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ABSTRACT

INVESTIGATION OF PRIMARY PRODUCTION AND NUTRIENT CYCLES INTHE
CILICIAN BASIN

Yumruktepe, Veli Caglar
M.S., Department of Physical Oceanography

Supervisor : Assoc. Prof. Dr. Baris Salihoglu

February 2011, 94 pages

This study aims at investigating the limiting nutrientfsMersin Bay to determine appropriate water
treatment procedures for the cessation of eutrophicalieritu physics, chemistry and biology data
were collected on the continental shelf of Mersin Bay frond&@o 2010. To test the influence of
river discharges and define the limiting nutrient(s), thdftBB coupled ecosystem model was used.
The model is forced by boundary conditions derived from CYOS forecast data, ERA-INTERIM
climatic forcing, river discharges and remotely sensedivgatterns, while the collected data were
used to calibrate the simulations. Sensitivity analysegasst that phosphorus is the limiting nu-
trient. Vertical mixing and stratification due to seasomahperature variations play an important
role in controlling phosphate concentrations and distiéms and therefore influence the dominant
algal distribution in the water column. The coastal afidlwre waters of Mersin Bay showfidir-
ent ecosystem characteristics. Coastal waters are inBddmgriver discharge andfghore waters
are influenced by the general circulation of the CilicianiBashich suggests that coastal waters
remain trapped near the coast by tlEslore general circulation. Analyses also show the influence
of atmospheric deposition on primary production, espicauring periods of strong stratification
by 25 % increase in production where there is reduced vesigaply of phosphorus from below the

seasonal thermocline.



Keywords: nutrient limitation, primary production, 3D qaad ecosystem modelling, Cilician Basin,

river discharge



Oz

KILIKYA BASENINDE BIRINCIL URETIMIN VE BESIN DONGUSUNUN INCELENMES

Yumruktepe, Veli Caglar
Yiksek Lisans, Fiziksel Osinografi

Tez Yoneticisi : Assoc. Prof. Dr. Baris Salihoglu

Subat 2011, 94 sayfa

Bu calisma, otrofikasyon olgusunu engellemeyi ve sunaryontemlerini belirlemede kullanilacak
olan sinirlayici besin elementlerini belirlemeyi amagdktadir. 2008 ile 2010 yillar arasinda,
Mersin Korfezi kita sahanhgi icerisinde detayl fizékskimyasal ve biyolojik dlctimler yapilmistir.
Nehir girdilerinin etkisinin ve sinirlayici besin elemiminin belirlenmesi igin, Delft3D baglh hidro-
dinamik ve ekosistem modeli kullaniimigtir. Model, sikasullari icin CYCOFOS 6ngori veri-
leri, iklimsel degisimler icin ERA-INTERIM model sontari, nehir girdisi ve uzaktan algilanan
rizgar duzenleri kullanilarak yonetilmis olup, sahadplanan veriler ile kalibre edilmistir. Has-
sasiyet analizleri, fosfor elementinin sinirlayici beslementi oldugunu gostermektedir. Fosfor
elementinin konsantrasyonu ve dagilimi, dikeyde karasve tabakalasma olgularina neden olan
yilhik sicaklik degisimlerinden etkilendigi gibi, buapi su kolonundaki baskin tur dagihmini etk-
ilemektedir. Kiy1 ve acik Mersin Korfezi sulari farklh egistem ozellikleri gostermektedirler. Kiyi
sulari buyuk olciide nehirlerden ve acik sular isakygi Baseni genel akintisindan etkilenmekte-
dir. Bu olgu, kiyi sularinin, acgik bolge su akimlari tanafan kiyida hapsedildigini dnermektedir.
Analizler ayni zamanda, tabakalasmanin yogun oldugmeesimsel termoklinin altindan forfor
beslenmesinin azaldigi donemlerde, birincil Uretiniasfer girdilerinin de katkisinin oldugunu

gostermektedir.

Anahtar Kelimeler: sinirlayici besin elementi, biringiketim, 3D ekosistem modeli, Kilikya Baseni,
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CHAPTER 1

INTRODUCTION

1.1 Background Information

1.1.1 Geometry and Topography of the Study Area, Mersin Bay iad Cilician Basin

The Cilician Basin, lies in the northeastern corner of thedNégranean Sea between Cyprus and
the southern coast of Turkey. Together with the onshorensida of the Adana Basin, they form
the combined Cilician-Adana Basin (Shaw and Bush, 1978&jtipoed between the longitudes 33.5
and 35.5. The basin has a water volume of approximately dl®mkm?® and has a basin area of
19000 kn# (Toker, 2003). The shelf bordering the north of the CilicBasin is narrow (Figure 1.1).
The distance between the coast and the shelf break, whichspands to 200 m depth, is less than
15 km wide. In the regions where the deposits of Seyhan andaBeRrivers are settled, the shelf
is 40 km wide (Ediger et.al., 2002). The deepest parts of liei@ Basin are on average 1000 m
deep (Evans et.al., 1978). The overall pattern of topograplthe basin is asymmetric, the deepest
part is located in the southwestern corner, and the bott@ogiaphy gradually increases towards
the northeastern corner. There are relatively steep slofigisore from the Goksu Delta, 2.38&
5.7° being the maximum slope . As mentioned, the northeasterinhparmore gradual slope of

0.19, between the shores of the city of Mersin and Seyhan RiveeefT@003; Ediger et.al., 1997).

Mersin Bay is located in the northeastern part of the CilR#sin connecting with the main basin
along the 100 m contour. The bay covers an area of nearly 1B0nkthin the continental shelf
off southeastern Turkey, between Goksu and Seyhan deltascofiieental shelf of Mersin Bay
forms the northwestern margin of the Adana-Cilician Bagiaxtends from the Goksu delta (in the
southwest) to the Seyhan-Tarsus-Ceyhan delta (in thegasthand is narrower and steeper in the

southwest than in the northeast (Ediger et.al., 1997).

The main area of concern in this study is Mersin Bay, becdusday is subjected to both high



anthropogenic and natural influence from the major city ihead major rivers Seyhan and Berdan.
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Figure 1.1: General topography of the Cilicia Basin (GEBCO)

1.1.2 Physical Characteristics

1.1.2.1 Water Masses

The most important water masses in the Eastern Mediteman@a top to bottom are modified At-
lantic Water (MAW), Levantine Intermediate Water (LIW) akdstern Mediterranean Deep Water
(EMDW) (Ozsoyet. al., 1989; Alhammoudtt. al. ,2005). In this section, water masses and their
interactions with the southern coasts of Turkey will be fyidescribed with a special focus on the

Cilician Basin.

Due to the imbalance between the evaporation and predpitéitix in the Mediterranean Sea, there
is a continuous intrusion of Atlantic Surface Water from 8teait of Gibraltar. As the evaporative

flux is much larger than the precipitation flux, in spring anthener months, this penetration tends
to increase, resulting in an intrusion of less saline serfaaters into the Mediterranean. At the

very western parts of the Mediterranean, this water masbearaced as deep as 150-200 m, with a

2



salinity range of 36.15-37.15 ppt. As Atlantic Water (AV\g\tels to the east along the North African
Coast, mixing with the surrounding waters, it loses its l@liréty characteristics, and therefore is
sometimes called the modified Atlantic Water. It can be tlag@h a salinity range of 38.5-39 ppt
between depths 20-100 m. MAW can also be traced, espeaiadlynmer and fall months below the
homogeneous high saline and temperature mixed surface Teye surface waters in these months,
with respect to evaporation and heating, trap the MAW belawvinter months, due to high mixing

in the water column, the thickness of the MAW is reduc@asoyet. al., 1987).

