with these
water-soluble ions since trajectories swept over large
cities and industrialized parts of Turkey.

3.5. Aerosol ionic balance

An ionic balance (as mole equivalents) can be a
useful tool to determine any possible missing ionic
species. A plot of total cation equivalents against
total anion equivalents for each size class is
presented in Figs. 7a and b, respectively. The slope
of the regression line for coarse particles indicates a
value higher than unity (slope = 1.14, r =0.97),
which may be due to the existence of CO3™ in this
size fraction, which has not been measured using IC.
In contrast, the slope of the regression line for the
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fine fraction is lower than unity (slope = 0.70,
r = 0.97), which may be attributed to the presence
of H" (not measured) in the aerosol samples. If this
is the case, CO3™ is expected to associate with Ca**
and H™ is expected to react with SO3 ™ in the coarse
and fine fractions, respectively (Figs. 8a and b).
A statistically significant correlation was found when
Ca’" concentrations were plotted against the anion
deficit, defined as an excess of positive charge,
indicating that CO3~ is most probably the missing
anion in the coarse aerosol fraction. A significant
correlation was also found between SO;~ and the
cationic deficiency in the fine fraction, that the cation
deficiency, defined as an excess of negative charge, is
possibly due to H™ associated with SO3 ™.

Figs. 9a and b highlight the monthly variation
of the sum of anions and cations as a function of
the coarse and fine particles. It is apparent from
Figs. 9a and b in the coarse fraction that the
concentrations of anions and cations decrease from
the winter towards the summer whereas in the fine
fraction concentrations of anions and cations
increase from winter towards summer. In the coarse
fraction, anion deficiency is observed throughout
the year (due to missing CO37). In the fine fraction
with the exception of June—August the sum of
anions matches the sum of cations, indicating
almost complete neutralization of the aerosols. This
is highlighted by a plot of total cation equivalent
against total anions equivalent for winter and
summer (Fig. 10a). The slope of the regression line
for winter (slope = 0.95) shows value slightly lower
than unity. However, the slope of the regression line
for summer (slope = 0.66) is substantially lower
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Fig. 7. Sum of the anions vs sum of the cations (a) regression analysis in coarse samples (b) regression analysis in fine samples.
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Fig. 9. Monthly variations of sum of cations and anions as function of particle size (a) coarse mode, (b) fine mode.

than unity. Furthermore, in winter almost all of the
nssSO7~ is neutralized by NH, (Fig. 10b). There-
fore, nssSOF~ can be assumed to exist as
(NH4),SO4. However, in summer the amount of
NH, is not sufficient to neutralize nssSO3~ (NH, /
nssSO3~ equivalent ratio 0.65), thus implying the
presence of a significant amount of H". Indeed
35% of SO;~ in summer is associated with H™ (see
Fig. 10c).

3.6. Correlations between aerosol chemical
compositions

The correlation coefficients () found for water-
soluble ions and elements are shown in Table 4a and b
for both coarse and fine particles, respectively.

3.6.1. Coarse particles

As expected, sea salt-associated ions (Na™, CI,
Mg?" and Br) illustrate strong correlation coeffi-
cients (r>0.90) between one another, denoting they
are primarily originate from sea salt. The slope of

the regression line is 1.80 between Na® and CI~,
which is identical to that reported for secawater. The
slope of the regression line is 0.13 between Na " and
Mg?*, which is close to that reported for seawater.
Sulfate (SO3”) also has a strong correlation
coefficient (r>0.85) between sea salt-associated
ions, indicating significant contributions from sea
salt generation to observed concentrations. Nitrate
(NO7) and oxalate (C,O37) have strong correla-
tions (r = 0.73) and may be attributed to hetero-
geneous processes on alkaline cations (originating
from sea salt and mineral dust) surfaces.

As expected, crustal species Ti, Fe, Mn and Ca**
exhibit strong correlations (r>0.90). K has a strong
correlation (r>0.85) with crustal species and a
moderate correlation coefficient with sea salt aero-
sol (r>0.55). Therefore, K has a mixed origin;
however, crustal material is the predominant source.
V and Zn are moderately correlated with crustal
species suggesting at least some of the measured
concentrations of these elements are associated with
crustal material. V and Ni also present strong
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Fig. 10. (a) Sum of the anions vs. sum of the cations, (b)
relationship between nssSO3~ and NH, and, (c) variation of
cation deficit versus the SO~ concentrations for winter and
summer.

correlation coefficients (» = 0.78) and imply residual
oil combustion as a contributing source. Ca®>* (non-
sea salt fraction) also has a significant correlation

coefficient (r = 0.70) with nssSOF~ and a moderate
correlation coefficient with (r>0.25) NO3, C,03~
and K. Correlations between nssSO3~, NO3 and
C,03~ suggest heterogeneous reactions between
Ca’" and aforementioned anions.

3.6.2. Fine particles

Na® and Mg>" have strong correlations
(r = 0.70) and these cations also show a moderate
correlation with Cl™, the most probable source
being sea salts. Similar to coarse particles, crustal
elements show strong correlation coefficients
(r>0.80) in the fine particle fraction. K shows a
moderate correlation coefficient (r~0.40) with
crustal and sea salt aerosols. Hence, observed
correlation coefficients imply crustal and sea salt
contributions to fine K particles. Biomass and fossil
fuel burning might be accounted as additional
sources to fine K due to strong correlations with
BC in summer and winter, respectively (Fig. 11).
Likewise for the coarse fraction, V and Ni show
strong correlation coefficients (» = 0.88) in the fine
fraction, which would point to residual oil combus-
tion as a source. The anion nssSO3 "~ is significantly
correlated with NH, (r = 0.96), C,03~ (r = 0.86),
MS™ (r =0.76) and moderately correlated with K
(r = 0.48). Same figures exist for oxalate (correla-
tion with MS™ (r =0.71), NH; (r = 0.83) and K
(r=0.64) and NH, (correlation with MS~
(r=10.67) and K (r =0.42). In addition non-sea
salt sulfate, NH; and C,O3 have also statistically
significant correlation coefficients (r>0.70) with Zn.
Usually Zn is considered an indicator of refuse
incineration (Rahn and Huang, 1999). On the other
hand, MS™ has only a natural source, arising from
the precursor DMS (biogenic activity) through gas
to particle conversions. Hence the observed correla-
tions for non-sea salt sulfate, NH; and C,05"
imply a common mixed origin (natural and anthro-
pogenic).

