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ABSTRACT

Tutsak, Ersin
Ph.D. in Oceanography
Supervisor: Associated Prof. Dr. Mustafa Kogak

Middle East Technical University, 148 pages

Long-term aerosol optical and micro physical properties obtained from AERONET
sun/sky radiometer situated at the rural coastal site of Eastern Mediterranean between
January 2000 and December 2014 were analyzed. Moreover, concentrations of SO4%,
NH4*, NOs™ (in PM25s) and their precursor gases (SO2, NHz and HNO3) were measured
with a near real-time Ambient lon Monitor-lon Chromatography instrument in winter
and summer of 2015. Air flow arriving at 1 km and 4 from Eastern Europe and Western
Europe showed a negative trend from 2000 to 2014, decreasing about 0.2 % per year.
In contrast, air flow arriving at 1 km (4km) from North Africa and Turkey
demonstrated a positive trend throughout the study period, increasing 0.15 (0.40) %
and 0.29 (0.15) % per year, respectively. The arithmetic mean AOT decreased 2.5
times from 440 nm (0.30) to 1020 nm (0.12), indicating the dominance of fine particles.
AOT and a illustrated a large short-term variability, varying up to couple of fold from
day to day. The lowest AOT values were chiefly found in winter owing to the removal
of particles by rain. Enhanced AOT values at 440 nm were detected in spring with low
a40-870 primarily due to mineral dust intrusions from North Africa and the Middle East.
High AOT at 440 nm and au40-870 Were principally characterized in summer because of
high gas-to particle conversion, sluggish air masses and absence of rain. Elevated AOT
with relatively lower a (0.7) and fine mode fraction (47 %) were observed when the
air flow originated from North Africa (SAH) and the Middle East (MID). Regarding
the relationship between AOT and Water Vapor (WV) as a function of a, three classes
of aerosol were identified, namely, non-hygroscopic, moderately hygroscopic and
hygroscopic. Potential source contribution function (PSCF) exhibited that non-
hygroscopic particles were associated with mineral dust dominated aerosol population,
originating from North Africa and the Middle East. Moderately hygroscopic particles
were a mixture of mineral dust and anthropic aerosols due mainly to arrival of the dust
after travelling over industrialized and populated sites (such as Spain, France and Italy).

On the other hand, any particular potential source area couldn’t be defined for
\Y



hygroscopic particles, showing nearly mesoscale formation of secondary aerosols
under the prevailing summer conditions.

Imaginary part of the refractive index, single scattering albedo, absorption
angstrom exponent for dust, mixed and pollution events showed distinct difference.
The imaginary part of refractive index for dust event fluctuated from 2.5 x 10°to 2.0
x 102 between 870 and 1020 nm and for wavelengths between 675 nm and 440 nm
the imaginary part of refractive index augmented from 4.3 x 10 to 11.0 x 107
Although similar spectral behavior was observed, the imaginary part of the refractive
index at 440 nm for mixed event was 2.2 times lesser than that of mineral dust event.
For pollution event, the imaginary part of refractive index slightly increased from 5.0
x 103 at 440 nm to 6.3 x 102 at 1020 nm. Aerosol type were classified into three groups
namely dust, mixed and anthropic according to extinction angstrom exponent. The
comparison of the microphysical properties of the three aerosol type revealed that
categorization of the aerosol type based on extinction angstrom exponent was
insufficient. The classification of aerosol type by applying cluster analysis to optical
properties presented relatively better results. The aerosol absorption optical thickness
at 440 nm and the imaginary part of the refractive index were statistically larger for
Period 11 (2005-2009) compared to Period | (2000-2004) and 111 (20010-2014) due to
the to the higher influence of dust intrusion from desert areas during Period I1.

Of the water-soluble ions in PM2s, sulfate and ammonium were the prevailing
species. Arithmetic mean sulfate and ammonium concentrations were respectively
2814 ngm=2and 1371 ug m. Aerosol nitrate arithmetic mean was 495 ng m=. Among
the precursor gases, ammonia exhibited the highest concentration with a value of 3330
ng m=. Sulfur dioxide and nitric acid concentrations were 879 ng m and 346 ng m=,
respectively. Regarding arithmetic means of gas-to-particle conversion ratios for
sulfate (0.62), ammonium (0.38) and nitrate (0.50), it might be suggested that the
concentrations of these species were mainly influenced by non-local sources. Taking
into account this study and historic off-line measurements, there was a decreasing

trend for sulfate, nitrate and their precursor gases in the Eastern Mediterranean

Keywords: Aerosol optical and physical properties, hygroscopic behavior, SSA,
AAOT, refractive index, aerosol type, SO+*, NH4*, NOs", SO2, NHs, HNO3, Eastern
Mediterranean
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Tez Yoneticisi: Dog. Dr. Mustafa Kogak
Orta Dogu Teknik Universitesi, 148 Sayfa.

Dogu Akdenizin kirsal kiy1 bolgesinde konumlandirilmig AERONET giines/gokyiizii
radyometresinden Ocak 2000 ve Aralik 2014 tarihleri arasinda elde edilen uzun
donemli aerosol optik ve mikro fiziksel 6zellikler analiz edildi. Ayrica, 2015 yaz ve
kis dénemlerinde SO4%, NH4*, NO3™ (PM2s pargacik boyutunda) iyonlariyla bunlarin
onciil gazlarimin derigimlerinin 6lgiimleri Ambient lon Monitor-lon Chromatography
(Ortam Iyonlari izleme - Iyon Kromatografisi) enstriimaniyla nerdeyse ger¢ek zamanl
olarak gerceklestirildi. Dogu Avrupa ve Bati Avrupa tizerinden istasyona 1 km ve 4
km irtifada gelen hava akimlarinin 2000 ile 2014 yillar1 arasinda yil basma % 0.2
diisiisle ifade edilen bir negatif egilim gosterdigi tespit edildi. Buna karsilik olarak, 1
km (4 km) irtifada Kuzey Afrika ve Tiirkiye lizerinden gelen hava akimlarinin ¢alisma
dénemi boyunca sirastyla senelik % 0.15 (0.40) ve % 0.29 (0.15) artis gosteren bir
pozitif egilim gosterdigi ortaya koyuldu. AOK aritmetik ortalamasi1 440 nm’den (0.30)
1020 nm’ye (0.12) 2.5 kat azalarak ince pargaciklarin baskinligini gosterdi. AOK ve a
degerlerinin kisa donemli Olgekte biiylik bir degiskenlik gosterdigi, gilinliik
degiskenligin birka¢ kati buldugu tespit edildi. Pargaciklarin yagisla yikanmasi
sebebiyle en diisiik AOT degerleri agirlikli olarak kisin gozlemlendi. 440 nm’de
yiiksek AOT degerleri ile diisilik 0440-870 degerleri, Kuzey Afrika ve Orta Dogu mengeli
toz olaylarina bagli olarak ilkbahar doneminde tespit edildi. 440 nm’de yiiksek AOT
Ve ou40-870, gaz-partikiil doniisiimii, hareketsiz hava kiitleleri ve yagisin olmayisi
sebeyile esas olarak yaz doneminde karakterize edildi. Yiikksek AOK’ye eslik eden
goreceli olarak diisiik a (0.7) ve ince mod fraksiyonu (% 47) hava akis1 Kuzey Afrika
(SAH) ve Orta Dogu (MID) bolgelerinden kaynaklandiginda goézlemlendi. a'nin bir
fonksiyonu olarak AOK ile su buhar1 (SB) arasindaki iliskiyle ilgili olarak ii¢ aerosol
smifi tanimlandi, su sevmez (non-higroscopic), orta derecede su sever ve su sevmez
(higroscopic). Potansiyel Kaynak Katki Fonksiyonu (PKKF) su sevmez pargaciklarin
Kuzey Afrika ve Orta Dogu kokenli mineral tozun baskin oldugu aerosol
poplilasyonlartyla iligkili oldugunu gosterdi. Orta derecede su sever parcaciklarin

mineral toz ve insan kaynakl1 aerosollerin bir karigimi olup, mineral tozun endiistriyel
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ve yiiksek niifuslu bolgelerin (6rnegin, Ispanya, Fransa ve ltalya) iizerinden hareket
etmesine bagli oldugu bulundu. Ote yandan, su sever pargaciklar i¢in herhangi bir 6zel
potansiyel kaynak bdlgesinin belirlenememesi, ikincil aerosollerin hakim yaz kosullar1
altinda orta Olc¢ekte olusturuldugunu gosterdi.

Kirilma indisinin hayali kismi, tekil sagilim albedosu ve absorpsiyon angstrom
katsayis1 toz, karigik koken ve kirlilik olaylari i¢in belirgin farklar gosterdi. Kirilma
indisinin hayali kismi toz olaylari igin 870 ve 1020 nm dalga boylari arasinda 2.5 x 10
%ila 2.0 x 10 arasinda dalgalanma gosterirken, 675 nm ve 440 nm dalga boylari
arasinda kirilma indisinin hayali kism1 4.3 x 10 ‘ten 11.0 x 107 ‘e yiikseldi. Benzer
spektral davraniglar gézlendigi halde, 440 nm’de kirilma indisinin hayali kism1 karigik
kokenli aerosol olayinda mineral toz olaylarina gore 2.2 kat daha az bulundu. Kirlilik
olaylarinda kirtlma indisinin imajiner kism1 1020 nm’de 5.0 x 102 ‘den 440 nm’de
6.3 x 107 ‘e hafif bir artis gosterdi. Aerosol tiirleri séniimlenme angstrom katsayilarina
gore toz, karisik kokenli ve insan kdkenli olmak iizere ii¢ gruba ayrildi. Ug aerosol
tirtiniin mikrofiziksel 6zelliklerinin kiyaslanmasinda soniimlenme angstrom katsayisi
esas alinarak yapilan aerosol tiirli siniflandirmasinin yetersiz oldugunu ortaya koydu.
Optik ozelliklere yigin analizi uygulanarak yapilan aerosol tiirii siniflandirmasi
nispeten daha iyi sonuglar verdi.

440 nm’de aerosol optik kalinlik ve kirilma indisinin hayali kism1 Periyot II’de (2005-
2009) ¢ol bolgelerinden kaynaklanan toz olaylarinin daha etkili olmasina bagli olarak
Periyot I’e (2000-2004) ve Periyot III’e (2010-2014) kiyasla istatiksel olarak daha
yikksek bulundu. PM2s’da bulunan suda ¢oziinebilir iyonlar arasinda siilfat ve
amonyumun baskin tiirler oldugu gortildii. Siilfat ve amonyum derisimlerinin aritmetik
ortalamasi sirastyla 2814 ng m? ve 1371 ug m™ olarak tespit edildi. Aerosoldaki
nitratin aritmetik ortalamas1 495 ng m= bulundu. Onciil gazlar arasinda amonyak 3330
ng m= ile en yiiksek derisim gdsterdi. Siilfiir dioksit ve nitrik asit derisimleri sirastyla
879 ng m? ve 346 ng m= bulundu. Siilfat, amonyum ve nitrat gazdan parcaciga
doniisiim oranlarinin aritmetik oranlarina iligkin olarak bu tiirlerin esas olarak yoresel
olmayan kaynaklardan etkilendigi One siiriilebilir. Bu ¢aligma ve oOnceki off-line
Olcimler dikkate alindiginda, siilfat, nitrat ve bunlarin Onciil gazlarinin Dogu

Akdeniz’de bir azalma egilimi gosterdigi ortaya konmustur.

Anahtar: Aerosol optik ve fiziksel ozelikler, higroskopik ozellik, SSA, AAOT,
kirilma indeksi, SO4*, NH4*, NO3", SO2, NH3, HNOs Dogu Akdeniz.
Vil
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CHAPTER |

1. INTRODUCTION
1.1. Aim of the Study

Aerosols play a crucial role in various geophysical and geochemical processes.
Figure 1.1 illustrates the influence of aerosols on the global processes. Atmospheric
particles can alter the earth’s radiation and hence climate directly by scattering and
absorbing both incoming solar radiation and re-emitted radiation from the surface of
the Earth to the atmosphere (Haywood and Shine, 1997). Aerosols can play a critical
role in the hydrological cycle (Rosenfeld et al., 2008). Atmospheric particles serve as
ice nuclei (IN) or cloud condensation nuclei (CNN) and hence they can influence the
concentration and size distribution of cloud droplets; alter the distribution of rainfall
and their radiative properties (Levin et al., 2005; Huang et al., 2006).They may act as
reaction surfaces in the atmosphere. Field and laboratory studies have demonstrated
that chemical reactions can occur between mineral dust and inorganic/organic species
(such as nitric acid, sulfur dioxide, sulfuric acid, oxalic acid and ozone) depending on
the mineralogical composition (Arimoto, 2001; Usher et al., 2003; Kruger et al., 2004).
Atmospheric inputs (from wet and dry modes) may have negative and positive impact
on marine environments. They supply macro and micro nutrients, such as P and Fe
respectively, which might play a significant role in LNLC (Low Nutrient Low
Chlorophyll) and HNLC (High Nutrient Low Chlorophyll) regions of the world oceans.
Inhibition has been observed for specific phytoplankton species due to soluble copper
associated with mineral dust particles (Paytan et al., 2009). On the other hand,
remarkable increase (up to 5 fold) in chlorophyll and primary production has been
monitored during micro-cosm dust addition experiments (Herut et al., 2005).

The Mediterranean Sea is bordered on its southern and eastern shores by desert
regions including Sahara and Middle East deserts. These regions act as a source of
mineral dust aerosols which are transported in the form of episodic pulses. Long range
transport of mineral dust from the Sahara to the Eastern Mediterranean has been
mainly observed during spring with the eastward passage of a frontal low pressure
system, whereas mineral dust transport from the Middle East has been primarily
monitored in the autumn (Kubilay et al., 2000). On the other hand, the northern shore
of the Mediterranean is surrounded by semi-industrialized and industrialized regions,

which act as a continuous source of anthropogenic aerosols. The Mediterranean
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atmosphere is influenced by different pollutant sources from Western and Eastern
Europe (Lelieveld et al., 2002). Therefore, one of the highest atmospheric deposition,
aerosol optical thickness and radiative forcing in the world have been detected over
the Mediterranean region (Kubilay et al., 2003; Barnaba and Gobbi, 2004; Vrekoussis
et al., 2005; Papadimas et al., 2009; Kocak et al., 2010).
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Figure 1.1 Impact of aerosols on global processes (inspired from Arimoto, 2001 and
Shao et al., 2011).

Aerosol burden in the atmosphere and its radiative effects are spatially and
temporally inhomogeneous and should be observed globally. The lack of detailed
information of the optical and microphysical properties of aerosol leads to the large
uncertainties in radiative forcing calculations (Charlson et al., 1992, Tegen et al., 1996,
Hansen et al., 2000, Ramanathan et al., 2001). Thus, optical and microphysical
properties of aerosol types are vital for better understanding aerosol radiative forcing
and impact on climate change. For instance, mineral dust plays a significant role in
radiative process (Miller and Tegen 1998). Optical properties of mineral dust can
exhibit significant spatial variability according to its mineral and chemical
composition (Sokolik and Toon 1990). Taking into account literature, aerosol optical
and micro physical properties have not been well studied in the Eastern Mediterranean.
The current study aims to explore the optical properties of the aerosol burden in the

atmospheric column over the Eastern Mediterranean. This will be achieved by using a
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15-year long dataset from the AERONET sun/sky radiometer. The unique contribution
of the present study will be to (i) explore the climatology of the aerosol optical
properties regarding their spectral behavior, (ii) assess the influence of meteorological
parameters on the seasonal variability in aerosol optical properties, (iii) clarify the
hygroscopic state of aerosols and source regions, (iv) classify aerosol types according
to aerosol optical properties namely, aerosol optical thickness, aerosol absorption
optical thickness, angstrom exponent, absorption angstrom exponent, single scattering
albedo and refractive index, (v) evaluate the effect of climatological change on the
aerosol optical thickness and angstrom exponent. Furthermore, this study aims to
define, for the first time near-real time sulfate, ammonium and nitrate in PM2s and
their precursor gases concentrations in winter and summer as well as gas-to-particle

conversions in the atmosphere over the Eastern Mediterranean.

1.2. Atmospheric Aerosols

An aerosol is described as a suspension of solid or liquid particles in a gaseous
phase. Atmospheric particles originate from numerous sources namely, natural (e.g.
mineral dust, sea salt, volcanic particles) and anthropogenic (e.g. fossil fuel
combustion). Consequently, aerosols are composite mixture of insoluble and soluble
constituents. This composite mixture can be categorized into five main classes: i)
mineral dust, ii) sea salt, iii) sulfates, iv) nitrates and v) carbonaceous.

Figure 1.2 illustrates the size, generation and removal of atmospheric particles.
As can be deduced from Figure 1.2, the particle size varies from a few nanometers to
100 micrometers. In general, the size of aerosols is divided into two groups: (i) coarse
(d>2.5 um) and (ii) fine (d < 2.5 pm). This reflects two main formation mechanisms
primary and secondary (Fine et al., 2008, Kogak et al., 2007 and Koulouri et al., 2008).
The size distribution of aerosols is mostly effected by the formation mechanisms.

Primary aerosol generation is a mechanical mechanism and such particles are
ejected from the break up and suspension of bulk material (sea salt, soil dust and
biological material) by the wind. Aerosols in this category are generally associated
with particles of diameter exceeding 2.5 pum (coarse mode). Secondary aerosol
formation involves a gas-to-particle conversion. Therefore, secondary aerosols are
produced by transformation of gaseous constituents to liquid and solid with aerosols

in this class being mainly associated with particles of diameter smaller than 2.5 pm



(fine mode). Newly formed aerosols show a peak around 0.01 pm diameter and they
are referred to as Aitken nuclei or transient nuclei owing to their short lifetime. These
aerosols quickly coagulate to form bigger particles that typically fall in the size range
between 0.1 and 1 um diameter and this size group is referred to as the ‘accumulation
mode’ since particle removal mechanisms are least efficient in this size (Seinfield and
Pandis, 1998).
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Figure 1.2 Schematic representation of three modes and of processes involved in
generation and removal of atmospheric particles (modified from Seinfield and Pandis,
1998).

i) Mineral Dust: Mineral dust is emitted directly from soils in the source regions by
winds. They are mainly affiliated with coarse particles, varying from few to tens of
micrometers; however, they are partly associated with fine particles (Duce, 1995).
Mineral dust particles (~ 1500 Tg y?!) are one of the main components of Earth’s
atmospheric aerosols, comprising about half of the total aerosol burden (Seinfeld and
Pandis, 2006).

i) Sea Salt: Sea salt particles comprise of sodium, chloride and sulfates. Sea salt
particles are produced at the sea surface by the bursting of air bubbles resulting from
air induced by wind (Blanchard and Cipriano, 1983), representing 25 % of the aerosol
burden.



Iii) Sulfates: Sulfates are emitted by a variety of natural and anthropogenic sources.
Burning of coal, petroleum products, smelting of non-ferrous ores, manufacture of
sulfuric acid, the conversion of pulp into paper, and refuse incinerators are man-made
sources of sulfate. The natural sources include biogenic and non-biogenic particles.
The biogenic sulfate particles originate from biogenic emissions from oceans, plants,
wetlands and soils and biomass burning whilst non-biogenic sulfate arise from sea salt/
mineral dust (as CaSO4) and volcanic eruptions (Saltzman et al., 1986; Savoie et al.,
1994; Mihalopoulos et al., 1997; Kouvarakis and Mihalopoulos, 2002; Kubilay et al.,
2002).

iv) Nitrates: Natural sources of nitrate contain lightning, biological material and
nitrification-denitrification processes but anthropogenic sources include combustion
of fossil fuels, fertilizers, motor vehicles and nitric acid production (Prospero et al.,
1996).

v) Carbonaceous Particles: These particles comprise of two main components:
Organic material and black carbon. Black carbon is emitted during the combustion
process and is therefore solely primary. Whereas, organic matter directly arises from
sources or it may be formed by atmospheric reactions involving gaseous organic
precursors (Seinfeld and Pandis, 1998)

1.3. Precursors of Aerosol SO4%, NOs  and NH4*

SO2 (g): Sulfur dioxide plays a central role in aerosol sulfate formation. On a global
scale, 85 % of the sulfur dioxide has been attributed to anthropogenic sources such as
the burning of fossil fuel (industry, thermic power plants), incineration, sulfuric acid
production, pulp and paper industry, metal industry and vehicles (Whelpdale et al.,
1996). Natural sources consist of volcanic emissions, vegetation and biological
activities, accounting for 15 % of the total sulfur dioxide production. Anthropogenic
sulfur dioxide emissions on a global scale between 1850 and 2005 are given in Figure
1.4. In the first 50 year, sulfur dioxide emissions dramatically increased by about 10
times, attaining 20,000 Gg levels. This increase was mainly attributed to the burning
of coal (Smith et al., 2011). Up to the1950s, sulfur dioxide emissions increased at a
steady pace, reaching 58,000 Gg. By the 1980s, sulfur dioxide emissions reached a
peak with a value of 127,000 Gg and remained almost constant until 1990s. From

1990s to 2000s, emissions denoted a substantial decrease due to sulfur removal
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technology yet there was a noticeable enhancement by 2005 as result of emissions

from developing countries such as China.
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Figure 1.3 Anthropogenic sulfur dioxide emissions on a global scale between 1850
and 2005 (reconstructed from Smith et al., 2011).

Oxidation of sulfur dioxide to sulfate occurs throughout both homogeneous and
heterogeneous reactions (Seinfield and Pandis, 1998, Finlayson-Pitts and Pitts, 1999).
Hydroxyl radicals are the most significant oxidant in the homogeneous gas phase
reactions. These reactions can be summarized as follow:

SO, + OH + M - HS0; (g) + M [1.1]
HSO03(g) + 0, —» S03 (g) + HO, [1.2, fast]
S05;(g) + H,0+ M - H,50, (g) + M [1.3, fast]

The lifetime of sulfur dioxide in homogeneous reactions ranges from 1 to 2
weeks. Nonetheless, in the presence of water gas-to-particle conversion is accelerated
owing to aqueous phase chemistry (Seinfield and Pandis, 1998, Finlayson-Pitts and
Pitts, 1999). Heterogeneous oxidation reactions occur within clouds or fog droplets
since sulfur dioxide has a very high solubility in water. These reactions are given
below:

S0, (g) + H,0(aq) » SO,- H,0 [1.4]
S0,+ H,0 & HSO3 + H'[1.5]
H,0,(g9) < H,0,(aq)[1.6]
HSO3 + H,0,(aq) + HY & SO~ +2H* + H,0[1.7]
HNO3 (g): Nitric acid is produced by the oxidation of NOx. Precursors NO and NO-
(referred to as NOx) have crucial function in aerosol nitrate formation. Sources of NOx
6



are traffic, fossil-fuel combustion, biomass-burning, soil emissions and lightning.
Nitric acid is formed throughout day and night time reactions of NOx. In the presence
of ozone, NO () is rapidly oxidized to NO2 (g) (Seinfield and Pandis, 1998, Finlayson-
Pitts and Pitts, 1999).
NO (g) + 03(g) » NO,(g) + 0, (g) [1.8]

Nitric acid is yielded via OH oxidation of NO; (g) during day time reactions (Seinfield
and Pandis, 1998, Finlayson-Pitts and Pitts, 1999).

NO, (g)+ OH(g)+ M —» HNO; (g) + M [1.9]
In the night time, nitric acid is yielded throughout the following reactions (Seinfield
and Pandis, 1998, Finlayson-Pitts and Pitts, 1999):

NO, (g) + 03(g) » NOs3(g) + 0, (g) [1.10]
NO, (g) + NOs(g) + M — N,05(g9) + M [1.11]
N,Os (g) + H,0 (surface) » 2HNOs(g) [1.11]

NHs (g): Ammonia is emitted from variety of sources including agricultural practices,
livestock  husbandry,  manure/storage/application, traffic, biomass-burning,
waste/sewage management, industrial manufacturing, natural soils and vegetation
(Bouwman et al., 1997; Paulot et al., 2014; Van Damme et al., 2014). Ammonia plays
an important role neutralizing acidic inorganic (e.g. sulfuric and nitric acid) and
organic species (such as oxalic acid) (Behara and Sharma, 2010; Updyke et al., 2012).
During the neutralization reactions between alkaline ammonia and acidic
sulfuric/nitric acid these salts are produced: NHsHSO4, (NH4)2SO4 and NH4NO:s.

1.4. Long Range Transport

The Mediterranean Sea is bordered on its southern and eastern shores by desert
regions including the Sahara and Middle Eastern deserts. These regions act as a source
of mineral dust aerosols which are transported in the form of episodic pulses. Long
range transport of mineral dust from the Sahara to the Eastern Mediterranean has been
mainly observed during spring with the eastward passage of a frontal low pressure
system, whereas mineral dust aerosols originated from the Middle East have been
chiefly monitored in the autumn (Kubilay et al., 2000). In contrast, the northern shore
of the Mediterranean is enclosed by industrialized and semi-industrialized regions,

which act as a continuous source of anthropogenic dominated aerosols, dispersed to
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the regional atmosphere all year around (Dulac et al., 1987; Kubilay and Saydam,
1995). Long range transport of aerosols plays a crucial role in the aerosol burden at a
receptor site. To understand and locate the possible sources of Mediterranean aerosols,
back trajectory analysis has been applied by researchers (Dayan, 1986; Dulac et al.,
1987; Kubilay and Saydam, 1995; Luria et al., 1996; Mihalopoulos et al., 1997;
Kubilay et al., 2000, 2002, 2005; Rodriguez et al., 2001, 2002; Lelieveld et al., 2002;
Toledano et al., 2009; Gerasopoulos et al., 2011).

