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INVESTIGATION OF IMPACTS OF AEROSOLS ON EASTERN
MEDITERRANEAN REGION CLIMATE

SUMMARY

Eastern Mediterranean is a region which has increasing population growth with low
Environmental Performance Indicator. Air pollution is one of the problems, which
decreases the environmental quality. It is known that long-range transport of Saharan
dust 1s one of the main contributors to the air pollution problem. The purpose of the
first section of this study is to investigate the relationship between high particulate
matter concentrations and mineral dust transport using regional climate modelling,
satellite data as well as in-situ observations and to determine the aerosol optical
properties and radiative effects of aerosols for a dust transport episode.

PM, values for the selected regions for the episode in Turkey and at 10 different
stations in Istanbul for the period 2004-2010 were provided by the Turkish Ministry
of Environment. Daily mean PM;, concentrations exceeding the European standard
of 50 pg/m’ were found to be on average, 49 days for the Spring period, 45 days for
the Winter period, and 41 days for the Fall period for Istanbul. DREAM model
output suggests that high PM;( concentrations correlate highly with mineral dust
transport episodes from Saharan desert (i.e., 23% for winter and 58% for spring).
During the period between March 21st and 24th, 2008, observed daily mean of PM;g
concentrations reach up to 180 pg/m’ in Marmara Region.

Model results highly correlated with PM;y concentrations and satellite image. It is
found that RegCMA4.1 is able to model March 2008 episode and it can capture the
dust pattern correctly in comparison with the satellite image. On March 23th 2008,
when the dust episode affecting Aegean and Marmara Regions intensively, daily
mean PM;, was 102.6 pg/m’ in Aegean Region and 117.3 pg/m’ in Marmara Region
according to the data provided by Turkish Ministry of Environment and
Urbanization.

Model performance was checked through the AOD model outputs and AERONET
observations. Three stations were selected which are affected stations such as
Erdemli and Sevastopol and control station Eilat. Correlation coefficient was
calculated around 0.6. On March 23th, AOD is 1.11 in Aegean Region and 0.87 in
Marmara Region according to the RegCM4.1 model results. Mean dry deposition
was 201.13 mg/m” and 96.67 mg/m” and column burden was 1009.9 mg/m” and
745.37 mg/m” respectively.

Dust transport causes changes in radiative forcing because of the highly scattering
feature of mineral dust. Short wave radiation at surface and at ToA decreased around
71.4 W/m® and 33 W/m’ in Aegean Region and 61.9 W/m” and 28.8 W/m’ in
Marmara Region respectively. Long wave radiation at surface and ToA increased
around 10.7 W/m? and 4.4 W/m® in Aegean Region and 6.9 W/m” and 4 W/m? in
Marmara Region respectively. The first part of this study shows the atmospheric
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properties and radiative forcing during an important dust episode affecting west of
Turkey.

As a second aim of this study, climatic effect of mineral dust was evaluated. Dust
from Saharan Desert is an important component of the climate of the Mediterranean
basin. The emissions and transport of dust from Sahara to Europe depends on
meteorological conditions, therefore climate change can affect the sources of mineral
dust and its transport pathways. On the other hand dust has also an effect on climate
by modifying the radiative budget in the atmosphere. The objective of this study is to
identify the effect of mineral dust on the climate of Mediterranean. In order to
quantify this effect, we simulated with the regional climate model RegCM-4.1 for
three 10-years time periods (1991-2000, 2041-2050, and 2091-2100). The model
domain covers the entire Mediterranean Sea, including the Saharan Desert between
25°N and Northern Europe at 50°N. The horizontal resolution is 27 km x 27 km with
18 vertical layers from surface to 50 hPa. The ECHAMS simulations of scenario
A1B were used to provide boundary and initial conditions to RegCM simulations. To
show the effect of dust on climate, we performed 2 simulations, for each 10-year
period with dust and without dust.

A comprehensive analysis of the dust budget, including surface emissions, burden,
deposition for present and future climate are presented in this study. Compared to
present climate, a shift of mineral dust emissions towards southern latitudes of
Saharan Desert was observed for the future. In the southern part of the domain dust
emissions increased by 15% and 20% in 2040s and 2090s, respectively. This is due
to a change in the general pattern of surface winds, which are strengthening at lower
latitudes, probably due to a strengthening and relocation of the Azores anticyclone
towards north in future climate conditions. This generates a change in dust burden
over the Mediterranean and decreases particularly in the Eastern Mediterranean
(10%) and increases in the West Mediterranean (8%). The changes in burden of dust
determine also a change in the distribution of the aerosol optical depth (AOD) and
the dust radiative forcing. In the 2040s AOD increased by 15% in the Western
Mediterranean and decreased by 10% in the Eastern Mediterranean. Similar changes
were also simulated for the end of the 21st century.

The impact of dust on the net radiative budget was quantified for the single 10-years
periods by comparing the simulations with dust and without dust. Shortwave net
radiation at surface was decreasing up to 20 W/m? over the source regions and 8
W/m?” over Mediterranean Sea and South Europe. Shortwave net radiation at the top
of atmosphere was decreasing 3 W/m” over the source region. Similarly we present
also the changes on surface temperature and precipitation for the single 10-years
periods. Dust caused an average temperature decrease of 0.2 C° over Europe and 0.5
C° over the African continent for the period 1991-2000. A similar impact was found
for the 2041-2050 period. Smaller temperature changes simulated for the end of the
21st century. No significant changes were observed in precipitation for the 3 periods.
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AEROSOLLERIN DOGU AKDENIZ iKLIMINE ETKIiLERININ
DEGERLENDIRILMESI

OZET

Dogu Akdeniz Boélgesi artan niifusu ve diisiik ¢gevresel performans gostergeleriyle
cevre ve atmosfer bilimlerinde gilin gectikge dnem kazanmaktadir. Hava kirliligi,
bolgedeki cevre kalitesini azaltan problemlerden biridir. Sahra tozunun uzun
mesafeli tasinimi hava kirliligine etki eden en 6nemli etkenlerden biridir. Bu tezin ilk
boliimiinde amag, Oncelikle mineral tozun partikiil madde konsantrasyonlari
iizerindeki etkisini arastirmak, toz tasimimini modelleyerek, sonuglar1 uydu
goriintiileri ve yer gozlemleri ile karsilastirmak, aerosol optik degerleri belirlemek,
tozun radyatif etkisini bir toz episoduyla karsilastirmaktir.

Cevre ve Sehircilik Bakanligi’'ndan Istanbul’daki 10 farkli istasyon igin, 2004-2010
yillar1 araligir partikiil madde verisi temin edilmistir. Saatlik olarak alman veri,
gilinliik ortalamaya ve sonra da aylik ortalamaya ¢evrilmistir. Giinliik verilerin
oncelikle Avrupa Komisyonu Standardi olan 50 pg/m”yi asip asmadigi kontrol
edilmistir. Istanbul’da bahar ayinda ortalama 49 giin, kis déneminde ortalama 45
giin, sonbaharda 41 giin sinir1 asmistir. DREAM Model ¢iktilarina gére (Nickovic et
al. 2001; Perez et al. 2006) yiiksek PM,( konsantrasyonlari mineral toz tasinimiyla
onemli sekilde koraledir (23% kis ve 58% ilkbahar).

Calismanin ilk kisminda RegCM4.1 modeli Sahra tozunun etkilerini ayrintili sekilde
incelemek amaciyla kullanilmistir. 21-24 Mart 2008 tarihleri arasindaki periyotta,
gilinliilk ortalama partikiill madde konsantrasyonlar1 Marmara Bdlgesi’'nde 180
ng/m”’ye ulasmaktadir.

Model sonuglari, PM;y konsantrasyonlar1 ve uydu goriintiileriyle iyi sekilde korale
cikmistir. RegCM4.1 Mart 2008 episodunu iyi sekilde modellemistir ve toz
tasinimin1 uydu goriintiilerine benzer sekilde gerceklestirdigi gozlenmistir. Ege ve
Marmara Boélgeleri’ni yogun sekilde etkileyen 23 Mart 2008 giintinde, Ege’de giinliik
ortalama 102 pg/m’ ve Marmara’da 117.3 pg/m® PM;, konsantrasyonu dl¢iilmiistiir.
Olgiim degerleri Cevre ve Sehircilik Bakanligi’ndan elde edilmistir.

Model performanst AOD model c¢iktilarna ve AERONET gozlemlerine gore
degerlendirilmistir. Kontrol i¢in Erdemli, Sivastopol ve Eilat istasyonlar1 se¢ilmistir.
Gozlem ve model sonuglar1 korelasyon katsayis1 0.6’dir. Ayni giin model ¢iktilarina
gore Ege Bolgesi’'nde 1.11 olarak hesaplanan AOD, Marmara Bolgesi i¢in 0.87
olarak hesaplanmistir. Ortalama kuru ¢okelme sirasiyla 201.13 mg/m’ ve 96.67
mg/m” olarak hesaplanirken, kolon derinligi 1009.9 mg/m* ve 745.37 mg/m” olarak
hesaplanmugtir.

Mineral toz tasinimi, tozun sagici 6zelligi nedeniyle ayrica radyatif giidiimlemeyi de
etkilemektedir. Kisa dalga boylu radyasyon yiizeyde ve atmosferin tepesinde, Ege
Bolgesi’nde 71.4 W/m® ve 33 W/m® azalirken, Marmara Bélgesi’nde 61.9 W/m® ve
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28.8 W/m’ azalmaktadir. Uzun dalga boylu radyasyon yiizeyde ve atmosfer
tepesinde Ege Bolgesi'nde 10.7 W/m® ve 4.4 W/m” artarken, Marmara Bolgesi’nde
and 6.9 W/m” ve 4 W/m? artmaktadir.

Bu caligmada Tiirkiye’nin batisinda etkili olmus bir episot i¢in atmosferik 6zellikler
ve radyatif giidimleme incelenmistir. Bu ¢alismanin ikinci agsamasi, mineral tozlarin
iklim iizerine etkisinin degerlendirilmesidir. Sahra’dan gelen mineral tozlarin iklim
iizerine onemli etkisi bulunmaktadir. Mineral tozlar 6zellikle sacic1 6zellige sahip
olduklar1 i¢in gelen radyasyonun bir kisminin geri yansitilmasina ve dolayisiyla
sicakliklarin azalmasina sebep olmaktadir. Ote yandan Sahra’dan tozun tagmmasi
meteorolojik kosullara baglidir. Dolayisiyla iklim degisikligi de mineral toz
kaynaklarimi ve tasimim yollarmi etkileyebilmektedir. Bu nedenle geri besleme
mekanizmasi ¢ift yonlii degerlendirilmelidir.

Calismanin ikinci asamasinin amaci, mineral tozlarin Akdeniz iklimi {izerine
etkisinin degerlendirilmesidir. Bu etkiyi degerlendirmek i¢in, bolgesel iklim modeli
RegCM4.1 ile 10 senelik 3 ayr1 donemin (1991-2000, 2041-2050, ve 2091-2100)
simiilasyonu yapilmistir. Her bir donem ayr1 ayri toz igeren ve icermeyen durumlar
icin calistirilmastir.

Model domaini biitiin Akdeniz Bélgesi’ni icermektedir. Model smirlar1 Sahra Coli
25° kuzey enleminden, Kuzey Avrupa’da 50° kuzey enlemine kadar, batida 15°,
doguda 45° boylamina kadardir. Yatayda ¢oziintirlik 27 km x 27 km, dikeyde 18
sigma seviyesidir. Atmosfer tepesi 50 hPa’dir. Model baslangi¢ ve sinir kosullari
ECHAMS simiilasyonlar1 A1B senaryosu simiilasyonlarindan alimmistir. A1B
senaryosu biitiin enerji kaynaklariin dengeli kullanildig1 bir senaryodur.

Toz biitgesinin genislemesine bir analizi i¢in, ylizey emisyonlari, kolon yiikii,
cokelme, aerosol optik derinlik tlizerine her donem igin detayli bir arastirma
yapilmistir. Gelecekteki iklim i¢in ortaya konulan sonuclari referans periyotla
kiyaslayinca, gelecekteki donemde toz emisyonlarinin daha giineye dogru kaydig:
gozlenmistir. Domainin giliney boliimiinde emisyonlarin 2041-2050 doneminde %15,
2091-2100 doneminde %20 arttigr goriilmektedir. Bu durum yiizey riizgarlarinin
genel paterninin degismesinden kaynaklanmaktadir. Riizgarlar asagi enlemlerde
giiclenir. Bu da ozellikle Azor antisiklonlarinin kuzeye dogru kayarak
gliclenmesinden kaynaklanir. Bu durum toz yiikiinlin domainin batisinda %8
artmasina, Dogu Akdeniz’de %10 azalmasina sebep olmaktadir. Kolon yiikii ayrica
aerosol optik derinligi ve toz radyatif giidimlemeyi de etkilemektedir. 2041-2050
doneminde Bati Akdeniz’de aerosol optik derinlik % 15 artarken, Dogu Akdeniz’de
%10 azalmaktadir. 2091-2100 doneminde de benzer degisiklik goriilmektedir.

Tozun net radyasyon biitgesi iizerinde etkisi her 10 yillik periyotta tozun dahil
oldugu ve olmadigi durumlar i¢in degerlendirilmistir. Yiizeyde kisa dalga boylu net
radyasyon, tozun kaynagi olan Sahra bdlgesinde 20 W/m” kadar azalirken, Giiney
Avrupa ve Akdeniz Bolgesi'nde 8 W/m® kadar artmustir. Kisa dalga boylu net
radyasyon atmosferin tepesinde 3 W/m” kadar azalmistir. Benzer sekilde 10 yillik
donemler icin sicaklik ve yagis degisiklikleri de incelenmistir. Tozun her donemde
Avrupa iizerinde 0.2 C° sicaklik azalmasina, Afrika {lizerinde 0.5 C° sicaklik
azalmasina sebep olacagi goriilmiistiir. Yagista 3 donem i¢in de anlamhi bir
degisiklik olmamaistir.
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1. INTRODUCTION

Aerosols are liquid or solid particles emitted to the atmosphere by natural and
anthropogenic sources (IPCC, 2007). They affect the earth’s radiative balance directly
(through scattering and absorption of solar and infrared radiation) or indirectly (through

interactions with clouds).

Natural aerosol species include mineral dust, sea salt, volcanic ash, and biogenic
emissions from land and ocean, while anthropogenic aerosols are mainly emitted by
fossil fuel combustion and biomass burning. Among these sources, mineral dust is the
most important component as globally, approximately 3000 Tg dust is emitted every

year in the form of mineral dust (% 12 of total aerosols) (Zender et al., 2003).