The Levantine Intermediate Water is formed mainly in thetNeastern Mediterranean, south of the
Turkish Coast, in the depth range of 200-600 m, and eventilalivs out of the Mediterranean to
the Atlantic Ocean (Malanotte-Rizzat. al., 1999). In their studyDzsoy andJnluata, 1983, state
that the LIW is formed along the southern coast of Turkey, ueold outbreaks in winter, excess
of evaporation over precipitation and rdh winter. These events usually occur near Rhodes, the
Gulf of Antalya and North of CyprusOzturgut (1976) describes the source of LIW, east of Rhodes
and the Bay of Antalya, with temperature 183and salinity 39.15 ppt in Antalya and temperature
16.2°C and salinity 39.12 ppt in east of Rhodes (Figure 1.2). Imv\ié these studies, there have
been more theories on the reason for the formation of LIW.HDwikov and Plakhin, 1984, state
that inside the cyclones, density domes are formed, andodwéntls and evaporation, dense waters
convect down to deeper layers from the sides of the dome. &lseyproved that this event may
happen with a numerical modeDzsoyet. al., 1987, further agree that throughout the Northern
Levantine Basin, several cyclonic and anticyclonic gymnesmesent, so the formation of LIW can

be traced throughout the whole Northern Levantine Basin.

In the deepest layers of the Levantine Basin, Eastern Megiitean Deep Water (EMDW) is present.
Though not much is known about this water mass, the commanigthat it is formed by strong
cooling in the northern part of the eastern basin, in the &triand the Aegean. It can be traced
with temperature nearly 136, salinty 38.7 ppt and density higher than 1029.051Rg(Figure
1.2). Also in addition to these three major water massesjrimser months at the surface above the
MAW, a thin layer of high temperature and salinity is preseaited the Levantine Surface Water
(LSW). It is believed that this water mass plays an importald in the formation of LIW (Alham-

moudet. al., 2005).

Ozsoy andJnlilata (1983) state that because of the cold winters and vegimes, the local winds
and winter conditions in Cilician Basin, Goksu Valley andyBof Iskenderun can create favorable

conditions for formation of the intermediate waters in EastCoast of Turkey. Low temperatures



and high density in surface waters in February are closedalaracteristics of LIW stated by

authors.
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Figure 1.2: Water Mass Characteristics of Northern LevenBasin from POEM Experiments (after
Malanotte et.al., 1999)

1.1.2.2 Circulation

The Mediterranean general circulation patterns have besusfof studies by many scientist since
the beginning of the 20th century. The first ones recordec e studies conducted by Nielsen,
1912, and Schott, 1915, who presented a general cyclomiglaifon system in the Mediterranean.

Later, this study has been supported by observations andlfimgdstudies Qzsoyet. al., 1987).

Ovchinnikov, 1966, states that surface water of Atlantigiaris carried along the coast by the North
African Current, in the Levantine Basin changes its coura@atd the northeast to Crete. This water
mass spreads into twoftrent currents, one heads west back again and the otherdmatisast to
the Egyptian coasts. This current splits into tw@i@hent currents, one heads north into the Rhodes
Gyre which covers an area between Rhodes Island and ceattalqf the Levantine Basin. The
east flowing current, reaches the coasts of Israel, and meatlsalong the coasts of Lebanon and
Syria. Eventually, this current enters the Cilician Basimg flows out of the basin along the Turkish

Coasts towards the Rhodes Gyre. The magnitude of the swtaeEnts in winter months is on av-
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erage 10-25 cys, decreasing by half in summer months. Ovchinnikov furtitated that the current
system is not stronglyfeected by seasonal changes and that throughout the yeaabeineulation
patterns do not vary. Wind patterns are the dominant faatofsrming these patterns, along with

the small éect of the horizontal density gradients.

In contrast to the results of Ovchinnikdﬁ,zsoy, 1989, states that the circulation is mainly cyclonic
at all depths, not just the surface, and concluded that #rentbhaline gradients were the main driv-
ing forces for the circulation. Data to define the circulatfmatterns in EMED have been collected
during the international POEM program. The results of tihiggpam revealed a fierent circulation
pattern from the traditional picture (Alhammosetd al., 2005). The circulation system is composed
of two systems of sub-basin gyres. These are Mersa-MatrdiSarkmona anticyclonic systems
in south, and cyclonic Rhodes Gyre in the north regions otdfadViediterranean. Between the
gyres Mersa-Matruh and Rhodes, there is a strong 48 @@hcalled the Central Levantine Basin
Current (CLBC) byOzsoy, 1989, and Mid-Mediterranean Jet (MMJ) by Robinsoral., (1991)
(Figure 1.3). This jet bifurcates and one of the branchessfloarthward around the Rhodes Gyre,
eventually merging with the Aegean Sea and Cretan Passageotfier branch flows eastward and
bifurcates again, one branch flows towards the west of Cygmdshe other to the south of Cyprus.
In contradiction with the results from Neilsen, 1912 and Rimnikov, 1966, where most of the
transport is counter-clockwise around Cyprus, but withim POEM observations around the Shik-

mona Gyre, the flow is southward and permanent.

: lonian-Atlamilc Slream
Citician Cri

Asla Minor Cri
Mid-Mediterranesan Jeb
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Figure 1.3: General Circulation Patterns of Levantine Béafter Robinson et.al., 1991)



Cyclonic circulation dominates the northeastern cornghefMediterranean(izsoyet. al., 1987;
Ozsoy andUnluata, 1983; Collins and Banner, 1979). The persistarfase current along the
coasts of Israel, Lebanon and Syria turns westward and flawsfahe Cilician Basin following
the southern coasts of Turkey. Flowing between the seriegadnic and anticyclonic mesoscale
gyres, this current is called the Asia Minor Current (AMC)vd'weak mesoscale gyres at the sides
of the AMC, a cyclonic eddy attached to the eastern coast @r@yand an anticyclonic eddy
near the Turkish-Syrian coast that extend north toward tag & Mersin complete the general
mean circulation in the Cilician Basin. These patterns #&e supported by the study of Collins
and Banner (1979) conducted who combined satellite imagesputed geostrophic fields and the
measured secchi depths to picture the detailed flow pattertie Cilician Basin (Figure 1.4). A
detailed study of the coastal current systems of the soufludey has been conducted byliiata
et. al. (1983), who also confirmed the existence of a mean westedydl@raging 10 cris. They

also stated that a blockingdfect of the coastline causes fluctuations in the flow patterns.

-
TURKE Y
36°N -
— e
35N CYPRUS
32°E

Figure 1.4: General Circulation Patterns of the CiliciarsiBgafter Collins and Banner, 1979)

1.1.2.3 Atmospheric Setting

Ozsoy andUnlilata (1983) and Ataktiirk (1980), pictured the genehalracteristics of the regional

wind patterns. In winter and spring, the area is under infteeaf extratropical cyclones. In summer
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and fall, mid-latitude westerlies play a major role, conduirwith the local wind systems. Due to
the existence of river valleys and gaps in the mountainoeasaof the south Turkish Coast; Gulf
of Antalya, Goksu Valley and Gulf ofskenderun, local winds are triggered and strengthened by
cold outbreaks in winter, and winds of katabatic origin imsoer are observed. Locally this wind
character with a northwestern path is known as Poyraz inéjurRoyraz carries cold and dry air
masses towards the coasts, which in turn as stated in pees@aiions play a role in the formation

of LIW.