Lelieveld et al. (2002) have shown that the Mediterranean atmosphere in
summer is influenced by different pollutant sources as a result of long range transport.
The study emphasized that the atmosphere within the boundary layer was loaded with
pollutants emitted from both Western and Eastern Europe, whereas in the middle and
upper troposphere Asian and to a lesser extent North American pollutants are
transported from the west to the region.

Long range transport from desert regions to the Mediterranean has also been
debated in numerous studies (Moulin et al., 1998; Kubilay et al., 2000). Long range
transport from North Africa to the eastern Mediterranean occurs predominantly during
spring and is usually associated with eastward passage of a frontal low pressure system
whereas dust intrusions from the Middle East to the Eastern Mediterranean takes place
typically in autumn (Kubilay et al., 2000). In contrast, transport from North Africa to
the western and central Mediterranean are observed mainly during summer (Moulin et
al., 1998).

1.5. Influence of Aerosols on Global Processes

1.5.1. Influence of Aerosols on Climate

Atmospheric particles exhibit extensively different optical properties than
atmospheric gases and they may can scatter and absorb solar radiation. As a result of
these features, aerosols modify the radiative budget of the atmosphere and also may

indirectly affect the radiative budget by acting as cloud condensation nuclei (CCN).

1.5.1.1. Radiative Properties of Aerosols

As it is well documented, the influence of aerosols on the climate depends on
their geographic distribution (see section 4.1), optical properties and ability to act as a
8



cloud condensation nuclei (CCN) (Lohmann and Feichter, 2005, Dusek et al., 2006).
Vital quantities related to optical and CCN properties can be gives as: (i) particle size
distribution, (ii) scattering (single scattering albedo) and absorption (absorption
aerosol optical thickness) and (iii) chemical composition and mixing state (absorption
angstrom exponent, refractive index) (Holben et al., 2001; Dubovik et al., 2002).
Figure 1.4 demonstrates particle size distribution (PSD) , angstrom exponent
(AE) and single scattering albedo (SSA) for key aerosol types namely: (i)
Urban/Industrial (Goddard Space Flight Center (GSFC), Creteil/Paris, Mexico City),
(it) Biomass Burning (Amazonian Forest, South American Cerrado, African Savannah,
Boreal Forest) and (iii) Desert Dust (Bahrain/Persian Gulf, Solar Village/Saudi Arabia,
Cape Verde/Sal Island), (iv) Mixed Aerosol (Maldives) and (v) Oceanic Aerosol

(Lanai/Hawaii). Based on Figure 1.4, the following summary can be made:

(@) Urban/Industrial and Mixed Aerosol Type: SSA value (0.98 at 440 nm) observed
at GSFC denotes that aerosol over this site is almost non-absorbing and this low
absorbing character is attributed to dominance of water-soluble atmospheric particles
(Dubovik et al., 2002 and references therein). On the other hand, aerosol population at
Mexico City (SSA = 0.90 at 440 nm) and Maldives (SSA = 0.91 at 440 nm) illustrate
absorbing properties. The aerosol absorption at Creteil/Paris is intermediate (SSA =
0.94 at 440 nm). PSD shows peak around 0.12 um and total volume of fine particles
is larger than that of coarse (Cvw/Cvc ~ 3, Dubovik et al., 2002) for GSFC and
Creteil/Paris. In contrast, PSD at Mexico City and Maldives is significantly influenced

by coarse particle (Cvi/Cyc ~ 1), mainly being between 1.5-5 pm.

(b) Biomass Aerosol Type: In general, biomass burning aerosols lead to low SSA since
it contains remarkable amount of black carbon owing to combustion processes (Giles
et al., 2012). As can be seen from the figure, SSA exhibits great variability from one
biomass burning site to another. The lowest SSA (0.88 at 440 nm or highest absorption)
is detected over African Savanna whilst the highest SSA values are observed at
Amazon and Boreal forests with value of 0.94 at 440 nm. The intermediate SSA value
(0.91 at 440 nm) is found at South American Cerrado. PSD for all biomass burning
sites is predominated by fine particles, varying within the accumulation mode (from
0.1to 0.3 um).



(c) Desert Aerosol Type: The SSA for desert aerosol type increases with increasing
wavelength (1) because it is mainly consists of coarse particles containing iron oxides
(Dubovik et al., 2002). SSA value is around 0.92 (at 440 nm) for all desert sampling
sites (Bahrain/Persian Gulf, Solar Village/Saudi Arabia, Cape Verde/Sal Island).
While PSD is dominated by coarse particles (chiefly between 1.9 and 2.54 um), PSD
exhibits bimodal distribution (Dubovik et al., 2002).

(d) Oceanic Aerosol Type: SSA for Lanai/Hawaii is 0.98 at 440 nm, implying low
absorption characteristic of oceanic atmospheric particles (Dubovik et al., 2002).
Although PSD is significantly affected by coarse particles (Cvi/Cyvc ~ 0.5; Dubovik et
al., 2002), the low absorption suggests sea-salt and water-soluble particles.

Single scattering albedo (SSA) and corresponding aerosol absorption optical
thickness (AAQOT) for (i) Urban/Industrial (Goddard Space Flight Center (GSFC),
Creteil/Paris, Mexico City), (ii) Biomass Burning (Amazonian Forest, South American
Cerrado, African Savannah, Boreal Forest) and (iii) Desert Dust (Bahrain/Persian Gulf,
Solar Village/Saudi Arabia, Cape Verde/Sal Island), (iv) Mixed Aerosol (Maldives)
are demonstrated in Figure 1.5. The highest AAOT is observed at South American
Cerrado (~0.08 at 440 nm), however, the lowest AAOT is found at GSFC with a
value of ~0.007 at 440 nm. The former might be attributed to absorbing particles such
as black carbon whereas; the later might be resulted from water-soluble particles
(Dubovik et al., 2002; Giles et al., 2012). As can be deduced from the diagram, AAOT
for Urban/Industrial and biomass burning aerosol types decreases monotonously with
increasing wavelength nonetheless there is a sharp decrease in AAOT with increasing
wavelength for desert type aerosol (Russell et al., 2010). This drastic diminish is likely
due to the particle size distribution of desert dust which is principally dominated by
coarse particles.
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Figure 1.4 The averaged optical properties of different types of tropospheric aerosol
retrieved from the worldwide AERONET network of ground-based radiometers.
Taken from Dubovik et al., (2002).
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Figure 1.5 Spectra Of AERONET-derived Single Scattering Albedo (SSA) from
Dubovik et al., 2002 with corresponding Aerosol Absorption Optical Depth (AAOD)
Black: Urban/Industrial or Mixed; Green: Biomass Burning; Red-Brown: Desert Dust.
Taken from Russell et al., 2010.
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1.5.1.2. Global Distribution of Aerosols

Global spatio-temporal variability in Aerosol Optical Depth (AOD) retrieved
by Multiangle Imaging Spectro Radiometer (MISR) sensor at spatial resolution of
0.5°x0.5° is given in Figure 1.6 (Mehta et al., 2016). AOD values lower than 0.1
exhibits clear sky whilst values around 1 shows very high aerosol burden in the
atmospheric column.

High AOD values are related to distinct processes in different regions and
seasons of the year. Annual AOD map clearly exhibits remarkable difference between
Northern and Southern Hemispheres, former having much more higher values mainly
due to deserts and industrialized and populated countries.

Desert areas of the world are the chief source of mineral dust. The largest and
most persistent sources (see Figure 1.7, for example Sahara Desert) have been
identified in the Northern Hemisphere principally in a broad dust belt that extends from
the west coast of North Africa over the Middle East, central and south Asia to China
(Prospero et al., 2002; Washington et al., 2003). These studies have clearly revealed
the dominance of the Sahara and demonstrated other key source regions including the
Middle East, Taklamakan, south Asia, central Australia, the Ethosha and Mkgadikgadi
basins of southern Africa, the Salar de Uyuni (Bolivia), and the Great Basin (United
States).

Image particularly exhibits high AOD values (up to 1) over the desert regions
of the world. Over North Africa and Equatorial Atlantic high annual AOD (0.3-1) are
found whilst highest and lowest values are detected in JJA and DJF, respectively.
Elevated AOD values over South Africa are clear in JJA due to biomass burning (Eck
et al., 2009, 2013; Mehta et al., 2016). Similarly, high AOD values are obvious over
the Middle East chiefly owing to deserts with a maximum in JJA period (Smirnov et
al., 2002; Eck et al., 2008; Mehta et al., 2016). However, it worth mentioning that,
aerosol burden in this region is also impacted by manmade activities such as vehicles,
petroleum industry and shipping (Mehta et al., 2016).

Low AOD values are observed over Europe and Russia whilst higher aerosol
burdens are found over Mediterranean particularly in MAM and JJA period because
of (i) dust transport from Sahara and Middle East desert, (ii) increase in secondary
aerosol and (iii) enhanced biomass burning (Kubilay et and Saydam, 1995;
Mihalopoulos et al., 1997; Moulin etal., 1998; Kubilay et al., 2000; Sciare et al., 2008;

12



Kogak et al., 2005, 2012). Moderate to high AOD values (0.3-0.9) are particularly
found over Eastern China and India and adjoining Arabian Sea (Eck et al., 2008, 2010;
Giles et al., 2011; Mehta et al., 2016) whereas low AOD values (<0.2) are observed
over the Pacific Ocean . Enhanced AOD values over Pacific in MAM period are related
to anthropogenic and dust particles transported mostly from the Asian mainland
(Smirnov et al., 1995; Mehta et al., 2016). AOD over Eastern China and India reaches
its maximum in JJA season. In general, low AOD values are detected over South
America. Relatively higher values are clear over desert regions such as Atacama and
Amazon forest. High values over Amazon in SON season are as a result of
deforestation and biomass burning (Schafer et al., 2002, 2008; Eck et al., 2003). The
annual AOD values over North America remain less than 0.2 however; higher values
are clear in MAM and JJA seasons since AOD burden is influenced by both natural
and manmade sources (Holben et al., 2001; Eck et al., 2010; Schafer et al., 2014; Mehta
etal., 2016) .

MISR DJF
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MISR MAM

MISR JJA

Figure 1.6 Annual and seasonal variations of aerosol optical depth from Multiangle
Imaging Spectroradiometer (MISR), (a) annual, (b) winter (DJF), (c) spring (MAM),
(d) summer (JJA) and (e) autumn (SON). Taken from Mehta et al., 2016.
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Figure 1.7 Area average TOMS Al values for the main dust regions. Modified from
Washington et al., 2003.

Ground-based sky radiance sun photometer measurements (see section 4.1)
also supports the above findings (see Figure 4.1). One of the lowest AOT with a value
of 0.02 are observed at Mauna-Lao (Yoon et al., 2012) since it is above the planetary
boundary layer (altitude of 3397 m). The aerosol exponent (1.2) suggests contribution
of stratospheric aerosols to the columnar AOT over the site. AOT (0.4) and o (0.3)
values at Capoverde/Sal Island, Dakar (rural coastal), Banizoumbou (rural/semi-arid)
and Solar Village (rural) reflect heavy influence of mineral dust on aerosol burden
(Holben et al., 2001, Yoon et al., 2012, Gama et al., 2015). The highest AOT values
are detected over the urban sites in Asia, namely, Taihu (~ 0.9, Xia et al., 2007) and
Beijing (~ 0.7, Yoon et al., 2012). It has been stated that these two Asian sites are

under the heavy pressure of regional pollution (Xin et al., 2007).

1.5.1.3. Impact of Aerosols on Radiative Forcing

Figure 1.8 illustrates (produced from IPCC 2013; Dobbie et al., 2003,
Papadimas et al., 2012) global radiative forcing of aerosols along with Green House
Gaseous (GHGs). The IPCC (2001) report denoted that the largest uncertainties in the
estimation of direct and indirect radiative forcing from aerosols are related to the
insufficient knowledge of the high spatial and temporal variability of aerosol
concentrations, of their microphysical, chemical and radiative properties. As can be

deduced from the diagram, aerosol radiative forcing was still associated with a
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remarkably high uncertainty whereas GHGs forcing was affiliated with low
uncertainty.

Sulfate aerosols are efficient at scattering incoming solar radiation back to
outer space since they are associated with submicron particles. Owing to their small
size they have minute influence on outgoing terrestrial radiation. The net direct forcing
of sulfate particles is one of cooling, ranging from -0.2 to -0.6 W m™. Nitrate and
organic aerosols could also found in the fine particle size range (Cabada et al., 2004,
Peltier et al., 2007 and Kogak et al., 2007). These aerosols decrease the amount of
incoming solar energy; the direct effect being one of cooling. The direct radiative
forcing of nitrate (-0.11 W m2) was estimated to be four times lesser than that of sulfate.
Corresponding, radiative effects were -0.09 and -0.03 W m for primary organic and
secondary organic aerosols, varying between -0.6/-0.03 and -0.27/0.2 W m™. Biomass
burning particles denoted cancellation between cooling and warming giving value of
0 W m2and its radiative forcing fluctuated from -0.2 to 0.2 W m™. On a global basis,
sea salt radiative forcing was estimated to be around -0.15 W m™.

Mineral dust also alters the Earth’s radiation budget by means of scattering and
absorbing of both incoming solar radiation and outgoing terrestrial radiation (e.g.,
Sokolik and Toon, 1996). Regarding concentration, vertical distribution in the
atmospheric column, particle size and mineralogy as well as albedo and temperature
of the underlying surface, the direct radiative forcing of mineral dust could be either
warming or cooling (Tegen and Lacis 1996). Mineral dust illustrated direct radiative
forcing of -0.1 W m, showing cooling and warming effect around -0.3 and 0.1 W m"
2, respectively.

Since it is an efficient absorber of solar radiation, black carbon is one of the
most important constituent of positive forcing (warming) (Jacobson, 2000, Peng et al.,
2016). The direct radiative forcing of black carbon ranged between 0.05 and 0.8 W m"
2 with a mean value of 0.4.

Taking in to account the global direct forcing resulted from atmospheric
particles (-0.35 W m2), roughly 10 % of the global warming caused by GHGs (2.83
W m) is abolished by the aerosols however, if one consider both direct (-0.35 W m"
2) and indirect (-0.45 W m) forcing of aerosols, the cancellation of warming would
reach 28 %.
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Figure 1.6 also shows total radiative forcing over the Mediterranean. Radiative
forcing of aerosols in the Mediterranean is dramatically different than that of estimated
for Globe. It is assessed to be -2.4 W m, being 3 times larger than that of estimated
for Globe. This value would abolish 85 % of the warming effect stemmed from GHGs.
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Figure 1.8 Comparison of aerosol forcing owning to various species with that of
greenhouse gas forcing (GHG: Greenhouse gases, BC: Black carbon, BB: Biomass
burning, SO: Secondary Organic, AC: Aerosol cloud, derived from IPCC, 2013; SS:
Sea salt from Dobbie et al., 2003; Mediterranean taken from Papadimas et al., 2012)

1.5.2. Influence of Aerosols on Atmospheric Chemistry

During the transport of aerosols, they serve as media upon which chemical
reactions can occur. Studies carried by different researchers have shown the
relationship between atmospheric particles with trace, nitrogen and organic gases
(Mamane and Gottlied, 1989, 1992; Dentener et al., 1996; Usher et al., 2003a,b;
Krueger et al., 2004; Falkovich et al., 2004). Consequently, aerosols play a significant
role in the removed mechanism of numerous atmospheric chemical species.
Furthermore, reactions of aerosols in the atmosphere lead to a change in the physical
and chemical properties of the atmospheric particles, including their optical properties

and contribution to cloud condensation nuclei (Arimoto, 2001).
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1.5.3 Influence of Aerosols on Biogeochemical Cycles

Aerosols transported in the atmosphere can deposit on land and oceanic
surfaces, both near and far from their sources, which have important influences on
biogeochemical cycles. Atmospheric deposition (wet and dry) of aerosols and gases
can enhance primary productivity by suppling macronutrients as well as trace metals
in areas of the ocean where primary production is nutrient limiting (Paerl, 1985;
Seitzinger and Sanders, 1999; Paerl et al., 1999). For example, atmospheric deposition
stimulates marine productivity in the oligotrophic Red Sea and the Mediterranean Sea,
providing bioavailable N and P (Chen et al., 2007; Herut et al., 1999). Furthermore,
atmospheric deposition of Fe into HNLC (High Nutrient Low Chlorophyll) regions
may affect biotic process, strengthening primary production (Ussher et al., 2004) or

changing phytoplankton community structure (Baker et al., 2003).

1.6. Ground Based Real Time Measurements

1.6.1. Ground Based Sky Radiance Sun Photometer Measurements

Every object in nature emits electromagnetic energy and solar radiation is
defined as electromagnetic energy emitted by the sun. The solar radiation on the top
of the terrestrial atmosphere is called extraterrestrial solar radiation which is found
over a wide spectrum ranging from ultraviolet to infrared rays and 97 percent of the
total energy of extraterrestrial solar radiation is confined to short wavelengths (the
spectral range 290 to 3000 nm). Part of the incoming solar radiation is absorbed,
scattered and reflected by gas molecules, aerosols, water vapor and clouds while
penetrating through the atmosphere. The solar radiation can be measured by
radiometers. A radiometer absorbs solar radiation, converts it into heat and measures
the resulting amount of heat relating to the level of solar radiation. Spectral
measurements of direct solar radiation are used in atmosphere science to govern optical
depth in the atmosphere (World Meteorological Organization, 2008)

AOT ground measurements have been performed for many years, by
calculating the intensity decreased of sunlight between the top of the atmosphere (TOA)
and at ground level. The radiance at TOA can be estimated from models, or measured
by satellites or radiometers. Calculating AOT from measurements of the direct solar
irradiance made by a radiometer is based on the Beer-Lambert law. The sun/sky
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spectral radiometers, namely CIMEL™ Sun Photometers are widely used in order to
calculate AOT from measurements of the direct solar radiation at ground level. A wide
range of these instruments have been deployed within the Aerosol Robotic Network
(AERONET; Holben et al., 1998). Space AOT measurement can also done by satellite
instruments, which provide a larger spatial coverage than AERONET. However, most
AOT satellites are polar-orbiting and have low temporal resolution. Satellite
algorithms for AOT works the same way used in sun photometers. Nevertheless, they
have more difficulties since the light travel through the atmosphere twice. Satellite
AOT retrieval algorithms apply complex methods to attempt to eliminate the noise
produced by the land surface reflectance (e.g. Levy et al., 2010). The resulting
measurements have a lower accuracy than sun photometric measurements, but satellite

retrievals can cover the whole globe at resolutions fluctuating from 1 to 100 km.

1.6.2. Ambient lon Monitor-lon Chromatography (AIM-IC)

Traditionally, aerosol soluble ion composition is determined by offline
analytical methods. In general, atmospheric particles are collected on filters such as
polycarbonate, Teflon, quartz, glass fiber and cellulose nitrate drawing air through a
filter by means of a vacuum pump. The samples must be extracted before analyses.
Then, the ion chemical composition of the samples is commonly achieved by using
ion chromatography.

During such sampling or sample storage, chemical and physical changes may
occur (Schaap et al., 2004). The aforementioned changes may lead to positive and
negative sampling errors (artifacts). Errors may arise from gas-particle and particle-
particle interactions, gas absorption by the sampling media or collected particles and
evaporation of collected species. For instance, retention of SO, and HNOs on filter
substrate causes a positive bias (Tsai and Perng, 1998; Pakkenen et al., 1999; Schaap
et al., 2002). Semi-volatile water-soluble ion species such as NH4Cl and NH4NOs3 can
be lost due to changes in temperature and relative humidity. The loss of nitrate can
also occur from chemical reactions between NHsNO3z and H2SO4/HCI (Appel and
Tokiwa, 1981). In order to minimize positive and negative artifacts, filters in
combination with denuders have been applied (Shaw et al., 1982, Klockow et al., 1989

and Koutrakis et al., 1993). This type of sampling configuration employs gas denuder
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upstream and downstream of a filter to collect reactive gases and volatilized species,
respectively.

lon chromatography based near real time measurements has been developed to
minimize sampling errors and improve temporal resolution for better comprehension
of the atmospheric chemistry and physics of the aerosols. Particle-Into-Liquid-
Sampler coupled to ion chromatography (PILS-IC) was developed in the beginning of
2000 (Weber et al., 2001). On one hand, PILS-IC is capable of carry out rapid,
automated online measurements of ionic composition in PM2s however, it is incapable
of detecting precursor gases. Gas/Particle lon Chromatography (GPIC, Ullah et al.,
2006) has been utilized to determine ionic composition of PM2s and precursor gases.
This instrument is capable of measuring ions and precursor gases such as chloride,
nitrate, sulfate, ammonium, hydrochloric acid, nitric acid, sulfuric acid and ammonia.
However, GPIC is not able to detect cations such as sodium, potassium, magnesium
and calcium. Furthermore, gas and particle measurements cannot be carried out
simultaneously since they staggered by 20 minutes. Monitor for AeRosols and Gases
(MARGA, Applikon Analytical BV) has dual ion chromatography and it is capable of
measuring anions and cations (ten Brink et al., 2007).
Ambient lon Monitor — lon Chromatography (AIM-IC) is an instrument capable of
carry out continuous, near real time, hourly simultaneous measurements of ions (Na*,
NHs*, K*, Mg?*, Ca®*, CI*, NOz, NOs', SO4%) in PM2s and precursor gases (HCI,
HONO, HNOs3, H2SO4, NH3). The AIM-IC comprises of AIM 9000D air sampler
/URG Corp., Chapel Hill, NC) and ICS-5000 (Thermo-Dionex). It has high accuracy

and precision (Markovic et al., 2012).
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CHAPTER Il
2. MATERIAL AND METOD
2.1. Study site and climatology of the region

The Erdemli atmospheric sampling site is located on the coastline of the
Eastern Mediterranean (EM), Erdemli, Turkey (36.57°N and 34.26°E, Figure 2.1). The
study site is surrounded by cultivated land and greenhouses having a distance of 10-
50 km away from major pollutants sources, thus, the site is classified as rural according
to the criteria proposed by Putaud et al., (2004). Depending on regional atmospheric
dynamics, the Erdemli aerosol population is mainly influenced by three aerosol
sources namely; (i) anthropogenic particles from industrialized and semi-
industrialized regions situated to the North, (ii) mineral dust from the Sahara and
Middle East Deserts located to the South and (iii) sea salt from the Mediterranean Sea
(Kubilay et al., 2000, Kogak et al., 2004; Kogak et al., 2007).

Climatically, the weather pattern of the Mediterranean region is characterized
by mild, relatively wet winters and hot, dry summers (Lionello et al., 2006). Monthly
average atmospheric temperatures and rainfall for a 15-year period (2000-2014) at the
Erdemli site are illustrated in Fig. 3.5h, i. The temperature presents a strong seasonal
cycle with a winter minimum and a summer maximum. The average monthly
temperature commences to increase in April and reaches its maximum in August
(28.5 °C) and then decreases to its minimum in January (9.8 °C). The site receives on
annual average 549 mm of rain with a strong seasonal pattern. The majority of rainfall
(304 mm) is observed in winter whereas very low amounts of rainfall (11mm) are
observed in summer. It is clear that the character of the sampling site is the
representative of Mediterranean climate in terms of both temperature and precipitation.

21



Erdemli, S

e N i 60°
( L. AN 4
I '_'* ‘ @
- ; 1 ‘
\ & 3, ' /[ . 8 50
;,e\ 4] 4 ‘, . ! o \ G
A BT\ | 0 40°
3 ; el
S

I — \l\ ,J\/\ [ %

| 0 16' 26" 36' 40° 50° 60°

Figure 2.1 Location of sampling site (Erdemli) at the Southeastern coastal area of
Turkey.

2.2. AERONET Measurements

AErosol RObit NETwork (AERONET) is a federated network of ground-
based sun-sky radiometers operating worldwide since the middle of the 1990’s.
AERONET uses a CIMEL (CE318, Cimel Electronique of France) sun and sky
radiometer and this instrument operates at more than 840 sites located all over the
world. CE318 (see Figure 2.2) is a multi-channel, automatic sun-and-sky scanning
radiometer that measures the direct solar irradiance and sky radiance at the Earth’s
surface. It consists of three main components namely: (a) instrument itself (sensor head,
scanning motors and robotic arm), (b) control box (software for controlling
predetermined scanning, sampling strategies, and for acquiring data) and (c) computer
(data collection and transmission). The instrument has a main stem containing the
azimuth motor. On the top of the motor there is a robot arm consisting of the zenith
motor on one side and the sensor head on the other side. The collimators are attached
to the sensor head. Two silicon detectors, one for each of the collimators are placed in
the sensor head. Between the collimator windows and the detectors is a filter wheel,
consisting of eight narrowband interference filters (at 340, 380, 440, 500, 675, 870,
1020, and 1640 nm) mounted along the circumference. The two collimators differ in
the size of apertures whereas; they have the same field of view (1.2 degree). They are
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physically part of a single unit that is attached to the sensor head, larger collimator (10
times as large as the sun-viewing collimator) providing the necessary dynamic range

to observe the sky.

Figure 2.2 AERONET CIMEL (CE318, Cimel Electronique of France) at IMS-METU,
Erdemli.