Aerosols are classified according to their formation mechanism. These classifications
include primary aerosols particulates that are emitted to the atmosphere directly; and
secondary aerosols, particulates that are formed in the atmosphere through chemical
reactions (Sportisse, 2008). Table 1.1 presents source of aerosols and their estimated
fluxes. Primary natural aerosols make 97% of total aerosols, and it includes mineral
dust (12%), sea salt (84%), volcanic dust, and biological debris. Primary anthropogenic
aerosols make 2% of total aerosols. These aerosols are industrial dust, black carbon, and
organic aerosols. Secondary anthropogenic aerosols are sulfates from SO, and nitrates
from NOx, which make about 1% of total aerosols. Secondary natural aerosols are
sulfate from dimethyl sulfide, sulfate from volcanic SO,, and organic aerosols from

biogenic VOC.

Aerosol diameters are in the range between a few nanometers to 100 um. Particles from
combustion can be from few nanometers to 1 um whereas natural aerosols are generally
bigger than 1 pm. Aerosol size distribution is defined accordingly to the size of the
particles. It is hard to define all the particle’s diameters, as their diameter is changing
temporally and spatially. Therefore “size bin” term, which is the range to classify the
aerosols according to their diameters, is used (Seinfeld, 2006). Size bin range can be

chosen differently in models according to the specific needs. In order to show the



difference in aerosol size, PMy term is used. Particulate matter with diameter smaller
than x micrometer is shown as PMy. For example particulates less than 2.5 pum is
referred to PM,s. Total suspended particulate matter (TSP) is the mass concentration

smaller than 40-50 pm.

Table 1.1 : Source and estimated flux of aerosols (Seinfeld, 2006).

Source Estimated Flux (Tg/yr) Reference
NATURAL - Primary (97%)

Mineral Dust 2980 (12%) Zender et al. 2003
Seasalt 10100 (84%) Gong et al. 2002
Volcanic Dust 30 Kiehl and Rodhe 1995
Biological Debris 50 Kiehl and Rodhe 1995

NATURAL - Secondary

Sulfate from DMS 12.4 Liao et al. 2003

Sulfate from Volcanic SO, 20 Kiehl and Rodhe 1995
Organic Aerosol from biogenic 11.2 Chung and Seinfeld 2002
VOC

ANTROPOGENIC - Primary (2%)

Industrial Dust 100 Kiehl and Rodhe 1995
Black Carbon 12 Tg C Liousse et al. 1996
Organic Aerosol 81 TgC Liousse et al. 1996

ANTROPOGENIC -Secondary (1%)
Sulfates from SO, 48.6 Tg S Liao et al. 2003

Nitrates from NOx Liao et al. 2003

213 TgNO |

Aerosol’s can be examined by electron microscopy and defined by different modes
according to their number or volume. Figure 1.1 shows their distribution. Volume
modes are accumulation and coarse mode. Primary emissions, secondary sulfates,
nitrates and coagulation of small particles are in accumulation mode. The accumulation
mode can be formed by two modes, which are condensation and droplet submode in

some cases. Primary particles and growth of smaller particles by coagulation can be in



the condensation mode where droplet mode is created during the cloud processing.
Aerosols in coarse mode are caused by the mechanical processes such as wind and
erosion. Sources of coarse mode aerosols are mainly natural, some secondary sulfates
and also nitrates (Seinfeld, 2006). When aerosols are classified according to their
number, they can be grouped as Nucleation mode (smaller than 10 nm) and Aitken
mode (10-100 nm). Nucleation mode is found less in the atmosphere and depends on the
atmospheric conditions. Aitken nuclei can be primary particles and also secondary

material condensed on the primary particles.
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Figure 1.1 : Examples of different aerosol types from electron microscope images as a
function of the aerosol mode together with typical number and volume distributions
(Brasseur et al., 2003).

Aerosols can also be classified according to their sources such as urban aerosols (Figure
1.2, top left), marine aerosols, rural continental aerosols, remote continental aerosol,
free tropospheric aerosols, polar aerosols, and desert aerosols (Figure 1.2, bottom left).
Sources of urban aerosols are industries, transportation, power plants, natural sources
and secondary particles. Mass distribution is accumulation mode and coarse mode in
urban (Figure 1.2, top right), however number distribution is mostly smaller than 0.1

um. Coarse particles in urban area are mainly natural aerosol or industrial residuals.



Primary particles from industry and secondary aerosols are in aitken or accumulation
mode. Marine aerosols are in three modes, which are the aitken mode (D < 0.1 pm),
accumulation mode (0.1 < D < 0.6 um) and the coarse mode (D > 0.6 um) with a
concentration in the range of 100-300 cm’. In the rural areas, source of aerosol is mainly
natural and less anthropogenic. Diameters are in two modes around 0.02 and 0.08 pm.
Mass distribution is around 7 pm. Remote continental aerosols are primary particles and

secondary oxidation particles. Modes are 0.02, 0.1, and 2 um (Jaenicke, 1993).
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Figure 1.2 : Image of aerosols by an electron microscope (Sportisse, 2008).

Free tropospheric aerosol can be found in the mid and upper level of troposphere.
Modes are 0.01 and 0.25 um. They can be formed at the upper troposphere because of
the low temperature and low aerosol surface area. Polar aerosols have very low
concentration and found near Arctic and Antartica. Mean diameter is around 0.15 um
and modes are 0.75 and 8 um. Desert aerosol can be transported by the wind velocity
and modes are 0.01 um, 0.05 pm and 10 um (Jaenicka, 1993). Major elements in soil
are Si, Al, Fe, Ca (Warneck, 1988). Particles can be transported across Atlantic to USA
and across Mediterranean to Europe. Particles around 100 pm can be found near the
source region and smaller than 10 pum can be transported to far points even more than
5000 km (Seinfeld, 2006). Figure 1.1 shows the typical number and volume distribution
of aerosols. Soot, sulfuric acid and organics can be given as examples for aitken mode
aerosols. Ammonium sulfate, marine organics, biomass smoke can be given as

examples for accumulation mode. Dust, sea salt, and pollen are in coarse mode.

IPCC (2000) had a classification of aerosols according to their size and hemispheric
distribution. This is given in Table 1.2. As stated earlier, mineral dust is the second

highest annual emissions (2150 Tg/yr). It should be noted that 84% of mineral dust is in



the Northern Hemisphere. Approximately 81% (1750 Tg/yr) is emitted in the range of
2-20 um, 13% in the range of 1-16 um, and the rest 5% in the range <1 pum.

Table 1.2 : Estimation of aerosol emissions (IPCC, 2000).

Type Total Range North South
(Tglyr)
Sea Salt 3344 1000-6000 43% 57%
Diameter < 1 um 54 18-100
Diameter in [1, 16] um 3290 1000-6000
Mineral aerosol (dust) 2150 1000-3000 84% 16%
Diameter < 1pm 110

Diameter in [1, 16] um 290
Diameter in [2, 20] um 1750

Organic Aerosol

Biomass burning 54 45-80 50% 50%
Fossil Fuel Combustion 28 10-30 98% 2%
Biogenic 56 0-90 98% 2%
Elemental Carbon 12.3
Biomass Burning 5.7 5-9 50% 50%
Fossil Fuel Combustion 6.6 6-8 98% 2%
Industrial Emissions 100 40-130

Mixing state is important in aerosol distribution. There are three different mixing states
of aerosols. These are; single internal mixing, multiple internal mixing, and external
mixing. In single internal mixing, chemical components are mixed completely. In
multiple internal mixing, there are some species, which are well mixed. External mixing
is the state, in which the species are not mixed (Sportisse, 2008). Multiple external

mixing is the state that is most realistic because of the coagulation and ageing processes.

Aerosols can be classified according to their components as well: carbon containing
aerosols and non-carbon aerosols. Aerosols, which are containing carbon are called
organic aerosols. Actually most aerosols are a mixture of organic and inorganic species
(Sportisse, 2008). Aerosols can include ammonium, nitrates, sulfates, organics, crustal
species, sea salt, metal oxides, hydrogen ions, and water. Fine particles generally
include sulfate, ammonium, organic and elemental carbon. Coarse particles on the other

hand are mainly natural aerosols, and they are comprised of silicon, calcium,



magnesium, aluminium, iron and biogenic organic particles. Nitrate can be found in

both fine and coarse mode.

Mineral dust can come out from soil or road. Soil dust particles contain minerals and
organic matter such as quartz, feldspar, hematite, calcite, dolomite, epsomite, gypsum,
clay and also organic matter such as plant and animal residuals (Jacobson, 2005).
Because of the climatic and biogeochemical effect of mineral dust; transport, emission

and features of dust became a significant subject for studies (Escudero et al., 2011).

1.1 Aerosols Dynamics

There are many processes, which play important role on size distribution and chemical
composition. These processes are nucleation, coagulation, condensation and
evaporation, mass transfer to cloud drops, heterogeneous reactions and loss processes

(Sportisse, 2008).

Nucleation is the process which is the formation of new particles by conversion of
gaseous molecules. These clusters have a size between 0.1-1 nm. Coagulation is the
process which aerosols come together because of their Brownian motion. Condensation
occurs when gaseous molecule condense on the aerosol or evaporates from the aerosol
which is caused by the concentration difference. Condensation is fast for fine particles

and slow for the coarse particles.

Some aerosols may lead cloud condensation nuclei formation as playing the
condensation surface role which is the most important process for cloud drops
formation. Size, chemical composition, and super-saturation of a particle is important

for being nucleus for water droplet formation.

Loss processes are dry deposition which transfer the particle to the surface by
gravitational settling and wet deposition which transfers the particle by rain, snow or

fog. Figure 1.3 summarizes the dynamic processes of aerosols.
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Figure 1.3 : Image of aerosol dynamics (Raes et al., 2000).
1.2 Effects of Aerosols and Climate Interactions

Aerosol studies are important because of their effect on health, air quality, cloud
formation and climate impact (Jacobson, 2005). Aerosols have direct effect on global
energy balance by absorption and scattering of radiation and have indirect effect by
reflectance of clouds and precipitation (Hansen et al., 1997; Lohmann and Feichter,
2001; Ramanathan et al., 2001). As seen in Figure 1.4, direct effect of aerosols is
scattering and absorption. This term was changed to “REari” which means aerosol-
radiation interactions, and explains the combined scattering and absorption of radiation

in the fifth report of IPCC (ARS).

Mainly, aerosols absorb or scatter radiation according to their physical properties. Most
of the aerosols scatter the radiation. Color of the aerosol is also important. If the
compound has high absorption feature like black carbon, incoming radiation will be
absorbed. If the compound has high scattering feature like mineral dust incoming
radiation will be reflected. This process is also depending on if the mineral dust has a
contamination with other compounds. Aerosols also can change the albedo by covering

the surface. For example, black carbon can transport to Arctic and causes melting of ice.

Behavior of pollutant according to their warming or cooling potential can be seen in
Table 1.3. Greenhouse gases, which prevents the outgoing infrared radiation, stays
globally, operates day and night. Their residence time is from decades to centuries,

which has a total warming effect. Particles smaller than 1 pm, scatters the incoming



solar radiation. They vary in space and time, they operate the daytime and stay around 2
weeks, they cause a total cooling effect. Sulfate particles which cause the scattering of
incoming solar radiation, are common in industrialized areas of northern hemisphere,
they operate in daytime, stay around 2 weeks, and causes a total cooling effect. Mineral
dust, which causes scattering in the visible part of the spectrum, transports to downwind
of large arid regions, operates in daytime and causes a total cooling effect. Another kind
of mineral dust, which causes absorbing in the infrared region, transports to downwind
of large arid regions, operates at daytime and causes warming. Black carbon also
absorbs in the visible part of the solar radiation in industrialized areas of northern

hemisphere, operates at daytime, stays around 1 week and causes warming.
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Figure 1.4 : Schematic evaluation of aerosols in atmosphere.

Climate change is the change in the mean state of the climate, for decades or longer
time period. Natural processes and anthropogenic emissions may change the
atmospheric composition and cause climate change. Figure 1.5 shows the important
activities, which may affect the radiative forcing. Greenhouse gases increase the
radiative forcing where anthropogenic aerosols have negative effect on radiative forcing
(IPCC, 2007). As seen in Figure 1.5 uncertainty levels for aerosol radiative impact is
rather high. Therefore, from global and regional climate change perspective radiative
forcing of aerosols is critical. For example, long-lived greenhouse gases such as CO,,
CH,4, tropospheric ozone, stratospheric water vapour, black carbon on snow cause
increase about 1.5 W/m’ in radiative forcing while total acrosol decreases radiative
forcing by 1 W/m?. It is important to know that; climate change projections in the fourth
assessment report of [IPCC have not included the radiative effect of desert dust (Zhang
et al., 2009). This was one of the biggest shortcomings of the study and was highlighted
by IPCC. Since the fourth assessment report of IPCC, it recognizes the importance of



radiative forcing of aerosols and anthropogenic aerosols were taken into the
consideration in the emission scenarios. Fifth assessment report of IPCC has included
the cloud and aerosols but there are still uncertainties. Aerosol processes and properties
which are important on climate are more defined than the previous assessment report.
Most of the global circulation models have sulphur cycle and the direct and indirect
effect of sulphate aerosol. Also they include the mass, size distribution, mixing state of

multi component aerosol particles (IPCC, 2013).

Table 1.3 : Behaviour of pollutans.

Type of Act Where? When? Residence  Effect
pollutant Time
Greenhouse Preventing  Uniform Operates Decadesto  Warming
Gas outgoing, globally day and centuries

infrared night

radiation
Particle <1 Scattering  Variable in Day time 2 weeks Cooling
um incoming space and

solar time

radiation
Sulfate Scattering  In Day time 2 weeks Cooling
particles incoming industrialized

solar areas of NH

radiation
Mineral Scattering ~ Downwind Day time 2 weeks Cooling
Dust in the of large arid

visible part  regions

of the

spectrum
Mineral Absorbing  Downwind Day time 2 weeks Warming
Dust in the of large arid

infrared regions

region
Black Absorbing  In Day time 1 week Warming
Carbon in the industrialized

visible part  areas of NH

of the solar

radiation




Radiative forcing of climate between 1750 and 2005
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Figure 1.5 : Radiative Forcing of Climate Between 1750 and 2005 (IPCC, 2007).
1.3 Study Basin

Saharan Desert is the biggest hot desert in the world, located in the North of Africa. It
has a 9.4 million km? area in total. It is the biggest mineral dust source in the world. It is
a very important source which affects the air quality and climate of Mediterranean

Region. Figure 1.6 shows a satellite image for Saharan Desert.

Figure 1.6 : Saharan Desert.
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Figure 1.7 shows the nine regions causing desert dust. These regions are in North Africa
(Sahara), South Africa, the Arabian Peninsula, Central Asia, Western China, Eastern
China, North America, South America and Australia (Prospero et al., 2002; Tanaka and
Chiba, 2006). It is calculated by Tanaka and Chiba (2006) that Sahara contributes 58%

of the total global dust emission. In the figure, estimated emissions can be shown by the
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Figure 1.7 : Location of the source areas and scale of the dust emissions.
Adapted from Tanaka and Chiba, 2006.