1.1.3 Ecosystem Dynamics of the Mediterranean Sea
1.1.3.1 Sources and Settings of Nutrients

Historical studies (Bethoux, 1989; Azov, 1991; Bethowalet.1992; Yilmaz and Tugrul, 1998;

Bethoux et.al., 1998; Ediger et.al., 2005; Krom et.al.,2Pth the Mediterranean Sea show that, it
is one of the nutrient-poorest, oligotrophic water massdheé world. This characteristic is a result
of low nutrient input from both lower layers (upwelling) aegternal sources, geophysical and arid
climatic conditions. Primary production rates decreasestds the Eastern Mediterranean com-
pared to the Western Mediterranean. Therefore the Easteditdiranean is considered to be an
ultra-oligotrophic marine environment with the lowest peeater nutrient concentrations found in

the world, and surface water nutrients below detectiontli@ne of the reason for this event is that,
nutrient-depleted Atlantic surface water enters the bfasim Gibraltar and Sicily, and intermediate

waters with relatively higher dissolved organic nutriegits exported towards the Western and North

Atlantic.

The sources of nutrients in the Mediterranean Sea are th@virdf low nutrient surface waters,
from Gibraltar, atmospheric and riverine discharges. @utjh throughout the year there is inflow
from the North Atlantic to the basin, providing a source ofrimnts, this accounts for only 20 % of
total input (Bethoux, 1989). The rest originates from rimerand atmospheric inputs. The major
rivers in the western basin are the Ebro, Rhone and Po, whithtal have 18'm? discharge per
year. The #ect of these nutrient rich discharges are only local andoseds Their éfects can be
spotted in coastal areas, where as the Mediterranean haiglairmate, due to higher evaporation
than precipitation, the constant inflow of 32000%surface waters of Atlantic carries nutrient poor
waters into the basin. As for the Eastern Mediterraneaméger river discharge was the River Nile
with approximately 43x189m?3per year before the Aswan Dam, and now 4-5xti®per year (Azov,
1991).



Extensive studies have been carried out to estimate nuiriputs to the Mediterranean Sea. Krom
et. al. (2004), referenced several authors who stated that, Poinpats consist of 50 percent of
nutrient source with dissolved nitrogen 20.2% 100l per year and dissolved phosphate 0.9xh0l
per year. Calculated N and P inputs throughout the basinauittodel yielded 28.9xPomol N per
year and 1.09x10P per year. The dissolved nitrogen input from the River Nil6.48x18 mol per
year and dissolved phosphorus 0.1%hfol per year (Nixon, 2003).

The Mediterranean, being enclosed by continental masssispngly influenced by the atmospheric
nutrient inputs. The Eastern Mediterranean receives agsegfrom Central and Eastern Europe
throughout the year. The attenuation of nutrients from th@aphere occurs through wet and dry
deposition. Therefore, the regions with high precipitatieceive higher wet deposition, mainly the
Western Mediterranean (Krom et.al., 2004). They estinfadewet deposition flux in the Eastern
Mediterranean as, 20/&mol nitrogen and 28@mol phosphorus Aiy. In parallel to the wet de-
position, the dry deposition of nutrients is particulantygortant in Eastern Mediterranean, due to
masses of dust transport. On average their estimate of gigsd®n in the Eastern Mediterranean

is 54 umol nitrogen and 35@mol phosphorus Aiy.

The observed mean concentrations of dissolved and patécaltrients also ffier throughout the
basin. In the western basin, nitrate ranges between 8%Bu8/, phosphate ranges between 0.4-
0.411uM and silicate ranges between 7.98-8,84@ in the water column, based on data collected
at 8 stations during 1994 and nitrogen, phosphate andtsilltad reported values of 4.5, 0.19 and
6 10°° moles in lonian Sea (Bethoux et.al., 1992). In the same stdpmparison has been car-
ried out with the historical data. Nitrate data ranges betw@ 32 and 8.68, phosphate data ranges
between 0.34 and 0.404 and silicate data ranges betweei8.383M for the upper 400 m within
years 1962-1994. In Eastern Basin, the nutrient distidingticompared to the western basin are rel-
atively low. Especially in surface waters of the Rhodes Gugalya Basin and the Cilician Basin,
the nutrients are nearly depleted throughout the yearatditoncentration range between 0.11 and
4.66 uM and phosphate data ranges between 0.02-0M@n surface waters between 1991 and
1994. Nitrate concentration ranges between 4.6-aN4and phosphate ranges between 0.16-0.22
uM. It should be stated that the least amounts of nutrientsrebd are in the anticyclonic Cilician
Basin surface waters, phosphate being @B2most of the time. The nutrient blooms are observed
in spring seasons (Ediger et.al., 2005; Yilmaz and Tud®@88). For the Southeast Mediterranean,
the study of Krom et.al., 1991 yielded a similar picture. Bhedy has been conducted in 1989 and
surface waters of Southeast Cyprus are depleted in nigridtitrate data ranges between 0.3-0.7

uM and phosphate was below detection limit (uM). The deep waters consist of nearly constant



values of nitrate 5.xM and phosphate 0.24M.

A detailed study has been conducted in the Cilician Basin Bjnaz and Tugrul, 1998. The re-
sults were similar compared to historical studies for theirhaUsing this study, a comparison of
the coastal andftshore waters of Cilician Basin can be done. Especially imgpnonths (March-
April), in coastal areas due to river discharges, relagiijher concentrations of nitrate and silicate
has been observed with nitrate concentration ranging fré&id2.1uM. On the contrary, the
shore surface water nitrate ranges between 0.0.1n January the same year, thieet of river
discharge was not significant. Although, the surface waieGilician Basin are poor in nutrients,
the layers below the euphotic zone show high nutrient chexiatics, with nitrate concentrations of
6.5uM at a depth of 400m. In agreement with the historical respl®sphate concentrations were
as low as 0.02-0.04M for surface waters and 0,2M for deeper layers. Again in surface waters,

silicate concentrations ranges between/ AV, and can be as high as 9-4M in deeper layers.

Recent observations of atmospheric and riverine nutrigmitito Mersin Bay (Kogak et.al., 2010)
have provided estimations of nutrient inputs into the basituding comparisons of atmospheric
and riverine sources between 1999 and 2007. In total nitemtenonium, phosphate and silicate
inputs were 8, 3.2, 0.1 and 1.7%@ol km2 y~! respectively. The dramatic picture of these results
were that 90% of DIN and 60% of RGources from atmosphere, whereas 90% of silicate was of

river origin.

1.1.3.2 Nutrient Limitations and Production

The Mediterranean Sea, and the Eastern Mediterraneantioypar, is one of the largest water mass
that is thought to be phosphorus limited because of high nmiti@te:phosphate ratio. When surface
waters are excluded considering the variations in ratiotdygoduction, the deeper layers show a
relatively constant ratio of 29:1 (Krom et.al., 1991; Krofmak, 2005), 28:1 (Yilmaz and Tugrul,
1998). These results are higher compared to the Westerntéiediean (23:1) and North Atlantic
(16:1). In the upper layers of the Eastern Mediterraneantdtio varies from 5-25:1 in the euphotic
zone and with values up to 120:1 at the top of the nutricliigufe 1.5). The reason for the higher
ratios of 120:1 in depths between 150-300m is the discrgpahconcentration increasing depths
of N and P (Yiimaz and Tugrul, 1998). After the winter miximgwater column, there is a winter
phytoplankton bloom, and this bloom ceases when the stetiiin is significant and surface waters
run out of phosphate. Krom et.al. (2004) concluded thatabse the sources of nutrients in the

Mediterranean Sea have an excess ratio of Redfield £NtB:1), the whole Mediterranean has a
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shortage of phophorus. Also, Yilmaz and Tugrul, 1998 estiaat the most probable reason of the
formation of phophorus-poor deep waters is the labile aifiesl organic and inorganic nitrogen rich

sinking water.