AERONET provides aerosol columnar properties such as Aerosol Optical
Thickness (AOT), perceptible Water Vapour (WV) and inversion aerosol products.
More detailed descriptions are given in Holben et al. (1998). To summarize, the sun-
sky radiometer makes direct Sun measurements every 15 minutes at 340, 380, 440,
500, 675, 870, 940 and 1020 nm. Except for 940 nm (used for retrieving WV), these
measurements are then applied to calculate AOT (see equation 2.1), with an accuracy
of ~ 0.01 for the wavelengths longer than 440 nm and ~ 0.02 for shorter wavelengths
(Eck et al., 1999). AOT can be given as fallow:

V) = Vo) d? exp[~t (Mo xm] t,  [Eq.2.1]
Given equation is based on the spectral extinction of direct beam radiation according
to the Beer-Lambert-Bouguer law where V is digital voltage measured at A wavelength
by the instrument at the surface, Vo is extraterrestrial voltage at A wavelength measured
at Mauna Loa Observatory in Hawaii, d is the ratio of the average to the actual Earth-
Sun distance, m is the optical mass, ty is transmission of absorbing gases and t(A)toT
is the total optical thickness (Holben et al., 1998). t(A)tot includes optical thickness

that results from aerosol, WV, trace gases (O3, NO2, CO,, CH4) and molecular
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scattering. In order to obtain AOT(A), optical thickness of other atmospheric
constituents must be subtracted from t(A)tor. AOT at 500 nm is decomposed into fine
and coarse mode AOT according to the Spectral De-convolution Algorithm by O’Neill
et al., 2001; 2003. The Angstrom Exponent (AE or o) is defined by the logarithms of
AOT and wavelength (see equation 2.2) and it is calculated for the all wavelengths
varing from 440 to 870 nm employing a lean fit between AOT and A (Holben et al.,
1991; 2001). The value approaching zero denotes dominance of coarse particles
whereas; the value larger than 1 implies the preeminence of fine aerosol (Kaufman et
al., 1994, Eck et al., 1999).

AE = —d In [AOT (1)]/d In(}) [Eq. 2.2]

SSA is the ratio of scattering to extinction (scattering plus absorption). The
values of SSA ranges from 0 to 1. A low value of SSA means that the aerosol
predominantly absorbs the sunlight whilst a high value of SSA suggests that the
aerosol predominantly scatter the incident sunlight. Knowledge of SSA allows
Absorption Aerosol Optical Thickness (AAOT) to be calculated. Then, Absorption
Angstrom Exponent (AAE), the wavelength dependence of the AAOT, can also be

derived.

SSA = Sc.attering ' [Eq. 2.3]
Scattering+Absortion

AAOT = (1 — SSA) =~ AOT [Eq.2.4]

AAE = —d In 2228 1 (7) [Eq.2.5]

The instrument also performs hourly sky radiance measurements in almucantar
geometry at 440, 675, 870 and 1020 nm. These sky radiance measurements in
conjunction with corresponding direct sun measurements are then used in inversion
algorithms to derive particle size distribution (PSD), real (n) and imaginary (k)
refractive indices and single scattering albedo (Dubovik and King 2000; Dubovik et
al., 2006). The retrieval error in PSD is estimated to be 15%-35% for the intermediate

particle size range (0.1 <r < 0.7 um). However, the error in PSD for small (0.05 <r
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<0.1 um) and large (7 <r < 15 um) particle size interval may reach 80%. Uncertainty
of SSA, n and k shows variability depending on aerosol type and loading. For instance,
SSA, nand k are expected for desert dust loading with an AOT (440 nm) > 0.5 to have
an uncertainty of 0.03, 0.04 and 40 %, respectively. On the other hand, at dust loading
with AOT (440 nm) < 0.2, the uncertainty of SSA, n and k increases up to 0.05-0.07,
0.05 and 80-100 %, respectively (Dubovik et al., 2000). Therefore, the accuracy of
AERONET retrievals, especially imaginary part of refractive index (aerosol
absorption), diminishes with decreasing AOTs. The almucantar retrievals for AOT at
440 nm larger than 0.4 have been used in this study in order to obtain more reliable
results.

The AERONET sun photometer was installed at the Institute of Marine
Science, Middle Technical University Campus in December 1999 and the instrument
has been operating since then. The sampling site is called IMS-METU-ERDEMLI
(here after Erdemli) in the AERONET program. The instrument installed at Erdemli
site has only 440, 500 (after 2004), 675, 870 and 1020 channels for AOT
measurements. The 15-year long Level 2.0 quality-assured daily data set from January
2000 to December 2015 at Erdemli were obtained from Version 2 AERONET. The
percent of observational coverage of direct measurements (AOT, AE and WV) per
year is illustrated in Figure 2.3. The mean observational coverage of AOT, AE and
WV was around 50 % (n = 2712). There is no data available for 2002. The missing
values were as a result of quality control issues and technical malfunction of the sun
photometer instrument. Regarding Version 2 (Level 2.0), particle size distribution was
attained for 1414 days whilst SSA and Refractive index were only derived for 413
days (see Table 2.1).
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Figure 2.3 Percent coverage of 2000-2014 years for AERONET direct measurements.

Table 2.1 The number of observation between 2000-2014 years for AERONET
measurements.

AOT,AE,WV PSD SSA, RR,RI

2000 307 181 41
2001 124 59 8
2002 - - -
2003 243 47 8
2004 235 152 46
2005 231 173 51
2006 68 22 5
2007 140 57 10
2008 324 206 76
2009 293 196 38
2010 143 79 34
2011 208 130 48
2012 32 1 -
2013 207 35 10
2014 157 76 38
Total 2712 1414 413

26



2.3 Calculation of the 5 day Air Mass Back Trajectories

Five-day back-trajectories were calculated by running the HYSPLIT
Dispersion Model, (HybridSingle Particle Langrangian Integrated Trajectory; Draxler,
1999; Stein et al., 2015). The HYSPLIT model, a hybrid system computing air mass
trajectories and dispersion of atmospheric pollutants, performs calculation methods
based on the Lagrangian and Eulerian approaches (for more information,
http://wwwe.arl.noaa.gov/HYSPLIT info.php). The meteorological data of the

NCEP/NCAR Reanalysis Project was used as input for trajectory calculations, which
was gridded to 2.5°X2.5° in latitude and longitude with 18 vertical levels. The air
masses arriving at Erdemli at 1, 2, 3 and 4 km above sea level for each day (06:00
UTC) was computed during the period between January 2000 and December 2014
(99.9 % coverage). 5-day backward trajectories were selected since it extends far
enough to represent the synoptic scale flow. The vertical motion of air masses was

calculated using three-dimensional vertical velocity field.

2.3.1. Potential Source Contribution Function

Possible source regions of atmospheric aerosol or gases having high
concentration at a receptor site was determined using the spatial probability
distribution of pathways of air parcels that arrived at the receptor site over a time period.
When the material is emitted into the air parcel from a source, it can be transported to
the receptor site throughout the trajectory of the air parcel. If the endpoint of a
trajectory stays at a cell of address (i,j), it is assumed that the trajectory collects the
emissions from the cell. The total number of endpoints that are located in the cell is
nij and there exists mj points for which the measured parameter rises above a criterion
value defined for this parameter, then, potential source contribution function (PSCF)
is calculated using the following formula (Polissar et al., 2001).

PSCF;; = my;/ny; [Eq.2.5]
Taking into account o, AOT categorized into four groups: (i) as40-870 < 0.5, (ii) 0.5 <
a40-870 < 1, and (iii) 1 < au40-870. Then, PSCF was applied to identify potential source
regions of the largest 10% of AOT (440 nm) values in the groups. Air masses back
trajectories arriving at 1 km and 4 km altitudes were utilized to define source areas, by
dividing the region into 2°X2° grids (910 cells) between 20°W-50°E and 20°N-70°N.

The small number of endpoints in a grid may generate high PSCF values with high
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uncertainties. For this reason, a binomial test was applied to check the statistical
significance of the PSCF values for every grid (Vasconcelos et al., 1996; Salvador et
al., 2004). Therefore, only PSCF values statistically significant at the 95% confidence

interval have been considered in the analysis.

2.4 Ambient lon Monitor lon Chromatography (AIM-1C) Measurements

Ambient lon Monitor lon Chromatography (AIM-IC, see Figure 2.5) consists
of two major components: (i) the sampling unit for the simultaneous collecting of
aerosols in PM2s and their precursor gases (AIM 9000D, URG Corp., Chapel Hill,
NC, see Figure 2.6) and (ii) the sample analysis unit, ion chromatography (1CS-5000,
Thermo-Dionex) for the determination of anionic and cationic ions in the collected
aqueous solution.

The online sample collection is carried out by drawing ambient air at 3 L min-
! through a pre-impaction (cyclone) assembly which intercepts the atmospheric
particles that are bigger than 2.5 pm equivalent acrodynamic diameter. Therefore, only
the atmospheric particles smaller than 2.5 um are directed into the parallel-plate wet
denuder. The parallel-plate wet denuder consists of two cellulose membranes (one for
per plate) that are continuously supplied with 5 mM of ultrapure hydrogen peroxide
(H20) solution at 10 mL hr. As the ambient air passes between the plates, soluble
precursor gases are separated from the atmospheric particles by diffusion and
dissolution into the denuder solution. The resultant solution from the denuder having
dissolved gases is splinted into two 5 mL syringes for the detection of anionic and
cationic species in the liquid. The air free of precursor gases, then flows into the
particle supersaturation chamber, comprising of (i) a steam generator (ii)
mixing/condensation chamber and (iii) a cyclone. In the supersaturation chamber, the
particles are activated by steam in order to initiate hygroscopic growth in the
mixing/condensation chamber. The cyclone remove large and heavily solvated
particles from the bulk air flow. The resultant solution from supersaturation chamber
is splinted into two 5 mL syringes for the determination of anionic and cationic species
in the liquid. Before reaching the diaphragm pump, the remaining humidified air
passes through Vigreux to eliminate water from the flowing air. After the sampling,

the solutions are automatically injected into ion chromatography instrument.
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Chromatography is a separation method, distributing the analyte in the sample
between stationary and mobile phases. Some species adhere to the stationary phase
more than the other species as the eluent flows (mobile phase). Thus, the separation of
the ion species from each other is achieved as the eluent passes through the column
(stationary phase). The apparatus and the conditions of the ion chromatography are
illustrated in Table 2.2. Near real time measurements of water-soluble anionic/cationic
species in PM2s and precursor gases were carried out under identical conditions by
using an 1CS-5000 ion chromatography instrument. Water-soluble anions (CI-, SO4%,
NO3z’) and gases (HCI, HNOs, HNO», and SO>) were determined by applying AS11-
HC separation column, KOH (gradient from 18 to 59 mM) eluent and AERS-500 (4
mm) suppressor whereas water-soluble cations (Na*, NH4*, K*, Mg?*, Ca?*) and
precursor gas (NHs) were detected electrochemically by using a CS12-A separation
column, MSA (20 mM) eluent and CSRS-300 (4 mm) suppressor (Product Manual for
Dionex lonPac AS11-HC-4m, lonPac CS12A Manual).

Near real-time hourly measurements were performed using the AIM-IC during
the winter period between January 27 and February 3 and the summer period between
August 19 and September 2, 2015. From time to time, the measurements were
temporarily interrupted for technical reasons during the online sampling campaigns.
127 and 307 measurements were attained in the winter period and the summer period,
respectively. In order to compare results from online measurements, offline PM2s
samples were simultaneously collected during the sampling campaign. Offline PM2s
samples were collected on 47 mm Teflon filters (0.8 um pore size) by using Thermo-
Scientific 2025i Partisol Sequential Air Sampler with a flow rate of 16.7 L min-1.
Offline aerosol sampling campaign commenced on 21 August 2015 and ended on 02
September 2015. The samples were stored at deep-freezer (-20 °C) directly after
collection until analysis. In order to determine concentrations of major water-soluble
ions in aerosol, one quarter of the filter was extracted for 45 minutes in 20 mL of ultra-
pure water (18.2 Q) by mechanic shaker. The extraction was treated with about 100
uL chloroform to prevent biological activity (Bardouki et al., 2003, Kogak et al., 2007).
The water-soluble ions concentrations were measured by using the 1CS-5000 ion
chromatography instrument with the configuration in Table 2.2. The detection limit
for water-soluble ions was <1 ppb while the blank contributions were smaller than
10 %.
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Figure 2.4 Ambient lon Monitor lon Chromatography (the sample analysis unit: ICS-
5000, Thermo-Dionex, the sampling unit for the simultaneous collecting of PM25and
their precursor gases: AIM 9000D, URG Corp., Chapel Hill, NC)

d
Ultra Pure :
Water N :";gﬁ?q)
(18.2 Q) # >
_» Pre-Impactor
(d < 2.5um)
Parallel Plate
Wet Denuder
Particle
i ::;?ilg:tii(t‘o supersaturation
) ot chamber
chromatograph
Syringe for Syringe for
particles gases

Figure 2.5 Typical setup for Ambient lon Monitor (URG9000D).
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Table 2.2 A summary of ion chromatography applications for water-soluble anions
and cations.

lon Anion, Gases Cation, Gases
Chromatography (ClI, NOsz, SO0+, HCI, | (Na*, NHs*", K*, Mg?,
HNO2, HNO3,50») Ca?*, NHs)
Pre-column AG11-HC CG12A
Separator column AS11-HC CS12A
Loop 150 uL 15 uL
Membrane- ASRS (4 mm) CSRS (4mm)
Suppressor
Eluent Solution | KOH MSA
(Concentration) (gradient from 18 to 59 mM) | (20 mM)
(Flow Rate) (1.5 mL/min) (1.5 mL/min)
Detector Conductivity Conductivity
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CHAPTER I11
3. Climatology of Air Masses Back Trajectories for Erdemli during 2000-2014.
3.1. Meteorology

The monthly average of atmospheric temperature and rainfall between 2000
and 2014 is presented in Figure 3.1. Both atmospheric and rainfall exhibited a strong
seasonal cycle. Local ambient temperature exhibited winter minimum and summer
maximum. The temperature denoted gradual increase from January (~ 9 °C) to January
and reached its maximum in August (~25.8 °C). Then from August to December
continuously decreased back to its winter value. In contrast to temperature, local
rainfall indicated a sharp decrease from January to August (reaching a couple of mm)
then it showed a dramatic increase from August to December, attaining its maximum
with a value of 120 mm. Local rainfall illustrated that the sampling site was
predominantly influenced by rain in winter (JFD), whereas during the summer (JJA)
the site received negligible amount of rain yet it received important amount of rain in
fall (SON).
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Figure 3.1 The monthly average of atmospheric temperature and rainfall between
2000 and 2014

32



3.2 Climatology for Air Flow at Erdemli

Based on the approach by Kogak et al. (2005, 2012), five day back trajectories
arriving to Erdemli at the height of 1 km and 4 km were classified into six sectors: (i)
Western Europe (WE), (ii) Eastern Europe (EE), (iii) Turkey (TUR), (iv) Middle East
(MID), (v) Saharan (SAH) and (vi) Mediterranean Sea (MED) in order to evaluate the
impact of airflow on aerosol optical properties (Figure 3.2). Table 3.1(a) and (b)
presents air mass back trajectory climatology for aerosol optical data along with whole
trajectories climatology at Erdemli expressed as % influence of air flow from each of
the defined sectors between January 2000 and December 2014 for 1 km and 4 km,
respectively.

If we compare air flow climatology for AOT data set with air flow climatology,
it can be asserted that both altitudes for data set were more (less) influenced by
northerly (southerly) air masses. However, it should be noted that air flow for data set
were representative of air masses influencing study site within £ 5 % for each defined

air masses sector.
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Figure 3.2 Classification of 5-day back trajectories arriving at Erdemli. Airflow
sectors are presented as WE (Western Europe), EE (Eastern Europe), TUR (Turkey),
SAH (Saharan), MID (Middle East) and MED (Mediterranean Sea).

Table 3.1 Air masses back trajectories climatology for aerosol optical data along with
whole trajectories climatology for 1 km (a) and 4 km (b).
a) Air Flow Climatology (%) | Air Flow Climatology for AOT data (%)

WE 13.3 12.1
EE 32.9 37.9
TUR 28.2 28.4
MID 7.4 5.4
SAH 8.7 7.2
MED 9.5 9.0
b) Air Flow Climatology (%) | Air Flow Climatology for AOT data (%)
WE 52.8 55.9
EE 10.4 12.0
TUR 10.2 10.1
MID 2.7 3.0
SAH 23.9 18.9
MED - -

Correspondingly, Table 3.2.a and b illustrate seasonal air flow for 1 km and 4

km arriving at Erdemli expressed as % influence of air masses back trajectory from

34



each of the cluster. Air masses back trajectories exhibited distinct differences between
seasons. These differences may be summarized as follows:

Regarding 1 km, higher air flows from EE and TUR were observed for four
seasons. Largest transport from the EE and TUR were observed in summer, being 49.7 %
and 30.8 %, respectively. However, lowest air masses emerged from SAH (2.2 %) and
MID (0.4 %) were monitored in summer. Highest air flow from MED (12 %) was
detected in spring. Lowest air masses originated from Turkey were found in winter
(23.3%). As for results for 4 km, almost % 50 of air flows originated from WE during
all seasons. Similar to those of the 1 km, the highest (lowest) transport from TUR
(SAH) were found in summer, being % 14.0 (% 13.6). On the other hand, air flows
from MID in summer were at least 3 % than those observed for winter, spring and fall.
There was no assigned air masses to MED sector for 4 km level.

Table 3.2 Seasonal air flow for 1 km (a) and 4 km (b) arriving at Erdemli.
a) Winter | Spring | Summer | Fall
WE 16.5 17.4 9.2 10.2

EE 25.5 28.3 49.7 | 27.8
TUR | 233 25.5 308 |33.0
MID 12.8 5.6 0.4 11.0
SAH | 125 11.2 2.2 8.8
MED | 9.4 12.0 7.6 9.2
Table 3.2 continue ...
b) Winter | Spring | Summer | Fall
WE 55.1 47.9 59.7 48.6

EE | 130 | 9.8 75 |115
TUR| 59 | 102 140 |10.6
MID | 1.0 2.1 52 | 2.4
SAH | 250 | 29.9 136 | 26.9
MED | - - - -

3.3 Anomalies of air flow at Erdemli.

Anomaly is a term describing the deviation from the expected value. The
expected value can be mean or a model prediction. In this study, annual air flow
anomalies of each sector were derived using the yearly percent of air masses back
trajectories in the defined sectors for 1 and 4 km. The annual anomalies presented for
a given year were calculated by subtracting the mean value from the annual value. The
mean value of a sector was the arithmetic mean of annual air masses percent of the

sector over the 2000-2014 period. Moreover, a least-squares fit was applied to air flow
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anomalies in order to acquire the slope coefficient of the linear regression that denotes

annual trend.

(a) Anomalies of air masses backward trajectories at 1km: Time series and linear

trends of annual back trajectories anomalies from 2000 to 2014 for 1 km are presented

in Figure 3.3. The anomalies mostly had temporal variability and different magnitude

compared to the mean values. Generally, it can be stated that the negative trend was

observed in northerly air flows whereas positive trend was captured in southerly flow.

Specifically, air flow anomalies of sectors can be evaluated as follow:

i)

EE and WE (Figure 3.3a, g): Calculated air flow anomalies for EE and WE
denoted a negative trend from 2000 to 2014. The calculated decrease was
significant, being 0.18 % per year. The positive anomalies were dominant
until 2006, on the other hand, negative anomalies were pronounced after
the aforementioned year.

MED and MID (Figure 3.3b, ¢): Air flow anomalies for MED and MID
exhibited a negative trend from 2010 to 2014. However, the calculated
decrease was relatively insignificant, being 0.06 % and % 0.04 per year for
MED and MID, respectively.

SAH and TUR (Figure 3.3d, e): Air flow anomalies for SAH and TUR
showed a positive trend throughout the study period. The significant
increase of 0.15 % and 0.29 % per year were found for SAH and TUR,
respectively. The negative anomalies were prevailing until 2008, however,

positive and relatively weak negative anomalies were calculated after 2008.
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Figure 3.3 Anomalies (%) of air masses backward trajectories in EE (a), MED (b),
MID (c), SAH (d), TUR (e) and WE (f) at 1 km level.

(b) Anomalies of air masses backward trajectories at 4 km: Time series and linear
trends of annual back trajectories anomalies from 2000 to 2014 for 4 km are illustrated
in Figure 3.4. Similar to 1 km, it can be reported that the negative trend was observed
for northerly air flows while, positive trend was detected in southerly flow anomalies.
Specifically, anomalies of back trajectories of each cluster might be evaluated as

follow:
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i)

EE and WE (Figure 3.4a, g): Air masses anomalies for EE and WE indicated
a negative trend from 2000 to 2014. The calculated decrease for EE and WE
was significant, being 0.22 % and 0.39 % per year, respectively. The positive
anomalies were prevailing until 2006 nevertheless, the negative anomalies
were pronounced after the aforementioned year.

MID (Figure 3.4c): Air masses anomalies for MID demonstrated a negative
trend between 2010 and 2014. Nonetheless, the calculated decline for MID was

relatively insignificant, being 0.05 % per year.

iii) SAH and TUR (Figure 3.4d, e): Air masses anomalies for SAH and TUR

revealed a positive trend over the period 2000-2014. Correspondingly, the
significant increase of 0.40 % and 0.15 % per year were observed for SAH and
TUR, respectively. The negative anomalies were obvious until 2007, however,
positive and relatively weak negative anomalies for SAH and successive

positive anomalies for TUR were calculated after 2006.
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Figure 3.4 Anomalies (%) of air masses backward trajectories in EE (a), MED (b),
MID (c), SAH (d), TR (e) and WE (f) at 4 km level.
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CHAPTER IV

4. Long-term Measurements of Aerosol Optical and Physical Properties over the

Eastern Mediterranean: Hygroscopic state and Source Region.

4.1. General Characteristics of AOT, Angstrom Exponent, WV and Size
Distribution at Erdemli

Before discussing aerosol optical properties and size distribution, it is worth
mentioning the probability distribution of aerosol optical thickness (AOT) measured
at Erdemli from January 2000 to December 2014. Kolmogorov-Smirnov test (at 95 %
confidence interval) demonstrated that AOT at 440 nm distribution was lognormal (Fig.
4.1). Therefore, it should be highlighted that the AOT is best represented by geometric
mean value. O’Neill et al. (2000) have also been shown similar distribution for AOT.
Since there is a lack of such values in the literature and therefore arithmetic mean
values will be applied when comparing the current values obtained and those from

previous studies.
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Figure 4.1 Frequency histogram of the log-transferred columnar AOTa40 and its
expected distribution at Erdemli.

Table 4.1 illustrates statistical summary for AOT and Angstrom Exponent (o)
obtained between January 2000 and December 2014 at the Erdemli site. Figure 4.2

also shows corresponding mean aerosol volume size concentration throughout the
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study period. As can be seen from the Table 4.1, AOT exhibited a remarkable increase
from 1020 nm (0.12) to 440 nm (0.30) and this reduction might be attributed to the
dominance of fine particles. The arithmetic mean of AOT (440 nm) was 0.30+0.18
with values ranging between 0.03 and 1.96. Geometric mean and median were
identical with a value of 0.26, being 1.15 times less than that of arithmetic mean.
Angstrom exponent was found to be varied between 0.03 and 2.23 with an arithmetic
mean value of 1.22+0.37. WV ranged from 0.19 cm to 4.54 cm with an arithmetic
mean of 2.04 cm. Mean aerosol volume size concentration demonstrated bimodal
distribution. The first peak was ascribed to fine particles, majority being between 0.1
um and 0.3 pm whilst the second peak was attributed to coarse particles, chiefly

existing between 1.5 um and 6.0 um.