1.4 Impact of Saharan Dust on Mediterranean

Anthropogenic or natural materials can be carried to the sea and land by atmospheric
transport (Kubilay, 1997). Figure 1.8 shows the transport ways of Saharan dust. Dust
can be transported to America, Caribbean’s, and South America over Atlantic Ocean by
path I around 3-5 days in summer and 1 week in winter, to Europe and Mediterranean
Region over Mediterranean Sea by path II in 7-8 days, to Anatolia and Middle East by
path III around 1 week (Engelstaedter et al., 2008).
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Figure 1.8 : Saharan Dust Transport.

Mediterranean Basin covers part of three continents, Europe, Asia and Africa. Land
near the Mediterranean Sea has Mediterranean Climate with mild, rainy winter and dry,
hot summers. Since it is formed by three different continents, there are many factors
affecting the region. Mediterranean Region is used to be subject area to aerosol-climate
studies. Both sea salt aerosols, North and Central African mineral dust, biomass
burning, and North and Eastern Mediterranean source long range urban/industrial and
biomass burning aerosols affect Mediterranean. Mineral dust is the most important
aerosol type in Mediterranean Region, however radiative effects are not well defined
(Santese et al., 2010). Besides investigation of effects of anthropogenic aerosols on
climate is important because of the direct and indirect effects (Sathees et al., 2004).

Figure 1.9 shows the countries that have coast to the Mediterranean Sea.
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Figure 1.9 : Study Area
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Mineral dust transported from Saharan desert is often a problem for the countries
located on the coasts of the Mediterranean Sea. It has effect on air quality and visibility
(increase in PM levels, decrease in visibility), radiative properties (decrease in SW,
increase in LW, CCN), human health (asthma, allergy, migraine), and they also add

minerals and nutrients to the ocean (Fe).

Saharan dust is an important natural source affecting the PM; level in the atmosphere
(Jimenez et al, 2010) and Saharan dust episodes cause peaks in PM;y concentration
(Longueville et al., 2010). It leads increase in particulate matter concentration at the
monitoring sites as a result of dust transport (Salvador et al., 2013). Sunnu et al (2008)
also found that Saharan dust is more contributed to PM;( in comparisons with particles
with a size 5 and 2 pm in Ghana. Dust particles in the air can be transported long
distances from the source regions and cause high levels of daily PM; concentrations,
adding to the local pollution of anthropogenic origin and affect air quality whether they
are natural or anthropogenic. In populated cities, this can be an important issue while
trying to have conformity with the air quality standards imposed by legislation at

country or regional level such as European Union.

According to the studies done on the effect of mineral dust on oceans, Kocak et al.
(2004) found that trace elements (Al, Fe, and Mn) increases around 1.5 and 4 times
during the transition season related to the dust transport. Saydam (2001) found that dust
from specific deserts has the potential to produce bioavailable iron within cloud droplets
and daytime wet dust deposition over the ocean surface results in the enhancement of
coccolithophores. Also mineral dust has effect on health. Inhaled mineral dust with an
diameter bigger than 10um, stops in the upper respiratory tract where the particles get
trapped in the mucous lining of the nasopharyngeal tract. They are normally of an only
small health concern, unless the particles are of toxic mineralogy. If the dust particles
have an aerodynamic diameter smaller than 10um (PM, standard), they can penetrate
more deeply into the lung passages to the tracheobronchial regions, where they also get

trapped in a layer of mucus (Derbyshire, 2007; Plumlee and Ziegler, 2006).

Mediterranean Region is subject to aerosol-climate studies, since it is affected by air
pollution and natural sources caused by the surrounding regions. From the air quality
perspective, mineral dust can contribute significantly to PM;o concentrations,
potentially leading to violate the air quality standards. In Europe the Council Directive

1999/30/EC fix the limit values for particulate matter concentrations and sets the daily
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limit PM,, concentration to 50 pg/m’, which may be exceeded for a maximum of 35
days per year. Mineral dust is particularly important for the countries in the
Mediterranean region due to the large emissions from North Africa, which can be
transported to Europe. Mineral dust is also important from the climate perspective.

However aerosol radiative effects are not well defined (Santese et al., 2010).

Mediterranean Basin used to be the subject of many researchers due to its climate
variability and climate change (e.g., Bolle 2003; Giorgi and Lionello 2008; Onol and
Semazzi 2009; Evans 2009). Mediterranean is frequently exposed to African dust
transport episodes throughout the year. Furthermore, the countries in the Eastern
Mediterranean Region are generally characterized by lower environmental quality (e.g.
Yale EPI, 2001) and high percentages of urban/rural population, with large cities such
as Istanbul, Athens, and Cairo, where population is more exposed to high levels of
pollutant concentrations. For this reason it is particularly important to develop air
quality and climate models which are able to quantify the contribution of natural
aerosols, like mineral dust, to particulate matter levels. There are many studies which
analyzed the African dust impact on the Mediterranean (Tsidulko et al., 2002; Mace et
al, 2003; Papayannis et al, 2005; Kogak et al., 2007; Mitsakou et al., 2008; Querol et al.,
2009; Ganor et al., 2010). According to Astitha et al. (2008) 50% of the PMj,
exceedance days in Athens are caused by the Saharan dust contribution. It is shown that
the most important season for Saharan dust episodes is spring in Alexandria and the

Greater Nile Delta region (El-Askary et al., 2009).

At regional scale several climate modeling studies were performed with the Regional
Climate Model (RegCM4) (Giorgi, 2012), focusing on dust transport episodes from the
Saharan desert and the Mediterranean Sea. Konare et al. (2008) and Solmon et al.
(2008) investigated the effect of desert dust on the West African monsoon with
RegCM3 (Pal et al., 2000). They found that dust effect on shortwave (SW) radiative
forcing causes a decrease in average precipitation over the Sahel Region comparable to
those found during dry years (up to -2 mm day™), and quantified in 8% when including
the effect of dust on longwave (LW) radiation (Solmon et al., 2008). Santese et al.
(2010) used RegCM3 to investigate the direct and semi-direct aerosol radiative effects
over Sahara and Europe during two dust outbreak episodes. They found that RegCM3 is
able to model the evolution of observed AOD with time for the simulated dust episodes.

RegCM3 slightly underestimates (~20%) observed AOD at stations closer to the dust
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source region, but this underestimates increases with the distance from dust sources
suggesting a somewhat weak long range transport by the model. A study conducted by
Malavelle et al. (2011) used RegCM3 to simulate the optical properties and direct
radiative forcing of mineral dust over West Africa, and total radiative forcing at ToA
averaged for winter was calculated between —5.25 and —4.0 W/m” over dark surfaces,
and around -0.15 W/m’ over bright surfaces. Nabat et al. (2012) tested different
parameterizations of dust emission size distribution within RegCM4 (Giorgi, et al.,
2012). They showed that, both at episodic and seasonal scale, a new dust distribution
(based on an analogy with the fragmentation of brittle materials) improve the AOD and
geographic gradients of RegCM4 compared to ground based and satellite observations.
They also estimated a 10-years average (2000-2009) SW direct radiative forcing of -
13.6 W/m” at surface and -5.5 W/m? at top of atmosphere (TOA) over the Mediterranean

Sea.

On the other hand it is hard to simulate atmospheric aerosol concentrations, chemical
composition, and optical properties in global and regional climate models (IPCC, 2007).
The simulation of atmospheric aerosol concentrations, chemical composition, and
optical properties is one of the major uncertainties in global and regional climate models
(IPCC, 2007). Both anthropogenic and natural aerosols affect the climate, but it is
important to determine the anthropogenic aerosols to understand the effect of human
activities on air quality and climate (Solmon et al., 2006). Since the effects of aerosols
in regional scale is important, there are tools to evaluate anthropogenic aerosol in high-
resolution regional climate models. Regional climate models, which provide better
resolution than the global climate models can define the aerosol complexity (Solmon et
al., 2006). RegCM3 was tested by Santese et al. for two episodes of mineral dust from
Sahara onto the Central Mediterranean, during July 2003, including all aerosols (2010).
Another study is done by Zhang et al. (2009) to test the dust aerosol over East Asia. In
this study RegCM4.1 is tested only for dust aerosol which has importance to increase
PM,y concentrations during the spring months over Eastern Mediterranean. It is very
significant to show the effect of dust episodes during spring months. Besides, dust

episodes are frequent during every season where spring is mostly affected.

Eastern Mediterranean is affected by both anthropogenic and natural air pollution
Lelieveld et al. (2002) suggested that, as indicated by several studies (Haywood, and
Boucher, 2000 ; Formenti et al., 2001; Andreae et al., 2002). Mediterranean region’s
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troposphere shows among the highest aerosol radiative forcing over the entire world,
especially during summer months. During the MINOS measuring campaign (August
2010, Finokalia, Crete, Greece) they measured at a station located in the center of East
Mediterranean a mean contribution of 42% of dust to the total mass of coarse aerosol
particles (diameter > 2 um) and 4% of fine aerosols. From these measurements they
estimated a mean radiative forcing from all acrosols of -18 W m™ at surface and -6.6 W
m~ at TOA. Several studies, using in-situ observation, showed that high particulate
matter concentration is related to increase in Saharan influence in the Eastern
Mediterranean Region (Kubilay et al. 2000, 2005; Kocak et al. 2004; Kocak et al.
2007a, b; Kocak et al. 2009). In these studies it is shown that, although Saharan dust
transport can occur in every season, dust impact is highest during March, April, May
and October. It is also suggested that 70% of these events occur in the transition season
and mineral dust episodes tend to last up to 10 days. Chemical composition analysis
study in the Eastern Mediterranean conducted by Kocak et al., 2004 show that a)
mineral dust burden increases from north to south according to the distance and b) trace
elemens (Al Fe, and Mn) increases around 1.5 and 4 times during the transition season

related to the dust transport.

Since dust transport is very important in Mediterranean Region and it is affecting the air
quality, aerosol optical properties and radiative forcing, this paper focuses on the effects
of dust episodes on PM, aerosol optical properties and radiative forcing over Eastern
Mediterranean using the new version 4.1 of RegCM model (Giorgi, 2012). In RegCM4,
different soil and soil texture distribution from sub-grid emissions used according to
Laurent et al. (2008). Dust emission size distributions are calculated according to Kok
(2011), which has 12 more prognostic equations. Model outputs were analyzed for
aerosol optical properties and radiative forcing (SW, LW). Results of this simulation are
compared with AERONET sun/sky radiometer measurements and satellite data for

evaluating the simulated aerosol optical properties.

1.5 Purpose and Thesis Plan

Climate modelling studies for Turkey were done at Eurasia Institute of Earth Sciences
using RegCM3. In this study, three global climate model’s (ECHAMS, CCSM3 and
HadCM3) output used to run RegCM3 for the eastern Mediterranean—Black Sea region.
Also NCEP/NCAR data were used for the validation of the model. This study showed
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that, precipitation was overestimated by the model over the mountains. Winter
precipitation and temperature modelled well by three GCM models. Summer
precipitation and temperature are also modelled fine with ECHAMS and HadCM3
(Bozkurt, 2012). It should be noted that these simulations did not include Saharan dust.

In this thesis study the aim is to reduce uncertainty in radiative estimates of climate
modelling in inclusion of Saharan dust. For this purpose, RegCM4.1 is used both for
short-term and long-term. This is the first modelling study done for Turkey accounting
the dust impact on the climate system which has also high resolution. Objective of this
study is to identify the effect of mineral dust on air quality and climate of Eastern

Mediterranean.
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Figure 1.10 : Model domain of the study (Bozkurt, 2012).

In the short term study, an episodic study has been done to validate the model and to
investigate the effect of dust on air quality. This study is done for March 2008 to show
the effect of dust on radiative budget. Results are compared with satellite and Aeronet
observations. Aerosol optical properties and radiative forcing (SW, LW) over the region
are analyzed. In the long term study, three time periods are selected to be modeled,
which are 1991-2000, 2041-2050 and 2091-2100. Then long term simulations are done
to analyze the effect of dust on climate. First the past simulations for 1991-2000 then
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future simulations 2041-2050 and 2091-2100 are completed. The reference period is
taken for 1991-2000. This period is selected to make a selection for ten years periods
with a same interval which is not including heat wave effect. The first future simulation
is done for 2041-2050 which is the breaking point according to the studies of Gao
(2006), Giorgi (2006). The second simulation period shows the end of century which
used to be taken as the end period of climate simulations since the ECHAMS data is
available until 2100. Ten years periods are selected which are representing each term,
because of the simulations with dust module has high computational cost and also take
long time to model. All simulations were done for dust module activated and not

activated since it is necessary to show the effect of dust in future.

First of all, the model setup was defined according to the experimental simulations.
After defining the model setup, an episodic study was done. This episodic study is an
evaluation and validation of the model. Following the episodic study, there is an
experiment for the past period as a reference period and two experiments to show the
effects of dust on precipitation and temperature, when the region was modelled with and
without dust. First experiment is set without dust, which is the reference study for the
comparison of mineral dust effect. The second experiment is accounting dust aerosol
that shows the effects of mineral dust. RegCM-4.1 was used to simulate the effects of
dust over Eastern Mediterranean. There are four different simulation terms, which are

an episodic study, and three long term study as shown in the Table 1.4.

Table 1.4 : Simulation terms.

Period With dust simulation ~ Without dust simulation
21-24 March 2008 Epidu Epino
1991-2000 PRDU PRnoDU
2041-2050 NFDU NfnoDU
2091-2100 21DU 21noDU

In the second section of the thesis methodology is given. The third section gives the

results and discussion, and the last section gives the conclusion and future works.
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2. METHODOLOGY

This section provides information on the methodology used in this study. First, RegCM
(Regional Climate Model) and its modules are defined. Then the simulation set-up and

datasets used for the short term and long term simulations are explained.

RegCM solves the primitive equation in the three-dimensional, sigma-coordinate
system. It has been developed at the National Center for Atmospheric Research
(NCAR) and improved at the Abdus Salam International Centre for Theoretical Physics
(ICTP) (Zakey et al., 2006). The model is generally used for long term regional climate
simulations. The first version of RegCM was produced by Dickinson et al. (1989) and
Giorgi (1990) then later versions improved, RegCM?2 by Giorgi et al (1993a), Giorgi et
al. (1993b), RegCM2.5 by Giorgi and Mearns (1999) and RegCM3 by Pal et al. (2007).
RegCM4.0 was released in June 2010 and RegCM4.1 was released in May 2011.
RegCM4.2 was released in December 2011. In this study RegCM4.1 version is utilized.

RegCM4 has various packages that corporates the physics into the model (Pal et al.,
2007). These are the solar and atmospheric radiation schemes described by Kiehl et al.
(1996), the land surface processes represented via BATS by Dickinson et al. (1993), the
boundary layer processes which uses the non-local parameterization described by
Holtslag et al. (1990), the mass flux scheme of Grell (1993), and the sub-grid explicit
moisture scheme of Pal et al. (2000). Furthermore, the RegCM4.1 has a new land
surface, the planetary boundary layer and air-sea flux schemes, a mixed convection and
tropical band configuration. Moreover, it has modifications to the pre-existing radiative
transfer and boundary layer schemes and a full upgrade of the model code towards
improved flexibility, portability and user friendliness. It is coupled to a 1D lake model,
a simplified aerosol scheme (including OC, BC, SO4, dust and sea spray) and a gas
phase chemistry module (CBM-Z).