Relationships between BC and other species were
also investigated in 46 fine aerosol filter samples. BC
presents a strong correlation only with excess
potassium. Andreae (1983) suggested that the mass
ratio of excess potassium to BC may provide
information enabling the distinction between
the K that would be produced by biomass burning
and combustion sources. As can be inferred from
Fig. 11, the excess potassium to BC ratio indicates
two distinct ratios. The slope of the regression line
in summer was found to be ~0.366 (R*> = 0.72) and
close to the values generally measured in aerosols
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Table 4

Binary correlation coefficient matrix
Ti Fe Mn Ca** K Zn \% Ni Cr Cl Mg**t Na™* Br~ SO;~ nssSO3~ C,0;5~ NO3

(a) Coarse particles

Ti 1

Fe 099 1

Mn 0.97%  0.98 1

Ca’* 0.91*  0.93*  0.93° 1

K 0.90°  0.91*  087° 0.9 1

Zn 0.59 0.62 0.66 0.66 055 1

\% 0.59 0.61 0.64 0.65 053 065 1

Ni 0.30 0.33 0.37 0.44 033 054 078 1

Cr 0.22 0.27 0.28 0.26 0.18 022 029 0.25 1

cr- 0.24 0.25 0.21 0.42 0.58 0.1 0.09 0.17  —0.02 1

Mgt 0.34 0.35 0.30 0.50 067 016  0.14 0.18 0.01 0.98 1

Na* 0.25 0.27 0.22 0.42 0.60 0.2 0.09 0.15  —0.02 0.99* 0.96" 1

Br™ 0.25 0.26 0.22 0.43 057 015 0.1 0.18  —0.03 0.96* 0.96° 0.93 1

SO3~ 0.53 0.54 0.50 0.66 078 034 031 0.25 0.07 0.89* 0.93 0.89* 0.89* 1

nssSO3~  0.70 0.70 0.69 0.70 067 052  0.50 0.29 0.18 0.30 0.41 0.27 0.36 0.68 1

C,03” 0.38 0.39 0.44 0.37 033 036 023 0.12 0.15  —0.01 0.07 0.03 —0.01 0.28 0.53 1

NO3 0.27 0.28 0.31 0.22 0.15 029 012  —0.01 0.12  —0.19 —0.13 —0.16 —0.19 0.09 0.44 0.73 1
SO~ nssSO3~  NH; G0~ MS™ K Mg*>*  Na® NO; V Ni Zn Ti Fe Mn Ca®’"  Cr

(b) Fine particles

SO03~ 1

nssSO3~ 0.99* 1

NH, 0.96* 0.96* 1

C,0;5~ 0.86* 0.86* 0.83* 1

MS™ 0.76 0.76 0.67 0.71 1

K 0.46 0.46 0.42 0.64 0.42 1

Mg * 0.26 0.26 0.12 0.34 0.35 0.20 1

Na™* 0.24 0.24 0.12 0.36 0.28 0.13 0.70 1

NO3 0.08 0.08 0.17 0.21 0.02 0.05 0.05 0.08 1

\% 0.39 0.39 0.49 0.45 0.24 0.41 —0.13 —0.10  0.55 1

Ni 0.33 0.33 0.41 0.41 0.23 0.46  —0.08 —0.10  0.49 0.88 1

Zn 0.73 0.73 0.75 0.75 0.47 0.54 0.16 0.12  0.23 0.53 0.50 1

Ti 0.01 0.01 0.03 0.16 0.19 0.49 0.32 0.05  0.07 0.19 0.41 0.24 1

Fe 0.08 0.08 0.01 0.17 0.17 0.49 0.34 0.06  0.11 0.20 0.41 025  0.96 1

Mn 0.12 0.13 0.07 0.19 0.23 0.49 0.29 —0.01 0.16 0.27 047 038 0.8  0.89* 1

Ca®* —0.02 —0.03 —0.08 0.08 0.06 0.46 0.29 0.06  0.13 0.27 042  0.19  080° 083  0.79 1

Cr 0.02 0.02 0.01 0.04 0.05 0.12 0.04 —0.05  0.07 0.12 0.10  0.05  0.08 0.29 0.21 0.12 1

Ttalic fonts show moderate correlation coefficient.
#Strong correlation coefficient.
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Fig. 11. Relationship between excess potassium and black
carbon in summer and winter.

dominated by Dbiomass burning (0.21-0.46;
Andreae, 1983). Therefore, the observed ratio
implies that biomass burning makes an important
contribution to fine BC in the summer. However,
the slope of the regression line in winter was about
(0.062; R> = 0.89) 5 times lower than that found in
summer and is similar to those found in an urban
atmosphere dominated by fossil fuel burning
(K/BC = 0.025-0.09, Yang et al., 2005). Hence an
excess K—BC ratio suggests that fossil fuel burning
predominate the source of fine BC particles during
winter. In order to support this suggestion, both air
mass trajectories and MODIS fire maps for summer
and winter were used. Indeed, summer (unlike to
winter) trajectories (mostly originated from Black
Sea and Mediterranean coastal regions) and
MODIS fire maps (shows very active forest fires
Black Sea and Mediterranecan coastal regions)
suggest biomass burning as main source of BC in
this period.

3.7. Seasonal variation of the PM;y chemical
composition

Fig. 12 presents monthly source apportionment
analysis for coarse and fine modes, respectively.
Chemical composition was defined by four main
classes: dust, sea salt, ionic mass and ‘“‘unidentified”,
the later accounting mainly for BC and OC.

Dust levels have been calculated using Fe or Ti as
an indicator of crustal material. The total amount of
mineral dust was estimated using Fe concentrations
assuming a relative ratio to the upper crust of
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Fig. 12. Monthly source apportionment analysis for PM .

3.089% (Wedepohl, 1995). The sea salt contri-
bution was calculated from Na™ concentrations,
assuming that Na® has a pure marine origin.
Finally, ionic mass is the sum of nssSO3~; NO3,
C,037, NH,, nssK ™ and nssMg®". Non-sea salt
levels of the species were calculated using Na™ as
the tracer and a standard sea water composition
(Turekian, 1976).