Table 4.1 Statistical summary for aerosol optical thickness (AOT: 440, 500, 675, 870,
1020 nm), angstrom exponent (ou40-870) and WV (cm) at Erdemli between January
2000 and December 2014

Arithmetic Geometric | Median | Minimum | Maximum
Parameter | Mean (£0) Mean
AOT1020 0.12+0.11 0.10 0.10 0.01 1.85
AOTs70 0.14+0.11 0.11 0.12 0.01 1.87
AOTe75 0.18+0.13 0.15 0.15 0.01 1.90
AOTs00 0.26+0.16 0.22 0.22 0.01 1.94
AOTaa0 0.30+0.18 0.26 0.26 0.03 1.96
01440-870 1.22+0.37 1.14 1.30 0.03 2.23
wv 2.04+£0.91 1.82 1.90 0.19 4.54
o refers to standard deviation
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Figure 4.2 Average volume size distributions from Erdemli station throughout the
study period (2000-2014).
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The relationship between AOT 40 and water vapor is shown in Figure 4.3. The
relationships between these two variables were investigated for three different o
classes specifically: (i) a440-870< 0.5, (ii) 0.5 < ata40-870< 1.0 and (iii) 1.0 < o40-870 < 2.0.
The first group was dominated by coarse particles, accounting of 75 % of AOTa40
whilst the second group was equally influenced by coarse (~ 51 %) and fine (~ 49 %)
particles. In contrast, the third class was dominated by fine particles, elucidating 80 %
of the observed AOTu440. The logarithmic fit was found to explain much more of the
variance between AOTas0 and water vapor compared to linear fit. In general, AOT 440
increased with increasing water vapor, however; the degree of relationship between
AOT440 and water vapor for each group was different. The residual correlation
coefficient between two variables was found to increase with enhancing a. The
relationship for the first group was weak (R? = 0.13, Figure 4.3a), suggesting that the
particles in this group exhibited non-hygroscopic behavior. Since sea salt has a high
hygroscopicity (Petters and Kreidenweis, 2007), it is seem that the aerosols in the first
group was mainly dominated by mineral dust with a low hygroscopicity (Koehler et
al., 2009). The relationship for the second group was moderate (R? = 0.36, Figure 4.3b)
and this moderate hygroscopic property of this group might be ascribed to mixing of
different type aerosols such as mineral dust and anthropogenic sulfates, nitrates and/or
organic acids (Kogak et al., 2007, 2012). The residual correlation coefficient (R? =
0.60, Figure 4.3c) for the last group was strong with a value of 0.60, stating that this
class had a hygroscopic characteristic. As stated above, the third category was chiefly
associated with hygroscopic fine particles, which may include ammonium sulfate and
ammonium nitrate (Tang and Munkelwitz, 1994). Simirnov et al. (2002) have shown
similar relationship between AOTsoo and water vapor for coarse (R?= 0.2, 0440-870 <0.7)
and fine (R? = 0.67, a440-s70> 0.7) mode at Bahrain/Arabian Gulf. The increasing trend
of AOTs00 as augmenting water vapor has been reported for a low humid site in
Hamim/Arabian Gulf, nonetheless, the relationship between these two variables was
found to be independent of aerosol type (R?~ 0.30 for both coarse and fine mode, Eck
et al., 2008).
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Figure 4.3 Aerosol optical thickness versus water vapor with regression analysis for
the values of 0440-870 < 0.5 (&), 0.5 < a40-870 < 1.0 (b), and 1.0 < 0a40-870 < 2.0 (C)

The AOT and o values from different geographical regions of the world
including free troposphere, natural, rural and urban sites were used in order to assess
spatial variability (Fig. 4.4). Figure 4.5 presents mean AOT 440 and au40-s70 for each site
together with their regions and characters. Mauna-Lao (Yoon et al., 2012) had the
lowest AOT (0.02) since the site is above the planetary boundary layer (altitude of
3397 m). Corresponding a was 1.2, indicating contribution of stratospheric aerosols to
the columnar AOT over the site. Despite Lampedusa and Forth CRETE (Mallet et al.,
2013) are characterized as natural backgrounds, AOT (~ 0.2) and a (~ 1.1) values at
these sites were comparable to those of rural sites such as Erdemli/Turkey (this study),
Blida/Algeria (Mallet et al., 2013) and Kaashidoo/Maldives (Holben et al., 2001). This
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peculiarity might chiefly be attributed to the influence of anthropic aerosols on AOT
and o when airflow originated from industrialized and semi-industrialized countries
located at the northern border of the Mediterranean Sea. On the other hand, AOT and
a at San Nicolas (Holben et al., 2001) were respectively 0.05 and 1.2, exhibiting the
natural background character of the site. Being a natural site, AOT (0.4) and o (0.3)
values at Capoverde/Sal Island were remarkably similar to those observed for Dakar
(rural coastal), Banizoumbou (rural/semi-arid) and Solar Village (rural). It might be
argued that AOT and a values at Sal Island, Dakar and Banizoumbou were heavily
modified by mineral dust transport from North Africa and the Middle East (Holben et
al., 2001, Yoon et al., 2012, Gama et al., 2015). Considering rural sites, AOT (~ 0.5)
and a (~ 0.3) at Dakar, Banizoumbou and Solar Village were distinctly different than
those of the remaining sites, demonstrating the significant effect of mineral dust
particles on columnar AOT and a. The highest AOT values were observed over the
urban sites in Asia, namely, Taihu (~ 0.9, Xia et al., 2007) and Beijing (~ 0.7, Yoon et
al., 2012). It has been reported that these two Asian sites were under the heavy pressure
of regional pollution (Xin et al., 2007). Except for llorin (urban semi-arid), the
remaining urban stations had relatively high o values ranging from 1.12 to 1.68,

denoting predominance of fine particles.
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Figure 4.4 Locations of AERONET sites in Mediterranean, Middle East, Africa, Asia,

and America.
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Figure 4.5 Average values of AOT (440 nm) and o (440/870) at the AERONET
stations (" This Study; * Yoon et al., 2012, 2 Holben et al., 2001;  Mallet et al., 2013,

4 Xia et al., 2007).

4.2. Daily variability in Aerosol Optical Thickness and Angstrom Exponent

Figure 4.6 exhibits daily variability in aerosol optical thickness and angstrom
exponent together with corresponding rainfall amount for Erdemli site between
January 2000 and December 2014. As can be deduced from the figure, the lowest AOT
values was generally associated with rain or the day after these events since wet
deposition removes aerosol particles from the atmospheric compartment efficiently
(Cadle and Dasch, 1988). For instance, one of the lowest AOT was observed on 19"
of January 2000 with a value of 0.03. Corresponding rainfall for the same day was 15.1
mm. On 19" of January 2000 Angstrom exponent was 1.79, indicating the dominance
of submicron particles. In winter, AOTa40 values seldom reached up to 1.0, the highest

being observed on 25" of February 2007.
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Figure 4.6 Time series of daily Aerosol Optical Thickness (a), Angstrom Exponent
(b) and amount of rain (c) from January 2000 to December 2014.

Elevated AOTaso values were identified in spring and summer however, their
corresponding au4o-g70 Were distinctly different. Higher AOT 40 and lower o440-870 Were
particularly detected during spring months (March, April and May) when the air
masses back trajectories originated from deserts situated at North Africa and the
Middle East. Studies have clearly shown that aerosol population in the Eastern
Mediterranean is considerably affected by sporadic mineral dust pulses mainly
occurring in transitional seasons (Kubilay and Saydam, 1995; Kubilay et al., 2000,
2003). Enhanced AOTa40 and 0440870 Were identified throughout summer owing to
prevailing weather conditions. Higher gas to particle conversion, sluggish airflow and
lack of rain allow accumulation of aerosol particles in the atmosphere over the Eastern
Mediterranean (Kogak et al., 2007, Dayan et al., 2017 and references therein).
Consequently, higher values of AOT might be categorized into three main classes: (a)
dust dominated, (b) mixed (dust/pollution) events and (c) pollution dominated.

Corresponding examples for each event are presented in Figures 4.7a, b and c.
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Figure 4.7 Variability in Aerosol Optical Thickness and Angstrom Exponent (o)
during dust (a), mixed (b) and pollution events (c) at Erdemli.

(a) Dust dominated: One of the highest AOT was observed on 2" of April
2013 with a value of 1.67 (Figure 4.7a). On March 30, AOT (440 nm) and o were
respectively found to be 0.22 and 1.08. From March 30 to April 1, AOT (440 nm)
tripled over the Erdemli in contrast, a value decreased five times. The initial signal of
this dust event was clearly detected by the sun photometer on April 1. During the next
day, AOT (a) incremented (reduced) 2.6 (1.5) times compared to former day,
demonstrating intensification of the dust episode over the site. Ozone Mapping
Instrument Aerosol Index (OMI-Al) satellite image for April 1 (Figure 4.8a)
demonstrated dense dust cloud over the Levantine basin however; the thickness of dust
was less over the Northeastern Levantine. During this day OMI-Al values reached up
to 4 between coordinates 30°N—37°N and 27°E—30°E. Within a day (Figure 4.8), the
dust cloud became less apparent over the South Levantine Basin whilst the intensity
of the dust cloud enhanced in the atmosphere over the Northeastern Levantine,
especially at Turkish coastline. For instance, Al on April 2 over Erdemli site doubled
compared to that of observed on April 1. Five-day back trajectories also supported
mineral dust transport from deserts located at the Middle East and North Africa. On
April 1 (Figure 4.8a), trajectories at 1, 2 and 3 km denoted that Erdemli site was under

the influence of airflow from the Middle East whereas; trajectory at 4 km showed air
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mass transport from North Africa. Next day, lower layer trajectories (1 and 2 km,
Figure 4.8b) demonstrated that site was still affected by airflow from south east.
Therefore, prevailing air mass transport mainly from the Middle East and lesser extent

from North Africa as well as lack of rain allow accumulation of dust particles over the

Erdemli site.
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Figure 4.8 Five day back trajectories of air masses reaching at 1000m (black circle),
2000m (black star), 3000m (black square) and 4000m (black triangle) on 1% of April
2014 (a) and 2" of April 2014 (b) with corresponding Aerosol Index (Al) from OMI
(Ozone Mapping Instrument) for Erdemli.

(b) Mixed Event: Mixed dust event was characterized from February 25" to
27", 2007 (Figure 4.7b). On 25" February, the influence of the mineral dust first
detected by sun photometer with an AOT440 (o) value of 1.06 (0.58). The following
day AOT 40 was found to decrease to 0.81, together with a slight reduction in a value.
On 27" February, AOTa4o continued to decreased, attaining value of 0.52 with a
twofold decrement compared to the initial AOTa40 value of the case nonetheless, o
value increased 1.9 times compared to the previous days, reaching value of 0.97. OMI-
Al satellite image for 25" February indicated a large dust plume over the Eastern
Mediterranean extending from 32°N—38°N to 25°E—35°E, Al values ranging from 2.0
to 3.0 (Figure 4.9). During the next day, the dust plume became less intense and on
27" February dust cloud disappeared over the region. Considering the back trajectories
(Figure 4.9), air masses originated from North Africa (passing over Egypt) arrived to
the site at 2, 3 and 4 km altitudes on 25th February, whilst the back trajectory for 1 km
altitude indicated airflow from Turkey. During the next day, air flow for 1 km altitude
showed a transport from region located over Ukraine, the middle Black Sea and Turkey
whereas air masses at upper levels (3 and 4 km) advected to the site from North Africa.
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Back trajectories for 27" February indicated air flow at upper levels from North Africa

terminated and started to come from northwest.
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Figure 4.9 Five day back trajectories of air masses reaching at 1000m (black circle),
2000m (black star), 3000m (black square) and 4000m (black triangle) on 25™ of
February 2007 (a), 26" of February 2007 (b), and 27" of February 2007 (c) with
corresponding Aerosol Index (Al) from OMI (Ozone Mapping Instrument) for
Erdemli.

(c) Pollution Dominated Event: The pollution event was described from
August 25" to 27" 2014 (Figure 4.7c). On 25" August, AOTa0 and o were
respectively found to be 0.24 and 1.21. Next day, AOT440 almost doubled over the
Erdemli whereas o decreased about 10 %, reaching the value of 1.07. On 27" August,
AOT reached the highest value of the event with a fivefold increment, attaining value
of 1.15. Nonetheless, o was found to be 1.08 and the change in Angstrom Exponent
from 25 August to 27 August was only about 10 %, all values being higher than 1.
MODIS-Terra (Moderate Resolution Imaging Spectrometer) AOD satellite image for
25" August indicated low thickness over site (Figure 4.10). Then, next day it started
to increase and on 27" August, attained the value of 0.8 with a four-fold increase from
25 August. Corresponding five-day back trajectories exhibited that air masses arrived
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to the site at all altitudes from north and northwest on 25th August (Figure 4.10). Next
day, lower layers (1 and 2 km) back trajectories was related to air flows coming from
northern sector whereas, upper layers (3 and 4 km) back trajectories were associated
with air mass transport from south. On 27" August, trajectory at 1 km indicated the
site still remained under influence of air mass transport from the region located over
eastern Black Sea and Turkey. On the other hand, trajectory at 2, 3 and 4 km pointed
the air mass transport from southwest. It should be noted that on 26 and 27 August, air
masses reached the site at 3 and 4 km, descending vertically from further height levels
nonetheless, the trajectory at 1 km on 26 August and trajectories at 1 and 2 km on 27
August indicated that air masses arrived to the site at corresponding heights, ascending

vertically from ground levels (Figure 4.11).
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Figure 4.10 Five day back trajectories of air masses reaching at 1000m (black circle),
2000m (black star), 3000m (black square) and 4000m (black triangle) on 25" of
August 2014 (a), 26" of August 2014 (b) and 27" of August 2014 (c) with
corresponding AOD from MODIS Terra for Erdemli.
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4.3. Seasonal variability in Aerosol Optical Thickness and Angstrom Exponent.

Monthly arithmetic mean and standard deviations for aerosol optical thickness

(440 and 870nm, coarse and fine at 500 nm), angstrom exponent, water vapor together

with local rain amount and temperature are presented in Figure 4.12. The lowest values

of AOT (440, 870 nm, fine and coarse) were found in winter. The minimum in winter

might be ascribed to four main processes namely (a) efficient removal of aerosol

burden from the atmospheric compartment by rain, (b) reduced gas to particle

conversion due to cloud cover and incoming solar flux, and (c) less frequent dust

transport from the Middle East and North Africa (d) emission strength of sources
(Bergametti et al., 1989; Giilli et al., 1998; Kubilay et al., 2000). Notwithstanding,

there was a distinct difference in the seasonal cycle of AOT 440, AOTg70, AOT coarse and
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AOTfine. To begin with AOTg70 (AOTcoarse), Monthly arithmetic mean gradually
increased from January to March and reached its maximum in April with a value of
0.22 (0.17). Arithmetic mean of AOTg70 (AOTcoarse) then reduced 40 % (60 %) from
April to June. AOTg70 (AOTcoarse) demonstrated 20 % (only 5 %) enhancement from
June to August. Mean AOTg70 (AOTcoarse) abruptly declined from 0.18 (0.09) to 0.08
(0.05) between August and December On the whole, arithmetic mean of AOTas0
(AOTrine) illustrated piecemeal augmentation from January to August, attaining its
maximum with a value of 0.44 (0.27). After that, mean AOT440 (AOTiine) began to
decrease and achieved its winter values in December (AOT 440~ 0.18, AOTjine ~ 0.10).
Monthly mean of 040-870 denoted steady decrease from 1.40 to 0.94 between January
and April. Then a440-870, raised about 40 %, reaching value of 1.30 in June whilst ou440-
g70 did not point out remarkable change from June to December. The seasonal cycle of
water vapor, on the other hand, was similar to that of observed for AOTfine. Monthly
mean water vapor exhibited substantial increase from January (1.0 cm) to August (3.2
cm) and later its monthly values drastically dropped to 1.1 cm towards end of the year.

Seasonal scatter diagrams for AOTao versus ous0-870 together with the
frequency of occurrence of these two parameters are depicted in Figure 4.13. As can
be deduced from scatter plots, winter (DJF) and spring (MAM) showed a strong trend
of increase in AOT 440 values as au40-870 decreases, though, summer (JJA) and fall (SON)
exhibited a very weak trend of reduction in AOT440 values with decreasing c440-70.
Seasonal histograms for AOT440 and 0440-870 also denoted distinct difference. The
frequency of occurrence histogram of AOTa40 showed gradual shift toward higher
values from winter to summer and it decreased from summer to fall. In winter, spring
and fall, the AOTas0 probability distributions exhibited peak values of 0.1-0.2 (51 %)
0.2-0.3 (35 %) and 0.1-0.2 (32 %), respectively, whereas AOTa4o illustrated peak value
of 0.3-0.4 (25 %) in summer. The AOT 40 frequency distributions clearly showed that
the atmosphere over the Eastern Mediterranean was more turbid in summer than those
observed for the remaining seasons. As stated before, this might be result of higher gas
to particle conversion, sluggish airflow and lack of rain. The frequency of occurrences
histogram for a440-870 displayed relatively narrow peak from 1.1 to 1.6 in summer
(77 %) and fall (56 %) on the other hand, only few percent had values less than 0.5
(summer: 1.2 %, fall: 3.5 %), showing that fine particles were dominant. Unlike

summer and fall, the a440-870 probability distribution was rather broader (wide range
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particle size) in spring, 16 % being lower than 0.5. About 50 % of a440-870 < 0.5 values
had AOT 440 larger than 0.4, implying the transport of mineral dust from North Africa
and Middle East deserts (Kogak et al., 2004). The remaining episodes might be
attributed to weak dust events and/or sea salt (Smirnov et al., 2002; Fotiadi et al., 2006).
Furthermore, more than 16 % of the au40-s70 in winter, spring and fall ranged from 0.5
to 1.0, suggesting mixed mineral dust and anthropic particles (Eck et al., 1999; Holben
et al., 2001; Smirnov et al., 2002) Therefore, it might be argued that the aerosol

population was comparatively more diverse in spring compared to winter, summer and

fall.
05 0.8
1(a) (b)

0.4 iy
O g
= =
S 034 by
: ] o 3
- 024 =
=) . C
< o2 =

0—_ — 0

2 03 © (d) - 0.4
E 0.2?2_"= “Fos E
3 0.2 - %
£ 0.154 m02 g
S 1 e
S 014 o
b , 0.1 <

0.05 - i

0 -0

2-(e) ®) - 4

1.5+

Og00-870
=
= wn —
l 1 1
— T
> . [ 5] w
Water Vapor (cm)

HEIQ] (i) - 35
1003 -
90 —

60—

Rain (mm)

=4
L L 1
\
L L
cvzmERSE
T (O

30

JFMAMJJASOND JFMAMJJASOND
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Figure 4.13 continue ...

Correlations between variables illustrate the degree to which they together. In
order to clarify monthly relationship between AOT, a440-870, Water vapor and local
meteorological parameters, namely temperature and rain were used. The correlation
coefficients between aforementioned variables are given in Table 4.2. The obtained
correlation coefficients indicated that water vapor, temperature and total rain amount
significantly modified the seasonality of aerosol physics in the atmosphere over the
Erdemli. Except for AOTcoarse, there were negative correlation between rain amount
and AOTsg7, AOTa and AOTrine. However, the correlation coefficients were
statistically significant (c.l. 95 %, n = 12) for AOTa40 (r = -0.59) and AOTfine (r = -
0.77). In addition, AOTa4 (r = 0.79) and  AOTrsine (r=0.83) showed significant
correlation coefficients with temperature. Therefore, during winter month’s AOT440
and AOTiine decreased not only due to the removal of particles from atmospheric

compartment but also because of less efficient gas to particle conversion (e.g. cloudy
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days, inferior incoming solar influx). Influence of rain on AOTs70 and AOT coarse Was
not significant and hence this might be ascribed to the mechanical formation of coarse
particles and their source strength. For example, atmospheric sea salt production
especially increases in rainy winter months owing to more active and frequent storms
(Marks, 1990; O'Dowd and Smith, 1993). Furthermore, in spite of considerable rain,
the mineral dust transport from desert sources to the receptor site has primarily been
determined in spring (March, April and May) when the prevailing conditions are more
favorable for the Saharan cyclones (Kubilay et al., 2000). Angstrom Exponent
indicated strong negative correlation with AOTcoarse (-0.80) although it showed
moderate negative correlation coefficient with AOTs7o (-0.49). Considering these
relationship, it might be note that the seasonality of au40-870 Was mainly controlled by

the existence of coarse particles.

Table 4.2 Matrix correlation of the monthly AOT (440 nm), AOT (870 nm), fine and
coarse AOT, a (440/870), water vapor (WV), temperature (T), rain (R). Marked
correlations (in bold and italic) are significant at p <0.05.

AOT87O AOT44O AOTcoarse AOTfine 01440-870 WV T R

AOTsr0 1.00
AOT a0 0.87 1.00
AOTcoarse | 0.83 0.47 1.00
AOTfine 0.64 0.94 0.15 1.00
01440-870 -0.49 -0.01 -0.80 0.30 1.00
wv 0.60 0.90 0.11 0.96 0.25 1.00

T 0.64 0.89 0.17 0.91 0.13 0.99 1.00

R -0.47 -0.77 0.02 -0.88 | -0.31 | -0.87 | -0.83 | 1.00

4.4 Influence of Air Flow on Aerosol Optical Properties

To assess the influence of air flow on aerosol optical properties the
categorization of trajectories were utilized (see Chapter I11). The Kruskal-Wallis (K-
W) test was applied to test for the presence of significant differences in aerosol optical
properties namely aerosol optical thickness at 440, 675, 870 as well as 1020 nm,
angstrom exponent and fine fraction (%) classified according to air masses. Table 4.3
statistical summary of the AOT, AE and FF (%) for each air flow sector at 1 km and 4
km.

Air flow reaching at altitude of 1 km: Table 4.3a and Figure 4.14 illustrate statistical
summary of the AOT, AE and FF (%) for each air flow sector at 1 km. Application of
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Kruskal-Wallis test exhibited that aerosol optical thicknesses at 440 nm for MID, SAH
and TR were not statistically different. Likewise, AOT for MED, EE and WE were
found to be comparable and they were statistically not different. AOT for MID, SAH
and TR was at least 15 % larger than those observed for MED, EE and WE. On the
other hand, mean AOT for air flow showed dramatic difference with increasing
wavelength. For MID and SAH air flow, AOT exhibited slight decrease from 440 nm
to 1020 nm, indicating dominance of coarse particle. Angstrom exponent and the
percent contribution of fine fraction in these air masses were also support the above
statement, former and later being around 0.75 and 47 %, respectively. Conversely,
AOT for MED, EE, WE and TR denoted almost 65 % decrease between 440 nm and
1020 nm since aerosols arising from these air flow sectors were mainly associated with
fine mode (AE > 1.1 and FF > 62 %, see Table 4.3 and Figure 4.14). Results from K-
W test demonstrated statistically significant difference for AOT between MID, SAH
and MED, EE, WE as well as TR at 675 nm, 870 nm and 1020 nm, first two sectors
being approximately 2 times higher than the remaining air flows. Furthermore,
angstrom exponent and the percent contribution of fine fraction were remarkably lower
for MID and SAH compared to air flow originated from MED, EE, WE and TR.

Table 4.3 Arithmetic means and standard deviations for AOT, AE and fine mode
fraction as a function of air flow for 1 km (a) and 4 km (b).

a) WE EE TR MID SAH MED
(n=327) (n=1028) (n=771) (n=147) (n=194) (n=244)
Mean+Std | Mean+Std | Mean+Std | Mean+Std Mean+Std Mean+Std
AOTa40 0.27+0.15 | 0.28+0.16 | 0.34+0.18 | 0.36 +£0.25 | 0.35+0.20 | 0.29+0.15
AQOTe7s 0.17+0.11 | 0.15+0.09 | 0.20+0.11 | 0.28+0.24 | 0.26+0.19 | 0.17+0.09
AOTerno 0.13+0.09 | 0.11+0.07 | 0.15+0.09 | 0.25+0.24 | 0.23+0.18 | 0.13+0.07
AOT1020 0.12+0.09 | 0.09+0.06 | 0.12+0.08 | 0.23+0.24 | 021+ 0.17 | 0.11 +£0.06
01440-870 1.1+04 1.3+0.3 1.3+0.3 0.8+0.4 0.8+04 1.3+0.3
FF 0.62+0.17 | 0.73+0.11 | 0.71+£0.14 | 0.49+0.19 | 0.47+0.19 | 0.68+0.13

FF, std denotes fine mode fraction at 500 nm and standard deviation, respectively.

b) WE EE TR MID SAH
(n=1508) (n=325) (n=273) (n=81) (n=511)
MeantStd | Mean+Std Mean+Std Mean=+Std Mean+Std
AOTa40 0.30+0.16 | 0.21 £0.11 0.33+0.17 0.46+0.26 0.37+0.20
AOTe7s 0.17+0.11 | 0.11 £0.06 0.18+0.10 0.30+0.18 0.26+0.17
AOTerno 0.13+0.09 | 0.08 +0.04 0.13+0.08 0.24 +£0.15 0.22+0.16
AOT1020 0.11+0.08 | 0.07+0.03 0.11+0.07 0.21+0.14 0.20+0.15
01440-870 1.3+£0.3 1.4+03 1.4+£03 1.1+£04 09+04
FF 0.70+£0.14 | 0.73+0.12 0.74 +0.12 0.62+0.17 0.55+0.20

FF, std denotes fine mode fraction at 500 nm and standard deviation, respectively.
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Air flow reaching at altitude of 4 km: The results from K-W test for 4 km air flow
was less dramatic relative to 1 km, suggesting influence of different air masses in the
atmospheric column at the same time. For example, the air flow reaching at 4 km
altitude from SAH sector exhibited diverse air masses transport at 1 km.
Correspondingly, 18, 5, 17, 21, 27 and 12 % of trajectories at 1 km altitude were

MID MED TR EE WE

Figure 4.14 Variability in aerosol optical thickness (a), fine fraction and angstrom
exponent (b) according to the clusters at 1 km.
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associated with air flow from EE, MED, MID, SAH, TR and WE when air masses
arriving at 4 km altitude from SAH. Figure 4.15a and b show AOT at 1020 nm and
angstrom exponent according to air masses transport from EE, MED, MID, SAH, TR
and WE for SAH air flow at 4 km altitude. As expected, K-W test exhibited dramatic
difference for air masses categories. For AOT at 1020 nm, air masses back trajectories
arising from SAH and MID was remarkably larger (at least 30 %) than those observed
for the remaining air flow sectors. Angstrom exponent of MID and SAH was also
statistically different than the other sectors, the former group being less than 0.62 and
the latter group being higher than 0.86. Therefore, it might be suggested that the impact
of mineral dust transport was less obvious in the atmospheric column when the air
flows originated from industrialized and populated areas due to the dilution effect of

anthropic aerosols.

(2) SAH at 4 km
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Figure 4.15 Bow-whisker plot of AOT at 1020 nm (a) and angstrom exponent (b)
according to air masses transport from EE, MED, MID, SAH, TR and WE at 1 km
when air masses arriving at 4 km altitude from SAH.
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Figure 4.15 continue ...

4.4. PSCF Analysis.

The PSCF analysis have been applied to three a groups: (i) ou40-870< 0.5, (ii) 0.5 < 0la40-
870 < 1.0 and (iii) 1.0 < a440-870 and the result of PSCF analysis are presented in the
maps with a color scale (Figure 4.14). Calculated PSCF values were divided into three
parts: (a) weak (0.0-0.4), (b) intermediate (0.4-0.6) and (c) strong (0.6-1.0).

1% group (cuao-s70 < 0.5, Figure 4.14a-b): The PSCF map for 1 km level indicates the
presence of intermediate and strong PSCF valued grid cells in North Africa and the
Middle East between coordinates 22°N—34°N and 8°E—48°E (Fig. 4.144a). Particularly,
the strong potential probabilities were located at regions covering patches of Southern
Tunisia, Western Libya, Libya/Chad border, southern Egypt in North Africa and areas
extending from Iraq to eastern Saudi Arabia in the Middle East. On the other hand, the
map for 4 km level only shows the major source regions located on North Africa (Fig.
4.14b). It could be interpreted that mineral dust transported to the region at high
altitudes, which was characterized by low angstrom exponent, originated mainly from
North Africa. The intermediate and strong PSCF valued cells for 4 km level took place
between 16°N-30°N and 10°W-30°E. The map identifies northeastern Mauritania and
part of north Mali, southern Algerian Northwestern Niger as strong potential source
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locations (Fig. 4.14b). Identified source regions in North African and Middle East are
in correspondence with previous studies (Washigngton et al., 2003, Ginoux et al., 2012,
Gherboudj et al., 2017). For instance, Gherboudj et al. (2017) highlighted Chott el-
Jerid (Southern Tunisia), Aljafra plain/ Nafusa mountains slopes (Tunisia/Libya),
Tibesti mountains slopes (Libya-Chad border), river drainage basin of the Aiir
(southern Algerian), Erg of Bilma (Northwestern Niger) and Nubian desert
(Sudan/Egypt) as important dust emission source areas, which was related to the
source regions identified in this study.