The aerosol model of RegCM4.1 includes sulphur dioxide, sulphate, hydrophobic and
hydrophilic carbonaceous particles such as Black Carbon and Organic Carbon and dust
particles. The dust emission module is improved by Zakey et al. (2006) following
Marticorena et al. (1995) and Alfaro et al. (2001). The dust module of the model

19



includes the calculation of the emission and the optical properties, wet and dry removal
of dust, and the transport of gravitational settling. This process is contingent on the
wind conditions, soil characteristics and the particle size. The dust emission calculation
is based on the soil aggregate saltation and sandblasting processes. The calculation has
four steps, which are the specification of soil aggregate size distribution, the calculation
of threshold friction velocity, the horizontal saltation of soil aggregate mass flux, and
the vertical transportable dust particle mass flux (Zakey et al., 2006). It is important to
define the dust process properly, in order to add dust module to the regional climate

model (Elguindi et al., 2010).

There are important modules that include the dust effect in the RegCM model (Zakey et
al., 2006). These modules can be activated with the BATS interface, according to the
desert and semi desert land cover (Elguindi et al., 2010). As sketched in Figure 2.1, the
BATS interface uses the vegetation and interactive soil moisture to modify the
exchange of momentum, energy, and water vapour from surface to atmosphere. Then
the BATS calculation is performed separately for the subgrid cells and surface fluxes

are adapted to the coarse cell for an input to the atmospheric model.
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Figure 2.1 : Representation of BATS (Url-1).
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RegCM4 has two new land use categories for urban and sub-urban environments. It is
important to use the urban category to modify the surface albedo and alter the surface
energy balance. This also creates impervious surfaces with effect on runoff and
evapotranspiration. The vegetation cover, the roughness length, and the soil

characteristics can be modified to describe these effects (Elguindi, 2011).

It is essential to include the mineral dust simulation in the climate model since it largely
affects the radiative budget of Earth through direct and indirect effects (Sokolik et al.,
2001; Tegen, 2003; Balkanski et al., 2007; Nabat, 2012). On the other hand, large
uncertainties are associated to the simulation of atmospheric aerosol concentrations, the
chemical composition and the optical properties in global and regional climate models
(IPCC, 2007). Dust emissions, transport and deposition are simulated in various models
in coherent manner (e.g. Guelle et al., 2000; Reddy et al., 2005b; Ginoux et al., 2001;
Woodage et al., 2010), while dust burden and dust optical properties showed larger
diversity. Huneeus et al. (2011) conducted a model inter comparison study comparing
the results of 15 global aerosol model. This comparison showed large differences for
simulated aerosol optical depth, within a factor of two, deposition on surface
concentrations, within a factor 10. Based on comparison with observations they also
suggest that a range of possible emissions for North Africa is 400 to 2200 Tg yr ' and
for Middle East is 26 to 526 Tg yr .

The mineral dust simulation of RegCM4.1 was described in detail by Elguindi et al.,
2010, Zakey et al., 2006, Marticorena et al. (1995), and Alfaro et al. (2001). The dust
emission process depends on the wind speed, the soil characteristics, and the particle
size. The dust is emitted at size bins of 0.01, 1.00, 2.50, and 5.00 micrometers. The dust
emission calculations include the soil aggregate saltation, and sand blasting processes.
This calculation has several steps, including the specification of the soil aggregate for
each model grid cell, the calculation of a threshold friction velocity leading erosion and
saltation processes, horizontal saltating soil aggregate mass flux, and vertical
transportable dust particle mass flux generated by the saltating aggregates (Elguindi,
2011). These parameterizations can be activated with the BATS interface. The
RegCM4.1 mineral dust module has transport, gravitational settling, wet and dry
deposition and calculations of optical properties (Zakey, 2006).

There are several developments on the dust module in RegCM. One of these

developments is made on the aerosol radiative transfer calculations. RegCM4 has the
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infrared spectrum, which has a role on large dust, and sea salt particles while RegCM3
has only the scattering and absorption of shortwave spectrum. Another one is the
coupling of aerosols and atmospheric chemistry. There is a continuous development of
the aerosol scheme of RegCM so that it can eventually be used for the long term
simulations. Solmon et al. (2006) introduce the first aerosol scheme that includes the
anthropogenic aerosols. Later, Zakey et al. (2006) developed a 4-bin desert dust module
and a 2-bin sea salt scheme. In latest version, the dust emission scheme has a new
emission calculation related to the different types of soil and soil texture of Laurent et al

(2008) (Giorgi et al, 2012).

The aerosol scheme has different modes that can be selected as neither aerosol, nor dust
used; biomass, SO,+BC+OC, no dust; anthropogenic, SO,+BC+OC, no dust;
anthropogenic+biomass, SO,+BC+OC, no dust; no aerosol, with dust; biomass, SO,
+BC+OC, with dust; anthropogenic, SO,+BC+OC, with dust; anthropogenic+biomass,
SO,+BC+OC, with dust. In this study no aerosol with dust choice is activated in order

to determine the effect of mineral dust aerosol on air quality and climate.

The RegCM has the preprocessing, the simulation and the post processing steps. The
preprocessing step has also several steps that include Terrain, SST, ICBC and Aerosol,
respectively. For example, there is a regcm.in file in the binary that is corrected
accordingly to the needs of the study. This file will be used to launch all the post-
processing steps as well. The first preprocessing step, Terrain, creates the simulation
domain accordingly to the setup in the regcm.in file. After terrain is launched a
DOMAIN.NC file is created. This file contains the topography and land use databases,
projections and land sea mask. After this step, SST is run. SST launches the same
regem.in file and generates the SST.NC file. This step creates the necessary sea surface
temperatures for the initial and boundary conditions for selected period set in the
regcm.in file. Then ICBC is executed using the same file to generate the initial and
boundary conditions for the model. ICBC.date.NC file contains surface pressure,
surface temperature, horizontal 3D wind component, 3D temperature and mixing ratio
for the selected period and time step in the namelist regcm.in file. After that,
AEROSOL component is run with the same namelist file. It produces an
AEROSOL.NC file. This file includes the emission dataset. After having all the
preprocessing files ready, model can be run. It is necessary to define how many

processors are used then the simulation can be started. In this study 16 processors are
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used. After the simulation finishes, ATM, RAD, SRF and SAYV files are created. Post
processing is applied to these files to select necessary parameters and convert the sigma

levels to pressure levels. These steps are summarized in the Figure 2.2.
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Figure 2.2 : Steps of RegCM-4.1 model run.
2.1 Simulation Set-up

The model domain includes Northern Africa, the Mediterranean Sea and a part of
Europe, extending from about 20°N-50°N and 15°W-45°E, for a total of 128 x 256 grid
cells at 27 km spatial resolution using Lambert Conformal projection (central latitude

40 N° and central longitude 20 E°).
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Figure 2.3 : Model Domain.
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The domain shown in Figure 2.3 is selected according to many different tests of the
model for an episodic event. First the episodic event is selected, then dust transport is
checked by the satellite image. Many test cases are run in order to do the best model
domain set-up. Model domain set-up is selected as reference to the short-term and long-

term study, when the simulation outputs give similar pattern with the satellite image.

The domain is discretized using 128 x 256 grid cells at 27 km spatial resolution using
Lambert Conformal projection (central latitude 40 N° and central longitude 20 E°). The
vertical resolution is 18 vertical layers from surface to 50 hPa. The meteorological
boundary conditions are provided to the model from the ECHAMS Al1B scenario
simulation without nudging available from its website (Url-2). The land use and the
vegetation data are used by the Global Land Cover Characterization (GLCC) data at 30
sec resolution. SST data are obtained using the NOAA Optimum Interpolation. The
given set-up of RegCM4.1 is utilized for both the short-term and the long-term
simulations. Only the ICBC data is different for short-term study.

2.1.1 Short term

Two simulations representing March 2008 are done, which includes a strong mineral
dust transport event over the Mediterranean. The first simulation is performed without
any aerosol, and the second simulation is performed including only mineral dust
aerosol. In order to reproduce the specific meteorological conditions, which generated
the selected mineral dust, episode the model is driven by NCEP/NCAR Reanalysis data
available at 6-h intervals with a resolution of 2.5° x 2.5° in the horizontal and 18

pressure levels.

2.1.2 Long term

In the second phase of this thesis study, a set of decadal simulations are performed, in
order to assess the impact of mineral dust on the Mediterranean region for three
different periods: present climate conditions (1991-2000); near future climate conditions
(2041-2050); end of 21th century (2091-2100). The reference period, 1991-2000, is
selected to make a reference period for ten years periods with a same interval. The first
future simulation is done for the interval of 2041-2050, which is the breaking point
according to the studies of Gao (2006) and Giorgi (2006). The final simulation period
shows the end of century, which used to be taken as the end period of climate

simulations since the ECHAMS data is available until 2100. Since the simulations with
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dust module has high computational cost and also takes longer simulation time, ten
years periods are selected for each term. In order to show the dust effect over the
specified periods, all the simulations are done for both dust module activated and not

activated.

2.2 Datasets

Along with the RegCM4.1 simulations, several different datasets are used for
validation, verification as well as in depth analysis. The dust transport is very important
in the Mediterranean Region, since it affects the air quality, the aerosol optical
properties and the radiative forcing. Therefore, first of all, effects of dust episodes on
PM,, aerosol optical properties and radiative forcing (both in shortwave and longwave
spectrum) over Eastern Mediterranean using the new version 4.1 of RegCM model
(Giorgi, 2012) are investigated. In RegCM4, different soil and soil texture distribution
from sub-grid emissions used according to Laurent et al. (2008). Dust emission size
distributions are calculated according to Kok (2011), which has 12 more prognostic
equations. Model outputs are analyzed for aerosol optical properties and radiative
forcing (SW, LW). Results of this simulation are compared with AERONET sun/sky
radiometer measurements and satellite data for evaluating the simulated aerosol optical

properties.

2.2.1 Short term

Istanbul is a megacity located in the Eastern Mediterranean; it is the most populated city
in Turkey with over 13 million inhabitants (18% of total Turkey population of Turkey,
TUIK-Turkish Statistical Institute 2010). Istanbul is highly affected from PM;q
pollution during winter and spring months. Source of PM;, is aerosol from local
sources, such as anthropogenic sources from urban and surrounding regions, and natural
sources from the forest of Istanbul. Istanbul is also exposed to long-range sources as
anthropogenic sources from Europe and natural sources from Saharan Desert (Kindap,
2006). It has been found that Istanbul’s background PM,( concentration is affected by
0.5-13 %.

This section is focused on the effect of dust episodes on the aerosol optical properties
and radiative forcing over Eastern Mediterranean. In this study, the contribution of

mineral dust on PM;y concentrations in Istanbul is investigated and RegCM4.1 for an
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important episode, when there is an increase in PM; levels concentrations significantly,
over the region was evaluated. Aerosol optical properties (AOD, SSA) and radiative

forcing (SW, LW) over the region are analysed.

PM,p measurements, taken from the Turkish Ministry of Environment and Urbanization
(National Air Quality Observation Network) are analysed by R studio. The daily mean
of PM,, data is calculated by taking the average of hourly data of each station. Then
mean of the stations were taken to have only one point. This data are evaluated for
seven years (2004-2010) according to the EU Council Directive 1999/30/EC. When
PM,, concentration exceeds 50 pg/m’, this day is checked by the DREAM Model of

Barcelona Supercomputing Center to see if there is a possible dust event.

Table 2.1 : March 2008 Evaluation.

2008 March
PM,, D | Over 50 | Wind

1 75.18 1| SW

2 39.02 0

3 93.41 1| SW

4 72.15 1| SW

5 52.79 | 1 1|SW

6 59.65 | 1 1| N

7 48.14 0

8 91.71 | 1 1| SW-NW

9 101.81 | 1 1|SW
10 68.43 | 1 1|SW
11 63.65 | 1 1| S-SE
12 97.46 | 1 1 E
13 51.99 1| SW
14 56.23 1 | NW-S
15 55.45 1| SW-S
16 61.37 1| SW
17 50.62 | 1 1|SW
18 46.81 0
19 49.23 0
20 49.31 0
21 5845 | 1 1 | NW-NE
22 75.40 | 1 1| SW-E
23 13930 | 1 1 | SW-SE
24 120.77 | 1 1|SW
25 48.62 0
26 47.92 0
27 51.41 1 | E-NE
28 49.11 0
29 41.94 0
30 37.56 0
31 57.88 | 1 1| N-NW
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Wind direction is also evaluated to check if there is dust transport on that day. Then the
final episode is selected according to the highest number of events in months and years.
Table 2.1 summarizes the evaluation of March 2008. In this table, PM;, indicates the
daily average of PM,( concentration of Istanbul, D shows the situation of the day, which

exceeds 50 pg/m’, and wind shows the direction of the wind on the selected day.

The selected episode is simulated by RegCM4.1 with and without the dust module
activated. Results of this simulation are compared with AERONET sun/sky radiometer
measurements and satellite images of OMI (Ozone Monitoring Instrument) and MISR

(Multi-angle imaging spectrometer) for evaluating the aerosol optical properties.

Dream (Dust REgional Atmospheric Model) is a component of the NCEP/ETA model,
which predicts the atmospheric life cycle of dust. The first work is done by Nickovic
and Dobricic (1996) for developing DREAM Model. Skiron forecasting system is the
main atmospheric modeling system in this model. It has been developed to evaluate the
dust cycle in the atmosphere. Figure 2.4 shows a dust transport episode on 23th March
2008.
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Figure 2.4 : Episodic event on 23 March 2008 (DREAM).
2.2.2 Long term

Meteorological boundary conditions are provided to the model from the ECHAMS A1B
scenario simulation without nudging available from Url-2. The ECHAMS data are
available at a 6 hours temporal resolution and at 1.875°x1.875° horizontal resolution,

with 17 pressure levels. Land use and vegetation data was used by the Global Land
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Cover Characterization (GLCC) data at 30 sec resolution. SST data were obtained

NOAA Optimum Interpolation.

To assess the model performance of the RegCM4.1 with the dust module for the long-
term simulations, the gridded datasets of CRU are used. The data, provided by
University of East Anglia, UK (Mitchell and Jones 2005), is available at 0.5° grid

spacing over the land areas only.