Kocak et.al. (2010) suggests recent molar ratio of nutsiérom rivers were on average 28 and 1.3
for N/P and SiN respectively. The atmospherigiNratio is 10 times the river and rivering/lSiratio

is 100 times higher than the atmospheric ratio. These ratitiser propagate phosphate limited en-
vironments into the basin. He further suggests that theaséioutcomes of these results can cause a
switch from diatom dominated population to non-siliciopgaes in coastal areas, especially in the
bloom season, where recent studies show that diatoms adethimant phytoplankton population

(Uysal and Koksalan, 2010). The limitation of silicate om@grogen can be important in this manner.

Production in the Mediterranean Sea varies with respedtgavailability of nutrients. Bethoux
et.al., 1998, state that the production in the Eastern Medihtean and whole Mediterranean with
respect to phosphate budgets are 5.5 and 8.2 §Cnand with respect to nitrate budget 8 and 11
gC nmfy~1accordingly. The gap between the results are due to the dpamid/P ratio. The satellite
imagery study of Antoinet. al. (1995), states that the total production in the Eastern Madinean
was 110 gCriy 1, and 130 gC rfy~* for the whole Mediterranean. The production levels are in
accordance with the nutrient-poor environment of the Ead#editerranean. In the North Eastern
Levatine, the daily depth-integrated production rangéwéen 38.5 and 457 mgC2arL. For the
anticyclonic Cilician Basin, daily depth integrated carhgptake values were on average 250 mgC
m2d~1 with a yearly range of chlorophyll-a of 0.02 to 0.2@/L (Ediger et.al., 2005). Production in

the Cilician Basin can be observed in Figure 1.5.
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Figure 1.5: a) Vertical profiles of dissolved nutrients an@ katio in Cilician Basin for March 1991

- March 1994 (After Yilmaz and Tugrul, 1998) - b) Verticabfiites of primary production in Rhodes
Gyre (CYC), Peripheral and Frontal Area#{P) and Cilician Basin (ACYC) for October 1991 and
March 1992 (After Ediger et.al, 2005)

1.2 Aims and Objectives

The principal objectives of this study were:

e To investigate the dominant circulation patterns, transpod cycling of nutrients, and re-
sulting primary production in Cilician Basin via modellingghere the inner domain shows

eutrophic and the outer domain shows highly oligotrophiarahbteristics.

e To apply changing scenarios of domestic wastewater anddigeharges into the model do-
main to investigate the eutrophication phenomena in thetabaones and interactions with

circulation patterns and nutrient transport.

Within the scope of these broad objectives, the followingsaivere identified for particular atten-

tion:
1. To model the circulation with respect to changing heatefiixvind pressures, and river dis-
charges.

2. To model the primary production levels with respect to@pheric and riverine nutrient in-
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puts, lateral and vertical transport of nutrients and neglly specific parameterization of

rates.

. To assess the impact offidirent characteristics of the inner and outer domain on pyima

production and nutrient cycling.
. To assess thdfect of summer stratification and winter mixing on primarygotion.

. To determine regionally specific limiting nutrients amdttrelevant discharge scenarios to
deduce theféect of riverine and wastewater discharges on eutrophitgtienomena for the

coastal regions of the domain.
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CHAPTER 2

DELFT3D: CONCEPTUAL DESCRIPTION

2.1 Modelling in Delft3D

Delft3D is a 203D modelling system designed for application to hydrodyieanmsediment trans-
port and morphology and water quality problems in fluviatuesne and coastal environments.
Delft3D comprises of integrated modules that simulate ffrddynamics and ecosystem dynamics
of the area of concern. The heart of the modelling system ift3ixis the Delft3D-FLOW mod-
ule, which is a multi-dimensional (2D or 3D) hydrodynamiadatransport) simulation program
which calculates non-steady flow and transport phenomenadtirey from tidal and meteorologi-
cal forcing on a curvilinear, boundary fitted grid. The eatsyn dynamics module for detailed
chemistry simulations is Delft3D-WAQ and the specie spegifiytoplankton growth module is
Delft3D-ECO. Although the ECO module includes detailedtppiankton growth equations, which
are called BLOOM, as a substructure it interacts with WAQagiuns for nutrient cycle dynamics.
Besides the computation considerations, Delft3D also hasib grid and sample generation tools,
RGFGRID and QUICKIN.

In this study, for circulation simulations FLOW module, dod ecosystem simulations ECO mod-
ules are used. Brief descriptions of modules and their @usaare provided in the following sec-

tions.

2.1.1 Delft3D-FLOW

Delft3D-FLOW solves the unsteady shallow water equationsnio (depth-averaged) or in three
dimensions. The equations consist of horizontal equatidmsotion, the continuity equation and
transport equations for conservative constituents. Irukitions, the flow can be forced by tides,
current and total discharge forcing fields at the open baueslaand wind stress at the surface,
pressure gradients due to free surface gradients. Diselaadwithdrawal of water can be included

at certain selected locations in the grid. Also the heat btdan be modelled with severalfidirent
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heat flux models built-in. For turbulence closure consitiena, the four options k-epsilon, k-L,

algebraic and constant model are included.

2.1.1.1 Hydrodynamic Equations and Assumptions

In Delft3D-FLOW the 2D (depth-averaged) or 3D non-lineaalkiw water equations are solved.
These equations are derived from the three dimensionaEN&wkes equations for incompressible
free surface flow, so that vertical accelerations are ratitcdydrostatic pressure relation due to
shallow water approach. In addition to that, the varyingsitgrfields are taken into account in
pressure term, hence the Boussinesq Assumption. lortt@ordinate system, the immediatéest

of bouyancy on the vertical flow is not considered. In DeltfBDOW vertical density dferences
are taken into account in the horizontal pressure gradimdsin the vertical turbulent exchange
codhicients. The vertical velocities are computed from the cwity equation. The set of partial
differential equations in combination with an appropriate $@titial and boundary conditions are
solved on a finite dference grid. The governing equations are given in the sulesgcections.

Further details are referenced to Delft3D-FLOW manual.

Continuity Equation:

o 1 a|(d+0)v /Gy | . 1 a[(d+0)v /G| 0
at VG \Cm O& VG \Cm on ’

Q=H [°(Gin - Gou)dor + P~ E

With gi, andqoy, local sources and sinks of water per unit volums) 1P, the non-local source term

of precipitation and E non-local sink term due to evaporatio

Momentum Equation in Horizontal Direction:

(')v vy, v v, w v _ V2 94/G + vy 9/Cg —fy =
‘/ 6§ ,/ 677 d+Z do ‘/Géé‘/ - 3 \/G_&\/G_q,, on
_ v
G& Pf + Ff + (d+{)2 aO_(VV ) + Mf,

v v dv v Ov, w dv _ vy 9/Gyy V2 9+/Cg —fy =
ot \/G_& 0¢ \/_ (')r] d+¢ do \/G_& \/_ 0¢ @ \/_ an

-——L_P,+F, + W) 1 M,

00 G (d+()2 60'( )
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The vertical velocity w, is calculated from the continuity equation:

6{ 1 8[(d+{)v \/(3_,7,,] 1 8[(d+{)V \/G_ff] (')a) _ H(q
In —

MY PPV i Y o T Gou)

The vertical velocityw is determined at the is@-surfaces.w is the vertical velocity relative to the

movingo-plane.