As expected, the highest sea salt contribution was
observed in winter. Sea salt contribution ranged
from 35% to 50% in winter (January, February and
December). Its contribution gradually decreased
from winter to summer. During the summer
(June—September), sea salt accounted for 25% of
the PM;o. The highest dust contribution was
observed during the transition period (March—-May)
and accounted for more than 40% of PM;,. This
trend is related to the frequent occurrence of
Saharan dust transport to the eastern Mediterra-
nean during the transition season (for more details
see Section 3.3). Secondary aerosol contribution
(nssSO3~, NO3 and NH,") showed lower contribu-
tions in winter and its contribution sharply in-
creased from winter to summer. Secondary aerosol
contributions in summer (ranged from 30% to
35%) were three times higher than those for winter
(ranged from 8% to 12%). The unidentified mass
might be attributed to residual water associated
with aerosol and BC/organic carbon, which was not
measured for all samples and accounts for about
20% of the PM,y mass in agreement with studies
carried out by Putaud et al. (2004) and Gerasopou-
los et al. (2006).
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4. Conclusion

Chemical composition of the fine (PM,s) and
coarse (PM;y.,5) fraction of aerosol samples was
investigated at a coastal rural site in the north-
eastern Mediterranean.

PM;, mass is dominated by coarse fraction,
which accounts for about 75% of the total PM;,
concentration. Crust (Fe, Ti, Mn, Ca), sea salt
(Na™t, ClI=, Mg> ", Br)-originated species and NO3
are associated mainly with coarse particles (>75%)
whilst trace elements Cr and Ni and water-soluble
jons nssSO3~, C,03~, MS™ and NH,; are primarily
found in the fine fraction (>60%). V and Zn are
found to be equally distributed between coarse and
fine particles.

Aerosol species concentrations exhibit an order of
magnitude change from day to day and the aerosol
chemical composition is heavily influenced by dust
transport from North Africa. For the whole
sampling period, 11 specific mineral dust events
(with duration from one day to a week) were
identified with Fe concentrations ranging from 500
to 7000 ngm ™, demonstrating a large variability of
the dust events with time. Investigation of strong
dust events (nssCa®" > 5000 ngm ) shows that for
two events nssSO3~ and oxalate were enriched in
the coarse fraction. Such enrichments might be
attributed to the significant oxidation of gaseous
precursors onto dust particles or to the coagulation
between fine and coarse particles.

Anthropogenic trace elements V and Ni present
higher concentrations under the influence of Eur-
opean airflow whereas water-soluble ions (nssSO?f,
NOj3, NH, , C,03~ and MS™) demonstrate higher
concentrations under the influence of airflow from
North Turkey.

According to an ionic balance, coarse and fine
fractions are dominated by cations and anions,
respectively. A relationship between Ca’” and
anion deficiency implies that CO3~ is most probably
the missing anion in the coarse fraction whereas
significant correlation between SOz and cation
deficiency in the fine fraction is might be a
consequence of H " -associated SO3 .

Investigation of the relationship between nssSO3~
and NH, indicates that sulfate particles are not
sufficiently neutralized by basic NH, . Equivalent
ratio (NH4 /nssSO;~ = 0.68) exhibits that about
70% of the nssSO3~ is neutralized by NH, . Excess-
K/BC presents two distinct ratios for winter (0.066)
and summer (0.366), indicating two contrasting BC

sources in the area. These ratios suggest that in the
winter BC mainly originates from fossil fuel burning
whilst it is predominantly emitted from biomass
burning in the summer.
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A set of daily PM;o (n=281) samples collected from April 2001 to April 2002 at a rural site
(Erdemli), located on the coast of the Eastern Mediterranean, were analyzed applying Mass
Closure (MC), absolute principal factor analysis (APFA) and Positive Matrix Factorization (PMF)
to determine source contributions. The results from the three techniques were compared to
identify the similarities and differences in the sources and source contributions. Source
apportionment analysis indicated that PM;o were mainly originated from natural sources (sea
salt + crustal~60%) whilst secondary aerosols and residual oil burning accounted for
Ab - . approximately 20% and 10% of the total PM;o mass, respectively. Calculations for sulfate
solute principle factor analysis R R ..
Positive matrix factorization showed that on average 8% and 12% of its total concentration were originated from sea salt and
PMyo biogenic emissions, respectively. However, the contribution by biogenic emissions may reach
up to a maximum of ~40% in the summer. Potential Source Contribution Function (PSCF)
analysis for identification of source regions showed that the Saharan desert was the main
source area for crustal components. For secondary aerosol components the analysis revealed
one source region, (i.e. the south-Eastern Black Sea), whereas for residual oil, Western Europe
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and the western Balkans areas were found to be the main source regions.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Atmospheric aerosols (or particulate matter, PM) have the
potential to play an important role in modifying and/or
altering climate, hydrological cycles, chemistry of the atmo-
sphere, biogeochemical cycles and public health (Mamane
and Gottlieb, 1992; Lelieveld et al., 2002; Markaki et al., 2003;
Carbo et al., 2005; Griffin et al., 2007). The PM;q fraction of
aerosols is defined as particles with diameters smaller than
10 pm. Owing to the potential adverse health and environ-
mental impacts, legislation of the PM concentration limits has
been established in many regions of the world including the
European Union. The annual and daily PM;q values have been
limited to 40 pg m~> and 50 ng m~> (which may only be
exceeded for 35 days), respectively while annual PM; 5 value
has been limited to 17 pg m~> as addressed by Directive
2008/50/EC of the European Parliament and the Council of 21
May 2008 on ambient air quality and cleaner Europe.

* Corresponding author. Tel.: +90324 5213434; fax: +90324 5212327.
E-mail address: kubilay@ims.metu.edu.tr (N. Kubilay).

0169-8095/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.atmosres.2009.01.005

Identification of the concentration, composition, origin,
transport and geographical distribution of PM in Mediterra-
nean atmosphere has been the subject of research activities
since the last two decades as it is heavily affected by two
contrasting sources; namely mineral dust (mainly from
Sahara Desert) and various anthropogenic (from industria-
lized/semi-industrialized countries) emissions (Dulac et al.,
1987; Kubilay and Saydam, 1995; Avila et al., 1998; Moulin
et al., 1998). In recent years there has been an increasing
number of studies published on PM;o concentrations in the
western Mediterranean (Artinano et al, 2001; Rodriguez
et al., 2002; Querol et al., 2004; Salvador et al., 2004; Viana
et al.,, 2008). These studies have evaluated the natural and
anthropogenic contributions to ambient PM;, in western
Mediterranean atmosphere. The general findings may be
summarized as follows: (a) PM;o concentrations in the
western Mediterranean atmosphere increase from rural to
kerbside, (b) the contribution to PM;q of anthropogenic
sources decreases from urban/industrialized/kerbside sites
towards rural sites, and (c) PM;q levels observed both in rural
and urban sites are considerably affected by high mineral dust
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concentrations during African dust outbreaks. However, only
a limited number of studies have been conducted on PM;q
concentrations in the Eastern Mediterranean atmosphere
(Andreae et al., 2002; Kouyoumdjian and Saliba, 2005;
Gerasopoulos et al, 2006; Kogak et al, 2007a,b). These
studies indicate that PM;q levels at regional background sites
within the boundary layer in the Eastern Mediterranean are
mainly related to the proximity of sampling sites to arid
regions (e.g. the Sahara Desert and the Middle East).