The dust budget and the radiative forcing are evaluated. Furthermore, the changes in
aerosol optical depth, the surface dust emission, the dry deposition, the wet deposition,
the column burden, and the short-wave and long-wave at the surface and at the top of
the atmosphere are investigated in detail. Temperature and precipitation changes are

also defined and discussed.
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3. RESULTS AND DISCUSSIONS

Results and discussion are given for two different cases in this section. First, results of
short-term study are shown in order to investigate the relationship between high PMio
concentrations and dust transport using atmospheric modeling, satellite data as well as
in-situ observations and determining the aerosol optical properties and direct radiative
effects of aerosols for a dust transport episode on 21-24 March 2008. In a second phase,
results of long-term study are shown. A comprehensive analysis of the dust budget,
including surface emissions, column burden, dry deposition, wet deposition, aerosol

optical depth, radiative forcing for present and future climate are presented in this case.

3.1 Results for the Short Term Study

Daily PM;, concentration distribution for Turkey is shown in Figure 3.1. In 2008 PM;,
spring concentration is higher than summer and fall concentration. In order to have a
detailed research on mineral dust transport episodes, Istanbul megacity is selected since
there are long time period observations. A megacity has a total population over 10
million and Istanbul megacity has a 13.710.512 population according to the census of
Turkish Statistical Institute (2012). Istanbul is the 23 megacity based on the population
criteria (Url-4).

PM, data is obtained by Turkish Ministry of Environment and Urbanization (National
Air Quality Observation Network). Data is evaluated according to the EU directive
1999/30/EC. Annex 4 of this directive regulates the 24 hour limit value for PM,, for the
protection of human health, as number of days which exceeded 50 pg/m’ cannot exceed
more than 35 times per year. In this study, the effect of mineral dust on PMj

concentration was investigated.

PM, data revealed that winter has the highest PM,( concentration over the Anatolian
Peninsula (110 pg/m’ for 2008, 100 pg/m’ for 2009 and 85 pg/m’ for 2010). This is due
to the fact that, during winter periods activity from anthropogenic emission sources such

as residential heating and vehicles are highest. During this period meteorological
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conditions also affect the PM,( concentration. For example, inversion can be observed
frequently. Under normal conditions fall period is expected to have the second highest
PM,y levels. However in the case of 2008, spring has higher concentration levels as

compared to fall (80 pg/m’ for spring and 70 pug/m? for fall).

In order to investigate this unusual behaviour of PM;y concentration, it is hypothesized
that dust outbreaks might be the main reason for this increase in PM;( concentrations

measured during spring 2008 in several stations in Turkey.
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Figure 3.1: Seasonal PM;, concentration for Turkey.

In order to investigate this hypothesis, PM;y measurements are utilized which are
conducted for Istanbul (which has the longest record of PM; data). The city has been
operating PM;y measurement network at 10 different sites since 2004. First the daily
PM,, data are compared against EU directive of 50 pg/m’ and days exceeding this
threshold are identified. Then in order to identify the days with Saharan influence,
output of the Barcelona Supercomputing Center - Dust Regional Atmospheric Model
(BSC-DREAMSb, Nickovick et al., 2001; Pérez et al., 2006; Basart et al., 2012) is used.
BSC-DREAMSD is a dust model based on NCEP/ETA model, aims to predict the
atmospheric life cycle of dust, and it is used in several studies to investigate Saharan

Dust Transport (Jimenez-Guerrero, 2008; Papanastasiou, 2010; Nastos, 2012).

The number of PMj, concentration exceedance days for the city of Istanbul, are
provided in Table 3.1, along with information on dust days based on BSC-DREAMS8b
Model. On the average there are 171 (almost half of the year) days where PM;, levels
are higher than 50 pg/m’. Analysis reveals that Saharan dust transport occurs on 39% of

these days (i.e. 67 days). It should be noted that number of exceedance days and dust
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days are different for each year between 2004 and 2010. The highest number of
exceedance occurs in 2007 and 2008, where 282 and 200 days are over the limit
respectively. These two years also have the highest number of dust days (113 and 77
respectively). For Istanbul, the highest number of exceedance days occurs in spring (49
days on the average), followed by winter (45), fall (41) and summer (36 days). Spring
also has the highest dust days with over 58 % of the exceedance days. This number
ranges between 50 and 76% for the years 2004 and 2010. These numbers reveal that
spring period has the highest contribution from Saharan dust transport, and especially
spring 2008 has the most significant dust outbreaks. Therefore, in this study spring 2008

is selected as the main period to be analysed.

Table 3.1 : Seasonally dust days and PM;, exceedance days in Istanbul.

2004 2005 2006 2007 2008 2009 2010 Average

PM |D |PM | D PM |D |PM |D |PM (D |PM |[D |PM [D |PM |D

% % % % % % % %

MAM 34 56 | 43 53 48 56 | 69 55|63 76 | 43 56 | 42 50 | 49 58
JJA 12 8 10 0 61 30 | 92 37 | 39 28 | 10 70 | 38 29 | 36 33
SON 29 52 | 42 29 36 17 | 75 44 | 29 55 | 36 19 | 43 47 | 41 38
DJF 35 26 | 45 22 43 19 | 46 17 | 69 3 149 47 | 29 52 | 45 24
Annual [ 110 | 40 [ 130 | 35 188 |31 1282 [40 1200 {39 | 138 |44 [ 152 144 | 171 | 39

In order to make regional analysis, PM, stations other than Istanbul in the Marmara
Region and Aegean Region are used in this analysis. Figure 3.2 shows the air quality
stations selected to be used in this study. Red circles show the selected stations in

Marmara Region and blue triangles show the selected stations in Aegean Region.

High PM,, concentrations are observed for the selected regions with values exceeding
50 pg/m’ during March 2008 (shown in Figure 3.3). However the highest level occurs
(as high as 180 pg/m’) on the selected episode of 21-24 March 2008 as seen in the
Figure 3.3. It should be noted that average PM,, concentration for Marmara and Aegean

Region behave similarly as they peak on March 24, 2008.
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Figure 3.2: Stations in Marmara Region are shown by red circles
and stations in Aegean Region are shown by blue triangles.
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Figure 3.3: PM; levels during March 2008 episode.
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In order to have an idea about the observations, satellite image was also shown to
compare the results visually. Figure 3.4 shows Meteosat-9 Dust RGB Image on 23
March 2008 12:00 UTC. It is seen that dust lifted from Libya and transported by the
southwesterly wind to Greece, Turkey and Eastern Bulgaria. Green plume shows the
dust transport over Turkey. As it is seen from the Figure 3.4, dust emissions are mainly
originated from Libya in this episode. Dust transported to Greece, Turkey and Eastern
Bulgaria passing through Mediterranean Sea, Crete and Aegean Sea and reaching to

Marmara Region with a mean column burden up to 2 g/m* over Marmara Region.

Figure 3.4: Saharan Dust transport to Istanbul on 23 March 008 at 12:00 UTC
Satellite Image Met-9 RGB NIR1.6, VIS0.8, VIS0.6 (Url-3).

Figure 3.5 shows the DREAM Model output for the same day, in which dust transport
observed also according to the satellite image retrieved by Met-9. DREAM Model can
model the dust transport similar to the satellite image. The dust pattern simulated by
RegCM4.1 is similar to the satellite observations from Meteosat-9 (Figure 3.4). Column
burden corresponds to the mineral dust concentration peak reaching the Eastern

Mediterranean is similar to the satellite image and also DREAM output.
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Figure 3.5: BSC-DREAMS&b Model Output for 23 March 2008.
3.1.1 Meteorological situation

In order to understand the dust transport mechanism, meteorological conditions should
be evaluated. There are different wind systems over Mediterranean Sea (Kubilay, 1997).
Westerlies, easterlies, and the coastal land-sea breezes are common in summer and
autumn. Local winds poyraz and sirocco are important in winter and spring (Ozsoy,
1981). In late winter and spring southwest flow along the North African coast is most
frequent and in winter and spring south and southwest flow from the north of African
continent is most frequent (Dayan, 1986). It causes important dust episodes during

spring affecting the Eastern Mediterranean Region.

In order to show the meteorological conditions affecting the selected time period, NCEP
data are used for spring 2008. One of the important parameters, sea level pressure
provides us to get information about meteorological conditions at surface. Therefore, it
makes easier to interpret dust pattern behaviour. Mean sea level pressure for spring
2008 given in Figure 3.6 shows that air mass moves from high pressure to low pressure.
So that higher SLP over Atlantic leads the air mass to move west. Saharan dust

transports by this pressure system especially during spring months.
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Figure 3.6: Seca level pressure at spring 2008.

Figure 3.7 shows wind direction at 850 mbar on 23rd March 2008. It is seen that there is
tunnel effect because of the temperature difference between southeast and southwest
which leads dust to be carried to Anatolian Peninsula. Westerly winds changes to south
westerly over Libya, which transports dust from Libya to Anatolian Peninsula and north

of it.

HEIGHT (millibar) : 850
TIME : 23—-MAR-2008 00:00

LATITUDE

10°E

17.3 LONGITUDE
Mean Daily Temperature (°C)—-Wind (m/s)—Sea Level Pressure (mbars)

. 2500 ——>>
CONTOUR: SLP D=slp 2008/100

Figure 3.7: Wind direction and temperature at 850 mbar
at spring 23 March 2008.

Vertical condition of the atmosphere is also important that helps to explain how far dust
transports vertically in the atmosphere. Thus, the skew-T diagram is used to show the
vertical structure of the atmosphere in Istanbul on 23 March 2008. The increase in the

temperature with height shows that there is inversion. On this day, inversion occurs at

665 m height.
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Figure 3.8: Vertical distribution of temperature in Istanbul on 23 March 2008, 12z by
Radiosonde of University of Wyoming.

Model results obtained by RegCM4.1 were investigated and also compared with the
observations. Figure 3.9a shows the daily mean temperature and wind direction at 850
mbar for 12z at 23 March 2008 as the model output. Figure 3.9b shows the daily mean
temperature and wind direction at 925 mbar for the same time. It can be seen from these

figures that there is a south westerly current because of the temperature difference.

a)

RegCM4.1 Daily Mean Temperature (C°) and Wind direction at 850 mbar on 23 March 2008 at 12:00
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b)

RegCM4.1 Daily Mean Temperature (C°) and Wind direction at 925 mbar on 23 March 2008 at 12:00
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Figure 3.9: Daily Mean Temperature and Wind direction at 850 and 925
mbar for 12z 23 March 2008.

3.1.2 Model performance

In order to have idea about the microphysical properties of dust particles, observation at
different locations i1s necessary (Tafuro et al., 2006). Aerosol optical depth is an
important parameter to investigate the effect of aerosol on radiative forcing.
Instrumental design, calibration, and good identification of clear sky conditions
determine the quality of the data (Dubovik et al., 2000). The Aerosol Robotic Network
ground based aerosol monitoring network (AERONET, Holben et al., 1998), was
developed by NASA. Automatic sun-sky scanning spectral radiometers are used by this
network to provide globally distributed near-real time observations of aerosol optical
depth and aerosol size distributions (Dubovik et al., 2000). AERONET has more than
300 sites all over the world (Holben et al. 1998, 2001).

In this study Level 2 Aeronet data were used (i.e., pre and post field calibrated,
automatically cloud cleared and manually inspected) for Sevastopol (44.62 N°, 33.52
E®°) and Eilat (29.50 N°, 34.92 E°). For Erdemli (36.56 N°, 34.25 E°) station Level 1.5
data (i.e., Real Time Cloud Screened data but may not have the final calibration
applied) are used, as Level 2 data are not always available. Figure 3.10 shows the

locations of the stations selected.
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Figure 3.10: Locations of selected stations (Map provided by INEG Image NASA
Terra Metrics 2014).

Figure 3.11 shows the corrected AOD values for 550 nm for the AERONET stations for
the selected period and stations: a) Erdemli; b) Sevastopol; and c) Eilat along with
RegCM outputs. It should be pointed out that AERONET doesn’t provide AOD
measurements at 550 nm, the Angstrom wavelength exponent o449-370 has been used as a
conversion factor to calculate the AOD at 550 nm. AOD at 440 nm and 0449.379 are
provided by the AERONET measurements, then AOD at 550 nm is calculated by the

following formula: AODsso = AODggg ¢ “***%7° In(550/440)

Figure 3.11 shows the observed and simulated AOD time series for Erdemli station,
which is located in South Turkey and among the selected AERONET station it is the
closest to the pathways of Saharan dust transport episodes. Between March 1% and 20",
there is high correlation between model and observations as RegCM values follow the
observations, even capturing the small peak around March 8. Then largest peak occurs
between March 20™ and 25™ both for the observations and RegCM outputs, which
corresponds to a main dust transport episode hitting the Anatolian peninsula, simulated
also by the BSC-DREAMS8b model and with high PM;( concentrations measured in the
Marmara and Aegean regions (Figure 3.3). For this period, RegCM overestimates AOD

by 18% on the average (ranging between 9 percent to almost 40 percent). Overall, the
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correlation between the model and the observations were significant as the correlation

coefficient was estimated to be 0.6.

Figure 3.11b present the results for Sevastopol, which is located in Ukraine on the
northern coasts of Black Sea. The model results seem to have similar pattern as
compared to the observations. As two peaks where AOD values are the highest were
also captured by the model (March 7-11 and March 24-25). It should be noted that
Sevastopol station has 14 out of 30 days measurements during March 2008 and this

significantly reduces model performance analysis for this site.

Eilat station (Figure 3.11c) is located in Israel and thus East of the considered dust
transport pathways and with possible influences from dust emissions from the Arabian
Peninsula. The model captures more than 60 percent variability in the data (correlation
coefficient between model and observations are estimated to be 0.63). It should also be
pointed out that, both for the model and observations, the largest peak at Eilat occurs at
March 17-18, which is not the same dust episode originated from North Africa that
resulted in high PM; concentrations in Marmara and Aegean regions, but very probably

originated from the Arabian peninsula (BSC-DREAMSDb, Figure 3.6).

Analysis of these results suggests that RegCM captures the temporal variation in the
observation and hence can be used to understand dust transport towards the Eastern
Mediterranean. On the other hand we generally observed an AOD overestimation of the
model during the main dust episodes. Aerosol Optical Depth (AOD) results obtained by

the RegCM model for the selected episode, are discussed in the following section.
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Figure 3.11: Corrected AOD values for 550 nm for different Aeronet stations
(a) Erdemli (b) Sevastopol (c) Eilat.

40



3.1.3 Episode analysis

An important problem for understanding the contribution of aerosols to radiative
processes occurs due to the lack of information on macrophysical and microphysical
properties of aerosols. Aerosols macrophysical properties such as sources, sinks, and
loading and microphysical properties such as composition, size distribution, chemical
interaction, lifetime, and diurnal variation gives significant information to determine the

effects of aerosols (Dubovik et al., 2000).