Hydrostatic Pressure Assumption for tihegrid approach:

9P — _goH hence integrated a® = Pam + gH [~ p(&, 7, 07, Y)do”

do

With the approach of non-uniform density fields, the locaisites vary with the ect of tempera-

ture and salinity with respect to equation of state, so thirdstatic equation becomes:

1 __9 3{: d+{ 0 ﬁp 3 dor ,
_9 ‘9{ d+¢ B o
Ve T Ve a t9nve JAL + 285ydo

The first term in these equations represent the barotropbispre gradient (without atmospheric

pressure) and the second term represents the baroclirsisypesterms.

2.1.1.2 Transport Equations and Assumptions

The flow in rivers, estuaries, and coastal seas often trandssolved substances, salinity Amd
heat. In Delft3D-FLOW, the transport of matter and heat idelied by an advection-fiusion
equation in three coordinate directions. Source and simkg@re included to simulate discharges
and withdrawals. The transport equation here is formulatesl conservative form in orthogonal

curvilinear coordinates in the horizontal direction and¢oordinates in the vertical.

A(d+0)c 1 [ \/Gyy(d+{)uc] B[VGéf(d+§)VC] dwe _
at T @\/—{ pY: o b+ G =
d+¢ Du VGm g 0 1Du VG o 1 mo back
\/G—&\/G—W{ag[a; \/—ag] ilow \/—ag } dT:% o+ max(2, Dy )4l - Ad+{)c+S

where,

S = (d + ¢)(GinCin — YoutC) + Qrot

Equation of State:

The default equation of state formulation in Delft3D-FLO¥/fhe UNESCO approach. Which is;
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In the range: O< t < 40°C;0.5 < S < 43 ppt

A = 8.24493x 1071 — 4.0899+ 1073t + 7.6438+ 107°t? — 8.2467+ 10~ 't> + 5.3875x 107°t*
B = —5.72466+ 1073 + 1.0227+ 107t — 1.6546% 1075t2
C = 4.8314% 104
po = 999842594+ 6.793952+ 107t — 9.095290+ 10-3t? + 1.001685+ 104t — 1.120083+
10°5t* + 6.536332« 107°t°
0 = po+AS + BS? + CS?

2.1.1.3 Heat Balance Equations:

Delft3D-FLOW model simulates the heat balance witfiedent user-defined heat flux models. Some
options require prescribing solar radiation and some requrescribing excess heat due to the atmo-
spheric interaction, in which they both require furtheragfie data input. All of these options were
considered to be used in this study, but the most reasonghlitndo use was the OCEAN HEAT
FLUX MODEL. The advantage of this option is that the modeldmtes the excess heat with atmo-
spheric data, rather than solar radiation input. This condition eliminates the instabilities of heat
flux due to radiation in surface layers. The user has to defirteraperature, relative humidity and
percentage of cloud for the ocean heat flux model. Within ifmelation process, the model defines
its own surface net solar radiation with respect to theudétof the domain. The general equation
of heat balance can be seen below and for further detailseoédiuations, the reader is referred to

DELFT3D-FLOW manual.

Qiot = Qsn + Qan — Qpr — Qev — Qoo

where;

Qs @ netincident solar radiation (short wave)

Qan : netincident atmospheric radiation (long wave)
Qpr : back radiation (long wave)

Qe : evaporative heat flux (latent heat)

Qw : convective heat flux (sensible heat)
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2.1.1.4 Time Integration:

In Delft3D-FLOW simulations, ADI (alternating directiomplicit) time integration method is used
for the shallow water equations. The ADI-method splits ametstep into two stages. Each stage
consists of half a time step. In both stages, all the term$i@fbiodel equations are solved in a

consistent way with at least second order accuracy in space.

For the spatial discretization of the horizontal advectmrmomentum equation terms, three options
are available for simulations; WAQUA, cyclic and floodingh€lfirst two use higher-order dissipa-
tive approximations of the advection terms. The time irdaéign is based on the ADI-method. For
the water level gradient and the advection terms, the timeddere alternating; if in one stage a term
is taken implicitly in time, this term will be taken explilytin time in the other stage. The advection
terms are integrated implicitly in the stage of the ADI-nuethin which the free surface gradient
is at the old time level. In the stage in which the free surfgaient is integrated implicitly the
advection terms are at the old time level. For stability theigal terms are integrated implicitly in
both stages. To ensure that the total mass is conservedatisptirt equation in Delft3D-FLOW is
discretized with a mass conserving Finite Volume approélal form). For the spatial discretiza-
tion of the horizontal advection terms, two options are laéde in Delft3D-FLOW. The first (and
default) option is a finite dierence scheme that conserves large gradients withoutagegespuri-
ous oscillations and is based on the ADI-method. This schiemenoted as the Cyclic method. For

both momentum and transport equations, cyclic method i@ instnis study.

Courant Number2At VgH /<35 + Aiyz < 4+2;

is adviced for the choice of a time step in Delft3D-FLOW wittsspect to ADI time integration

method.

The symbols used in the equations can be seen in Table 2.1

Table 2.1: List of Delft3D-FLOW Equation Symbols

Symbol  Units Meaning

£ - horizontal curvilinear coordinate, x
n - horizontal curvilinear coordinate, y
v m/s fluid velocity in& direction
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Symbol  Units Meaning (continued)

v mys fluid velocity inn direction

w my/s velocity in the s-direction in the-coordinate system
U m/s depth averaged velocity éindirection

\ m/s depth averaged velocity indirection

- scaled vertical coordinate; = % (surface= 0;0- = -1)

a

I m water level above some horizontal plane of reference faatu

d m depth below some horizontal plane of reference (datum)

H m total water depth; H-d + ¢

\/G_gf m codficient used to transform curvilinear to rectangular co+uaths
G, m codficient used to transform curvilinear to rectangular co-uatis

p kgym®  density of water

00 kg/m3 reference density of water

P kgyms®  hydrostatic water pressure

P m/s precipitation

Pe kg/m?s®>  gradient hydrostatic pressuredrirection

P, kg/m?s®>  gradient hydrostatic pressuresjrdirection

Fe my/s? turbulent momentum flux ig direction

F, my/s? turbulent momentum flux in direction

f 1/s Coriolis parameter (inertial frequency)

M, my/s? source or sink of momentum #direction

M, my/s? source or sink of momentum ndirection

Q m/s global source or sink per unit area

Oin 1/s local source per unit volume

Jout 1/s local sink per unit volume

g m/s? acceleration due to gravity

S ppt salinity

E nys evaporation

c kg/m?3 mass concentration

A deg longitude co-ordinate in spherical co-ordinates

Vol m?/s kinematic viscosity (molecular) cfiient

O mol - Prandtl-Schmidt number for molecular mixing (700 for s@l¥ for heat)

0 - Prandtl-Schmidt number for constituent (0.7)
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2.1.2 Delft3D-ECO:BLOOM Module

BLOOM is a generic ecological modelling tool that can be &apto freslimarine waters to simu-
late the transport, dispersion, and ecological proce§destransport and dispersion of nutrients and
phytoplankton species aréfline coupled with the FLOW module results. The ecologicatpsses

can be summarized as follows;

e phytoplankton processes: primary production, respinatiod mortality
e extinction of light

e decomposition of organic matter in water column and sediragers

e nitrification and denitrification

e reaeration

e settling

e burial

e grazing, excretion and respiration

Further summarizing, the two main tasks of BLOOM module isitoulate

e transport of state variables in water column as a functicadegctive and dispersive transport

e simulation of water quality and ecological processes te&tmnine the concentration of state
variables. These processes are included as source anasimk in advection and filusion

eqguations.