A number of approaches have been adopted including;
Mass Closure, chemical mass balance, absolute principal
factor analysis and Positive Matrix Factorization (Thurston
and Spengler, 1985; Paatero and Tapper, 1994; Bardouki et al.,,
2003; Viana et al., 2008) to identify sources and their
contributions to a complex mixture of soluble and insoluble
species associated with aerosols. Coupled with source
apportionment techniques air mass back trajectories have
been used to deduce potential source regions of aerosols. For
instance clustering of trajectories, residence time analysis and
Potential Source Contribution Function techniques have been
successfully applied in the field of atmospheric studies
(Ashbaugh et al,, 1985; Dorling et al., 1992; Brankov et al.,
1998; Cape et al,, 2000; Salvador et al., 2004; Giilli et al,
2005). However, in the Mediterranean region relatively
limited research has been carried out on the identification
of potential source regions of aerosol components in
particulate matter and few comparisons between the various
source apportionment techniques have been performed.

To understand the origin of aerosols in the north Eastern
Mediterranean, for the current study, source apportionment
has been performed by applying Mass Closure, absolute
principal factor analysis and Positive Matrix Factorization. The
results from the three techniques have been compared to
determine similarities and differences in sources and source
contributions. In addition, potential source regions of
detected sources will be identified by using the Potential
Source Contribution Function.

2. Materials and methods
2.1. Aerosol sampling and analytical measurements

Daily two-stage aerosol filters were collected from a rural
site located on the coastline of the Eastern Mediterranean,
Erdemli (36° 33’ 54”N and 34° 15’ 18”E, at about 22 m above
sea level and 10 m away from sea), Turkey (for more details
see Kubilay and Saydam, 1995; Kubilay et al., 2002; Kogak et
al., 2004a,b) between April 2001 and April 2002. A total of 281
PM o (coarse + fine) aerosol samples were collected on 8.0 um
and 0.4 pm apiezon coated Nuclepore polycarbonate filters,
respectively, using a low volume sampler (Gent type PMyo
stack filter unit). After collection of aerosol filters, PM;_» 5 and
PM, s concentrations were determined gravimetrically.
Water-soluble ions were measured by ion chromatography
(IC) at Environmental Chemical Processes Laboratory (ECPL),
University of Crete, following the method described in details
by Bardouki et al. (2003). Concentrations of the elements (Fe,
Ti, Ca, Mn, K, Cr, V, Zn) were obtained using 2 cm? of the filter
sample applying proton-induced X-ray emission (PIXE) at
ATOMKI (Institute of Nuclear Research of the Hungarian
Academy of Sciences, Debrecen, Hungary) as described by

Borbely-Kiss et al. (1999). Details on sampling and analysis of
aerosols filters are given in Kogak et al. (2007a,b).

2.2. Air mass back trajectories

Air masses back trajectories arriving at the sampling site
were computed by the Hysplit Dispersion Model (Hybrid
Single Particle Langrangian Integrated Trajectory; Draxler and
Hess, 1998) and were illustrated by one-hour endpoint
locations in term of latitude and longitude. Daily back
trajectories were evaluated for 3 days for four different
heights above the starting point at ground level (1000, 2000,
3000 and 4000 m AGL). However, in order to calculate
residence times of air mass back trajectories only the 1000 m
and 4000 m altitudes were used.

2.3. Source apportionment techniques

Various apportionment techniques such as Mass Closure
(MC), absolute principal factor analysis (APFA) and Positive
Matrix Factorization (PMF) have been applied by various
researchers to identify sources of aerosol (Thurston and
Spengler, 1985; Paatero and Tapper, 1994; Huang et al., 1999;
Bardouki et al., 2003; Song et al., 2008; Viana et al., 2008).
Below a short description of these techniques is given.

(a) MC: Is the easiest and simplest from all apportionment
techniques since calculations are obtained directly
from measured species. However, this technique is
not able to provide information on how does aerosol
species co-vary as well as their underlying sources.

(b) APFA: It can be directly run from a spreadsheet which
makes it easy. There are also options for selecting
elements, handling missing data and extracting various
numbers of factors. The main disadvantage is that
loadings and factor scores may have negative values
which are not desirable for quantitative analysis.

(c) PMF: It constrains factor loadings and factor scores to
nonnegative values and it separates sources better than
APFA. The major disadvantage is that missing values
and limits should be eliminated of filled by user,
becoming time consuming compared to APFA.

Although MC, APFA and PMF have their own advantages
and drawbacks, the simultaneous use of these techniques can
provide valuable info to the researchers.

For Mass Closure (MC): (a) the total amount of mineral
dust was estimated using Fe concentrations assuming a
relative ratio to the upper crust of 3.089% (Wedepohl, 1995),
(b) the sea salt contribution was calculated from Na™
concentrations assuming that Na™ has a pure marine origin,
(c) ionic mass is the sum of nssSO3 ~; NO3', C,05~, NHZ{, nssK ™
and nssMg?". Non-sea salt levels of the species were
calculated using Nat as the tracer and the standard sea
water composition (Turekian, 1976).

Factor analysis is commonly used in environmental
studies to deduce sources from data (Thurston and Spengler,
1985; Salvador et al., 2004; Giilli et al., 2005). The principal
application of factor analysis is to reduce the number of
variables. Therefore, factor analysis can be applied as a data
reduction method. Hence, for each PM; aerosol component
identified the factor score can be computed for each sample.
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Mass loadings for the samples can then be regressed on the
AFCS (Absolute Factor Component Scores) to estimate the
mass contributions (for more details see Thurston and
Spengler, 1985).

The Positive Matrix Factorization model was described in
detail by Paatero and Tapper (1994) and Paatero (2007). In
PMF any data matrix X having n rows (number of samples)
and m columns (number of species) can be factorized into
two matrices, namely G (nxp) and F (pxm) and the residual
part E, where p denotes the number of factors extracted.