Figure 3.12 shows the AOD distribution over the Mediterranean as simulated by
RegCM for the main dust transport episode (21-24 March 2008) to the Anatolian
peninsula. On March 21%, AOD values over central Algeria (Northwest of Hoggart
Massif in southeast Algeria) were highest reaching values over 2.0 (Figure 3.12a). This
region is one of the main dust sources in Sahara. It should also be pointed that AOD
values over 1 are observed over the Eastern Mediterranean, reaching as far as Crete and
Southwest Anatolia. In clear-sky conditions the AOD is generally less than 0.1, while
AOD values larger than 1 corresponds to hazy conditions due to high aerosol
concentrations. Therefore, the model suggests there is an ongoing significant transport
of dust on the first day. On the second day (March 22", Figure 3.12b), the peak AOD
values seem to disperse over Algeria and there is a transport of dust towards East. The
dust intrusion over Anatolia still continues on the second day reaching values as high as
1. On the third day (Figure 3.12c), the model suggests that the peak values of AOD are
over Libya and the values over the Aegean Sea and western Anatolia are highest. On the
last day (Figure 3.12d), the dust intrusion seems to disperse and AOD values are less

than 1.0 over most of the region.

At it can be seen in Figure 3.5, Meteosat-9 Dust RGB Image was given for 23 March
2008 12:00 UTC. It shows that dust is lifted from Libya and transported by the south
westerly wind to Greece, Turkey and Eastern Bulgaria. Green plume shows the dust
transport over Turkey. This figure supports model’s findings the dust transports towards

western Anatolia.
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Figure 3.12: Daily mean aerosol optical depth during the episode.

Ozone Monitoring Instrument (OMI) is an instrument from Netherlands’s Agency for
Aerospace Programs (NIVR) with the Finnish Meteorological Institute (FMI) to the
Aura Mission, which classifies aerosol types, and can measure cloud pressure and
coverage. It is possible to have tropospheric ozone from this data. Total ozone and
other parameters concerning ozone chemistry and climate, recorded by TOMS, and are
recorded by OMI. Instruments on the Aura platform interact with OMI measurements.
Solar backscatter radiation in the visible and ultraviolet wavelength is observed by
OMPI’s hyperspectral imaging (Url-3). OMI follows NASA’s TOMS and ESA’s
GOMES, which measure more parameters than TOMS with a better resolution. OMI
has an important role on monitoring of ozone layer. The total column amount of
atmospheric ozone NO,, atmospheric dust, smoke and other aerosols are measured by

OMI (Utl-3).

OMAERUV(, provides information on aerosols, has a resolution of 1.00 x 1.00 degree
grid has been used for this study. Aerosol Extinction Optical Depth at 500 nm and
aerosol single scattering albedo at 500 nm were plotted for the comparison. Figure 3.13
shows the mean daily aerosol optical depth from the model and OMI output. Model
shows the source region in Sahara similarly to the satellite image. Also, aerosol optical
depth is over 1 in the model and satellite image. However, model does not capture the
source region in the southeast, and dust transport is not observed in the OMI output

because of the possible cloud cover.
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Figure 3.13: Daily mean aerosol optical depth during the episode.

In order to understand the interaction of aerosol and processes, global satellite data is an
important tool, but not enough (Tanre et al, 1997). Following the improvements on
aerosol optical depth, uncertainties in aerosol transport is reduced by MISR and MODIS
instruments (Kahn, 2010) which lead to reduce the uncertainty of aerosol effects on
climate (IPCC, 2007). Aerosol Optical Depth (AOD) at 550 nm by MODIS (Figure
3.15) shows the dust transport from Libya to Anatolian Peninsula. AOD has a value up

to 0.9. There is no image over Turkey because of the cloud formation over the region.

MODO08_D3.051 Aerosol (g E‘caglzgagfh at 550 nm [unidess]

0.1 0.268 0.42 0.58 0.74 0.9

Figure 3.14: Modis Satellite Image on 23™ March 2008.

According to the regression analysis between daily AOD and PM; levels for March
2008 over three regions, R* resulted over 0.4 for March. Figure 3.15 shows the time
series for PM; concentrations versus AOD values for the three different regions over
Turkey. It can be seen that there is high variability in AOD during the month. There is a
high correlation between PM;y and AOD during the episode in the three regions.
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Figure 3.15: PM,( versus AOD for three regions.

Simulations, conducted by RegCM4.1 provide AOD (350-640 nm model band) values
ranging between 0.09 and 0.87 in Marmara, 0.52-1.11 in Ege, 0.62-0.75 in Akdeniz
during the episode. Dust transport on 21% and 22" March 2008 affects the Central
Anatolia with 0.9 daily mean AOD value. On 23th March 2008, the dust plume reaches
the Marmara Sea and AOD increases up to 1 over the region according to RegCM4.1
model outputs. AOD is generally less than 0.1 under the clear-sky conditions while it is
larger than 1 corresponds to hazy conditions due to high aerosol concentrations.
Although AOD is high over the regions during 7-8-9 March, PM; levels are not as high

as the second episode in the month (Figure 3.15).

The single scattering albedo (w) is the fraction of light extinction that is scattered by a
particle, is ranging from O (absorbing particle) to 1 (scattering particle) where the
asymmetry parameter (g) is the average direction (angle) of the scattering. Single
scattering albedo i1s 0.93 and asymmetry parameter is 0.62 on average during the

episode, which means Saharan dust is highly scattering and leads forward scattering.

Figure 3.16 shows the corrected SSA (single scattering albedo) for Barcelona (41.39 N°,
2.12 E°). Parameter for the 550 nm wavelength has been calculated using linear
interpolation between 440 nm and 675 nm values. Single scattering albedo for

Barcelona station is in the confidence range. On the other hand, this station was not
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affected by the dust episode. But it was used to check the clear sky conditions. So that

this station was taken as a validation point. Red line shows the model output and blue

points show the observations.
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Figure 3.16: Corrected SSA values for 550 nm for Barcelona for Level 1.5.

The time series of simulated column burden as mg/m® averaged over the selected

regions (i.e., Marmara and Aegean) are given in Figure 3.17. During most of the month

March column burden values are less than 100 mg/m” for both Marmara and Aegean

(Marmara has a median value of 23 and Aegean has a median value of 60 mg/m?).

However, in the second week (between March 8™ and IOth) both Aegean and Marmara

regions have column burden values over 200 mg/m’.
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Figure 3.17: Daily and Regional Mean Column burden at March 2008.
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The peak occurs on March 23rd for both regions with a column burden value over 600

(1009 mg/m” for Aegean and 745 mg/m” for Marmara).

According to the simulated daily dust burden averaged over the different regions, the
mean burden on 23 March is larger than 1 g/m” in the outflow of Libya, 0.6 g/m” over
Greece and 0.7 g/m” over Marmara, 1 g/m” over Ege, and 0.4 g/m” over Akdeniz. Total
column burden is 152 g/m” in Marmara, 309 g/m” in Ege, 160 g/m” in Akdeniz, 675
g/m” in south and 165 g/m® over Greece on 23th March 2008. On the same day
Marmara has 0.09 g/m” Ege has 0.20 g/m’, Akdeniz has 0.13 g/m* dry deposition on
23th March 2008.
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Figure 3.18: Cross section from Libya to Istanbul.
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Figure 3.19: Vertical cross section from Libya to Istanbul on 23" March 2008 at 12:00.
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Latitude

Figure 3.18 shows the selected coordinates Libya [22 N, 30 E] to Istanbul [28 N, 42 E]
to give the dust concentration in vertical cross section. Figure 3.19 shows the vertical

cross section of dust concentrations along this line on 23rd March 2008.

As it 1s seen from the figure, dust concentrations are higher near the surface at the
source region and lifting up by the south westerly wind and transports to the Marmara
Region on 23rd March. Dust concentration is around 500 pg/m’ from Libya to Crete
near the surface, below the 850 hPa. Then the dust plume is lifted up to 500 hPa with

200 pg/m’ and surface concentrations reaching Istanbul were below 100 pg/m’.

3.1.4 Mineral dust direct radiative forcing

Aerosol direct radiative forcing (RF, e.g. [IPCC 2001; Forster et al. 2007) is a measure
of radiative impact caused by an external perturbation introduced into the system, due to
changes in aerosol concentrations. In this section we analyse the effect of a mineral dust
outbreak from Saharan desert into the Mediterranean. Figure 3.20 shows the shortwave
direct radiative forcing at surface and at TOA due to the dust transport peaking on the

23" March 2008.
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Figure 3.20: a)Daily mean SW forcing at surface b) at ToA.

At surface the peak in mineral dust concentrations (Figure 3.12) over the Eastern
Mediterranean produces a cooling with a daily mean SW radiative forcing up to -90
W/m? at surface and -40 W/m? at TOA. The evolution of the episode in terms of surface
concentration, burden, and aerosol optical depth averaged over two regions of the
Anatolian peninsula is summarized in Table 3.2, the SW and LW radiative forcings are
listed in Table 3.3. In the Marmara region aerosol radiative forcing reaches -62 W/m? at
surface and -29 W/m? at TOA on 23 March 2008, when AOD is 0.87 and dust burden
more than 700 mg/m®. The effect of dust in the Aegean region is larger, the average
AOD in the region is 1.11 on March 23", and the dust burden is over 1000 mg/m®. In
this region the SW radiative forcing reaches -71 W/m” and -33 W/m” at surface and

TOA, respectively. The forcing efficiency at surface is calculated as the ratio between
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surface radiative forcing and aerosol optical depth. Forcing efficiency is between -39.7
W/m? and -71.1 W/m® in Marmara region during the dust episode. These values are in
the range of what found by Santese et al. (2010), where two different dust outbreaks in
the Mediterranean were analysed. Santese et al. (2010) estimated a daily-mean SW
surface forcing efficiency of -76 W/m” and -80 W/m® for two episodes, corresponding
to direct radiative forcings at surface of -24 W/m?” and -25 W/m? and the AOD of 0.52
and 0.54. The forcing efficiency at TOA is ranging between -23.9 W/m” and -33.2
W/m? in the Marmara region and between -14.9 and -33 in the Aegean region. Santese
et al. (2010) shows smaller daily-mean SW direct radiative forcing, -3.4 W/m?, and
forcing efficiency, -6.5 W/m”. The radiative forcing of mineral dust at the TOA is more
sensitive to surface albedo, with opposite signs over bright surfaces like a desert and
dark surfaces like ocean and deciduous forests. Averaging over a large domain, all
Mediterranean basin, like in Santese et al. (2010), compared to an average over a small
region mainly only over land, may produce the differences in SW radiative forcing and

forcing efficiency at TOA between these two studies.

Table 3.2 : Atmospheric properties during the episode.

Mean Dry Mean Column
Deposition Burden
PM Std Std
Ege png/m’ | AOD | Std mg/m’ mg/m’
21-Mar 53.7 0.75 | 0.07 | 50.41 14.07 | 430.6 | 31.25

22-Mar 70.71 | 0.52 | 0.17 | 42.28 | 30.15 | 299.67 | 92.84
23-Mar 102.56 | 1.11 | 0.33 | 201.13 | 193.74 | 1009.9 | 337.39
24-Mar 162.57 | 0.52 | 0.26 | 188.99 | 128.12 | 386.06 | 223.62

Marmara
21-Mar 50.24 | 0.21 | 0.04 | 37.21 14.88 | 122.52 | 24.37
22-Mar 65.75 | 0.09 | 0.05 | 10.69 4.92 56.12 31.22
23-Mar 117.31 | 0.87 | 0.38 | 96.67 104.6 | 745.37 | 386.94
24-Mar 178.61 | 0.33 | 0.18 | 138.41 | 110.1 | 217.08 | 116.27

The coarse fraction of mineral dust particles has absorbing properties in the infrared
wavelengths, thus impacting the long-wave radiation budget (Figure 3.21). In our
simulation the LW aerosol radiative forcing at surface was quantified around 6.9 W/m?
and 10.7 W/m” over Marmara and Aegean regions, when averaged at dust peak day, and
ranging between 0.5 W/m” and 4.1 W/m® during the entire episode, which is in the
range of the values estimated by Santese et al. (2010). The corresponding LW forcing

efficiency, which is the radiative forcing divided by AOD, at surface ranges between
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Latitude

5.5 W/m® and 10 W/m” over the Marmara and Aegean regions. A good agreement
between our study and Santese et al. (2010) is also found for LW radiative forcing at
TOA, which is ranging between 0.5 W/m® and 4.4 W/m® during peak dust
concentrations, with LW forcing efficiency at TOA of 1.5 — 4.6 W/m®.

a) LW Surface RF [W m™2] b) LW TOA RF [W ni 2]
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Figure 3.21: a) Daily mean LW forcing at surface b) at ToA.

Table 3.3 : Radiative properties during the episode.

SRF TOA SRF TOA
LW LW SW SW
Ege W/m®> | FE | W/m?> | FE | W/m’ FE W/m’ FE
21-Mar 412 | 549 | 216 |288| -41.99 | -5599 | -23.48 | -31.31
22-Mar 3.2 6.15 1.17 | 225| -25.65 | -49.33 | -14.92 | -28.69

23-Mar 10.68 9.62 4.39 3.95 -71.4 -64.32 -33.01 -29.74
24-Mar 5.19 9.98 0.75 144 | -32.92 | -63.31 -17.74 | -34.12

Marmara
21-Mar 1.26 6 0.64 3.05| -11.95 -56.9 -6.97 -33.19
22-Mar 0.51 5.67 0.19 2.11 -3.57 -39.67 -2.15 -23.89
23-Mar 6.89 7.92 3.99 459 | -61.86 -71.1 -28.83 -33.14
24-Mar 3.11 9.42 0.5 1.52 | -15.55 -47.12 -8.92 -27.03

In order to understand the dust effect over the region, RegCM was also performed
without dust module. Daily average temperature in Figure 3.22 indicates that because of
the high concentration decrease in dust source is higher than the other regions. Dust
causes around 1.5 C° degrees decrease over the source region. Moreover, the region
influenced by the dust source for example, west of Turkey, gets cooler during the dust
episode. Daily average temperature in Istanbul decreases around 1 C°. Therefore,
mineral dust causes temperature decrease since it has scattering feature. Mainly, dust

load causes temperature decrease, over the source regions.
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RegCh4.1 Difference of Daily Average 2m Temperature (C °) oh 23 March 2008
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Figure 3.22: Daily Temperature Difference for two simulation (Dust — Nodust).

Figure 3.23 summarizes the short-term case study visually. First PM;( concentrations
were prepared and evaluated according to the EU legislation, and then it is also
investigated according to the DREAM Model. The model was run and two different
simulations were completed. Satellite images were compared to the model outputs, and
also AERONET observations were compared to the model outputs. All analyses were

conducted by using R and Matlab programs.