2" group (0.5 <aaa0-870 <1.0, Figure 4.14c-d): The PSCF map for 1 km level identifies
similar region as the map of 1 km level for as40-870 < 0.5. However, a wide area of
Western Europe going from Spain to Italy and other small areas in France and
Germany appeared to be potential source locations (Fig. 4.14c). These results show
that air masses belonging to this group was influenced by both anthropogenic and
natural aerosols before reaching to Erdemli (Kogak et al., 2007). As for the PSCF map
for 4 km level, region stretching from Northeastern Sudan to Syria was also identified
as possible source locations compared to first group’s 4 km level PSCF map.

3" group 1.0 < aao-s70, Figure 4.14e-f): The PSCF map for 1.0 < ouso-s70 doesn’t
clearly show any significant source regions. This may mainly point to the local sources
formed under summer conditions. Similar PSCF patterns have been demonstrated for

secondary aerosols measured in Erdemli (Kocak et al., 2009).
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Figure 4.16 Distribution of PSCF values at 1km and 4km for the values of 0440-870 <
0.5 (a-b), 0.5<a440-870 < 1.0 (c-d), 1.0<0u40-870 (e-f). Explanation of abbreviation: Spain
(Sp), France (Fr), Germany (G), Poland (P), Ukraine (U), Turkey (Tr), Syria (S), Iraq
(1), Saudi Arabia (S.A), Egypt (E), Libya (L), Tunisia (T), Algeria (A), Morocco (M),
Mauritania (Mau), Mali (Ma), Niger (N), Chad (C) and Sudan (Su).
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CHAPTER V
5. Climatology of Aerosol Optical Properties and Classification of Aerosol Type

over Eastern Mediterranean.
5.1. Daily Variations in the Aerosol Optical and Microphysical Properties

The daily variations in the aerosol optical and microphysical properties from
January 2002 to December 2014 together with the particles size distribution for each
period are illustrated in Figure 5.1. As can be deduced from the figure, aerosol optical
and microphysical properties exhibited a great variability, with the individual
properties varying up to couple of fold from day to day during the study period. Similar
variability in these properties has been previously reported by several authors (Kubilay
et al., 2003; Byrant et al., 2005; Fotiadi et al., 2006; Pandolfi et al., 2011; Mallet et
al., 2013; Lyamani et al., 2015) for the Mediterranean region. Imaginary part of the
refractive index (I-REF) at 440 nm ranged between 0.0005 and 0.044 whilst Single
Scattering Albedo (SSA) at 440 nm fluctuated from 0.72 to 0.93. Absorption Angstrom
Exponent (AAE) ranged from 0.08 to 2.97 whereas Absorption Aerosol Optical
Thickness (AAOT) varied between 0.004 and 0.26. Fine Fraction also denoted
variability with percent contribution fluctuating from 10 % to 96 %.

As stated previously, the daily variability in aerosol optical thickness and
angstrom exponent in the Mediterranean region was mainly found to be influenced by
rain, temperature, water vapor and aerosol type namely, (a) dust dominated, (b) mixed
(dust/pollution) as well as (c) pollution dominated. Therefore, three cases for each
aerosol type will be used in order to assess the effect of dust, mixed and pollution

episodes on the aerosol optical and physical properties.

(a) Dust Dominated: The mineral dust dominated event was characterized on 24" of
March 2008 by AOT and AAOT value of 0.7 and 0.13 at 440 nm, respectively. 5-day
air masses back trajectories for 1, 2, 3 and 4 km altitude arriving at Erdemli site
together with Ozone Mapping Instrument Aerosol Index (OMI-AI) is given in Figure
5.2 for 24™ of March 2008. On 24™ of March 2008, the air masses back trajectories at
four levels exhibited that the receptor site was under the influence of air flow from
North Africa (particularly from Eastern Sahara). OMI-Al satellite image also clearly
demonstrated the presence of the dust cloud over the Eastern Mediterranean. The dense
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dust cloud was specifically obvious between coordinates 33°N—36°N and 27°E—35°E,
Al reaching up to 4 whilst Al values ranged between 2 to 3 over the sampling region.

(b) Mixed Event: During the mixed event (3" of April 2000) AOT and AAOT at 440
nm were respectively at around 2 and 0.25. Correspondingly, the values of AOT and
AAOT for the mixed event were 2.8 and 2.0 times higher than those observed for dust
event (for more details see below). 5-day air masses back trajectories arriving at 1 and
2 km altitude showed air flow from the Middle East whereas, the trajectories reaching
at 3 and 4 km demonstrated transport from North Africa (see Figure 5.3). On the one
hand, TOMS-AI supported mineral dust event, Al values exceeding 3 (see Figure 5.3),
on the other hand, the true color satellite image exhibited a brownish gold instead of
yellowish color between coordinates 33°N—36°N and 32°E—35°E which suggests the

influence of pollution on this event (see Figure 5.4).

(c) Pollution Event: Corresponding AOT and AAOT at 440 nm for pollution event
(27" of July 2014) were 0.55 and 0.027. The observed low AAOT value suggested
that the pollution event was likely due mainly to secondary aerosols. Air mass
trajectory arriving at 1 km altitude exhibited air flow reaching at Erdemli from the
North East of the Black Sea after sweeping Central Anatolia, while trajectory arriving
at 2 km altitude showed transport from Mediterranean Sea after passing through the
Antalya and Konya region of the Turkey (see Figure 5.5). Trajectories reaching at 3
and 4 km demonstrated transport originating from lberian Peninsula after travelling
over the Mediterranean Sea. MODIS-Terra (Moderate Resolution Imaging
Spectrometer) AOD and EAE satellite images (see Figure 5.5 and 5.6) for 27" of 07
2014 respectively denoted values around 0.4 and 1.6 over the Turkey, proving the

pollution event.

Figure 5.7 shows I-REF, SSA, AAOT, AAE and PSD for dust, mixed and
pollution events. As can be deduced from the figure, aerosol optical and micro-
physical properties indicated a significant difference for dust, mixed and pollution
events. The imaginary part of the refractive index decreased with increasing
wavelength for dust and mixed events, on contrary, it showed slight increase for

pollution event. Patterson et al. (1977) have been reported the spectral dependence of
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the 1-REF by using two Saharan dust events obtained from Tenerife and Barbados.
These authors showed that the imaginary part of the refractive index for Saharan dust
samples decreased from about 0.025 at 300 nm to 0.0038 between 600 and 700 nm.
About three decades later, Saharan Mineral Dust Experiments (SAMUM-1 and
SAMUM-2) were carried out in order to clarify aerosol optical and micro-physical
properties about Saharan Dust (Heintzenberg, 2009; Miiller et al., 2009, 2010, 2011;
Kandler et al., 2009, 2011). Similar spectral dependence for the mineral dust events
has been observed by these researchers imaginary part of the refractive decreasing
from 0.035 at 320 nm to 0.003 at 650 nm and being around 0.002 for wavelengths
higher than 650 nm (Miiller et al., 2011). The imaginary part of refractive index for
dust event ranged from 2.5 x 107 to 2.0 x 10 between 870 and 1020 nm and for
wavelengths between 675 nm and 440 nm the imaginary part of refractive index
increased from 4.3 x 103 to 11.0 x 1073. Although similar spectral behavior was
observed, the imaginary part of the refractive index at 440 nm for mixed event was 2.2
times smaller than that of mineral dust event. For pollution event, the imaginary part
of refractive index slightly increased from 5.0 x 10 at 440 nm to 6.3 x 10 at 1020
nm. SSA for dust and mixed events increased with increasing wavelength (Dubovik et
al., 2002; Meloni et al., 2006), however, the absorption character of the dust event was
higher at 440 and 675 nm than that of mixed event. Smaller absorption and imaginary
refractive index for mixed event might be attributed to ‘shield’ or encapsulate of iron
oxides by secondary aerosol such as sulfate and nitrate when the dust particles arrived
at the receptor sites after passing through populated and industrialized urban areas
(Kogak et al., 2012). As expected, SSA decreased from 0.95 at 440 nm to 0.91 and
1020 nm which is typical for Industrial/Urban aerosol (Dubovik et al., 2002). Decrease
in AAOT for dust event (from 0.13 to 0.018 between 440 and 1020 nm) was a sharper
than those observed for mixed (from 0.25 to 0.068 between 440 and 1020 nm) and
pollution (from 0.027 to 0.017 between 440 and 1020 nm) events. AAE also supported
decrease in AAQOT, with values decreasing order dust (2.3) > mixed (1.5) > pollution
(0.6). The scatter diagram of AAE versus EAE is also presented in Figure 5.7e along
with values from literature (Russell et al., 2010). Considering the literature values
reported for aerosol types, it might be argued that such plots are not capable enough to
differentiate dust dominated event from mixed event but useful for separating pollution

event from dust and mixed events.
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Figure 5.1 Daily variability in aerosol optical and micro-physical properties. (a)
Imaginary part of the refractive index (I-REF), (b) single scattering albedo (SSA), (c)
absorption angstrom exponent (AAE), (d) aerosol absorption optical thickness and (e)
contribution of fine fraction in percent (FF).
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Figure 5.2 Five day back trajectories of air masses reaching at 1000m (black circle),
2000m (black star), 3000m (black square) and 4000m (black triangle) on 24" of March
2008 with corresponding Aerosol Index (Al) from OMI (Ozone Mapping Instrument)
for Erdemli.
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Figure 5.3 Five day back trajectories of air masses reaching at 1000m (black circle),
2000m (black star), 3000m (black square) and 4000m (black triangle) on 3™ of April
2008 with corresponding Aerosol Index (Al) from OMI (Ozone Mapping Instrument)
for Erdemli.

Figure 5.4 True color Moderate Resolution Imaging Spectrometer (MODIS) exhibits
a large dust plume mixed with pollution over the Eastern Mediterranean on 03 April
2000.
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Figure 5.5 Five day back trajectories of air masses reaching at 1000m (black circle),
2000m (black star), 3000m (black square) and 4000m (black triangle) on 27" of July
2014 with corresponding AOD from MODIS Terra for Erdemli.
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Figure 5.6 Five day back trajectories of air masses reaching at 1000m (black circle),
2000m (black star), 3000m (black square) and 4000m (black triangle) on 27" of July
2014 with corresponding Angstrom Exponent from MODIS Terra for Erdemli.
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Figure 5.7 Aerosol optical and micro-physical properties for dust, mixed and pollution
events. (a) Imaginary part of the refractive index (I-REF), (b) single scattering albedo
(SSA), (c) aerosol absorption optical thickness, (d) absorption angstrom exponent
(AAE), (e) scatter plot between AAE and EAE and (f) particle size distribution.
'Russel et al., 2010.
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5.2. Seasonal Variations in the Aerosol Optical and Microphysical Properties

Table 5.1 exhibits statistical summary, including arithmetic mean, standard
deviation, minimum and maximum of optical and microphysical properties for spring
(MAM), summer (JJA) and fall (SON) between January 2002 and December 2014.
Correspondingly, the seasonal percent observational coverage were 3.4 %, 13.1 %,
65.2 % and 18.3 % for winter (DJN), spring, summer and fall. It is apparent that the
seasonal percent observational coverage was not evenly distributed. On the one hand,
since the winter only presented about 3 % observational coverage, it will be omitted
for seasonal comparison, on the other hand, the spring and fall will be used for the
aforementioned purpose because they showed observational coverage larger than 10
%. The highest % observational coverage (65.2 %) was observed for summer due
mainly to relatively less could coverage under the prevailing meteorological
conditions.

Figure 5.8 shows I-REF, SSA, AAOT, AAE and PSD for spring, summer and
fall. As can be seen from the diagrams there was a significant difference for spring,
summer and fall periods. The spectral dependence of the I-REF and SSA exhibited
distinct variation from one season to another. For spring season, the imaginary part of
refractive index denoted decrease with increasing wavelength whereas, the imaginary
part of refractive index was almost similar for all wavelengths during summer and fall.
The imaginary part of refractive index for spring ranged from 4.4 x 107 to 3.8 x 10
between 675 and 1020 nm and for wavelengths smaller than 675 nm the imaginary
part of refractive index increased with decreasing wavelength, being 7.0 x 102 at 440
nm. This type of spectral dependence might be ascribed to the frequent occurrence of
mineral dust episodes in the spring (Kubilay et al., 2000; Fotiadi et al., 2006).
Although, the imaginary part of refractive index did not show significant change for
summer and fall, the former was at least 1.15 times higher than of later for all
wavelengths. The difference between summer and fall was likely owing to the
anthropic aerosol type, such as black carbon and secondary aerosol, with varying
contribution. SSA for spring exhibited increase with increasing wavelength, showing
absorbance of iron oxides that associated with mineral dust near the blue wavelength.
For summer and fall, however; SSA demonstrated reduction while wavelength
increase, suggesting the dominance of man-made particles. It is worth mentioning that

the former showed relatively steeper decrease compared to later and this implies the
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aerosol burden in the summer had more absorbing character in the near-infrared
wavelength due possible to black carbon originated from biomass burning (Sciare et
al., 2008). As expected, AAQOT for spring (from 0.050 to 0.014 between 440 and 1020
nm) indicated a sharper decrease than those observed for summer (from 0.034 to 0.016
between 440 and 1020 nm) and fall (from 0.033 to 0.014 between 440 and 1020 nm).
This difference was likely because of the particles size distribution of the mineral dust
which is associated with coarse mode (see Figure 5.7f). Absorption angstrom exponent
(see Figure 5.7d) for spring (1.5) was substantially larger than those of summer (0.9)
and fall (1.0). The scatter diagram of AAE versus EAE did differentiate spring from

summer and fall, but, did not show remarkable difference for summer and fall.

Table 5.1 Statistical summary of optical and microphysical properties for spring,

summer and fall between January 2002 and December 2014.

Spring(n=39) Summer (n=210) Fall (n=59)

Mean | Std | Min | Max | Mean | Std | Min | Max | Mean | Std | Min | Max
AOT 40 0.59 027 | 041 | 1.96 0.57 013 | 040 | 115 0.52 0.12 | 0.40 | 0.99
AOTe75 045 | 030 | 019 | 1.90 | 032 | 0.09 | 020 | 074 | 031 | 009 | 021 | 0.62
AQOTsg7o 0.40 031 | 012 | 1.87 0.24 0.08 | 013 | 0.70 0.23 0.09 | 014 | 058
AOT1020 037 | 031 | 010 | 1.85 | 020 | 008 | 0.10 | 0.68 | 020 | 0.09 | 011 | 0.55
01440-870 079 | 057 | 003 | 1.81 | 134 | 025 | 032 | 1.72 | 1.25 | 035 | 031 | 167

FMF 54 27 11 91 77 13 26 96 69 16 26 88
AAE 1.42 0.67 | 020 | 2.97 0.89 0.29 | 008 | 1.74 1.07 041 | 009 | 226

AAOTag | 005 | 005 | 000 | 025 | 003 | 002 | 000 | 012 | 003 | 001 | 0.00 | 0.06
AAOTs7s | 002 | 002 | 000 | 041 | 002 | 001 | 000 | 007 | 002 | 0.01 | 000 | 0.05
AAOTgro | 002 | 002 | 000 | 009 | 002 | 001 | 000 | 005 | 002 | 001 | 000 | 0.04

AAOT1 | 001 | 001 | 000 | 007 | 002 | 001 | 0.00 | 006 | 001 | 001 | 0.00 | 0.04
SSAu 092 | 006 | 075 | 099 | 094 | 002 | 078 | 099 | 094 | 002 | 0.8 | 0.99
SSAs7s 094 | 004 | 083 | 099 | 092 | 003 | 078 | 099 | 093 | 003 | 0.8 | 0.99
SSAs7o 094 | 004 | 080 | 099 | 092 | 004 | 077 | 099 | 093 | 0.03 | 0.87 | 0.99
SSAi1020 095 | 004 | 079 | 099 | 091 | 004 | 0.78 | 099 | 093 | 003 | 0.86 | 0.99
REFIl40 | 0065 | .0063 | .0005 | .0284 | .0061 | .0030 | .0007 | .0229 | .0054 | .0022 | .0008 | .0106
REFlg;s | .0044 | .0038 | .0005 | .0183 | .0067 | .0036 | .0006 | .0204 | .0052 | .0025 | .0007 | .0124
REFIlgzo | .0040 | .0034 | .0005 | .0179 | .0066 | .0037 | .0006 | .0196 | .0050 | .0026 | .0006 | .0122
REFli00 | .0038 | .0033 | .0005 | .0177 | .0065 | .0037 | .0006 | .0190 | .0049 | .0027 | .0006 | .0138

Std, Min and Max refer to standard deviation, minimum and maximum, respectively.
FMF stands for Fine Mode Fraction in percent.
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Figure 5.8 Aerosol optical and micro-physical properties for spring, summer and fall.
(a) Imaginary part of the refractive index (I-REF), (b) single scattering albedo (SSA),
(c) aerosol absorption optical thickness, (d) absorption angstrom exponent (AAE), (e)
scatter plot between AAE and EAE and (f) particle size distribution. ‘Russel et al.,
2010.
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5.3. Influence of Dust, Mixed and Pollution events on Aerosol Optical and
Microphysical Properties

As it is well documented the, the aerosol burden in the atmosphere over the
Mediterranean region is affected by large quantities of mineral dust when air mass
transport originated from North Africa and the Middle East (Bergametti et al., 1989;
Dayan et al., 1991; Moulin et al., 1998; Hamonou et al., 1999; Kubilay et al., 2000;
Gobbi et al., 2000). The studies have also demonstrated the influence of pollutants
associated with air mass transport from the Western/Eastern Europe, Asia and a lesser
extent from North America (Lelieveld et al., 2002; Metzger et al., 2006; Lyamani et
al., 2015). The mixing of the dust dominated and anthropic aerosol has been
documented in the Mediterranean when the dust particles arrived at the receptor sites
after passing through populated and industrialized urban areas (Kogak et al., 2012). In
order to categorize events into (i) dust, (ii) mixed and (ii) pollution, Extinction
Angstrom Exponent (EAE) had respectively been divided into three groups
considering the percent contribution of coarse/fine particles: (a) EAE< 0.5, (b) 0.5 <
EAE < 1.0 and (c) 1.0 < EAE. The Kruskal-Wallis (K-W) test was used with a 95 %
confidence interval in order to assess the differences in the aerosol optical and
microphysical properties for dust (n = 23), mixed (n = 42) and pollution (n = 257)
events. As expected, 78 % of the dust events were observed in spring season while 4%,
9% and 9 % were respectively categorized in summer, fall and winter. The seasonal
frequency of mixed events were found in decreasing in the order summer (48 %) >
spring (24 %) > fall (19 %) > winter (9 %). The seasonal frequency of the pollution
events, on the other hand, was calculated in increasing in the order winter (1 %) <
spring (6%) < fall (19%) < summer (74 %).

Table 5.2 and Figure 5.9 presents arithmetic mean of AOT, I-REF, SSA,
AAOT, AAE and PSD together with corresponding standard deviations, minimum and
maximum for dust, mixed and pollution events. AOT for dust and mixed events were
comparable however, they were statistically higher than that observed for pollution
events at all wavelengths. The imaginary part of the refractive index did not show
statistically significant difference at 440 nm among the events whereas, the imaginary
part of the refractive index for pollution event at 675, 870 and 1020 nm were higher
than those observed for dust and mixed events. SSA particularly at 440 nm was

smaller for dust and mixed (absorption by iron oxides) events than that observed for
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pollution events. On contrary, SSA at 1020 nm for pollution events was remarkably
less relative to dust and mixed events, former likely showing absorbing character due
to black carbon. AAOT at 440 nm for dust and mixed events was at least 1.7 (p = 0.05)
times larger compared to pollution events, because chiefly of the absorption by iron
oxides near blue light. Nonetheless, AAOT did not exhibit any statistically significant
difference at wavelength larger than 440 nm. Absorption Angstrom Exponent was
found to be similar for dust and mixed events whilst AAE for pollution events was
statistically smaller compared dust and mixed events. As stated before, scatter
diagrams between AAE and EAE are not capable enough to differentiate dust
dominated events from mixed events but useful for separating pollution events from

dust and mixed events.

Table 5.2 Statistical summary for Dust, Mixed and Pollution groups classified
according to Extinction Aerosol Exponent.

Dust (n=23) Mixed (n=42) | Pollution (n=257)

Mean | Std | Min | Max | Mean | Std | Min | Max | Mean | Std | Min | Max
AOT 440 0.68 0.34 0.40 1.96 0.57 0.13 0.41 0.87 0.55 0.12 0.40 1.15
AOTe7s 0.62 0.32 0.34 1.90 0.41 0.10 0.27 0.66 0.30 0.07 0.19 0.72
AOTs70 0.59 0.31 0.32 1.87 0.35 0.09 0.21 0.58 0.21 0.06 0.12 0.55
AOT1020 0.57 0.31 0.31 1.85 0.32 0.08 0.19 0.55 0.18 0.05 0.10 0.51
01440-870 024 |012 [003 [047 [073 [014 [050 [ 096 |140 |[017 [ 100 | 1.81
EME 24 5 11 35 47 7 35 66 80 8 58 96
AAE 1.86 063 | 038 | 297 | 1.36 046 | 017 | 218 | 089 029 | 008 | 226
AAOT 49 0.07 0.05 0.02 0.25 0.05 0.03 0.00 0.13 0.03 0.01 0.00 0.12
AAOTs7s5 0.03 0.02 0.01 0.11 0.03 0.01 0.00 0.07 0.02 0.01 0.00 0.07
AAOTs7o 0.02 0.02 0.00 0.09 0.02 0.01 0.00 0.05 0.02 0.01 0.00 0.05
AAOT1020 0.02 0.01 0.00 0.07 0.02 0.01 0.00 0.04 0.02 0.01 0.00 0.06

SSAu0 089 | 006 | 076 | 098 |090 |006 |072 |099 |094 |003 | 078 | 099
SSAers 094 |004 |08 |099 [092 |005 |077 [099 |092 |003 |0.78 |099
SSAso 096 [003 | 091 |[099 |094 |004 |08 |[099 |092 |004 |077 |099

SSA1020 0.97 0.02 | 093 | 099 | 094 003 | 085 | 099 |091 0.04 | 0.78 | 0.99

REFI440 .0066 .0060 | .0011 | .0278 | .0085 .0091 | .0005 | .0444 | .0062 .0034 | .0007 | .0243
REFIgs5 .0030 .0024 | .0006 | .0106 | .0053 .0045 | .0005 | .0227 | .0067 .0037 | .0006 | .0204
REFIg7o .0024 .0016 | .0005 | .0067 | .0043 .0030 | .0005 | .0142 | .0066 .0037 | .0006 | .0196
REFIpp | 0021 .0013 | .0005 | .0051 | .0039 .0025 | .0005 | .0112 | .0065 .0037 | .0006 | .0190

Std, Min and Max refer to standard deviation, minimum and maximum, respectively.
FMF stands for Fine Mode Fraction in percent.
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Figure 5.9 Aerosol optical and micro-physical properties for dust (red), mixed
(orange) and pollution (black) events. (a) Aerosol Optical Thickness (AOT), (b)
Aerosol Absorption Optical Thickness (AAQOT), (c) Imaginary part of the refractive
index (I-REF), (d) single scattering albedo (SSA), (e) absorption angstrom exponent
(AAE) and (f) particle size distribution.
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Aerosol optical and micro-physical properties of the each cases for dust, mixed
and pollution are respectively illustrated in Figure 5.10, 11 and 12. These diagrams are
presented in order to assess the capability of the classification of the dust, mixed and
pollution events according to Extinction Angstrom Exponent (EAE). Imaginary part
of the refractive index single scattering albedo as well as Aerosol Absorption Optical
Thickness for dust events (see Figure 10.a, b and c) were found to deviate from the
spectral dependence of the mineral dust aerosol type. There were, for example, a
number of cases that did not exhibit change with increasing wavelength from 440 nm
to 1020 nm. AAE also demonstrated great variability which is not typical for mineral
dust events, being less than 1 whereas generally particle size distribution showed the
dominance of coarse particles. Similarly, imaginary part of the refractive index single
scattering albedo and Aerosol Absorption Optical Thickness for mixed events (see
Figure 11.a, b and c) indicated departure from the spectral dependence of the mixed
(dust + pollution) aerosol type. A number of cases were found to act as secondary
aerosol, for example, showing almost pure scattering character. AAE values, on the
other hand, larger than 2 implied that these events were likely dust dominated instead
of mixed event. In general (or except for few cases see Figure 5.13), aerosol optical
and micro-physical properties for pollution events illustrated the spectral dependence
for imaginary part of the refractive index, single scattering albedo and Aerosol
Absorption Optical Thickness, nonetheless; they exhibited large variability, denoting
different types of pollutants over the region. On the other hand, AAE (see Figure 11.e)
higher than value of 2 suggests that the origin might be mineral dust rather than
pollution. To illustrate, on 28th of September 2011 AAE was 2.3 and close inspection
of the particle size distribution showed that the particles were dominated by coarse
mode, though EAE was larger than 1. The true color satellite image exhibited a dirty
yellowish dust cloud color between coordinates 32°N—36°N and 32°E—37°E which
suggests the influence of dust event originating from the desert located at the Middle
East (see Figure 5.13). Consequently, the classification of the aerosol type regarding
extinction angstrom exponent was found to be insufficient and this type of

categorization should be avoided.
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Figure 5.10 Aerosol optical and micro-physical properties of the each case for dust
events. (a) Imaginary part of the refractive index (I-REF), (b) single scattering albedo
(SSA), (c) aerosol absorption optical thickness, (d) absorption angstrom exponent
(AAE), (e) scatter plot between AAE and EAE and (f) particle size distribution.
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Figure 5.11 Aerosol optical and micro-physical properties of the each case for mixed
events. (a) Imaginary part of the refractive index (I-REF), (b) single scattering albedo
(SSA), (c) aerosol absorption optical thickness, (d) absorption angstrom exponent
(AAE), (e) scatter plot between AAE and EAE and (f) particle size distribution.
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Figure 5.12 Aerosol optical and micro-physical properties of the each case for
pollution events. (a) Imaginary part of the refractive index (I-REF), (b) single
scattering albedo (SSA), (c) aerosol absorption optical thickness, (d) absorption
angstrom exponent (AAE), (e) scatter plot between AAE and EAE and (f) particle size
distribution.
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Figure 5.13 True color Moderate Resolution Imaging Spectrometer (MODIS) exhibits
a large dust cloud over the Eastern Mediterranean on 28" of September 2011.