X=GF+E (1)

G is the source contribution matrix with extracted factors
(sources) and F is a source profile matrix. The details of the
algorithm for PMF are provided by Paatero (2007).

The PMF has ability to handle missing and below detection
limits data adjusting the corresponding error estimates.
However during this study, missing data were removed
from the data spreadsheet and uncertainties in the data
were calculated using an ad hoc formula (Anttila et al., 1995)
since the concentrations of each species were found to be
higher than their detection limits. Therefore, in order to
calculate uncertainties square root of the 5% of the measured
species plus the detection limit was applied. In the concurrent
analysis n (days) =265 and m (chemical species)=18
(identical matrix was used for MC and APFA analysis). The
robust mode of PMF2 has been applied for analyzing the
dataset. It can avoid excessively large values in the dataset,
which can disproportionally affect the results. The parameter
ais referred to as the outlier distance. Data values lying more
than « standard deviations above or below the fitted value
will be treated as outliers and receive a decreased weight in
PMF2. Values of 2.0, 4.0 and 8.0 were suggested by Paatero
(2007) for outlier distance to achieve easier comparison of
results obtained by different researchers. During the applica-
tion of PMF2 the vales «=2.0 was used in the study. Error
model — 14 and C3 =0.1 have been applied during this study
(Lee et al., 1999; Paatero, 2007). The PMF program allows one
to repeat the analysis from random starting points to test if
global minimum solution is achieved. For this purpose, the
analysis was allowed to repeat ten times from ten pseudo-
random starting points and the Q values were not very
different from each other.

There is no mathematical criterion to extract the correct
number of factors. However, the observed Q and scaled
species residuals can be helpful. The observed Q should not be
less than the theoretical Q since this would mean that the
model predicted the observed data better than it could be
based on the uncertainty (Rizzo and Scheff, 2007). Expected
Q value can be calculated by formula [Qexpectea = nm —p(n+
m)] given by Paatero et al. (2002). Scaled residuals did not
indicate a tendency to mainly positive, negative and/or very
small values and showed a random pattern of positive and
negative values, most of them being between —2.0 and 2.0
(more than 95%). Therefore, six factors were found to give the
most reasonable results (Q=3379>Qexpectea =3072). An
increase in the number of factors resulted in less meaningful
sources and the Q value (2702) was less than expected (2789).
The decrease being caused by a combination of distinct
sources. After the number of factors was determined, PMF

was run with different Fye,k values to explore the rotational
freedom. A rotational matrix (Rotmat) in PMF is utilized to
reveal if factors have rotational freedom. Choosing the largest
element in Rotmat can show the worst case in the rotational
freedom (Lee et al., 1999). Taking into account the variation in
the Q value and the largest element in Rotmat, the Fyeax value
was adjusted to 0.1 during the application of PMF.

2.4. Potential Source Contribution Function (PSCF)

A2°longitude x 2° latitude cells grid has been superimposed
over the region defined by 10° N-76°N and 20°W-50°E. The
residence time and special residence time analysis then were
calculated using the formula given below by Ashbaugh et al.
(1985)

PlA] = @)
P[By] = " 3)

where n;; is the number of trajectory segment endpoints that
fall in the ijth cell during a time interval T, m; is the number of
segment points in the ijth cell for those trajectories which arrive
at the receptor site when the aerosol species concentration is
higher than the threshold values, N is the total number of
endpoints computed for the time interval and P[A;] and P[Bj]
represent the residence time probability of the randomly
selected air parcel in the ijth cell relative to the total time
interval T and special residence time probability, respectively.
Subsequently Potential Source Contribution Functions were
evaluated by dividing P[B;] with P[Aj;].

3. Results and discussion
3.1. Source apportionment for PM

The Mediterranean atmosphere can be influenced by three
strong, but distinct aerosol sources: (a) crustal dust, (b) sea
salts and (c) anthropogenic emissions. Therefore, identifica-
tion of the sources and estimation of the contribution made
by each source to the particulate matter is of importance. In
order to achieve this and compare results from different
approaches, Mass Closure (MC), Absolute Principle Factor
Analysis (APFA) and Positive Matrix Factorization (PMF) were
applied.

3.1.1. Mass Closure (MC)

Fig. 1 presents daily contributions of the each source to
PMyo. lonic mass (Fig. 1a) exhibited higher contributions
particularly in the summer owning to enhanced production of
secondary aerosols under the conditions prevailing over the
Eastern Mediterranean region during the summer (Mihalo-
poulos et al., 1997; Kogak et al., 2004b). Contribution of sea
salt (Fig. 1b) was found to be higher in winter. Storms are
more frequent and more intense during the winter period due
to thermal gradient between warm sea and intrusions of cold
continental air masses. Therefore, in winter unsettled
weather conditions enhanced the concentrations of sea salt
ions throughout severe sea spray generation (Kogak et al.,
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Fig. 1. Daily contributions of each source to ionic mass (a), sea salt (b), PM;o
crustal (c).

2004b). The winter minimum of crustal load could be
attributed to the frequent removal of atmospheric particles
via wet deposition and damp soil on both the local and
surrounding landmasses due to precipitation. Even though
substantial rain events were detected in the transitional
periods, crustal (Fig. 1c) contribution was highest in March,
April and May months due to the well documented transport
from North Africa and rarely from the Middle East (Kubilay
and Saydam, 1995; Kubilay et al., 2000; Kogak et al., 2004a)
which is often associated with intense sporadic peaks of
mineral dust. Aerosol Fe concentrations higher than 500 ng m ™3
(as threshold values), corresponding air mass back trajectories
and satellite images obtained from TOMS (Total Ozone Mapping
Spectrometer) were utilized in order to refine mineral dust
events at Erdemli during sampling period. During this period 34
dust days were identified by an abrupt increase in the
concentrations of Fe, Ti, Mn, and Ca. It should be noted that Fe,
Ti and Mn for dust and non-dust events show strong correlation
between each other (R?>0.90) whereas these species indicate
weak correlation coefficients with pollutants such as Zn, V and
Ni (R?<0.28). Therefore, these relationships suggest that Fe, Ti
and Mn are mainly originated from crustal source during dust
and non-dust events. The highest mineral dust concentration
was observed on the 13th of May 2001 with a value of more than

220 pg m~ 3 when air masses reaching the Erdemli originated
from North Africa. Fig. 2 shows crustal, sea salt and ionic mass
contributions for dust and non-dust events. Contribution of
crustal component was found approximately 5 times higher
during mineral dust transport from North Africa than during
non-dust events (Crustalpys: ~40 pg m~3; Crustalnon-pust
~8 pg m~3). On the other hand there was no difference for
sea salt and ionic mass contributions during dust and non-
dust events. As a result, chemical composition is predomi-
nantly affected by crustal load due to mineral dust transport
from North Africa.