50



MODEL OUTPUTS,
ANALYSIS & GRAPHICS

\

f SHORT TERM VALIDATION \

PM10 Data
Preparation

DREAM Model
Outputs
Evaluation

Satellite Image

AERONET
Results
Evaluation

U

-

1 2|

mar_date|

Daily AOD

®0o R Consale

SR> EEO ]

LWorkspuce restores fror Asersy s/ Riata)

MODIS AOD (550 nm) 21-24 March 2008
.- 2 o

%
A
( >
| A
-10 0 10 20 30 40 50 60
16 —|-A- Model
- Aeranet
14
12 &
10 .
o8 |
A
05 3
04 = ota A
) o/ abe !
0z 4a% g% 22 A Loele
o A " ee h
00 | aa®aa 2244 Aak

T T

March 1 March §

T T T T T

March 10 March 15 March20 March 25 March 30

2008

Figure 3.23: Summary of the short term case study.
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3.2 Results for the Long Term Study

The emissions and transport of dust from Sahara to Europe depend on meteorological
conditions, therefore climate change can affect the sources of mineral dust and its
transport pathways. On the other hand dust has also an effect on climate by modifying
the radiative budget in the atmosphere. In this section, results for present and future

climate dust budget and climate are given.

The objective of this study is to identify the effect of mineral dust on the climate of
Mediterranean. In order to quantify this effect, three 10-years time periods (1991-2000,
2041-2050, and 2091-2100) were simulated with the regional climate model RegCM-
4.1.1. ECHAMS AIB scenario (the rapid economic growth, and balanced energy
sources) was used to provide boundary and initial conditions to RegCM-4.1.1. In order
to show the effect of dust on climate, the RegCM-4.1.1 model was performed with and

without dust module for each 10-year period.

Table 3.4 : Name of the simulations

Period With dust simulation Without dust simulation
1991-2000 | PRDU PRnoDU

2041-2050 | NFDU NFnoDU

2091-2100 | 21DU 21noDU

3.2.1 Downscaling of ECHAMS

ECHAMS, data are prepared by MPI at Hamburg (for IPCC AR4): available from 1941
to 2100, T63 (1.875°x1.875°, 17 pressure levels, in compressed binary format. In order
to evaluate the model for long-term study, RegCM-4.1.1 uses ECHAMS data as initial-
boundary conditions. Resolution of ECHAMS is around 200 km, which is not good
enough to capture the surface features for the study domain. In this step data were

prepared to the model run by running the ICBC as explained in Section 2 (Figure 2.2).

Figure 3.24 shows the difference in temperature between ECHAMS (input) after
processed by ICBC and RegCM4.1 (output) for January and July no dust conditions. In
this figure, it can be seen that high altitudes and coastlines have less temperature during
January according to the model output. Raw data gives 2°C higher temperature over
Turkey in January. The entire coastline has higher temperature according to the raw
data. Model outputs give higher temperature over the Saharan Desert around 1°C.
Temperature is lower along the coastline during July according to the model outputs

that improved land-sea mask by the model might be the reason. Raw data gives around
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1 °C less temperature over Turkey in July. Coastlines have lower temperature and

Saharan Desert is also 1 °C colder according to the model outputs.

RegCM4.1 Temp Difference (C °) Mean Raw-Nodust Jan(1991-2000)
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Figure 3.24: Mean temperature difference between ECHAMS-RegCM4.1.1

for 1991-2000.

3.2.2 Model performance

In order to assess the model performance, 10-year average monthly precipitation and
temperature data were analyzed on both seasonal and annual time averages. Taylor
diagrams (Taylor 2001) summarize the overall model performance that computes the
root mean square difference (RMSD), variability and pattern correlation between the
model outputs and observation. The gridded datasets of Climate Research Unit (CRU)
of the University of East Anglia, UK (Mitchell and Jones 2005) were used as
observation. The CRU data are available at 0.5° grid spacing over the land areas.
Therefore, model simulation outputs were interpolated to the CRU grids, and the grid
points over the seas are masked accordingly. Since the model domain is quite large, we

particularly focus on eastern Mediterranean and Sahara regions.

Figure 3.25 shows the Taylor diagram for temperature and precipitation over the
Eastern Mediterranean (blue dots) and Saharan (red dots) regions on seasonal and

annual time averages. Radial and angular coordinates correspond to the magnitude of
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standard deviation and correlation against the observation, respectively. Distance from

reference point indicates RMSD between model and data.

Model simulations indicate a decent agreement with the observation as they are close to
the reference point (Figure 3.25a). Pattern correlations are ranged between 0.95 and
0.99 for the both two sub-domains. RMSD indicates quite small values for both sub-

domains, however, Eastern Mediterranean region has relatively smaller RMSD.

In contrast to temperature, the Taylor diagram for precipitation identifies that model
simulations have highly distributed structure (Figure 3.25b). The pattern correlations for
the sub-domains lie in the range between 0.6 and 0.9. However, the variability in the
Eastern Mediterranean region is higher than those in Sahara region. Moreover, RMSD
in the Eastern Mediterranean is large compared to the Sahara region. These findings are
related with the remarkable contrasting features in topography, land-sea boundary and
landscape in the eastern Mediterranean region, in which local climate features are

predominantly controlled by these features.

In Figure 3.25, the radial distance from the origin gives the standard deviation, the
distance from reference point gives the RMSD, and the angular coordinate gives the
correlation. RMSD is normalized by the standard deviation of the observation. The
numbers represent the seasonal (1-4) and annual (5) means for the -eastern

Mediterranean (blue dots) and Sahara (red dots).
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Figure 3.25: Taylor diagrams of 10-year averaged temperature (a) and precipitation (b)
for the model simulations.

3.2.3 Average Sea Level Pressure

Figure 3.26a shows the mean sea level pressure (SLP) and wind directions in the 1991-
2000 according to the ECHAMS A1B scenario. Figure 3.26b shows the difference of
SLP and wind speed between 2041-2050 and 1991-2000. Figure 3.26¢ shows the SLP
and wind speed differences between 2091-2100 and 1991-2000.

It can be seen that Azores High causes a westerly wind in 1991-2000 period, which
transport dust to the east. In the second period, dust transports back to the west and goes
to Atlantic Ocean that causes a decrease in dust over Turkey. Since the Azores High
strengthens in the future period, dust transports to south and because of the low-
pressure system on Africa, dust transports to west. This meteorological situation

explains all the dust processes, which will be given in the following section.
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Figure 3.26: Mean sea level pressure (hPa) according to ECHAMS.

3.2.4 Dust budget

Amount of dust transport may change according to the change in the climate (e.g.
precipitation, wind stress, humidity, and changes in the dust sources). Dust source is
important which may change by change in land cover because of anthropogenic changes
and climate change (Harrison, 2001). Anthropogenic way is the change by human; for

example the land use changes modifiy the surface and change climate, which alters the
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dust emissions. Besides size bin is also important for emissions (Seinfeld, 2006). In this
section, the dust budget (Surface emissions, dry deposition, wet deposition and column

burden) for the present, near future and future period are presented for all of dust bins.

Figure 3.27 shows mean surface emission for 1991-2000 calculated by averaged 6
hourly values for each month and then all these monthly values are averaged. According
to the PRDU simulation, surface emissions are more than 2000 mg/m>-day dust on the
north of Saharan desert. South of the Saharan desert has a surface emission in the range
between 500-1500 mg/m’-day. Syrian Desert has a surface emission around 700 mg/m’-

day and Nefud Desert has a range between 1800-2000 mg/m?-day surface emission.

Figure 3.27: Mean surface emission for 1991-2000.

Figure 3.28 shows the differences between near future and future conditions between
present conditions for the mean surface emission. According to the differences of
NFDU and PRDU simulations, there is a slight decrease on the north part of the African
continent and also an increase on the south of the continent around 10%. Surface

emission decreases up to 10% on the east of Turkey.

Surface emission decreases on the northern part of African Continent and increases on
the southern part of Saharan Desert from PRDU to 21DU. In 21DU simulation, surface
emission decreases up to 10% on the north of Africa and increases up to 10% in the
Saharan Desert. This shift can be explained by the intense Azores High that transports
the dust to the south.
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Figure 3.28: Change in mean surface emission (%)
a) 2041-2050-1991-2000 b) 2091-2100-1991-2000.

Figure 3.29 shows the time series of surface emissions with upper and lower limits.
Values are calculated by taking the sum of each month, and then monthly surface
emissions expressed in Tg. Average of each month of 10 years were taken. PRDU
shows a surface emission around 700 Tg during the spring seasons and 350 Tg surface

emission during autumn seasons.

All the other simulations show a similar pattern to PRDU with slight differences. It can
be seen by the figure that surface emission in 21DU is higher than PRDU period in
spring season. Domain was divided into two regions from the 20 East and values are

shown below.
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Figure 3.29: Seasonal cycle of mean surface emission.

Figure 3.30 shows that emissions of eastern part increases in the summer season and

emissions of western part increases in the spring period.
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Figure 3.30: Time series of surface emission at the west and east.
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Figure 3.31: Change in spring mean surface emission (mg/m’-day)
a) 2041-2050-1991-2000 b) 2091-2100-1991-2000.

It is necessary to show the domain on map in order to see the change in different regions
in spring session. Figure 3.31 shows the change in spring mean surface emission.
According to the spring mean surface emissions, there is a decrease in the dust emission
in North Africa in 2041-2050. There is a higher decrease as seen in 2091-2100 period.

There is an increase in the southern part of Africa in 2091-2100.

Figure 3.32 shows the mean dry deposition at 1991-2000. Present dry deposition is
calculated by averaging the monthly values averaged by 6 hourly values and then the
average of ten years is calculated. Dry deposition at PRDU goes up to 2000 mg/m*-day
at the north of the African Continent. It is in between the ranges from 1000 to 1500
mg/m*-day at Nefud Desert. Dry deposition increases from PRDU to NFDU and 21DU
in the south part of Saharan desert, since the surface emission increases in the same
region. Also, decrease in dry deposition is similar to the decrease in surface emission,
which may lead by the northerly wind carrying the dust from north to the south of

continent.
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Figure 3.32: Mean dry deposition 1991-2000.
Dust is transported to the northwest of the domain for the 2041-2050 period due to the
wind system shown in Figure 3.26a. For the 2091-2100 period dust is transported to the

Atlantic due to the wind and pressure systems also shown in Figure 3.26b.
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Figure 3.33: Change in mean dry deposition (mg/m*-day)
a) 2041-2050-1991-2000 b) 2091-2100-1991-2000.

Figure 3.34 shows the time series of surface dry deposition with the upper and lower
limits. Values are obtained by sum of each month and all the months are averaged for
ten years periods. This figure has similar pattern with surface emission. PRDU

simulation has a dry deposition around 350 Tg during the spring season. As the surface
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emission increases from PRDU to 21DU, surface dry deposition also increases in the

same period. The highest deposition occurs in spring also shown in the short-term case.
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Figure 3.34: Seasonal cycle of surface dry deposition for three different periods.
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Figure 3.35: Difference in Spring Mean Dry Deposition (mg/m’-day)
a) 2041-2050-1991-2000 b) 2091-2100-1991-2000.
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Figure 3.35 shows the difference in spring mean dry deposition session. Dry deposition
decreases in the North Africa and increases in the west of Africa in the two future

periods. There is an increase in 2091-2100 in the south of Africa.
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Figure 3.36: Daily Mean Wet Deposition mg/m?-day and
Change in % (2041-2050-1991-2000) — (2091-2100-1991-2000).

Daily mean wet deposition for three periods is given in Figure 3.36. At PRDU, wet
deposition is high near the coast of Mediterranean since there is high precipitation. It is
seen that wet deposition range from 10 to 20 mg/m*-day at PRDU. Also, there is wet
deposition around 18 mg/m*-day in North Africa since there is high surface emission

and more precipitation at the coast.

There is an increase at the northern Europe increasing by the latitude and there is a

decrease increasing at the southern part of the domain at NFDU. There is a decrease up
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to 50% all over the domain at 21DU, related to the precipitation decrease all over the

domain.

Figure 3.37 shows the time series of wet deposition. Values are the total of each month
and all the months are averaged for ten years periods. PRDU has a total of 9 Tg wet
deposition during March and April. It is obvious that, there is high wet deposition
during spring for the three different periods. Wet deposition during summer is around 2

Tg during the summer.
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Figure 3.37: Seasonal cycle of wet deposition
for three different periods.

Figure 3.38 shows the daily mean column burden at PRDU, and Figure 3.39 shows the
difference between NFDU and PRDU and 21DU and PRDU. Values represent the daily
averages. Column burden is shown very high in the source regions in comparison with

the north of the domain at PRDU.

When the difference between PRDU and NFDU is compared, there is an increase at the
west of the domain within a range between 10-40% can be seen. There is an increase
around 20% at the south part of Saharan Desert, which is related to the surface emission

increase at the 21DU.
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Figure 3.38: Mean Column Burden at 1991-2000 (mg/m*-day).
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Figure 3.39: Difference of column burden (%)

a) 2041-2050-1991-2000 b) 2091-2100-1991-2000.
Figure 3.40 shows the total column burden as the time series of column burden data. It
indicates that total column burden is higher during the spring, which is similar to the
surface emission pattern. PRDU gives 170 Tg total column burden during May, which
is the highest column burden on average. Actually surface emission was highest on
April for the same period. On the other hand, April has higher dry and wet deposition
than May. It is expected to have higher column burden during May as it can be seen by

Figure 3.40.
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Figure 3.40: Total column burden (Tg) for three different periods.

3.2.5 Aerosol optical depth

According to the Figure 3.41, AOD is between 0.3 and 0.5 at the source region at
PRDU. It is even higher at Nefud, which is around 0.6. AOD has similar pattern with
column burden. In Figure 3.42, AOD increases at the west of the domain at NFDU
period since emissions increase and also wind direction is southerly in the NFDU period
which carries the dust to the north of the domain. Also, there is a decrease at the west of

the domain around 10%.

Mean AOD at 1991-200C

40

Figure 3.41: Mean AOD at 1991-2000.
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Figure 3.42: Change in AOD at
a) 2041-2050-1991-2000 b) 2091-2100-1991-2000.

When the time series are plotted, it is seen that west of the domain has one peak during
spring. But the east of the domain has two peaks in the spring and autumn. This is
caused by the other dust sources in the eastern region, Nefud and Syrian Deserts. Also,
this might be explained by the increase in episodic events in Sahara during the spring

months.
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Figure 3.43: Seasonal Cycle of AOD.
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Figure 3.44: Difference in Spring Mean AOD
a) 2041-2050-1991-2000 b) 2091-2100-1991-2000.

Figure 3.44 shows the difference in spring mean AOD. AOD increases in 2041-2050 in
the west of Africa. There seems to be no change on Turkey in the same period. There is
similar increase in 2091-2100 in the west of Africa where, there is a slight decrease over

Eastern Mediterranean.

3.2.6 Present and future dust optical properties and radiative forcing

According to the studies, mineral dust leads, decrease in SW radiation. A study done by
Mallet (2009) shows that, dust aerosol decreased the SW radiation by up to -137 W/m®
(regional mean) in North Africa, resulting in a significant decrease in surface
temperature and sensible heat. Another study conducted by Takemura (2003) shows,
dust caused a monthly mean SW surface forcing of -2.0 W/m® over East Asia.
According to Huang (2009), dust aerosol caused a daily-mean surface SW forcing of up

to -41.9 W/m? over the Taklamakan desert (Huang, 2009).