The advection-dispersion formulation can be seen below:

IC _ _dCu _ 9Cv _ aCw , 0(n 9CY 4 O(P. 9CY 4 D (. IC
T =% — 0~ Gz + m(Dxgd) + 55Dy 5e) + 57(D275) + S(x.y. 2
where:

C : concentration (kg )

u, v, w : components of the velocity vector (m'3

Dy, Dy, D, : components of the dispersion tensor(&n*)

X, Y, 2. coordinates in three spatial dimensions (m)
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S : source or sink of mass due to physical, chemical and bickbgirocesses (kg T s™)

For the simulation of competition between species, seydrgloplankton groups are included as
state variables in the formulation of BLOOM. In addition k@tcompetition, the intergroup adapta-
tion of species to dierent environments are also formulated with including sobgs as state vari-
ables. The legacy ecological models simulate the envirohmvih restricting the growth of species
due to the resource limitation. The availability of res@saetermine the competiton between
species, so the growth is controlled by single biitedent parameter configuration, but in reality the
growth may be suppressed byffdrent factors, such as seasonal or diurnal changes of tataper
light or food availability. The dependence of species tasaesources not only changes among dif-
ferent types but also interspecific as well. BLOOM formuatacts to consider the potential growth

rates of each type on a seasonal basis, not just determimiogséant in this manner.

In theory, BLOOM defines two parameters, potential net ghovette (PR) and requirement for
resources (R). The model then consideres fAm ratio to determine which specie will dominate
within the next time step of simulation. The idea behind #gproach is, if at the beginning of a time
step the biomass of a specie is relatively low compared teqtslibrium, BLOOM will limits its
growth by potential net growth rate, and if at the beginnihg time step, the biomass of a specie is
close enough to its equilibrium, BLOOM will limit its growthy the availability of resources, which
can be nutrient or light availability. The determinationpaftential net growth rates and resource

limitation will be explained in following sections.

The observations show that most of the phytoplankton spedapt to varying environmental con-
ditions rapidly. This results in ffierent options in the model to be taken into account for better
representation of the environment. Rather than definifigréint stochiometry, growth, mortality
rates ,etc. BLOOM adopts an optimization technique to rethe interspecific adaptation capac-
ity of species. The species are collected iffetent pools of state variables to define groups, and
these groups are subdivided into types that are adoptedfépedit limiting environments. Energy,
nitrogen and phosphorus types make up a larger group ofespadiith the optimization technique,
for each time step BLOOM cosideres which of the types wouldiidate the next time step with the

results of resources from previous.

With all the limitation and optimization techniques, BLOGMnfiguration, Los (Los, 2009) states,”

selects the best adopted combination of phytoplankton types at a certain moment and at a certain
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location consistent with the available resources, the existing biomass levels at the beginning of a

time interval and the potential rates of change of each type.”

2.1.2.1 Environmental Constraints

Nutrient Balance;

The model formulation for each time step, determines theeanation of biomass of each algae

type that can be supported with the available resourcesggaymass balance.

2k(NikBy) + di + w; = G

where;

i : type of nutrient

k : type of algae

By : biomass concentration of each algae type

ni : fraction of nutrient per biomass concentratidn
C; : total readily available concentration

di : amount incorporated in dead algae

w; : dissolved nutrient in water

Recycling of Nutrients:

The nutrient cycle is determined by uptake and release aemis intgfrom biomass, also including
chemical transformations such as remineralizationfizi&tion etc. The readily available inorganic
nutrients are uptaken by living biomass, and at each tineasteertain amounts of biomass dies. A
fraction of this biomass is sent into detritus (POC,N,PS&ijne preferably into labile organic pool,
and the rest is sent back into the inorganic nutrients padb(gsis). Detritus may be settled or
remineralized or grazed. The formulation foffdrent nutrients are the same, though the rates are

defined accordingly.

ddi/dt=>"y (foMynixBx) — mid; — g

where;
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M : mortality rate of algae typk (day ™)
m; : remineralization rate constant of detritus (d9y
fo : fraction of dead algae sent to detritus pool

s: settling rate constant (da})

Energy Limitation:

Algae absorb light for photosynthesis and growth, also treae self shadingfiect throughout the
water column. Due to the physics, light itself has penairatates in the water column. Including
the temperaturefiects on growth, mortality and respiration, the formulatidrgrowth becomes a
complicated process. Considering thefeds, each type has its owffieiency of enegy use. As a

function of temperature, the user defines a potential maxirgrowth rate, that is;

Pgr® = Py * (T — Pay)

Multiplication of Pg™® with efficiency factorE, with reference to optimal light intensity would
yield a potential net growth rate for each type. Likely ofwt rates, mortality and respiration rates

are determined accordingly.

Mg = Mk * Mok andRg = Rk * Rk

With respect to those, total energy budget is formulizecblis\irs;

%:(Pgﬂ‘ax*Ek—Mk—Rk)*Bk

where;

By : biomass of algae type(g m3)

M : mortality rate of algae typk (day ™)

R« : respiration rate of algae type(day 1)

Ex : depth and time averaged productidfi@ency factor of algae typle

Pgg® . potential maximum growth rate of algae tyke

For the optimization procedure @&, the reader should refer to Delft3D-WAQ User Manual. It

should also be stated that the formulation of growth ratémete a dynamic determination of net
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growth rates for each time step.

Grazing:

Rather than defining the mortality rates in which they areifiextito include grazing terms, BLOOM
prescribes (user defined) a forcing function on phytoplamkis a grazing term. Likely of phyto-
plankton, grazers also have their own stochiometry, gromttrtality and respiration rates, they for
each time step act to reach the predefined biomass. If theioadhilable, the grazers keep the
prescribed biomass. If there is a lack of food, the grazenbis drops to a certain level, and at each

time step they graze on detritus and phytoplankton to rdaelptescribed biomass concentration.

To well define competition, for each individual, seperatenfasses are calculated for each type with
respect to energy, nutrient, growth and mortality limias, and selects the best adopted biomass.

This selection criteria is done to achive the maximum prtidacavailable.
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CHAPTER 3

METHODS OF DATA COLLECTION AND PREPARATION OF
INPUT PARAMETERS

To simulate the circulation, mixing, stratification andmpairy production, realistic and detailed data
were needed for model simulations. For the model testingaaadl/sis stage, reat-situ data were
used if possible. If those were not available, other fordietfls were taken from reliable model

simulations and analyses. Acquired data, and its relevaldtdf use is listed below.

e Topography (hydrodynamics)

¢ Initial conditions (hydrodynamics and ecosystem)

e Boundary conditions (hydrodynamics and ecosystem)
e Heat balance (hydrodynamics)

e Wind stress (hydrodynamics)

e River discharges (hydrodynamics and ecosystem)

e Evaporation and precipitation (hydrodynamics)

e Surface solar radiation (ecosystem)

e Atmospheric and riverine nutrient input (ecosystem)