3.1.2. Absolute Principle Factor Analysis (APFA)

The result of varimax-rotated factor analysis is presented
in Fig. 3a for aerosol species in PM;,. The data for PMg can be
interpreted on the basis of four common factors. The first
factor can be characterized as a being representative of a
crustal source since it is heavily influenced by the concentra-
tions of Ti, Fe, Mn, Ca>* and K*. The second factor can be
identified as representing the marine source, since it consists
of high loadings of Na*, CI~, Mg?™ and Br™. The third factor
has high loadings of SO3~, NHZ, MS™, C,03~, NO3 and Zn.
This factor, therefore, maybe ascribed to secondary aerosols as
it has high loadings of sulfate, ammonium, methanesulfonate,
nitrate and oxalate. The fourth has high loadings of V and Ni
(moderate loadings of Zn and Cr) and hence may be
attributed to residual oil combustion.

3.1.3. Positive Matrix Factorization (PMF)

The result of identified sources using PMF2 (version 4.2) is
shown in Fig. 3b. The first factor analysis consists of mainly Fe,
Ti, Mn, Ca and K which are typical of crustal dust. The second
factor is mainly formed by Na™, CI~, Mg?>* and Br™. Based on
these species the assigned source would be sea salts. The third
factor explains more than 70% of the total nitrate concentra-
tion. This factor was also related to the first and second factors
which characterize reactions between acidic nitrate and sea
salt/crustal sources. The fourth factor consists of principally
ammonium and sulfate. This source represents around 98% of
the total ammonium concentration. The calculated equivalent
ratio of NHF and SO3~ is ~0.8 which shows that sulfate is not
sufficiently neutralized by ammonium (for more details see
Kogak et al., 2007b). The fifth factor is predominantly
influenced by methanesulfonate. It is worth mentioning that
sulfate found in this source accounts for ~9% of the total
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Fig. 2. Contributions of crustal, sea salt and ionic mass to PM;, for dust and
non-dust events.
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sulfate concentration which is consistent with results pre-
sented in Section 3.2. The sixth factor might be attributed to
residual oil burning since this source can be characterized by
high explained variation values of V and Ni (~70%).

3.1.4. Comparison of three techniques and source apportionment

Estimated PM;o concentrations from MC, APFA and PMF
against measured concentrations of PM;, are presented in
Fig. 4a, b and c, respectively. The slope of the regression lines
for three estimates (Fig. 4) showed values close to unity.
Although there is no statistical difference between techni-
ques, from regression analysis, the best estimated values is
oobserved for PMF with an intercept around 2
(Unknown=>5%) and R?>=0.96. The results observed for
APFA were similar; however a higher value was calculated
for the intercept, being around 3 (Unknown = 8%). The MC
technique is clearly able to identify sea salt and crustal sources
but not the others. In addition, APFA was able to determine
only 4 sources whilst PMF was able to identify 6 sources. The
main difference between APFA and PMF was the identification
of secondary aerosols. PMF was clearly able to define

secondary aerosols into three distinct groups namely: ammo-
nium bisulfate, nitrate and biogenic.

The relative estimated contributions from each of the
identified sources to the PMjo according to the different
techniques are shown in Fig. 5. Considering the three
estimation techniques, the largest portion of PMyq is attribu-
table to the sea salt and crustal related sources. MC exhibited
the largest unidentified fraction (15%) of the PMyq, since it
depends upon a simple mathematical calculation and hence
resulted in the lack of ability to extract additional sources
such as residual oil. For example, on 20th of February 2002
(PM;o=37.6 pg m~3), unidentified fraction calculated from
MC reached up to ~30% when residual oil contribution was
found ~28%. In general, MC, APFA and PMF produced almost
identical contributions of sea salts (31-33%), crustal (28-31%)
and secondary aerosols (22-24%) (ionic mass for MC) in
PM;o. Whilst PMF indicated a lower crustal contribution
(28%) and a higher contribution of residual oil (10%) to PMo
compared to APFA (31% and 7%, respectively). This variation
might be attributed to differences in source profiles extracted
from PMF and APFA. Although quantitatively it is not possible
to compare contributions of residual oil and crustal sources to
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Fig. 4. Comparison of observed daily levels and estimated form MC (a), APFA
(b) and PMF (c) for PM, .

total species concentrations due to the different units, it is
evident from extracted sources that Ca demonstrated differ-
ent portionings between two profiles in PMF and APFA. For
example, whilst Ca had a very high loading (0.88) in crustal
sources in APFA, only 47% of the Ca originated from crustal
sources in PMF. Overall, results from three techniques showed
the dominance of natural sources (crustal and sea salt
sources; 61-63% of the total) in PM,o, whereas secondary
aerosols accounted for 22-24% of the total PMo.
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Fig. 5. Source apportionment from Mass Closure and Absolute Principle
Factor Analysis and Positive Matrix Factorization for PM;q.
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3.2. Source apportionment for sulfate

Non-sea-salt sulfate shows strong seasonal cycles with a
winter minimum and a summer maximum (Fig. 6a). The lowest
concentrations were found during winter when nssSOZ~
averaged around 2 pg m~3. Monthly mean concentrations of
this anion in January and February were observed, similar to
those observed for March and April. Elevated concentrations
were found during the summer (particularly from June to
August) when nssSOZ~ averaged more than 6 pg m™—>.

The considerable increase in the concentration of nssSOZ
from winter to summer may be a result of several different
processes: photochemistry, wet precipitation, biogenic sulfur
and change in atmospheric transport. During summer,
homogeneous conversion of SO, to particulate SO~ has
been suggested as the main oxidation mechanism under
conditions prevailing over the Eastern Mediterranean region
(Luria et al., 1996; Mihalopoulos et al., 2007). Moreover,
conversion rates of SO, to sulfate indicate a strong seasonal
cycle with a winter minimum and a summer maximum in the
Eastern Mediterranean (Erduran and Tuncel, 2001). These
authors suggest that the observed low conversion rates
during winter occur because of low solar flux. In addition, in
summer, particles are accumulated in the atmosphere as a
consequence of the low frequency of rain events. High sulfate
levels during the summer have been attributed to biogenic
sulfur emissions (Ganor et al., 2000; Kubilay et al., 2002).
Additionally, Mihalopoulos et al. (1997), applying air mass
back trajectories, indicated that the highest nssSO3~ concen-
trations are associated with transport from Eastern and

(a) g

Central Europe in summer when dry deposition is the main
removal mechanism for aerosol particles.