Mineral dust also leads increase in long wave radiation. There are many studies
showing the effect of mineral dust on long wave radiation. Vogelmann (2003) found
that Asian dust contributed to a surface LW forcing of up to 10 W/m?. Another study
shows that the LW forcing compensated about 20% of the SW cooling (Markowicz,
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2003). According to Huang (2009), one-third of the SW surface cooling is because of
the Asian dust is compensated by its LW warming effect (Huang, 2009).

Figure 3.45 shows the longwave at the surface and the top of the atmosphere for the
three time periods and Figure 3.46 shows the short wave at surface and top of the
atmosphere. Longwave at surface increases around 5 W/m? over the source regions and
1 W/m? over the north of the source regions. Longwave at the top of the atmosphere
also increases around 1 W/m” over the source regions. Short wave at the surface
decreases up to 20 W/m? over the source regions and 5 W/m” over the north of the
domain. Short wave at the top of the atmosphere decreases 3 W/m” over the source
region. The surface radiative forcing is reduced by dust around 1-2 W/m? (Tegen et al.,
1996, Woodward et al., 2001) where top of the atmosphere forcing tend to be less
(Zhang, 2009). The study of Zhang (2009) shows that short wave forcing is negative
both at the surface and top of the atmosphere with values around -25 W/m? and -7.5

2 .
W/m” over the source regions.
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Figure 3.45: Longwave at surface and ToA (W/m?).

Long wave effect of dust at the surface is 10 W/m” and 2.5 W/m® according to the same
study. According to the study of Solmon (2006), dust loads and high temperatures in the

Saharan desert causes a long wave absorbtion and positive radiative forcing at ToA
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(Top of atmosphere). It 1s found that radiative forcing at the surface is negative and

causes cooling. Values increase when the AOD increases (Solmon, 2008).

Shortwave at surface at 1991-2000 (W/m 2) Shortwave at ToA at 1991-2000 (Wlm2)

S ~4*-
=

- o 50 . - - 0
o £ )
5 P s s
gy A -
‘ g E . 2
N -0 4 5 - 4
¢ 3 / .
‘ 15 L 5 " : g
: . Iivm By & o & ] =
i W
20 - n na— 5

-10 0 10 20 30 40 -10 0 10 20 30 40

Shortwave at surface at 2041-2050 (W,

m?)
et

Shortwave at ToA at 2041-2050 (W/m;i

- ¥ - 0
& N L34 Lo Y
e " o =

45 B3 : e a

0 50

40

35

15 30

25

Figure 3.46: Shortwave at surface and ToA (W/m?).

3.3. Effect of Dust on Temperature and Precipitation

Climatic effects of dust are given in this section. Figure 3.47 shows effect of mineral
dust on temperature. Figure shows the difference of average temperature of the 10 years
simulations performed both with dust and without dust. Dust causes a decrease around
0.2 C° over Turkey and Europe and a decrease around 0.5 C° over the African continent
for the mean of 1991-2000. This result is valid also for the 2041-2050. Dust effect
decreases at 2091-2100 period since the column burden decreases over Turkey in the
future. According to IPCC (2007), aerosols lead 0.5 W/m” decrease in radiative forcing
directly and 0.7 W/m” decrease by cloud albedo effect. Zhang et al. (2009) found 1 C’

decrease over the source region.

Figure 3.48 shows the difference between dust and no-dust simulation for temperature
of four different region in the domain. Dust leads temperature decrease in the spring
season in 1991-2000. There is a smooth decrease in 2041-2050 period and it decreases
in autumn in the four regions in 2091-2100. When the average of all year is taken there

is a decrease in total temperature in case of dust is included in the simulation.
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Figure 3.47: Temperature differences for each period with dust and without dust.
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Figure 3.48: Difference of dust-nodust simulations
for temperature difference of ten year means.
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Figure 3.49: Difference in Spring Mean Temperature
a) 2041-2050-1991-2000 b) 2091-2100-1991-2000.

Figure 3.49 shows the difference in spring mean temperature with dust between the
periods. There is an increase over all domains in the both periods in temperature. The

increase is higher in the 2091-2100 period. These figures are showing both greenhouse
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effect (A1B scenario from ECHAMS output) and dust effect so that temperature
increase is around 4 C over Africa in 100 year difference. These results are similar in

IPCC 4™ Assessment Report (2007) A1B scenario.
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Figure 3.50: Precipitation differences for each periods with dust and without dust.

Precipitation change caused by dust is given in Figure 3.50. It shows the difference of
average of the 10 years simulations with dust and without dust for three time periods. It

is seen that precipitation decreases over the domain around 0.2 kg/m?-day. According to
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Solmon et al. (2008), dust causes a decrease of precipitation over Sahel region. In our

study, it is seen that precipitation decreases over the all lands and increase over the sea.

Figure 3.51 shows the difference between dust and no-dust simulation for precipitation
of four different regions for three different time periods. The difference of the dust and
no-dust simulation averaged over all months of each term and each region. Dust leads a
decrease over all domain and all regions. There is an increase in the spring period in the

northwest of domain in 1991-2000 period.
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Figure 3.51: Difference of dust-nodust simulations
for precipitation difference of ten year means.

Figure 3.52 shows the difference between periods in total precipitation in spring. There
is a decrease over Northern Europe and increase over Russia in the first time period in
total precipitation. There is an increase in Northern Europe and decrease in the Southern

Europe in 2091-2100 average period.

Figure 3.53 shows the summary of the long term study. As it is explained in this section
model set up was done, ECHAMS data were downloaded and prepared to the
simulation. After simulations were completed model outputs were post-processed and
analysis and visualization were done by Matlab. Afterwards model inputs processed by
ICBC and then outputs of the model were compared. Also Taylor diagrams were made

for model validation.
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4. CONCLUSIONS AND FUTURE WORK

This section gives the conclusion of the study and future work planned following to this
study. Saharan desert is an important component of the Mediterranean climate system.
Meteorological conditions are the driving factors of the emissions and transport of dust
from Sahara, so that climate change can affect the mineral dust sources and its transport
pathways. Dust also affects the Mediterranean climate by modifying its radiative budget

at regional scale.

This thesis showed the impact of dust transport on air quality and climate by two cases
(short-term and long-term). The purpose of the short-term case is to investigate the
relationship between high PM;y concentrations and dust transport using atmospheric
modelling, satellite data as well as in-situ observations and determining the aerosol
optical properties and direct radiative effects of aerosols for a dust transport episode
during March 2008. PM,, values for the three selected regions and, for the episode in
Turkey and at 10 different stations in Istanbul for the period 2004-2010 were provided
by the Turkish Ministry of Environment. After determining the most affected season,
which is spring, PM,o concentrations for this season were evaluated and then an

important episode during March 2008 was selected.

In this study, RegCM4.1 was used to model to further investigate the Saharan dust
transport in the selected episode. During the period between March 21st and 24th, 2008,
observed daily mean of PM,, concentrations reached up to 180 pg/m’ in Marmara
region and 160 pg/m’ in Aegean region. According to the RegCM4.1 model outputs,
station Erdemli had highest AOD on 23" March 2008, around 1.2, where it was 0.7
according to the AERONET observations. Daily average AOD in Marmara Region was
found to be around 1.0 on the same day. Daily average column burden was 1000 mg/m”
in Marmara Region and 750 mg/m” in Aegean Region. Daily mean short wave (all sky)
radiative effect at surface and ToA was -62 W/m” and -29 W/m® in Marmara and -71

W/m” and -33 W/m” in Aegean Region respectively. In parallel, long wave forcing at
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surface and ToA is 7 W/m? and 4 W/m® in Marmara and 11 W/m? and 4 W/m® in

Aegean Region.

The second case is the long-term study, which was aimed to investigate the effect of
mineral dust on climate. Three 10-year time periods (1991-2000, 2041-2050, and 2091-
2100) were simulated with the regional climate model RegCM-4.1.1 in order to quantify
the changes in dust distribution, optical properties, direct radiative forcing and its
impacts on temperature and precipitation. The dust budget components (surface
emissions, dry deposition, wet deposition and column burden) are simulated for the
present, near future and end of century in order to compare them in present climate and

future climate projections.

The model domain covers the entire Mediterranean Basin. The horizontal resolution is
27x27 km” and grid number is 128x256 with 18 vertical layers from surface to 50 hPa.
Initial and boundary conditions were obtained from ECHAMS simulations of the A1B
scenario. Two sets of simulations were performed, with and without mineral dust.
Monthly average precipitation and temperature data over 10 years are analyzed on both
seasonal and annual time averages. Taylor diagrams (Taylor 2001) that compute the
root mean square difference (RMSD), variability and pattern correlation between the
model outputs of no-dust simulations and gridded datasets of Climate Research Unit

(CRU) observations, allow us to assess the overall model performance.

Mineral dust emissions are expected to shift towards southern latitudes of Saharan
Desert in the future compared to present climate. Dust emissions are increasing by 15%
and 20% in 2040s and 2090s in the southern part of the domain. This occurs because of
the general pattern of surface winds, which are strengthening at lower latitudes,
associated to a strengthening and relocation of the Azores anticyclone towards north in
future climate conditions. This leads to an increase (8%) in dust burden in the west of
the domain and a decrease (10%) in the east of the domain. Aerosol optical depth also
changes similarly to the dust burden. In the 2040s, AOD is increasing by 15% in the
Western Mediterranean and decreasing by up to 10% in the Eastern Mediterranean.

Similar changes are also simulated for the end of the 21st century.

Short wave net radiation at surface is decreasing up to 20 W/m?” over the source regions
and 8 W/m” over Mediterranean Sea and South Europe and 3 W/m’ over the source

region at the top of atmosphere since mineral dust has scattering feature. Also dust
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caused a decrease in mean temperature around 0.2 C° over Europe and 0.5 C° over the

African continent for the period 1991-2000. A similar impact is found also for the 2041-

2050. Smaller temperature changes are simulated for the end of the 21st century.

4.1 Conclusions for the episodic study

Model results highly correlated with PM;y concentrations and satellite image. It is

found that RegCM4.1 is able to model March 2008 episode and it can capture the dust

pattern correctly in comparison with the satellite image.

1)

2)

3)

4)

On March 23th 2008, when the dust episode affecting Aegean and Marmara
Regions intensively, daily mean PMjy level was 102.6 pg/m’ in Aegean
Region and 117.3 pg/m’ in Marmara Region according to the data provided

by Turkish Ministry of Environment and Urbanization.

Model performance was evaluated through the AOD model outputs and
AERONET observations. Three stations were selected which are affected
stations such as Erdemli and Sevastopol and control station Eilat. Correlation

coefficient was calculated around 0.6.

On the same day, AOD was 1.11 in Aegean Region and 0.87 in Marmara
Region according to the RegCM4.1 model results. Mean dry deposition is
201.13 mg/m” and 96.67 mg/m” and column burden was 1009.9 mg/m” and
745.37 mg/m?, respectively.

Dust transport causes change in radiative forcing because of the highly
scattering feature of mineral dust. Short wave at surface and at ToA
decreases around 71.4 W/m® and 33 W/m” in Aegean Region and 61.9 W/m®
and 28.8 W/m” in Marmara Region, respectively. Long wave at surface and
ToA increases around 10.7 W/m” and 4.4 W/m® in Aegean Region and 6.9

W/m” and 4 W/m? in Marmara Region, respectively.

This study shows the atmospheric properties and radiative forcing during an important

dust episode affecting west of Turkey.
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4.2 Conclusions for the Long Term

A comprehensive analysis of the dust budget, including surface emissions, burden,

deposition and effect of dust on radiation, temperature and precipitation for present and

future climate were investigated in this section.

1)

2)

3)

4)

Compared to present climate, a shift of mineral dust emissions towards
southern latitudes of Saharan Desert was observed in the future. It was found
that Saharan dust episodes occur more in spring season. Surface emissions
shifted to south in near future and future periods. Emissions increased
around 10 mg/m*-day (2%). In the southern part of the domain dust
emissions were increasing by 15% and 20% in 2040s and 2090s,
respectively. This is due to a change in the general pattern of surface winds,
which are strengthening at lower latitudes, probably due to a strengthening
and relocation of the Azores anticyclone towards north in future climate

conditions.

This generated a change in dust burden over the Mediterranean with
decreases particularly in the Eastern Mediterranean (10%) and increases in
the West Mediterranean (8%). Column burden and AOD is related to dust
emissions and changes in wind pattern. The changes in burden of dust
determine also a change in the distribution of the aerosol optical depth
(AOD) and the dust radiative forcing. In the 2040s AOD is increasing by
15% in the Western Mediterranean and decreasing by 10% in the Eastern
Mediterranean. Similar changes were also simulated for the end of the 21*

century.

Dry deposition is related to dust emissions and wet deposition is related to
dust emissions and the precipitation. Dry deposition increases around 10
mg/m*-day (10%) in 2041-2050 by shifting to south. It decreases around 7-8

mg/m*-day in the east.

The impact of dust on the net radiative budget was quantified for the single
10-years periods by comparing the simulations with dust and without dust.
Shortwave net radiation at surface is decreasing up to 20 W/m?* over the
source regions and 8 W/m® over Mediterranean Sea and South Europe.

Shortwave net radiation at the top of atmosphere is decreasing 3 W/m? over
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the source region.

5) Dust causes an average decrease of 0.2 C° over Europe and 0.5 C° over the
African continent for the period 1991-2000. A similar impact was found also
for the 2041-2050. Smaller temperature changes simulated for the end of the
21* century. No significant changes were observed in precipitations for the 3

periods.

6) In this study we have seen that lack of land use change, which is a very
important issue to be solved in RegCM-4 model. As a result of climate
change, it is expected to have more dust sources in the future than reference
period. Because of warmer temperatures, dust sources and dust storms may
increase. So that land use change will be important in evaluating the effect of

dust on climate.

4.3 Future Work

Since Saharan desert is an important component of the Mediterranean climate system, it
should be noted that dust storms should be more investigated in terms of frequencies.
As a further work, intense dust events over the Mediterranean Region for the three time
periods should be counted and frequency should be calculated. In order to do this, it is
necessary to count events over a given threshold for AOD or daily total deposition by

taking daily average of all days for ten years.

This study showed that dust has significant impact on air quality, especially on PM;y.
There should be studies that can set different limits to dust transport episodes according
to the EU Council Directive 1999/30/EC. PM, concentration exceeds 50 pg/m’ even if
there is no residential heating, so that this issue can be solved in order to prevent unfair
applications. Experimental studies also can be done to calculate the ratio of mineral dust

in particulate matter in order to support this idea.

In this study ECHAMS A1B scenario data according to the IPCC 4™ Assessment Report
were used. New data are available at the IPCC 5™ Assessment Report Group. New

simulations can be performed according to the new emission scenarios.

Land surface model of RegCM4.1 is BATS. Although it is a good option, it is known
that land use will change as a result of climate change. In this study this change

becomes very important since the effects are calculated according to the dust transport.
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A module which also provides land use change in the future periods can be adapted to

the climate models.
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