5.4. Classification of the Aerosol Type at the Erdemli

A number of studies have been classified aerosol type by using cluster analysis
(Kahn et al., 2001; Omar et al., 2005 and Taylor et al., 2015). During the application
of cluster analysis, aerosol optical and micro-physical parameter such as AOT, SSA,
AAOT, complex refractive index, size distribution, extinction/backscatter ratio and
chemical composition fractions have been utilized by researcher in order to define
aerosol type.

Aerosol optical and micro-physical properties namely, AOT, EAE, AAQT,
SSA, I-REF and AAE were used for the classification of aerosol type at Erdemli.
Before applying cluster analysis, each variable was re-scaled to a range between 0 and
1. A total of 322 observation between 2000 and 2014 were included in the analysis,
which 4, 12, 65, and 18 % of days were from winter, spring, summer, and fall,
respectively. Inspiring by studies involving air mass clustering (Dorling et al., 1992,
Brankov et al., 1998 and Toledano et al., 2009), the number of clusters was determined
based on the total root mean-square deviation (TRMSD). TRMSD is defined as the
sum of the distances of each case to its corresponding cluster centroid. Change in
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TRMSD as percentage was calculated along with number of clusters reducing from 10
to 2 (see Figure 5.14). Over % 5 change in TRMSD was assumed to be significantly
large for determining the optimal number of cluster. A significant change (% 12) was
first observed with the number of clusters reducing from 7 to 6, showing 7 clusters as
aresult. Since one of cluster had only one member for 7 clusters, they were neglected.
Therefore, smaller number of clusters than 7 were closer examined. % 7.5 change in
TRMSD while reducing from 5 to 4 cluster were found to be greater than 6 clusters
(corresponding change was % 6.1). Consequently, 5 clusters were defined as an

optimal number of clusters.

14
12 —

10 —

% Change in TRMSD

2 1 T [ T [ 7

2 4 6 8 10
Number of clusters

Figure 5.14 The percent change in the total root mean square deviation (TRMSD) as
decreasing number of cluster.

Regarding the mean of the each clusters, the aerosol type might be classified
into five groups: (i) Dust, (ii) Mixed, (iii) Black Carbon, (iv) Black Carbon +
Secondary and (v) Secondary. Figure 5.15, 16, 17, 18 and 19 respectively illustrates
members of Dust, Mixed, Black Carbon, (iv) Black Carbon + Secondary and (v)
Secondary.

The classification for Dust was found to be sufficient. The imaginary part of
the refractive index decreased with increasing wavelength while single scattering
increased with increasing wavelength from 440 nm to 1020 nm. However, for most of
the cases the imaginary part of the refractive index was much higher than expected to
be from 670 nm 1020 nm. SSA exhibited increase from 440 nm to 1020 nm. EAE and
AAE scatter plot diagram also indicated a large variability, ranging between 0.07-0.9
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and 1.2-2.4, respectively. PSD also supported the observed variability of EAE. Similar
conclusion can be made for the mixed group as well. For BC group, it clear that |-
REF and SSA were not classified as expected since remarkable events exhibited
decrease (increase) from 400 nm to 1020 nm for the imaginary part of the refractive
index (single scattering albedo). These events might be ascribe to mixed events. On
the other hand, the classification for secondary and secondary/black carbon groups
seems sufficient because I-REF and SSA showed rather uniform spectral behavior

between 440 nm 1020 nm.
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Figure 5.15 Aerosol optical and micro-physical properties of the each case for dust
group. (a) Imaginary part of the refractive index (I-REF), (b) single scattering albedo
(SSA), (c) aerosol absorption optical thickness, (d) absorption angstrom exponent
(AAE), (e) scatter plot between AAE and EAE and (f) particle size distribution.
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Figure 5.16 Aerosol optical and micro-physical properties of the each case for mixed
group. (a) Imaginary part of the refractive index (I-REF), (b) single scattering albedo
(SSA), (c) aerosol absorption optical thickness, (d) absorption angstrom exponent
(AAE), (e) scatter plot between AAE and EAE and (f) particle size distribution.
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Figure 5.17 Aerosol optical and micro-physical properties of the each case for BC
group. (a) Imaginary part of the refractive index (I-REF), (b) single scattering albedo
(SSA), (c) aerosol absorption optical thickness, (d) absorption angstrom exponent
(AAE), (e) scatter plot between AAE and EAE and (f) particle size distribution.
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Figure 5.18 Aerosol optical and micro-physical properties of the each case for
SEC+BC group. (a) Imaginary part of the refractive index (I-REF), (b) single
scattering albedo (SSA), (c) aerosol absorption optical thickness, (d) absorption
angstrom exponent (AAE), (e) scatter plot between AAE and EAE and (f) particle size
distribution.
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Figure 5.19 Aerosol optical and micro-physical properties of the each case for
secondary group. (a) Imaginary part of the refractive index (I-REF), (b) single
scattering albedo (SSA), (c) aerosol absorption optical thickness, (d) absorption
angstrom exponent (AAE), (e) scatter plot between AAE and EAE and (f) particle size
distribution.
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5.5. Quinquennial variation in Aerosol Optical and Microphysical Properties

Within the 15 year, the data will be classified into three quinquennial period
namely (i) Period I: 2000-2004, (ii) Period Il: 2005-2009 and (iii) Period 111: 2010-
2014 in order to explore long term change in the aerosol optical and microphysical
properties as well as clarify the parameters that affect the discrepancy between
quinquennial periods. As stated before, out of 2942 samples only 322 samples had
aerosol optical and microphysical information, therefore; the aforementioned approach
was adopted. The Kruskal-Wallis (K-W) test was applied with a 95 % confidence
interval in order to assess the quinquennial differences in the aerosol optical and
microphysical properties for three periods.

Box-Whisker diagrams of AAOT, EAE, I-REF, SSA and AAE for Period I, 11
and Il are shown in Figure 5.20. As can be deduced from the Box-Whisker plots there
was a statistically difference for aerosol optical and microphysical properties. The
results from K-W test also supported the Box-Whisker diagrams. Beginning from the
aerosol absorption optical thickness at 440 nm, Period 11 (0.045) was at least 25 %
higher than those observed for Period I (0.035) and Il (0.031). Extinction Angstrom
Exponent also exhibited a significant difference between Period 11 (1.1) and Period
I/Period 111 (1.3), suggesting the former period was remarkably influenced by coarse
particles compared to the later periods. Imaginary part of the refractive index and sing
scattering albedo at 440 nm were also found to be statistically different for Period 1l
and Period I/Period Ill. Imaginary part of the refractive index was larger for Period 1l
whereas single scattering albedo was lower for the same period relative to Period | and
Period I1l. This difference might be attributed that Period 11 was considerably affected
by mineral dust intrusions from North Africa and the Middle East than those for Period
I and Period I1l. In the same way, Absorption Angstrom Exponent for Period Il was
statistically higher than Period | and Period Ill, supporting the larger influence of
mineral dust on Period Il. Subsequently, it might be argued that the Period Il was
relatively more influenced by air mass transport originated from dust areas whereas,
the Period | and Period Ill were largely effected by air flow from populated and/or
industrialized regions compared to Period Il. If this is the case, than one should expect
distinct difference in the air mass transport from one period to another. In order to
explore such difference, the percent influence and anomaly of the air-masses transport

reaching at 1 km and 4 km of the each air flow sector was calculated for Period I, 11
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and I11. The percent influence and anomalies of the each air flow arriving at 1 km and
4 km for Period I, Period Il and Period 111 are respectively presented in Figure 5.21,
22, 23, 24. Based on percent influence of air flow sector and air masses anomalies for

Period I, Period Il and Period I1l, the following generalizations may be made:

(i) For Period I and Period Ill, the percent influence of air flow sector at 1 km
originated from northerly air masses were respectively found to be higher than 79 %

while the northerly air flow for Period 11 was around 72 %,

(i1) Correspondingly, the percent influence of MID and SAH sector for 1 km were
decreasing in the order Period I1 (9.0 %) < Period 111 (2.9 %) < Period 1l (1.4 %) and
Period Il (8.3 %) < Period Il (5.5 %) < Period Il (1.9 %), respectively,

(iif) There were respectively positive anomalies for WE/MED and EE/TR air flow
reaching at 1 km altitude during Period I and I11, whilst Period Il had positive anomaly

of air masses arriving at 1 km from MID and SAH.

(iv) Similar to 1 km, for 4 km altitude, air masses from the northerly sector of Period
Il (63.2 %) was considerably lower than those calculated for Period | (75.3 %) and
Period 111 (78.8 %). On contrary, air flow reaching at 4 km from SAH sector for Period
I1 (31.3 %) was larger than Period I (21.9 %) and Period 111 (9.6 %).

(v) Air masses arriving at 4 km altitude for Period | and Period Il were respectively
associated with positive anomalies of WE and TR/MID. However, Period Il for 4 km

altitude demonstrated positive anomaly of air flow SAH sector.

Taking into account the % influence and anomaly for air flow, it might be argued that
micro-physical properties, for instance, larger imaginary part of the refractive index
and higher absorption at 440 nm, in the Period Il was mainly modified by more
frequent mineral dust transport both from Sahara and the Middle East compared to
Period I and I1I.
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for Period I, Period 11 and Period I1I.
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Figure 5.21 Percent of air flow for defined sectors during Period | (a), Period Il (b)
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Figure 5.22 Anomalies of air flow according to defined sectors during Period 1 (a),
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Figure 5.23 Percent of air flow according to defined sectors during Period I (a), Period
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CHAPTER VI

6. Near Real-Time Measurements of Water-Soluble lons in PM25s and their

Precursor Gases
6.1. Comparison of online and offline measurements

Before presenting general characteristics of the data set obtained from online
(hourly AIM-IC) measurements it is worth mentioning that the sulfate, ammonium and
nitrate values were determined by two different measurement techniques namely; (i)
hourly online and (ii) daily offline. In order to evaluate and compare the results from
online and offline techniques, hourly data obtained from AIM-IC were utilized to
calculate the arithmetic means to be comparable with the collection time of the offline
samples. The percentage difference for each sample between the online and offline
values were calculated (see Eq. 6.1) as suggested by Malaguti et al., (2015).

24 hrs A.Mean of Online — Daily Concen.of Of fline
%D = - - : x 100 [Eq.6.1]
Daily Concentration of Of fline Measurement

As it is well documented, offline techniques may lead to positive and negative
artefacts during sampling and storage (Lipfert, 1994; Tsai and Perng, 1998; Hering
and Cass, 1999; Pakkenen et al., 1999; Schaap et al., 2002; Schaap et al., 2004;
Wieprecht et al., 2004; Keck and Wittmaack 2005; Chow et al., 2008; Vecchi et al.,
2009; Cheng et al., 2012). A number of studies have compared online and offline
sulfate, ammonium and nitrate measurements (Drewnick et al., 2003; Nie et al., 2010;
Gao et al., 2011; Schaap et al., 2011; Xue et al., 2011; Makkonen et al., 2012; Hu et
al., 2014; Liu et al., 2014; Makkonen et al., 2014; Malaguti et al., 2015). Offline
sampling errors result from gas absorption by sampling material, gas-particle/particle-
particle interactions, evaporation of collected aerosol species from filter,
meteorological conditions (such as temperature and humidity). Glass-fiber, quartz and
cellulose acetate filters have been found to adsorb gaseous SO2 and HNO3 (Appel et
al., 1984; Savoie et al., 1992). Acidic gases may also adsorb onto pre-existing alkaline
particles such as sea salt and mineral dust. Such errors lead to positive bias. Nitrate
volatilization may occur owing to (i) thermal decomposition, particularly when
ambient temperature exceeds 20°C and (ii) chemical reactions between NH4NO3 and

H2SOsand HCI (Appel et al., 1980; Appel and Tokiwa, 1981). Hering and Cass (1999)
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have reported about 30 % loss of nitrate from Teflon filters and this volatilization have
been attributed to either (i) scavenging of nitric acid and ammonia in the sampler inlet
or (ii) heating the filter substrate. Schaap et al. (2004) have demonstrated that Teflon
filters were more prone to evaporation losses than those of quartz filters. Comparison
of online and offline measurements has shown that obtained results from the two
techniques for sulfate and ammonium were comparable exhibiting good correlation
coefficients (Drewnick et al., 2003; Nie et al., 2010; Xue et al., 2011; Makkonen et
al., 2012; Malaguti et al., 2015). In contrast, comparisons of nitrate have indicated
poor correlation coefficients with a remarkable difference in attained concentrations
from online and offline measurements (Nie et al., 2010; Malaguti et al., 2015).

Table 6.1 Daily concentrations of SO4%, NH4* and NO3™ (ng m™®) obtained from AIM-
IC and Teflon Filters and corresponding % Difference for each sample.
AIM-IC Teflon Filters % Difference

Date SO4% | NHs* | NO3™ | SO4* | NH4* | NOs | SO4% | NHs4* | NO3
21.08.2015 | 4014 | 1569 | 144 |5823 |2186 |157 |-31 |-28 |-9
22.08.2015 | 8420 | 2880 | 152 |11713|4118 | 256 |-28 |-30 |-41
23.08.2015 | 7570 | 2549 | 146 | 10316 | 3735 |170 |-27 |-32 |-14
24.08.2015 | 6469 | 2575 | 240 | 7682 | 2741 | 66 -16 | -6 262
25.08.2015 | 3926 | 2457 | 243 | 5044 |1758 | 101 |-22 |40 141
26.08.2015 | 1561 | 843 |453 | 2037 |705 |132 |-23 |20 243
27.08.2015 | 1109 | 866 |241 |1343 |600 |121 |-17 |44 99
28.08.2015 | 1533 | 1076 | 410 | 1957 |622 |98 -22 |73 319
29.08.2015 | 1147 | 902 |175 | 1550 |626 |106 |-26 |44 66
30.08.2015 | 1433 | 983 |183 | 1729 |650 |90 -17 |51 103
31.08.2015 | 2201 | 1255 | 266 |2768 |963 |132 |-20 |30 101
01.09.2015 | 3253 | 2151 | 352 | 3971 | 1569 |53 -18 | 37 562
Average | 3553 | 1676 | 250 | 4661 |1690 |124 |-24 |-1 103

Figure 6.1 shows plots of online concentrations against offline concentrations whilst
Table 6.1 exhibits the percentage difference for sulfate, ammonium and nitrate
achieved from online and offline measurements. As can be deduced from the Figure
6.1, the residual correlation coefficients (R?) for sulfate and ammonium were
considerably better than that attended for nitrate. Correspondingly, the residual
correlation coefficients for sulfate and ammonium were 0.99 and 0.91 with an increase
in concentrations obtained from both measurements. The slope of the regression lines
for sulfate and ammonium were higher than unity, being 1.33 and 1.08, respectively.
The residual correlation coefficient for nitrate was 0.63 whereas the slope of the

regression was 0.4. The slope of the regressions suggests that positive bias for sulfate
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and ammonium and negative bias for nitrate. Negative biases have been reported for

offline nitrate as well as ammonium sampling compared to online measurements
(Chow et al., 2008; Nie et al., 2010; Makkonen et al., 2014; Malaguti et al., 2015).
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Figure 6.1 Scatter plots of sulfate (a), ammonium (b) and nitrate (c) obtained from
AIM-IC and Teflon Filters.

Regarding Table 6.1, sulfate concentrations from online technique for all
measurements were lower than those obtained from offline technique, % difference
varying between -16 and -31 %. Nonetheless, the % difference between online and
offline measurements for ammonium and nitrate was relatively complex compared to
sulfate. At the beginning of the experiment % difference was positive then it was
negative until the end of the experiment.  Figure 6.2 shows relationship between
enhanced non sea salt sulfate (en-nssSO4* = offline-nssSO4* - onlinen-ssSO4%) and

offline-Na* (indicator of sea salt) in neq m?. A statistically significant residual
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correlation coefficient (R = 0.85) was found between en-nssSO4?" and Na*. Therefore,
the difference between offline and online techniques for sulfate might be ascribed to
the enhancement of sulfate because of either (i) the reaction between acidic H.SO4 and
preexisting sea salt particles or (ii) oxidation of SO on the surface of preexisting sea
salt particles.

It has been stated that the gas-particle partitioning may promote dissociation of
ammonium nitrate (Vecchi et al., 2009). The partial correlations between
temperature/relative humidity/particle-to-gas ratio and ammonium/nitrate are given in
Table 6.2. As can be deduced from the table, the percent difference for ammonium and
nitrate was mainly influenced by partitioning between gas and aerosol phase. % D
increased with decreasing ammonium in particle phase for ammonium, whilst % D
decreased with increasing nitric acid likely owing to adsorption of nitric acid on
alkaline particles. % D for ammonium and nitrate also exhibited statistically important
relationship with temperature, suggesting evaporation from the Teflon Filters during
off-line sampling. On the other hand, % D of nitrate denoted increase under dry
conditions, promoting nitrate evaporation from filter substrate with increasing

temperature.
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Figure 6.2 Scatter plot of enhanced non sea salt sulfate (en-nssSO4% = offline-nssSO4*
- online-nssS0O4%) and offline-Na*.
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Table 6.2 Partial correlation between ammonium/nitrate and temperature/relative
humidity/ particle-to-gas ratio conversion

% Difference | NH4"/NH3 | NO3/HNO3 | T (°C) | RH

NH4" -0.70 - 042 |0.18
NO3 - 0.90 0.67 |-0.49

6.2. Local Meteorological Conditions during Near-Real Time Measurements

Climatology of the meteorological parameters has been presented in section
3.1. As stated before, such parameters play a vital role in the variability of the aerosols
and their precursor gases as well as gas to particle conversions. Statistical summary
of hourly rain, temperature, relative humidity and pressure in winter and summer
during near-real time measurements are illustrated in Table 6.3. As expected, winter
was the wettest season and hence rain was particularly intensive from 27" to 31 of
the January 2015, which is likely to lead to the removal of aerosols and their precursor
gases from the atmosphere by wet deposition. In contrast, there was no rain in the
summer during sampling. In winter, the average surface temperature was 11.5 °C,
ranging from 5.5°C to 19.5°C. The surface temperature was at least 2 times higher in
summer compared to winter, varying between 19.1 °C and 33.2 °C with a mean value
of 28.2 °C. The sea surface pressure was higher in winter (1016.4 hPa) than that of
summer (1007.9 hPa), implying comparatively stable weather conditions in winter.
During the winter the average relative humidity was 75.6, fluctuating from 39.0 to 94.0
whilst it ranged between 26.0 and 89.0 with an arithmetic mean of 59.6 during summer.
Wind direction/speed and % influence of each wind sector for winter and summer are
shown in Figure 6.3. Wind direction and speed exhibited a great difference between
winter and summer. The wind speed was higher in summer (1.6 m s) than that of
observed in winter (1.2 m s%). During winter most of the winds originated from the
north, explaining 82.3 % of the wind direction whilst the highest wind speeds were
associated with Easterlies (2.0 m s) and East-North-Easterlies (1.6 m s%). It is worth
mentioning there was no southerly winds during the winter sampling. During summer,
northerly and southerly winds had almost equal importance, being 45.7 % and 41.4 %,
respectively. In general, the northerly winds were more sluggish (varying from 0.7 m
st to 1.6 m s™) than those observed for southerly winds (ranging between 1.6 m s*
and 2.6 ms?).
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Table 6.3 Statistical summary of hourly meteorological parameters for winter and
summer during the near-real time measurements.

p Arithmetic | Standard - .
arameters . Minimum | Maximum
Mean Deviation
Winter
Temperature (°C) 115 3.2 55 19.5
Relative Humidity (%) 75.6 14.1 39.0 94.0
Atmospheric Pressure (hPa) | 1016.4 3.0 1010.2 1021.4
Wind Speed (m s™) 1.2 0.5 0.2 2.8
Rain (mm) 29.2* - 0.2 5.2
Summer
Temperature (°C) 28.2 3.4 19.1 33.2
Relative Humidity (%) 59.6 14.0 26.0 85.0
Atmospheric Pressure (hPa) | 1007.9 2.0 1003.5 1011.6
Wind Speed (m s™) 1.6 1.0 0.1 4.2
Rain (mm) - - -

*denotes total amount of rain
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Figure 6.3 Wind direction and speed (m s™1) for winter (a) and summer (b) 2015 during
near-real time measurements.
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6.3. General Characteristics of Data Set

At the Erdemli site hourly measurements carried out between 27 January and
03 February 2015 as well as between 19 August and 01 September 2015.
Correspondingly, a total of 127 and 310 hourly measurements were achieved in winter
and summer. The arithmetic average concentrations of SO4>, NH4*, NO3™ (in PMzs),
SO., NHz and HNO3 along with corresponding standard deviations, median, minimum
and maximum, and geometric means is presented in Table 6.3. As can be deduced
from the table, the minimum and maximum concentrations as well as the standard
deviations exhibit large variability in both period. Such high variability has been
reported for semi-continuous SO4%, NH4*, NOgz", SO2, NH3 and HNO3; measurements
(Godri et al., 2009; Du et al., 2010; Shi et al., 2014; Tian et al., 2017). The large
variability may be ascribed to (i) local meteorological parameter (such as temperature,
relative humidity, rain, solar irradiance and wind direction), (ii) type of source, (iii)
emission strength of source, (iv) proximity to source, (v) history of air masses and (vi)
chemical transformation and removal of species throughout middle and long range of
transport.

The arithmetic mean, median and geometric mean values as well as skewness
are utilized to assess the distribution type of the interested variable during the study
period. The arithmetic mean, median and geometric mean values are identical when
the variable denotes a normal distribution. In general, the arithmetic mean, median and
geometric mean values for SO4%, NH4*, NOz, SO, NHs; and HNO; showed
considerable difference between arithmetic mean concentrations and geometric
means/medians, the former being higher than those of later whereas geometric means
and medians were comparable. The skewness also supports that the species were not
normally distributed. This suggests that the variable is lognormally distributed.
Previous studies in the region have been demonstrated that the aerosol species are
lognormally distributed (Kogak et al., 2004).

The observed and expected frequency of SO4%, NH4*, NOs", SO, NH3 and
HNOs for lognormal distribution is shown in Figure 6.4. The non-parametric
Kolmogorov-Smirnov statistical test exhibited that above mentioned species were

lognormally distributed within the 90 % confidence level.
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Figure 6.4 Population frequency histogram of sulfate (a), ammonium (b), nitrate (c),
sulfur dioxide (d), ammonia (¢) and nitric acid (f).

Of the water-soluble ions in PM2s, sulfate and ammonium were the dominant
species. Arithmetic mean sulfate and ammonium concentrations were 2814 ng m= and
1371 pg m®, ranging between 120-10233 ng m™ and 39-4796 ng m™, respectively.
Aerosol nitrate ranged between 64 ng m= and 3891 ng m with an arithmetic mean of
495 ng m3. Among the precursor gases, ammonia exhibited the highest concentration
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with a value of 3330 ng m™3, fluctuating between 72 ng m= and 54927 ng m=. Sulfur
dioxide and nitric acid concentrations varied from 101-10334 ng m= to 55-1440 ng m"
3, with mean concentrations of 879 ng m= and 346 ng m, respectively. Taking into
account precursor gases concentrations, it is clear that alkaline ammonia (g)
concentration was more than enough to neutralize acidic gases. The arithmetic mean
of gas-to-particle ratios for sulfate, ammonium and nitrate were respectively found to
be 0.69 + 0.25, 0.38 + 0.24 and 0.49 + 0.17. The gas-to-particle ratios for sulfate,
ammonium and nitrate fluctuated from 0.01 to 0.97. It has been argued that the ratio
less than 0.3, exhibits local sources. In contrast, the ratio larger than 0.3 denotes aged
air masses and the higher values implies the older air masses and/or larger travelling
distances. Thus, regarding arithmetic means of gas-to-particle conversion ratios for
sulfate, ammonium and nitrate, it might be suggested that the concentrations of these

species were mainly influenced by non-local sources.

Table 6.4 Statistical summary for SOs% NHas", NOs™ in PMz2s (ng m™®) and their

precursor gases along with gas-to-particle (molar) ratios.
Species Mean Stan_da_r d Minimum | Maximum | Median Geometric Skewness
Deviation Mean
SO 2814 2620 120 10233 1755 1701 111
NH4* 1371 1016 39 4796 1168 958 0.90
NO3z 495 568 64 3891 260 320 2.59
SOz 879 1329 101 10334 499 574 4.63
NHs 3330 4896 72 54927 1394 1834 4.66
HNO3 346 168 55 1440 302 320 3.03
SO42/SO#+ S0, | 0.62 0.27 0.02 0.95 0.68 0.53
NHs*/NHs*+ NHs | 0.38 0.24 0.01 0.86 0.35 0.28
NOs/NOs+HNOs | 0.50 0.17 0.09 0.90 0.46 0.47

6.4. Comparison of the current real-time study with data from Literature

In order to define spatial and long term difference in the concentrations of
sulfate, ammonium, nitrate, sulfur dioxide, ammonia and nitric acid two types of data
from Literature will be used namely, (i) online and (ii) offline.