3.1 In-Situ Measurements

Cruises were conducted in Mersin Bay, as part of the projdB@BAN WASTEWATER MANAGE-
MENT ALONG COASTAL AREAS OF TURKEY: REIDENTIFICATION OF HOTSPOTS AND
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SENSITIVE AREAS, DETERMINATION OF ASSIMILATION CAPACITIES BY MONITOR-
ING AND MODELLING AND DEVELOPMENT OF SUSTAINABLE WASTEWATER INVEST-
MENT PLANS”, funded by TUBTAK (Scientific and Technological Research Council of Teyk
Data were collected by /N Bilim during 11 cruises between the years 2008-2010, itf shgions

of Mersin Bay (Figure 3.1). The times of the cruises werecteteto observe the seasonal changes
in both physical and ecosystem characteristics of the ba&grefore winter, spring, mid-summer

and early-autumn data were available for model testing aatysis.
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Figure 3.1: Cruise Map of Mersin Bay

50 stations were covered during each cruise, along withlemabastal cruises, during September
2008, January, February, March, May, August, October 26@®ruary, April, July and October
2010. During each cruise, standard CTD profiles were obdaameach station using a SBE-9 CTD,
equipped with pressure, temperature, conductivity, PAIRR@atygen sensors. For chemistry related
studies, inorganic nutrients (NONH,4, PO, and Si), particulate and dissolved organic nutrients
(POC,N,P - DOC,N,P), chlorophyll-a, total suspended sqitd and oxygen measurements were
made. Additionally micro and macro sized autotroph andrbétgph species distributions were

studied.

The seasonal riverine nutrient discharge, oxygen and peldewere measured by the Chemical

Oceanography Department of Institute of Marine ScienddS{METU). The measurements were
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Figure 3.2: Parameters used for the Ocean Heat Flux model

held at the river bed near the discharge point in the sea. Rasaavailable for the rivers Seyhan,
Ceyhan, Berdan and Goksu. The atmospheric measuremengtsagerded in a coastal tower station
in Erdemli. Nutrients were input to the model in inorganienfip NOsz, NH4 and PQ, and long term

data were available (Kocak, 2010).

3.2 Heat Balance

For the heat balance calculations, the built-in Delft3Dtlieex model was used. The percentage of
the sky covered by clouds was prescribed . Tfieative back radiation and the heat losses due to
evaporation and convection were computed by the model. tibadily, when air and water densi-
ties andor temperatures were such that free convection occursgémeection of latent and sensible
heat was computed by the model. This model formulation ik&fly applied for large water bodies.

The domain used for the modeling of Cilician Basin was vatidsuch a heat flux computation.

For calculation of surface heat flux parameters, relativaidiy (rn.m), air temperatureTy) and
cloud fraction F¢) were prescribed. The related heat forcing data was takem I TERIM reanal-
ysis data of ECMWF (European Center for Medium-Range Wedtbeecasts). Values were taken
from analysis of 2008 and 2009 with 6h time intervals. Reatiumidity values were calculated
from 2m dewpoint temperature values following the formulaawrence (2005) where RH 100 -

5(T - Tq). The prescribed values are presented in Figure 3.2.
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3.3 Topography

For the hydrodynamic model runs, GEBCO (General Bathym&trgrt of the Oceans) 1 minute

resolution topography data was used. The final model battnyriseseen in Figure 1.1.

3.4 Wind Stress

The prevailing wind patterns for the Cilician Basin wereatdsed in the introduction part of this
thesis. For model simulations, space and time varying watd @ere needed. To create the most re-
liable wind forcing fields, the suitability of the availablesitu, remotely sensed and reanalysis data
were compared. The coastal measurement sites were too tethenwere inadequate to distribute
the available data to the whole domain, the ECMWF reanaljaia, which included the open-sea
domain was too coarse. The choice was to use the satelligesnaf QuikSCATSeawinds data.
The resolution was high enough to govern the surface for@rpur interval of u-v wind data was

used with 0.25 degree resolution over the whole basin.

For each time step, using an additional set of files, the modlellations were referenced to a
coarser wind grid, in this case the Seawinds grid, and thal wata were interpolated over the
whole domain for each grid point. The grid structure of thiekite wind data can be found in Fig-

ure 3.3.

3.5 Surface Solar Radiation

In contrast to the "Ocean Heat Flux Model” applied when ragnihe hydrodynamics model, the
ecosystem model in Delft3D requires a separate radiatioctifun. A time series of radiation should
be prescribed by user in 2. For the 3D model, rather than prescribing accumulatedtiadi ex-
posure, an average exposure should be prescribed (Fig)resBrface net solar radiation data were
retrieved from the ECMWF-INTERIM reanalysis at 6 hour timéervals. Formulation of Delft3D-
ECO has a built-in day length function dependent on theuldditof the domain. Therefore average

daily radiation values were prescribed from 6 hour ECMWH-BRIM data.

27



ed (m/s)

Wind Spe

Figure 3.4: Time series of remotely sensed ocean winds abftkhore station (Figure 4.20) of
Mersin Bay
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Figure 3.5: Surface net solar radiation used as a forcingtifum in ecosystem model simulations
(ECMWEF-INTERIM reanalysis

3.6 River Discharges

There is a substantial freshwater input to the model donmaaughout the year. The 4 largest rivers
discharging to the Cilician Basin are Seyhan, Ceyhan, Beatel Goksu Rivers. These 4 river

discharges were included in the hydrodynamic model setuefioe the fresh water and sea water
interactions in coastal areas. The rivers mostly have hidiseharges in spring season, though the

discharges continue throughout the year.

In addition to the river discharges, the wastewater digghaf Mersin also plays an important role
when defining the ecosystem characteristics of Mersin Bay/stated before, the area of concern
was Mersin Bay, and because such discharges have negkffibdés on circulation, wastewater dis-
charges of other major cities were neglected. Monthly l@rgntaveraged freshwater fluxes were
defined using statistics provided by the State Hydraulissitlite of Turkey (DSI). They were de-
fined as point discharges at single grid cells, constantitiirout the water column in¥rs. (Figure
3.6)
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Figure 3.6: Yearly freshwater fluxes set for hydrodynamisigations

3.7 Coupled 3D Eco-hydrodynamic Model Setup

3.7.1 Hydrodynamic Model Setup

In this study, the hydrodynamic and the ecosystem models weupled &line. The reference
hydrodynamic simulation start time was 01.01.2008 to meetréquirements of comparing-situ
measurements and model results. As stated in Section 3Hiso$tudy,in-situ measurements of
Mersin Bay were started in September 2008 and carried ditdilember 2010. Therefore model
simulations were done for the time interval of 2008-2009jlevimost extensiven-situ data avail-
ability was for the year 2009, where 6 cruises were conductelifferent seasons covering winter,

transition and summer periods.

The hydrodynamics model was run for the year 2008 to stabiliz model domain and its internal
parameters and used solely as a spin-up rufflin® coupling of the hydrodynamics and ecosys-
tem model compartments was done for the year 2009. Althdugite thave been cruises conducted
during 2010 in Mersin Bay, simulation of the year 2010 weré canducted in the scope of this
study because of infliciently detailed or unavailable forcing data, such as ECMWErim, satel-
lite imagery of winds and simulation results of CYCOFOS Higbsolution Levantine Forecast.

Simulation of the year 2010 will be conducted in further g#ggsdvhen data becomes available.
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Figure 3.7: Hydrodynamic Model Grid

3.7.1.1 Model Domain and Initial Data

The term Cilician Basin is used in reference to the nortleeastorner of Mediterranean Sea, east of
longitude 33.5 (Shaw and Bush, 1978).The western boundaheaomain was located to the east
of 33.5. The model domain also covers the Bay of Iskenderdreatends down to the northeastern
corner of Cyprus. The precise decimal degree boundaryitocat the model domain were 33.9667
east which is the western open boundary and 35.7 north whittteisouthern open boundary. The
Cilician model is covered by uniform orthogonal grid with 2nute (approximately 3.3 km) resolu-

tion in both the east-west and north-south directions (E@u7).