In order to calculate the biogenic fraction of nssSOZ~ the
formula suggested by Bates et al. (1992) was used since it is
principally dependent upon temperature. The formula
reflects a simple linear relationship between temperature
and [MS™]/[nssSO3~] which Bates et al. (1992) found to be a
good approximation for the observed values in unpolluted
marine sites in the Southern Hemisphere. The formula
proposed by Bates et al. (1992) is given as fallows:

R= —1.5xT(°C) + 42.2

where R is the [MS™]/[nssS03 ] ratio, T (°C) is temperature.

However, it should be noted that application of above
formula for Eastern Mediterranean is still under debate since
Bates et al. (1992) equation was derived for lower tempera-
tures and lower nitrate concentrations than those observed
during summer over Eastern Mediterranean. Therefore, one
should keep in mind that prevailing summer conditions and
high nitrate levels may cause over estimated biogenic sulfur
contribution and this formula should be tested by approaches
like use of sulfur isotopes. On the other hand, biogenic
contribution from this formula has been compared for Eastern
Mediterranean by an alternative calculation based on DMS
data (Ganor et al., 2000; Kouvarakis and Mihalopoulos, 2002).
Two assumptions yielded similar biogenic contribution on
observed nssSOZ . Mihalopoulos et al. (1997) calculating that
the biogenic emission contributions ranged from 0.6 to 28.3%
of the total nssSO3 ™ at Finokalia, Crete (Central Mediterranean).
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Fig. 6. Monthly average non-sea salt sulfate concentrations (a) and monthly biogenic sulfate contribution to non-sea salt sulfate.
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Similar results were found by Kouvarakis and Mihalopoulos
(2002) for the same station. Ganor et al. (2000) determined
that 11% (ranged from 5.6% to 22%) of the nssSO3~ from bio-
genic origin in aerosol samples collected from the Israeli coast.

Monthly biogenic contributions to non-sea salt sulfate are
represented in Fig. 6b. During the winter months (January,
February and December) the mean biogenic contributions
were found to be negligible with a value around 1%. In March
the biogenic contribution was also very low. However, from
April to May the biogenic contribution increased gradually
and the mean contribution ranged from 4% in April to 8%
during May. The highest mean biogenic contributions were
found in the summer and ranged from 17% in June to 38% in
July and August. On average about 12% of the non-sea salt
sulfate was evaluated as biogenic sulfate. Based on this
calculation, unlike remote marine sites the Mediterranean
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site is heavily influenced by anthropogenic sulfate emissions.
Moreover, calculated values indicated that even during the
summer period anthropogenic sulfur sources are the pre-
dominant source in Mediterranean atmosphere. In Turkey,
approximately 30% of the power generation is obtained by
high sulfur containing coal burning (Say, 2006). Therefore,
high conversion rates of SO, to SO~ coupled with high SO,
emissions from this source might be suggested as one of the
reasons of anthropogenic origin of sulfate.

3.3. Potential Source Contribution Function (PSCF) Analysis

The PSCF analysis has been applied to sources identified in
the PMyo (see Fig. 3a) by factor analysis: crustal, secondary
and residual oil. Sea spray is produced by bubble bursting
which commences at a wind speed of about 3-4 ms™!

b)
) =
[ = S
TN} Crustal Source 4000 m __szRil e —
L] ARERANC AR L=
I.‘—’—.‘-/ = )
s L
! ,—s‘é;\
! 235
50N P
=
( | |
(R

@

! -
TON| Residual Ol P
[ ¥ b

) =]
}_,r-—f }r”(_f - /,);:,’ 7‘)
60" N|

|
|
|
1
O°N, .
[
20‘Ni
I

10{6.“‘,:

10°W 0 10°E 20

Wosos [Posro

Fig. 7. Distribution of PSCF values for factor scores higher than 1 of crustal (1000 m, a), crustal (4000 m, b), secondary (c) and residual oil (d). Only statistically

significant PSCF values at the 95% confidence level are shown.
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(O'Dowd et al., 1997) and hence related highly with local
meteorological parameters. Indeed, Sellegri et al. (2001), did
not find significant changes in Na* concentrations between
short and long fetch samples collected on board the R/V
L'Atalante and they suggested that the production of new sea
salts takes place rapidly during the first 25 km. Therefore,
PSCF for sea salt was not evaluated. Since the data have been
previously normalized (for more details see Thurston and
Spengler, 1985), this means that means and standard
deviations are equal to values of 0 and 1, respectively. In
order to obtain a special case, residence time probability
maps, representing P[B;], were constructed by trajectories
which ended at Erdemli when factor scores of each source
were higher than 1 (higher than the standard deviation).
Calculated PSCF values were subdivided into five categories:
(a) very weak (0.0-0.20), (b) weak (0.20-0.40), (c) inter-
mediate (0.40-0.60) and (d) strong (0.60-1.0). Calculated
PSCF values in some areas occur by chance. Therefore, it is
essential to check the statistical significance of every grid cell
PSCF value. Two statistical tests to check significance were
adopted; bootstrap technique and binomial distribution
(Vasconcelos et al., 1996; Salvador et al., 2004). The binomial
distribution technique was applied since it has an easier
computation compared to the bootstrap method. Therefore,
only PSCF values statistically significant at the 95% confidence
interval have been considered in the analysis.

3.3.1. Crustal source

The PSCF map for the lower pressure level (1000 m above
the sea level; see Fig. 7a) indicated that the strong potential
probabilities are located at North Africa particularly the
Eastern Sahara desert. From the map for the lower pressure
level it might be suggested that the Eastern Sahara (particu-
larly the central Libyan Desert fourth strongest source in the
world with average Al >1.5; Washington et al., 2003) is one of
the important source of the mineral dust transported into the
Eastern Mediterranean region. In addition, with strong PSCF
values northern Algeria appeared as another source for
crustal material. The PSCF map for the higher pressure level
(4000 m; see Fig. 7b) is more representative of the Sahara
desert since dust transport mainly takes place at high
altitudes (Kubilay et al., 2000, 2005; Kalivitis et al., 2007).
In contrast to the lower layer PSCF map, the higher level layer
PSCF map showed various source areas in the Sahara desert
primarily including a large area 22°-30°N and 10°W to 20°E
covering patches of central/southern Algeria, northern Mali/
Mauritania and Western Sahara. The Bodele depression
appeared to be an additional source region. Interestingly,
these findings are similar to recent results of Engelstaedter
and Washington (2007) who, applying long term mean of the
satellite derived TOMS Aerosol Index, have highlighted major
dust producing areas in North Africa; region in Central Chad
known as the Bodele depression and a large region in West
Africa covering of Mauritania, Mali and Algeria.