(i) Online Data Set
Bari (southern Italy, Lat: 47.15; Long: 16.66; Gilio et al., 2015)) site is

characterized as an urban back-ground site. Near-real time (online) measurements of
water-soluble ions in PM2.5 and their precursor gases were carried out for 20 days
(October 2011).
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Rural Trisaia (Italy, 40.09 °N, 16.38 °E; Malaguti et al., 2015) is located in the South
Italy, about 4 km away from lonian Sea. Hourly measurements (online) were
conducted between 3 May to 30 June 2010.

Shanghai (China, 31.3 °N, 121. °E; Du et al., 2010, 2011) site is an urban district since
there is an influence of residential, traffic and construction emissions. Hourly
measurements (online) were achieved from May 27 to June 16, 2009.

Jinan (China, 36.69 °N, 117.06 °E; Gao et al., 2011) is an urban site since it is
surrounded by residential and commercial districts. Near-real time (online)
measurements were conducted from December 1, 2007-January 3, 2008 to April 1-18,
2008.

Beijing (China, Gao et al., 2016) is the capital of Chania. The site is an urban district
because of mixed influence of emissions from residual, traffic and construction. The
near-time (online) measurements conducted from July 22 to August 12 in 2014.
Singapore (1.09 °N, 103.36 °E; Behera et al., 2013), this site (urban) is situated at the
southern tip of the Malayan peninsula. The site is mainly under the influence of
pollution originating from fossil fuel burning and traffic. Near-real time campaign was
carried out from 14 September to 8 November, 2011.

Megacity Seul is the capital of Korea. The station is located at Guui-dong of Gwang
Jin district (32.40 °N, 127.05 °E; Shon et al., 2012) and hourly measurements were
conducted between 1 January and 31 December 2010.

Bakersfield (USA, Markovic et al., 2014) site is an urban industrial station located in
a large agricultural region. Near-real time measurements were carried out between
May 5 and June 23, 2010.

(i)  Offline Data Set
Finokalia site (25.6 °N, 35.2 °E; Kouvarakis et al., 2001, 2002) is described as a

natural back-ground since it has a distance greater than 50 km from the large pollution
sources. The sampling was commenced in 1996 and finished in 1999.

Patras (Danalatos and Glavas, 1999), sampling site is located 10 km north east of the
center of the city. The samples were collected between November 1995 and September
1996.

Jerusalem (lIsrael; Luria et al., 1996) is a rural site. The sampling was conducted from
1990 to 1991.
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The concentrations of sulfate, ammonium, nitrate, sulfur dioxide, ammonia and
nitric acid obtained from online measurements along with offline measurements
carried out in the Eastern Mediterranean are presented in Table 6.5. Generally, the
highest concentrations of sulfate, ammonium, nitrate and ammonia concentrations
were found over China (Du et al., 2011; Gao et al., 2011; Gao et al., 2016). Aerosol
sulfate (from 14 to 40 pg m®), ammonium (from 9 to 22 ug m=), nitrate (from 15 to
33 ug m?), sulfur dioxide (Beijin: 6.65 pg m™) and ammonia (Beijing: 24.54 ug m?),
concentrations over China were order of magnitude higher that of observed for
Erdemli. As stated, the sampling sites at China were heavily influenced by
anthropogenic emissions such as traffic, fossil fuel combustion, man induced biomass
burning and construction (Du et al., 2011; Gao et al., 2011, 2016). Aerosol sulfate,
ammonium, nitrate and nitric acid concentrations over Italy (Bari and Trisaia) were
comparable to the values obtained at Erdemli. In contrast however, ammonia (3.60 ug
m-3) the mean concentration at Erdemli was about two times higher compared to that
of Bari (1.57 pg m?), ltaly. However, detected sulfur dioxide (0.88 pg m)
concentration for Erdemli was half of that of observed for Bari (2.04 pg m™). This
distinct difference might be attributed to the influences at the sampling sites, former
being surrounded by cultivated soil and the latter being urban and influenced by the
comparatively emissions from heavy traffic. The highest nitric acid concentrations
were observed at Seoul (8.71 pg m) and Singapore (3.00 pg m) being at least nine
times that detected at Erdemli (0.35 pg m™). These high values might be ascribed to
the night time production of nitric acid due to NOx emissions from heavy traffic close
to the vicinity. Although ammonia concentration at the Erdemli site is influenced by
cultivated soil, the value observed at Bakersfield (13.69 pg m™) was 4 times higher
than that of Erdemli (3.60 ng m™) since the Bakersfield is located in a huge agricultural
region.

Taking into account this study and historic off-line measurements, there was a
decreasing trend in the concentrations of sulfate, nitrate and their precursor gases in
the Eastern Mediterranean atmosphere. Nitrate, sulfur dioxide and nitric acid were
respectively found to show 3.3, 4.6 and 5.3 times decrease compared to results reported
by Kouvarakis et al. (2001, 2002). Similar, decrease in the concentrations of sulfur
dioxide and nitrate has respectively been reported for the Mediterranean (Lelieveld et
al., 2002) and the Black Sea (Kogak et al., 2016). The decrease for sulfate was 1.4
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relative to Finokalia, however, sulfate concentration was 4.4 times less than that of
Jerusalem. Ammonium and ammonia concentrations at Erdemli were larger than those
for Finokalia because the Erdemli site is surrounded by agricultural area. Table 6.6
shows the recent (January 2014-April 2015) and historical (March 2001-April 2002)
offline nssSO4%*, NOs”and NH4" concentrations at Erdemli. During the thirteen years,
the percentanges of decreases for nssSO4%*, NOs  and NH4* at Erdemli sampling site
in offline measurements were % 55, % 42 and % 51, respectively. These results also

indicate the negative trend in the concentrations of sulfate, nitrate and ammonium.

Table 6.5 Arithmetic mean concentrations of sulfate, ammonium, nitrate, sulfur
dioxide, ammonia and nitric acid (ug m™) obtained from online for different sites of
the world and offline for the Eastern Mediterranean.

Site [ S04 [ NHs* [ NOs [ SOz | NHs [ HNOs | Reference | Character

ONLINE

Erdemli, Turkey | 2.81 | 1.37 | 049 | 0.88 | 333 |0.35 This Study Rural

Bari, Italy 243 | 280 | 040 |204 |157 |0.32 Gilio et al. [2015] Urban

Trisaia, Italy 187 | 103 |052 |- - - Malaguti et al. [2015] Rural

Shanghai, China | 28.71 | 19.31 | 32.93 | - - - Du et al. [2011] Urban

Jinan, China 38.33 | 21.26 | 15.77 | - - - Gao et al. [2011] Urban

Beijin, China 14.80 | 8.90 | 15.18 | 6.65 | 24.54 | - Gao et al. [2016] Urban

Singapore 441 | 176 | 129 | 2177|247 | 3.00 Behera et al. [2013] Urban

Seoul, Korea 580 [391 |13.78|358 |480 |871 Shon et al. [2012] Urban

Bakersfield, Markovic et al. [2014] Urban

USA 053 | 046 | 080 |1.83 | 13.69 | 0.36

OFFLINE

Finokalia, 3.94 1.01 163 | 400 | 0.31 1.86 Kouvarakis et al. [2001, | Natural

Greece 2002]

Patras, Greece - 320 | 2.60 Danalatos and Glavas | Urban
[1999]

Jerusalem, 12.29 | - - 17.79 | - - Luria et al. [1996] Rural

Israel

Table 6.6 Recent and historical offline nssSO4?", NOs  and NH4* concentrations at
Erdemli.

Erdemli! | Erdemli? | Difference
NssSO42 1.88 4.15 -2.27
NOs 1.11 1.86 -0.75
NH4* 0.42 0.85 -0.40

lUnpublished data, 2Kogak et al., (2007b).
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6.5. Temporal variations of Sulfate, Ammonium, Nitrate in PM2s and their
precursor gases

A number of studies have demonstrated that sulfate, ammonium and nitrate in
PM2s as well as their precursor gases may exhibit large hourly variability in their
concentrations (Nie et al., 2010; Makkonen et al., 2012; Markovic et al., 2014;
Malaguti et al., 2015). As stated above, such a high variability may arise from (i) local
meteorological parameter (such as temperature, relative humidity, rain, solar
irradiance and wind direction), (ii) type of source, (iii) emission strength of source,
(iv) proximity to source, (v) history of air masses and (vi) chemical transformation and
removal of species throughout middle and long range of transport.

Figure 6.5 shows the hourly variations in the concentrations of SO4%, NH4",
NO3z, SO2, NH3 and HNOs together with corresponding gas-to-particle conversion
ratios and local meteorological parameters from 27 January to 03 February 2015 and
from 19 August to 01 September 2015 at Erdemli station. It is clear that water-soluble
aerosol SO4%, NH4*, NOs and gases SOz, NHs and HNOs exhibit a considerable
variability, with the concentrations of the individual species fluctuating up to order of
magnitude from one hour to another during the study period. Aerosol sulfate and
ammonium in PM2s showed their lowest concentrations in winter particularly during
rain events since these particles efficiently scavenged by wet precipitation. For
instance, a rain event started at around 23.00 pm on 29" of January 2015 and lasted 8
hours. Just one hour before the rain started, aerosol sulfate and ammonium (nitrate)
concentrations were 913 ng m= and 1035 ng m (3890 ng m™), respectively. Within a
few hours of consequential rain, aerosol sulfate and ammonium (nitrate) denoted an
order of magnitude decrease in their concentrations reaching down to 100 ng m= and
50 ng m= (280 ng m®) respectively. In addition to removal of particles by rain, lower
gas-to-particle conversion may also contribute to observe lower concentrations of
these aerosol species due to inferior solar radiation in winter. Even though, aerosol
nitrate concentration was influenced by wet scavenging in winter, it denoted lower
concentrations in summer. This might be attributed to evaporation of nitrate due to
either elevated temperatures (reaching up to 40 °C during day) and (ii) reaction
between H>SO4 and NHsNO3 (Appel et al., 1980; Appel and Tokiwa, 1981). High
concentrations of SO2 was observed in winter compared to summer. In winter, elevated

concentrations of SO2 might be resulted from (i) residential heating, (ii) enhanced
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power generation by using high sulfur containing coal combustion for, (iii) inferior
gas-to-particle conversion, (iv) lower boundary layer height which prevents dilution
of sulfur dioxide. In contrast, gas NHz exhibited lower concentrations in winter than
that of summer. The soil moisture and temperature have been identified as one of the
controlling factors for NH3 emissions (Roelle and Aneja, 2002). On the one hand, it
has been demonstrated that NHsz flux increase with increasing soil temperature,
although, Roelle and Aneja (2002) suggested that rainwater may fill pores of the soil
and prevents NHs diffusion from the soil to the air. Prevailing meteorological
conditions such as rain and temperature may lead to lower NH3z concentrations in
winter. HNOs also demonstrated large variability whereas, observed concentrations in
winter and summer were comparable. SO> and NHs concentrations were also
influenced by rain events however, the decrease in their concentrations were less
remarkable compared to aerosols. During the aforementioned rain events, SO, and
NHs concentrations were respectively found to decrease from 2100 ng m™ to 600 and
to 500 ng m= to 240 ng m® ng m3. Gas-to-particle conversion ratios for sulfate,
ammonium and nitrate remarkably changed from one hour to another. Except for
nitrate, the conversion ratios for summer were higher than that of calculated for winter
(see Table 6.7). The arithmetic average concentrations of SO42", NH4", NO3z™ (in PM25s),
SO2, NHz and HNO3z along with corresponding standard deviations, median, minimum
and maximum, and geometric means from winter and summer are presented in Tables
6.7. In winter, among the water-soluble species, the mean concentrations of nitrate was
higher than those of sulfate and ammonium. The arithmetic mean for nitrate was 1064
+ 740 ng m™3, while concentrations ranged from to 154 - 3891 ng m=. Correspondingly,
the arithmetic mean of ammonium and sulfate were 473 + 389 ng m™ and 656 + 557
ng m, fluctuating between 39-1728 ng m=and 120/ 3203 ng m™. Regarding their
precursor gases, the highest arithmetic mean was observed for sulfur dioxide with a
value of 1493 +2190 ng m™, varying from 101 to 10334 ng m™3. Gaseous sulfur dioxide
followed by ammonia and nitric acid, their corresponding arithmetic mean (minimum
and maximum) concentrations being 1033 = 601 (72 — 3060) ng m™ and (to) 422 +
215 (55 — 1304) ng m. In summer, aerosol sulfate denoted the highest arithmetic
mean with a value of 2694 + 2620 ng m™, exceeding 10000 ng m™. The arithmetic
mean concentrations for ammonium and nitrate were respectively 1728 + 966 (from

139 to 4796) ng m™ and 263 £ 215 (from 67 to 1604) ng m™ in summer.
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Figure 6.5 Hourly variability of sulfate, ammonium and nitrate in PM2s and their
precursor gases along with gas-to-particle conversion ratios (molar) and
meteorological parameters from to 27 January - 03 February 2015 to 19 August - 01
September 2015 at Erdemli station.
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Table 6.7 Statistical summary for SO4?, NH4*, NO3™ and their precursor gases along
with gas-to-particle ratios during winter and summer periods.

Species Arithmetic Mean | Standard Deviation | Minimum | Maximum | Median
Winter

S04 656 557 120 3203 471
NH4* 473 389 39 1728 360
NOs 1064 740 154 3891 794
SO. 1493 2190 101 10334 638
NH3 1033 601 72 3060 989
HNOs3 422 215 55 1304 364
S04%/S04%+ SO 0.34 0.18 0.02 0.64 0.36
NH4*/NH4*+ NH3 0.30 0.15 0.06 0.67 0.27
NOs /NOs” +HNO3 0.68 0.13 0.27 0.90 0.69
Summer

S04 3694 2620 431 10233 2895
NH4* 1728 966 139 4796 1483
NO3 263 215 64 1604 186
SO2 629 571 176 4408 441
NH3 4243 5518 555 54927 2059
HNOs3 316 134 154 1440 286
S04%/S04%*+ SO2 0.74 0.21 0.15 0.95 0.83
NH4*/NH4*+ NH3 0.41 0.26 0.01 0.86 0.45
NOs /NOs” +HNO3 0.42 0.13 0.09 0.86 0.4

The highest gases concentration was found to be ammonia (4243 + 5518 ng m-3,
varying between 555 and 54927 ng m-3) followed by sulfur dioxide (629 + 571 ng m-
3, varying between 176 and 4408 ng m-3) and nitric acid (316 = 134 ng m-3, varying
between 154 and 1440 ng m-3). Taking into account precursor gases concentrations in
winter and summer, it is clear that alkaline ammonia (g) concentration was more than

enough to neutralize acidic gases sulfur dioxide and nitric acid.
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To illustrate the influence of air mass transport on the temporal variation of the
measured concentrations, an event characterized from August 25" to 27" will be
discussed. Before the event, on 24" August, air masses originated from the west and
southwest sectors reached Erdemli site at 200m, with a daily mean NH3z concentration
of 64 nmol m® (Fig. 6.6a). The next day, on 25" August at 07:00am (local time), the
airflow shifted to a northerly direction (Fig. 6.6b). During the following hours, NH3
concentration began to rise steadily and reached 128 nmol m= at 00:00am on 26"
August. Sequent 2-day back trajectories for every hour from 26™ to 27" August
showed that transport pathway extended over the northeastern Black Sea and Russian
and remained prevailing until end of the event (Fig. 6.6¢,d). NHs continued to increase
and reached its highest value at 01:00am on 27" August, attaining 3230 nmol m=. The
second maxima peak in NHsz concentrations was also observed around 1540 nmol m
at 13:00pm on 27" August. The arithmetic mean of NHs values for the event was 490
nmol m3, Gas-to-particle conversion ratio for ammonium decreased to 0.10 during the
event whilst it was around 0.65 before the event. Since atmospheric NHz mostly has a
life of 1 day (Seinfeld and Pandis, 1998), emission source might be in the range of one
day transport. Meanwhile, NH4* (SO42") was found to be decrease by about 50% (65%),
reaching the mean concentration of 55 (20) nmol m during the event. On the other
hand, SO increased substantially during the event with a time lag of one day to NHs,
reaching 15 nmol m= levels. In other words, SO hourly variations did not show a
similar pattern with NHs. MODIS-Terra (Moderate Resolution Imaging Spectrometer)
AOD satellite images indicated slight decrease in optical thickness over site from 24"
to 27" August. Daily concentrations from Teflon filters also supported the same
amount of decrease in SO42 and NH4*. Moreover, nssK obtained from filters and NH3
correlated well (r = 0.77) during summer time indicating their origin from similar
sources. Potassium has been used as an inorganic tracer of biomass burning (Ramadan
et al., 2000; Ma et al., 2003; Liu et al., 2005; Lee et al., 2008) and high levels of NH3
are emitted through biomass burning (Hegg et al., 1988, Crutzen and Andreae, 1990).
Taking into account air mass histories an active fire spots in Fig. 6.6, this sharp

increase in NH3 may be attributed to either man or natural induced biomass burning.
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Figure 6.6 Two-day back trajectories demonstrating the transport of air masses to
Erdemli for every hour at 200 m and MODIS aerosol optical depth and active fire spots
on 24 August 2015 (a), 25 August 2015 (b), 26 August 2015 (c), 27 August 2015 (d).
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6.6 Correlation between Sulfate, Ammonium, Nitrate in PM2s and their
precursor gases

Correlation between variables shows the degree to which they vary together. The
strong correlation coefficients between two species may be because of one or more of
the following common processes: (a) similar sources (b) similar generation and/or
removal mechanism and/or (c) similar transport patterns. The significance level of the
correlation coefficient strictly depends on the number of the sample. As a result,
populations with a high number of samples, even a small correlation coefficient can
be statistically significant. Thus, five different terms will be used during the
interpretation of correlation coefficients derived from the current datasets: (a) no
correlation (r=0), (b) weak correlation (r=0-0.4), (c) moderate correlation (0.4-0.7) (d)
strong correlation (0.7-1.0) and (d) perfect correlation (r=1.0). Correlation coefficients

between variables are illustrated in Table 6.8 [(a) winter and (b) summer].

a) Winter: Ammonium showed strong correlation coefficients with sulfate and nitrate,
being 0.90 and 0.71, respectively. At the coastal Eastern Mediterranean, it has been
shown that the ammonium levels were enough to neutralize acidic sulfate and nitrate
during the winter (Kogak et al., 2007). As well as the documented thermal stability of
the NH4NOs increases with decreasing temperature or from hot dry summer towards
cold winter (Bennett, D., 1972). In order to clarify the forms of ammonium in the
winter multi linear regression analysis (MLR) was applied. Obtained results were
statistically significant with p < 0.00001. Estimated ammonium concentrations from
MRL against measured concentrations of ammonium are illustrated in Figure 6.7. The
slope of the regression line was 1.00 with a correlation coefficient value of 0.96,
implying acidic species sulfate and nitrate were completely neutralized by alkaline
ammonium. Results from MRL also demonstrated that 60 % of the ammonium
presented in the form of (NH4)2SO4 whilst 40 % was in the form of NHsNOs under the
prevailing winter conditions (see Table 6.1). SO4> (NO3) and SOz (HNOs) showed
weak correlation coefficient with a value of 0.15 (0.36), implying that sulfate (nitrate)
was primarily originated from non-local sources. HNO3 illustrated strong correlations
coefficients with sulfate and ammonium, being 0.70 and 0.74, respectively. It might
be argued that these species either originated from same source or had similar transport

pattern. Gaseous ammonia exhibited moderate correlation coefficients with aerosol
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ammonium (0.47) and sulfate (0.49). This relationship suggested that the secondary
ammonium and sulfate formation was partially influenced by locally emitted
ammonia. Moreover, ammonia and temperature denoted moderate correlation
coefficient with a value of 0.47 and this might be attributed to (i) release of ammonium
from leaf and vegetation surfaces, or (ii) evaporation of dew (Sutton et al., 1993).
Whereas ammonia showed moderate negative correlation coefficient with RH (-0.44)
most likely due to enhanced formation of NH4NO3z under humid conditions (Chang et
al., 1986).

b) Summer: As expected, there was a strong correlation coefficient (0.84) between
ammonium and sulfate in summer. The slope of the regression line was 0.82 when
sulfate plotted against ammonium in neq m=. The value of 0.82 implies that
ammonium levels were also enough to neutralize acidic sulfate in summer. These
findings are contradict with the previous results documented for the same site (Kogak
et al., 2007). This discrepancy may chiefly ascribed to the enhancement of sulfate
particles throughout the off-line sampling campaigns (for more details see section 6.1).
Correspondingly, gaseous ammonia/sulfur dioxide and RH exhibited moderate
negative and positive correlation coefficients with sulfate (-0.41 and 0.54) and
ammonia (-0.41 and 0.50), suggesting influence of RH on gas to particle conversions
of ammonium and sulfate during more humid conditions in summer. There was a
moderate correlation coefficient between SO, and HNO3z (0.44), denoting that these
gaseous species somewhat originated from similar source or air-mass. Sulfate and
ammonium respectively indicated strong (-0.77) and moderate (-0.55) negative
correlation coefficient with sea surface pressure. Elevated levels of sulfate and
ammonium under the unsettled weather conditions might be resulted from either
middle or long range transport since these particles relatively longer lifetime in
summer (Kogak et al., 2007).
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Table 6.8 Correlation coefficient matrix of water-soluble ions in PMzsand precursor
gases along with meteorological parameters at Erdemli in winter (a) and summer (b).

a) winter | SO4* | NHs* | NOs | SO, | NHs | HHOs | T RH AP
SO#* 1.00

NH4* 0.90 |[1.00

NOs 0.44 |0.70 |1.00

SO, 0.15 |0.11 | -0.10 | 1.00

NHs 049 |047 1028 |0.27 |1.00

HNOs3 0.70 | 0.74 | 036 |-0.02 |0.19 |1.00

T 033 |0.28 |0.21 |-0.18 | 0.47 |0.30 1.00

RH -0.36 | -0.22 | -0.04 | -0.17 | -0.44 | -0.15 |-0.73 |1.00

AP -0.37 | -0.31 | -0.02 | -0.42 | -0.38 | -0.21 | 0.01 0.44 1.00
b) summer | SO | NHs* | NOs | SO, |NH; |HHO; | T RH AP
SO.* 1.00

NH," 0.84 |1.00

NOz -0.08 | 0.06 | 1.00

SO2 -0.24 1 -0.21 | 0.17 | 1.00

NH3 -0.44 1 -0.41 1 0.28 | 0.22 | 1.00

HNO3 0.09 012 [0.24 [044 |0.14 |1.00

T 0.23 [ 022 |0.04 |0.07 |-0.13]0.01 1.00

RH 0.54 050 |-0.02]-0.41]-0.38 | 0.00 -0.34 ]1.00

AP -0.77 | -0.55 | 0.30 | 0.32 | 0.36 | 0.03 0.01 -0.46 | 1.00

GPS: SO4% / SO4% + SO,. GPN: NH4*/ NHs* + NH3. GPN: NO3/ NOz + HNOs. T:
Temperature. RH: Relative Humidity. AP: Atmospheric Pressure

120

Winter

1 y=-0.01+1.00x
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0 ' T ' T ' T
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Figure 6.7 Comparison of measured and estimated hourly concentrations from MRL
for NH4* in winter.

113



6.7. Diurnal Variability

Typically, the concentrations of sulfate, ammonium, nitrate and their precursor
gases demonstrate large diurnal variability (Gao et al., 2011; Shon et al., 2013; Hu et
al., 2014; Makkonen et al., 2014; Markovic et al., 2014). Sort-term changes in the
concentrations of aforementioned species and gas to particle conversions can be very
complex and thus arises from a combination of multi factors: (a) meteorological
parameters such as temperature, solar influx, relative humidity, rain, wind
speed/direction, sea surface pressure, cloud cover and boundary layer height, (ii)
chemical reactions, (iii) source strength, (iv) type of the source and (v) history of air
masses (Kadowaki 198; Utsunomiya and Wakamatsu 1996; Khoder 2002; Hu et al.,
2014).

The arithmetic mean diurnal variability of sulfate, ammonium, nitrate and their
precursor gases as well as the gas to particle conversions for winter and summer are
illustrated in Figure 6.8. Taking into account the diurnal variations for winter and
summer, the following general observations may be made:

(a) Winter: SO4* and SO, (see Figure 6.8a) concentrations did not show dramatic
changes from 00.00 to 02.00, demonstrating low values around 5 and 16 nmol m,
respectively. These low concentrations may chiefly be attributed to removal of both
species by wet deposition (see Figure 6.8f) despite of a shallow planetary boundary
layer (~ 450 m, see Figure 6.8e). From 02.00 to 03.00 SO4? and SO concentrations
respectively increased 60 and 40 % and reached the first peak at 04.00 with
corresponding values of 10.1 and 37.5 nmol m™, when rain events ceased between
02.00 and 05.00. After this peak, there was a sharp decrease in the concentrations of
S04% and SO until 10.00, reaching correspondingly 4.2 and 14.8 nmol m, because
of sequential rain events that occurred between 05.00 and 08.00. From 10.00 to 12.00,
S04% and SO; exhibited a significant increase, attaining their highest concentrations
with values of 11.7 and 42.7 nmol m™ when the airflow originated from highly
populated City of Mersin. Both species then demonstrated gradual decline in their
concentrations until 17.00 in the afternoon particularly under the influence of Easterly
winds that may bring relatively less polluted air-masses originating from sea. SO4>
showed more or less constant concentrations after sunset (from 17.00 to 23.00)
however, SO, concentrations increased from 10 nmol m= to 34 nmol m= between

17.00 and 23.00. The increment in SO after sunset might be ascribed to (i) residential
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heating due to cold, (ii) decrease in PBL, (iii) change in airflow from Easterly (sea
breeze) to Northerly (land breeze) and (iv) relatively a less efficient gas-to particle

conversion.
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Figure 6.8 Diurnal variability of sulfate, ammonium and nitrate in PM2s and their
precursor gases and meteorological parameters in winter and summer.
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Ammonia demonstrated slight enhancement between 00.00 and 07.00 (sun rise about
at 06.45), reaching 55.1 nmol m= with a 20 % increase. From sun rise (07.00) to
midday (12.00) there was a considerable raise in the concentration of ammonia,
showing maximum at 12.00 with a value of 93.7 nmol m=. Ammonia concentration
gradually decreased from 12.00 to 23.00, retaining to the night time concentrations,
being around 50 nmol m=. As can be seen from Figures 6.8b and d, the diurnal trend
of ammonia was coincident with the diurnal cycle of temperature and relative
humidity. Correspondingly, the diurnal relationship of ammonia with temperature and
RH were positive (r = 0.88) and negative (r = -0.83), suggesting release of ammonia
from dew as well as emissions from vegetation under hot and dry conditions or
elevated formation of particle ammonium when the temperature is high and the relative
humidity is low. Figure 6.9a and b respectively exhibit relationship of ammonia with
temperature and RH for hourly measurements obtained during day and night time.
During the day time there was a significant correlation coefficient (r = 0.76) between
ammonia concentration and temperature, however; this relationship was insignificant
during night time. On the other hand, the correlation coefficients between ammonia
concentration and relative humidity for day and night time (r= -0.56) and night (r = -
0.45) were comparable, the former being slightly higher than that of later. Hence, since
ammonia respectively showed strong positive and moderate negative correlation
coefficients with temperature and humidity the day time increment might be ascribed
to either evaporation of dew or emission from plant stoma whereas the night time
decrease was more likely due to uptake of ammonia by plant and/or enhanced particle
ammonium formation under low temperature (mean ~ 10 °C) and humid conditions.

Diurnal cycle of NH4" was similar to that of observed for NOs". Both species exhibited
low concentrations from 00.00 to 10.00. Within two hours, NHs* and NOs
concentrations steeply increased and reached their first maximum at 12.00 with values
of 46 nmol m? and 28 nmol m=, respectively. Afterwards, their concentrations
dropped about 40 % between 12.00 and 17.00, values respectively reaching down to
26.6 nmol m™ and 17.3 nmol m™ when the site was affected by comparatively clean
Easterly (sea breeze) winds. NH4" as well as NOs™ correspondingly showed 40 % and
60 % rise in their concentrations peculiarly after sunset (17.00), illustrating the broader
second peak compared to the first peak. The second peak appeared from 17.00 to 22.00

and might be connected with (i) decline in temperature and increase in RH, (ii)
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decrease in PBL and (iii) airflow from rather polluted air-masses originating from
North. Next two hour, the concentrations of NH4* and NOs™ exhibited remarkable
decrease, going down to 17.3 nmol m and 10.7 nmol m™3 owing primarily to efficient

removal of these particles from the atmospheric compartment by wet deposition.
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Figure 6.9 The relationship of NH3z with temperature (a) and relative humidity (b) in

winter.
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(b) Summer: From 00.00 to 08.00, sulfate and ammonium (Fig. 6.8g, h) did not exhibit
a considerable change in their concentrations, being around 33 and 85 nmol m?,
respectively. These low and constant values may chiefly be attributed to lack of
photochemical activities during night time and sluggish northerly airflow associated
with low sulfate and ammonium concentrations (see section 6.8). Sulfate and
ammonium concentrations increased about 30 % and 45 % respectively between 00.80
and 12.00, demonstrating a broad peak from 09.00 to 20.00 with (i) increasing
temperature and planetary boundary layer, (ii) decreasing humidity and (iii) airflow
from south (sea breeze). This might chiefly be attributed to enhanced gas to particle
conversion in spite of increasing pbl. From 00.00 to 01.00 SO2 concentration (Fig.
6.8h) augmented 25 % and reached the first peak at 02.00 with the value of 12.8 nmol
m3. After this peak, there was a decreasing tendency in the concentrations of SO, until
07.00, reaching 7.8 nmol m. From 07.00 to 12.00, SO, demonstrated remarkable
increase, attaining its highest concentrations with the value of 15.1 nmol m™. These
sharp two peaks might be ascribed to transport of air flow relatively polluted with SO>
from north. Following that, SO declined steadily until 19.00 in the afternoon, reaching
7.5 nmol m3. The decrement in SO, might be associated with (i) relatively high
efficient gas to particle conversion and (ii) increase in PBL. SO then showed more or
less similar concentrations from 17.00 to 23.00. NH3 (Fig 6.8h) concentration reached
the first peak at 01.00 with the value of 437.7 nmol m. After this peak, there was a
50 % decrease in the concentrations of NHs until 03.00, attaining 216.9 nmol m=,
From 03.00 to 08.00, NH3z did not exhibit a remarkable change in its concentration,
being around 230 nmol m=. Then, NHs concentration increased sharply, reaching the
second peak at 09.00 with the value of 433 nmol m. After this peak, NH3 continue to
decrease from 10.00 to 20.00, reaching the lowest value of 141.4 nmol m=. This two
maxima peaks in NHz resulted from biomass burning events that affected the site (for
more details see section 6.8). On the other hand, decrease from 10.00 to 20.00 might
be linked with i) relatively high efficient gas to particle conversion and (ii) increase in
PBL. NOs™ (Fig 6.8i) exhibited low concentration from 00.00 to 08.00. Afterwards,
NO3" concentration increased steeply and attained its maximum at 12.00 with values
of 7.5 nmol m=. Within two hours, its concentrations dropped about 50 % when the
site was affected by sea breeze winds and again increased with the land breeze from
18.00 to 23.00. The sudden decrease of NOsz might be attributed to thermal
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decomposition of NO3 with increasing temperature ii) increase in PBL and iii) change

in the air flow.

6.8 Influence of air flow on near real-time measurements of water-soluble ions in
PMz2sand precursor gases.

To evaluate the impact of air flow on near real-time measurements of water-soluble
ions in PM2sand precursor gases, the classification of 2-day back trajectories for every
hour during the sampling period was done. The Kruskal-Wallis (K-W) test was applied
to check for the presence of significant differences in SO4%, NH4*, NOs", SO2, NHj,
HNOs according to classified groups. The classification of 2-day back trajectories for
winter didn’t yield any statistically significant results. This could be caused by 5 rainy
days out of total 8 sampling days in winter, implying local or nearly mesoscale
transport rather than long range transport. Therefore, classification for winter was done
according to local wind direction. Table 6.9 shows statistical summary of measured
species for winter according to local wind direction sectors. On the other hand, Figure
6.11 and Table 6.10 illustrate obtained clusters from 2-day back trajectories at 200 m
for every hour during the sampling period in summer and statistical summary of the

measured species according to these clusters, respectively.

Winter: Four local wind direction sectors (NW: Northwest, N: North, NE: Northeast
and E: East) has been found in winter. Mean concentrations of SO4%", NH4*, NOs", SOz,
NHs, HNO3 and meteorological parameters are given according to the defined four
local wind direction sectors in Table 6.9 and 6.10, respectively. K-W test exhibited
that SO4> in NE, N and NW sectors were not statistically different. However, it
demonstrated statistically significant difference for SO4% between E sector and other
three sectors, mean SO42 concertation in E sector being approximately 40% higher
than the remaining’s (Table 6.9) and also the box-whiskers plot support this statement
(Fig 6.10a). This relatively high SO4> concertation in E sector may be attributed to
plume of Mersin city center and industry areas located on the east of the sampling site
and/or no rainfall event in E sector (see Table 6.10). Mean NH4*, NOs and SO
concertations in sectors found to be similar, not showing a significant difference

according to the K-W test. The box-whiskers plot of NHs shows that there existed
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statistically difference between E sector and NW, N and NE sectors (Fig. 6.10b). As
expected, K-W test for NHs also exhibited significant difference between the
aforementioned sectors. NHs for the E sector was at least 30 % larger than those
calculated for the other 3 sectors. Additionally, high temperature and low humidity in
E sector were observed compared to other sectors (see Table 6.10). This high mean
value of NHs in E sector may result from reasons that were specified in the former
section and/or no washout in E sector as well as aforementioned plume of city center

and industry areas.

Table 6.9 Statistical summary of SO4%", NH4*, NOs", SO2, NH3, HNO3 as well as gas
to particle conversion ratios for clusters in winter

NW N NE E
Winter Mean£Std Mean£Std | Mean+Std Mean+Std
Number 33 46 31 14
SO4* 6.4+5.8 6.1 +4.2 6.4+6.8 104 +6.5
NH4* 26,1 £22.5 | 227+19.0 | 23.9+21.6 | 359+25.6
NOs" 170+£10.2 | 153+13.2 | 192+12.7 | 19.6+10.4
SOz 283 +£312 |214+369 | 11.7+£12.2 | 30.0+44.2
NH;3 51.7+£32.0 | 502+329 | 63.1+£409 | 91.8+30.7
HNO3 6.8+3.7 6.0+£28 65+£25 84+52

Table 6.10 Statistical summary of meteorological parameters for sectors in winter.

NW N NE E
Winter Mean+Std | MeantStd | Mean+Std | Mean+Std
Temperature (°C) 10.5+1.7 9.6+ 1.8 12.9+£2.5 174+ 1.5
Relative Humidity (%) | 79.4+9.7 | 813+10.2 | 72.8+14.8 | 553+ 11.7
Number of Hourly Rain 12 5 5 -
Rain (mm) 22* 4* 3.2* -

*denotes total amount of rain.
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Figure 6.10 Bow-whisker plot of SO4 (a) and NHz (b) in winter according to local
wind direction sectors.
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Summer: The results from cluster analysis for summer are illustrated in Fig. 6.11,
together with the means of clusters and calculated occurrences for each cluster. Air
flows were categorized into 5 groups. Starting from northwest, the first cluster
(Northwest:NW) emerges from Greece; then, air flows pass through Aegean Sea and
the west region of Turkey before arriving sampling site, explaining 3.2 % of
trajectories. The second (North:N) reveal trajectories originating from north Turkey,
clarifying 58.2 % of the trajectories. The third cluster (Soutwest-short:SWS)
represents short trajectories originating from southwest Turkey; then following
coastline of south Turkey before reaching the site, accounting 32.7 % of the
trajectories. The fourth cluster (Mediterranean=MED) indicates air flows originated

from middle Mediterranean Sea, explain 5.8 % of trajectories.

Mean concentrations of SO4%, NHs*, NOs, SO NHs;, HNO;z and
meteorological parameters are presented as a function of air flow in Table 6.11 and
6.12, respectively. K-W test exhibited that SO42 and NH4* in SWS, MED and NW
clusters were not statistically different. Nonetheless, it showed statistically significant
difference for SO4* and NHs* between N cluster and other three sectors. This
difference can be also seen from the box-whiskers plot (Fig 6.12a,b). Mean SO4> (44.4
nmol m?) and NH4" (106.9 nmol m™) concentration in cluster N were found to be
respectively about 39 % and 27 % lower than those of remaining air flow (Table 6.11).
Figure 6.13 presents SO4 surface mass concertation for August 2015 from MERRA-2
which is an atmospheric reanalysis for the satellite era using the Goddard Earth
Observing System Model. As can be deduced from Figure 6.13, air flow pathway of
SWS, MED and NW clusters accompanied with the areas which had relatively a high
concentration of SOs. Similarly, Kogak et al. (2011) showed secondary aerosol
transport from Eastern European countries into the atmosphere above the Aegean and
Levantine Sea, enhancing in the concentration over Istanbul. K-W test also revealed a
significant difference for NHz between N cluster and SWS, MED and NW clusters (see
also Fig 6.12c for box-whiskers plot of NHs). Figure 6.14a,b shows black carbon
column mass density from MERRA-2 for 19 — 12 August 2015 and 25 August- 01
September 2015, respectively. 2-day air masses back trajectories between 25 August
and 01 September 2015 in Fig. 6.13b represent N cluster whereas back trajectories
between 19 - 12 August 2015 in Fig. 6.14a belong to clusters SWS, MED and NW

clusters. As can been seen from figure, high amount of black carbon was observed at
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the area surrounding north Black Sea cost between 45°N-50°N and 25°E-40°E, which
was associated with source region of air flow for the period between 25 August and 01
September 2015 and also an small area very close to the site had high BC concertation,
implying a local source. The relationship between NHz and biomass burning discussed
was in section 6.5. Therefore, this high amount of NHsz in cluster N may mainly
ascribed to the man/natural biomass burning.
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Figure 6.11 Average air mass back trajectory clusters for 200m level during the
sampling period in summer. The percentages of each air flow presented in parenthesis.

Table 6.11 Statistical summary of SO+, NH4*, NO3", SO2, NH3 and HNOs for clusters
for clusters in summer.

MED SWS NW N
b) Summer Mean+Std Mean+Std Mean+Std Mean+Std
Number 18 99 10 180
SO 72.6 £9.7 61.7+24.7 65.2+3.7 44.4 +29.1
NH,* 145.8 £ 18.5 130.5+52.4 141.4+£41.5 106.9 £ 54.2
NOsz 2.6+0.8 39+28 3.9+3.8 41+34
SO, 6.1+0.3 83+34 10.7+7.0 10.0+10.0
NH3 609+74 72.9+77.8 78.9+17.9 222.3 £256.8
HNOs 45+0.2 52+21 102+6.4 49+1.9
Table 6.12 Statistical summary of meteorological parameters for clusters in summer.
MED SWS NW N
Summer Mean+Std Mean+Std Mean+Std Mean+Std
Temperature (°C) 28.0+2.3 29.2+2.7 27.0+1.4 27.7+3.8
Relative Humidity (%) | 724+6.9 | 67.1+93 | 72.1+£22 | 533+13.6
Number of Hourly Rain - - - -
Rain (mm) -* -* -* -*

*denotes total amount of rain.
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Figure 6.12 Bow-whisker plot of SO4? (a), NH4* (b) and NHs (c) in summer according
to clusters.
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August -01 September 2015 (b) from MERRA-2 (atmospheric reanalysis for the
satellite era using the Goddard Earth Observing System Model).
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CHAPTER VII

7. CONCLUSIONS

A detailed analysis of AERONET aerosol optical and microphysical properties
for a fifteen year period (2000-2014) at the Eastern Mediterranean has been made in
this study. Being a long term study for the Eastern Mediterranean makes this study
unique. The results clearly exhibited the temporal dynamic in aerosol burden and types
in the Eastern Mediterranean atmosphere. It has been shown that the site has been
affected by both natural and anthropogenic aerosols (e.g. mineral dust, sulfate, nitrate
and ammonium). Furthermore, the results of this study indicated that the location of
Erdemli site is a characteristic place to monitor both anthropogenic particles from
urban/industrial areas and mineral dust particles originated from North Africa and the
Middle East deserts.

The degree of the relationship Aerosol Optical Thickness (AOT) with water
vapor as a function of angstrom exponent revealed three aerosol groups, namely, non-
hygroscopic, moderately hygroscopic and hygroscopic.

Imaginary part of the refractive index, single scattering albedo, absorption
angstrom exponent for dust, mixed and pollution events showed distinct difference and
also the spectral dependence of the I-REF and SSA exhibited distinct variation from
one season to another.

Aerosol type were classified into three groups namely dust, mixed and
anthropic according to extinction angstrom exponent. The comparison of the
microphysical properties of the three aerosol type exhibited that categorization of the
aerosol type based on extinction angstrom exponent was insufficient and this type of
categorization should be avoided. The classification of aerosol type by applying cluster
analysis to the optical properties exhibited relatively better results.

In addition, concentrations of SO4%, NH4*, NO3s™ (in PM2) and their precursor
gases (SO2, NHsz and HNO3) were measured with a near real-time Ambient lon
Monitor-lon Chromatography instrument in winter and summer of 2015. Regarding
arithmetic means of gas-to-particle conversion ratios for sulfate, ammonium and
nitrate, it might be suggested that the concentrations of these species were mainly
influenced by non-local sources. Taking into account this study and historic off-line
measurements, there was a decreasing trend for sulfate, nitrate and their precursor

gases in the Eastern Mediterranean.
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The main results of this study can be summarized as follow:

The arithmetic mean Aerosol Optical Thickness (AOT) decreased 2.5 times
between 440 nm (0.30) and 1020 nm (0.12), demonstrating the dominance of
fine particles. Angstrom Exponent (o = 1.22), particle size distribution (bi-
modal distribution, majority being between 0.1 um and 0.3 pm) and fine mode
fraction (68 %) contribution also showed that the aerosol burden was chiefly
associated with fine particles.

The lowest AOT values was mainly found in winter during rain or just the day
after rain since wet deposition removes aerosol particles from the atmospheric
compartment efficiently. Enhanced AOT values at 440 nm was observed in
spring with low au40-870 OWing primarily to sporadic mineral dust intrusions
originated from North Africa and the Middle East. High AOT at 440 nm and
au40-870 Were principally characterized in summer because of high gas-to
particle conversion, sluggish air masses and absence of rain.

Seasonal frequency distribution for AOT at 440 nm exhibited that summer was
more turbid than those of the remaining seasons. 50 % of the a440-870 < 0.5 in
spring was found to be associated with AOT values higher than 0.4, indicating
impact of dust transported from deserts located at North Africa and the Middle
East. The seasonality of the aerosol optical and physical properties was
remarkably modified by water vapor, temperature and rain events. AOTas0and
AOTrine Showed statistically significant negative and positive correlation with
rain and temperature, respectively. Consequently, low values of AOT 44 and
AOTiine in Winter was not only owing to the wet deposition but also due to the
inferior gas to particle conversion. The relationship between AOTg70/AOT coarse
and rain was statistically not significant and this discrepancy might be
attributed to the mechanical formation of coarse particles and/or their source
strength namely: (i) enhanced sea salt production throughout rainy winter
months because of more active and frequent storms and (ii) despite of
remarkable rain amount, the mineral dust intrusions was mainly observed in
spring when prevailing conditions were favorable such as Saharan cyclones.
Results of air flow categorization for 1 km altitude exhibited that elevated AOT
with relatively lower a (0.7) and fine mode fraction (47 %) were observed

when the air masses originated from North Africa (SAH) and the Middle East
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(MID). Mean AOT also showed slight decrease between 440 nm and 1020 nm
for SAH and MID air flows, denoting importance of coarse mode particles,
whereas, this decrease was 65 % for air flow from Mediterranean Sea, Eastern
Europe, Western Europe and Turkey with comparatively higher a (> 1.1) and
fine mode fraction (> 62 %).

Potential source contribution function (PSCF) maps exhibited that non-
hygroscopic particles were associated with mineral dust dominated aerosol
population, originating from North Africa (Southern Tunisia, Western Libya,
Libya/Chad border, southern Egypt northeastern Mauritania, north Mali,
southern Algeria, and Northwestern Niger) and the Middle East (extending
from Iraq to eastern Saudi Arabia). Moderately hygroscopic particles, on the
other hand, were a mixture of mineral dust and anthropic aerosols due mainly
to arrival of the dust after passing through industrialized and populated sites
(such as Spain, France and Italy). PSCF maps did not show any particular
potential source area for hygroscopic particles, exhibiting nearly mesoscale
formation of secondary aerosols under the prevailing summer conditions.

The imaginary part of refractive index for dust event ranged from 2.5 x 103 to
2.0 x 107 between 870 and 1020 nm and for wavelengths between 675 nm and
440 nm the imaginary part of refractive index increased from 4.3 x 102 to 11.0
x 103, Although similar spectral behavior was observed, the imaginary part of
the refractive index at 440 nm for mixed event was 2.2 times smaller than that
of mineral dust event. For pollution event, the imaginary part of refractive
index slightly increased from 5.0 x 103 at 440 nm to 6.3 x 10 at 1020 nm.
SSA for dust and mixed events increased with increasing wavelength, however,
the absorption character of the dust event was higher at 440 and 675 nm than
that of mixed event. Smaller absorption and imaginary refractive index for
mixed event might be attributed to ‘shield’ or encapsulate of iron oxides by
secondary aerosol such as sulfate and nitrate.

For spring season, the imaginary part of refractive index denoted decrease with
increasing wavelength whereas, the imaginary part of refractive index was
almost similar for all wavelengths during summer and fall. The imaginary part
of refractive index for spring ranged from 4.4 x 10 to 3.8 x 107 between 675

and 1020 nm and for wavelengths smaller than 675 nm the imaginary part of
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refractive index increased with decreasing wavelength, being 7.0 x 1073 at 440
nm. This type of spectral dependence might be ascribed to the frequent
occurrence of mineral dust episodes in the spring. SSA for spring exhibited
increase with increasing wavelength, showing absorbance of iron oxides that
associated with mineral dust near the blue wavelength. For summer and fall,
however; SSA demonstrated reduction while wavelength increase, suggesting
the dominance of man-made particles.

The results from multivariate cluster analysis denoted five distinct groups: (i)
Dust, (ii) Mixed, (iii) Black Carbon (BC), (iv) Black Carbon + Secondary
Aerosols (BC + SEC) and (v) Secondary Aerosols (SEC). The classification
for dust was found to be sufficient. The imaginary part of the refractive index
decreased with increasing wavelength while single scattering increased with
increasing wavelength from 440 nm to 1020 nm. SSA exhibited increase from
440 nm to 1020 nm. EAE and AAE scatter plot diagram also indicated a large
variability, ranging between 0.07-0.9 and 1.2-2.4, respectively. PSD also
supported the observed variability of EAE. Similar conclusion can be made for
the mixed group as well. For BC group, it is clear that I-REF and SSA were
not classified as expected since remarkable events exhibited decrease (increase)
from 400 nm to 1020 nm for the imaginary part of the refractive index (single
scattering albedo). These events might be ascribe to mixed events. On the other
hand, the classification for secondary and secondary/black carbon groups
seems sufficient because I-REF and SSA showed rather uniform spectral
behavior between 440 nm 1020 nm.

The Kruskal-Wallis (K-W) test showed that there was statistically significant
quinguennial difference for aerosol microphysical properties. The aerosol
absorption optical thickness at 440 nm, the imaginary part of the refractive
index were larger for Period 11 (2005-2009) compared to Period | (2000-2004)
and 111 (20010-2014) whilst extinction angstrom exponent and single scattering
albedo was statistically smaller for Period Il than those of Period I and I11. This
difference was attributed to the higher influence of dust intrusion from desert
areas during Period II.

Of the water-soluble ions in PM> s, sulfate and ammonium were the dominant

species. Arithmetic mean sulfate and ammonium concentrations were
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respectively 2814 ng m= and 1371 ug m=. Aerosol nitrate arithmetic mean was
495 ng m3. Among the precursor gases, ammonia exhibited the highest
concentration with a value of 3330 ng m=. Sulfur dioxide and nitric acid
concentrations were 879 ng m= and 346 ng m3, respectively. Taking into
account precursor gases concentrations, it is clear that alkaline ammonia (g)
concentration was more than enough to neutralize acidic gases. The arithmetic
mean of gas-to-particle ratios for sulfate, ammonium and nitrate were
respectively found to be 0.69 +0.25, 0.38 = 0.24 and 0.49 + 0.17.

Nitrate, sulfur dioxide and nitric acid were respectively found to show 3.3, 4.6
and 5.3 times decrease compared to results reported by Kouvarakis et al. (2001,
2002). The decrease for sulfate was 1.4 relative to Finokalia, however, sulfate
concentration was 4.4 times less than that of Jerusalem. Ammonium and
ammonia concentrations at Erdemli were larger than those for Finokalia
because the Erdemli site is surrounded by agricultural area.

The increment in SO> after sunset during winter might be ascribed to (i)
residential heating due to cold, (ii) decrease in PBL, (iii) change in airflow from
Easterly (sea breeze) to Northerly (land breeze) and (iv) relatively less efficient
gas-to particle conversion. In winter, the diurnal relationship of ammonia with
temperature and RH were positive (r = 0.88) and negative (r = -0.83),
suggesting release of ammonia from dew and emission from the vegetation
under hot and dry conditions or elevated formation of particle ammonium when
temperature low and relative humidity high. The classification of 2-day back
trajectories for winter didn’t yield any statistically significant results. This
could be caused by 5 rainy days out of total 8 sampling days in winter, implying
local or nearly mesoscale transport rather than long range transport.

Direct and indirect aerosol forcing tightly depend on geographical distribution,
optical properties and types of the aerosols in relation to history of air-masses,
aging process, external/internal mixing, interaction with gaseous species, gas-
to-particle conversion and removal either by wet or dry deposition The
characterization of aerosol properties namely (i) particle size distribution, (ii)
hygroscopic nature (iii) scattering (single scattering albedo) and absorption

(absorption aerosol optical thickness) and (iv) chemical composition and
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mixing state (absorption angstrom exponent, refractive index) is vital to figure
out the impact of atmospheric particles on the Earth’s radiation budget. In order
to enhance information about microphysical properties of aerosol burden over
the Eastern Mediterranean, the field samples would be simultaneously obtained
and analyzed for refractive index, single scattering albedo, mineralogical and
chemical composition with the measurements of Lidar, particle size counter,
multi-spectrometer black carbon analyzer. After integrating these scientific
knowledge obtained from these measurements, the radiative transfer model

would be used to assess direct aerosol radiative forcing with a high accuracy.
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