3.3.2. Secondary aerosol source

The PSCF map obtained for the secondary aerosol source
(see Fig. 7c) does not clearly indicate any source regions,
except the south-Eastern Black Sea. Recently, Kubilay et al.
(2002) have observed higher nssSO;~ and MS™ concentra-
tions for air masses originating from the Black Sea and

proposed medium range transport of these water soluble ions
due to DMS-producing phytoplankton species such as
coccolithophorids, flagellates, etc. Hence, high PSCF values
for this source over the south-Eastern Black Sea imply that
biogenic activities taking place in the Black Sea is an
important source for this group. Biomass burning from
regions surrounding Black Sea might be suggested as an
additional source for secondary aerosol (Sciare et al., 2008).
Recently, for Erdemli site it has been shown that excess-K/BC
presented two distinct ratios for winter (0.06) and summer
(0.34), indicating two different sources: fossil fuel burning in
winter and biomass burning in summer (Kogak et al., 2007b).
Nevertheless, the lack of relationship between BC and this
ratio with secondary aerosol suggests that this component is
not significantly affected by biomass burning. However, lack
of high PSCF values for secondary aerosol sources suggests
that this class of particles is strongly influenced by local
sources mainly under the prevailing summer conditions.

3.3.3. Residual oil source

The PSCF map derived for the residual oil source (see Fig. 7d)
denoted that the sampling site was under the influence of
several possible source regions. The main source areas are
Southern Germany, Northern Italy, Eastern France, Central
Poland, the former Republic of Yugoslavia and Albania. In order
to compare results from the PSCF map for the residual oil
source, EPER (www.eper.cec.eu.int) emissions for Ni-com-
pounds in Europe for 2001 were used. The obtained data
were divided into 2x2° grid cells and Ni emissions were
calculated for each grid cell. Fig. 8 shows the emissions for
Europe and from the map it is clear that there are no available
emission data for Eastern Europe. As can be deduced from the
map Spain, Italy, Germany, Holland and Belgium are the
important emitters of the Ni into the atmosphere. The highest
emission source regions do not exactly match the source
regions obtained from the PSCF map however; there is a good
match for Northern Italy and Southern France. This discrepancy
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Fig. 8. Emissions of Ni-compounds into the atmosphere in Europe. Derived
from EPER data for 2 x 2° grid cell.
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might be attributed to the applied technique which assumes
that chemical species emitted within a grid cell is swept into the
air parcel and transported to the receptor site without loss due
to atmospheric deposition particularly through wet scavenging.

4. Conclusions

In this study, statistical techniques were successfully
applied to identify sources and source regions of PMyq in
the Eastern Mediterranean atmosphere. Inspection of mea-
sured and estimated concentrations using three techniques
(Mass Closure, absolute principal factor analysis and Positive
Matrix Factorization) showed good agreement considering
regression analysis. Amongst the techniques, Mass Closure
was found the least successful since it demonstrated the
highest unknown (scatter as well) and was not able to define
minor sources such as residual oil. PMF was found more
efficient than APFA since it had the ability to classify
secondary aerosols into three distinct groups (Ammonium
bisulfate, nitrate and biogenic). Results from all applied
techniques highlighted the dominance of natural sources
(sea salt and crustal; 61-63%). Calculations for sulfate
indicated that on average 8% and 12% of its total concentration
are originated from sea salt and biogenic emissions. However,
the contribution from biogenic emissions can reach up to
~40% during the summer months.

Potential Source Contribution Function analysis high-
lighted that the Saharan desert is the main source area for
crustal components. Secondary aerosol components could
only be associated with the south-Eastern Black Sea, whereas,
Southern Germany, Northern Italy, Eastern France, Central
Poland, the former Republic of Yugoslavia and Albania was
identified as the main source regions for residual oil.
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ORIGIN OF PM10 AND PM2.5 IN THE EASTERN MEDITERRANEAN
ATMOSPHERE ‘

Mustafa Kocak (1), Nikos Mihalopoulos (2), Nilgiin Kubilay (1)

(1) Institute of Marine Sciences, Middle East Technical University, P.O. Box 28, 33731, Erdemli-Mersin,
Turkey, (2) Environmental Chemical Processes Laboratory, Department of Chemistry, University of Crete,
P.O. Box 2208, Gr-71003 Voutes, Heraklion, Greece

In order to identify the origin of aerosols in the north Eastern Mediterranean, for the current study,
source apportionment has been performed by applying mass closure, absolute principal factor
analysis and positive matrix factorization. The results from the three techniques have been
compared to determine similarities and differences in sources and source contributions. In addition,
potential source regions of detected sources will be identified by using the potential source
contribution function.

A set of daily PMyp (n = 281) samples collected from April 2001 to April 2002 at a rural site
(Erdemli), located on the coast of the Eastern Mediterranean, were analyzed applying mass closure
(MC), absolute principal factor analysis (APFA) and positive matrix factorization (PMF) to
determine source contributions. The results from the three techniques were compared to identify
the similarities and differences in the sources and source contributions. Source apportionment
analysis indicated that PM,o were mainly originated from natural sources (sea salt + crustal = 60 %)
whilst secondary aerosols and residual oil burning accounted for approximately 20 % and 10 % of
the total PM,, mass, respectively. Calculations for sulfate showed that on average 8 % and 12 % of
its total concentration were originated from sea salt and biogenic emissions, respectively.
However, the contribution by biogenic emissions may reach up to a maximum of ~40 % in the
summer. Potential Source Contribution Function (PSCF) analysis for identification of source
regions showed that the Saharan desert was the main source area for crustal components. For
secondary aerosol components the analysis revealed one source region, (i.e. the south-Eastern
Black Sea), whereas for residual oil, Western Europe and the western Balkans areas were found to
be the main source regions.

Key words: Source apportionment, mass closure, absolute principle factor analysis, positive matrix
factorization, PMip
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