The Cilician hydrodynamic model covers an area of approteige2.5 x 13°m? between the coasts

of Turkey and Cyprus, and consists of 69x45 grid points with bpen boundaries. The southern
open boundary is located at 35.7 degree north, where it @stéom the northeastern corner of
Cyprus to Syria. The western open boundary is located at83.9egree east, where it extends
from the south coast of Turkey (Tasucu) to the northerntoole8yprus. Both open boundaries are
indicated with solid lines in the domain in Figure 3.7. Thidup of grid covers an extensive area
around Mersin Bay, the area of concern. The reason for dgfiin@ open boundaries outside the

region of interest was to eliminate the unrealisti@ets of open boundaries on the bay.
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The main aim of this study was to simulate and investigatestttsystem dynamics. Rather than
capturing the fine resolution circulation of the basin, gtidicture was defined to simulate summer
stratification and winter mixing in the water column. Therefa coarse grid size was selected due
to computational time restrictions. The reasoning behslwas, if general circulation of the bay
with river discharges can simulate summer stratificatiosh \&imter mixing for nutrient cycling and
production sficiently, the grid size and structure would satisfy the aifithis study. The validity

and dfectiveness of this approach will be discussed in detail iapdr-4.

The initial conditions of the hydrodynamic model run wermied from a high resolution Levantine
forecast model run at CYCOFOS (Cyprus Coastal Ocean Fdiregasd Observing System) which
dates to its result of 01.01.2008 at 12:00 pm. The CYCOFO et a grid resolution of uniform
orthogonal 1 min size. Forfiline nesting concerns, the Cilician models grid points werindd

so that they would coincide with the CYCOFOS model grid pmiriRather than directly coupling
the initial conditions with the CYCOFOS model, to relaxirge tCilician model numerically, initial
velocities were defined as O/sfor bothu andv. The free surface of CYCOFOS model was multi-
plied by 0.1, and temperature and salinity fields were direéaken without scaling. All parameters,
T,S/Z,u, v were initially smoothed along the domain using a techniqiepted from the Delft3D-
QUICKIN tool. For nesting the CYCOFOS model with the Cilicienodel, sigma levelsx) were set
equal to the CYCOFOS model. Thelevels were defined such that the high stratification in sum-
mer months was captured. This resulted in very compact uggera levels. The CYCOFOS model
has 24 sigma layers, so does the Cilician modek=(0.0, -0.00183824, -0.00367647, -0.00735294,
-0.0147059, -0.0294118, -0.0588235, -0.117647, -0.17647.235294, -0.294118, -0.352941, -
0.411765, -0.470588, -0.529412, -0.588235, -0.64705805882, -0.764706, -0.823529, -0.882353,
-0.941176, -0.970588, -0.985294, -1.0)

3.7.1.2 Open Boundary Conditions

The open boundaries were set as far from the area of concerosaible with computational time
consumption considered. To meet the numerical stabilguirements of Delft3D-FLOW, the south-
ern open boundary was set as 3D velocity profile boundary lemavestern open boundary was set
to be the water level boundary. Daily velocity and water Iéetds were obtained from the CYCO-
FOS model. For the 3D velocity profile boundary, daily vetpdata were inputfline as velocities

perpendicular to the boundary for every sigma level andyepeint. A similar procedure was ap-
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plied to the western boundary. At each point of the boundaager level data were imported from
CYCOFOS. For transport boundary condition equations, 3bpt&rature and salinity profiles for
each sigma level and point for both of the open boundarie® weported from the same model.

Transport boundary conditions also have dalily fields.

3.7.1.3 Hydrodynamic Model Scenarios

Tuning of the hydrodynamic model simulations was done teexehan environment of water mass
structure that allows good representation of primary petida and nutrient cycling. With this in
mind, the tuning procedure was focused on freshwater impuat point sources and the river dis-
charges. Although, as stated before, the river dischargesavere taken as long term average
discharges from the State Hydraulics Institute of Turkbg ttesults showed inconsistencies with
thein-situ data. At certain times of simulation, hydrodynamic modsuits showed that too much

freshwater has been input. The detailed discussion willdve dn following sections.

Reference Scenario (Scenario-1):

The reference hydrodynamic scenario run was started al @008 at 12:00 PM. Two runs have
been simulated. The first run, a spin-up run, was for the y8@8 2and the second run was for the
year 2009. The initial conditions for the 2009 run were del@drom the results of simulation done
for the year 2008, at 31.12.2008 at 12:00 PM respectivelgrdiore the results of 2009 only were
considered as the reference model run. Time step for thdations was 1 minute, with respect to
the courant number calculation for the ADI time integratioethod explained in Chapter-2 of this

study. Detailed setup configuration can be seen in Table 3.1

Table 3.1: Hydrodynamic simulation Scenario-1 setup

Parameter Source Resolution Used As

Grid - 2min x 2min ~ Domain Grid
Bathymetry GEBCO Imin x Imin  Domain Bathymetry
Time Step - 1 min Simulation Time Step
Velocity and CYCOFOS 1minx1min Initial Conditions
Water Level

Velocity and CYCOFOS 1day Open Boundary
Water Level Conditions
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Parameter Source Resolution Used As (Continued)

Temperature CYCOFOS 1 minx1min Initial Conditions
and Salinity

Temperature CYCOFOS 1day Open Boundary
and Salinity Conditions
Horizontal Eddy - 20 rfys Background
Viscosity Viscosity
Horizontal Eddy - 20 rfys Background
Diffusivity Diffusivity

Vertical Eddy - 10% m%/s Background
Viscosity Viscosity

Vertical Eddy - 10® m%/s Background
Diffusivity Diffusivity

3D Turbulance - k-Epsilon Model for

3D Turbulance

Roughness Formula Chezy U:65 Bottom
Formula V:65 Roughness
Relative ECMWF 6 hours Ocean Heat
Humidity Interim Flux Model
Air Temperature ECMWF 6 hours Ocean Heat
Interim Flux Model
Fraction of ECMWF 6 hours Ocean Heat
Cloud Coverage Interim Flux Model
River DSl 1 month Freshwater
Discharge Input
Winds SEAWINDS 6 hours Surface Forcing
Scenario-2:

With respect to the reference simulation, in Scenario-8,fteshwater influx was decreased. The
simulation spin-up was kept as before, but for the simutatibthe year 2009, the river freshwater

flux was decreased tg3of the original. This adjustment was done to represent ¢lcesdsing trend
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of precipitation of rain and snow on coastal areas (Ludwii)9. Because the area of concern is
Mersin Bay, this tuning was applied to the Seyhan River, Wisdhe major freshwater input in the

area.

Scenario-3;

Similar to Scenario-2, in Scenario-3 decreasing the Selar freshwater input to/B of the orig-
inal has also been applied for the spin-up year 2008. WHilef éhe codficients were kept in their
default values. Therefore simulations were carried ouh piitysical forcing parameters to represent

the environmental conditions of Cilician Basin.

Scenario-4 and Scenario-5:

The Delft3D-FLOW compartment has built-in heat flux modedsaplained in Chapter-2. Parame-
ters like surface and back radiation were computed by magiedteons, and parameters such as air
temperature, humidity and sky cloudiness were user defiBedides those, some constants were
required for calculations, such as water surface areagrdaltd stanton numbers. These two num-
bers, dalton and stanton, are constants used in computidtiatent and sensible heat fluxes. These
constants were used in air-sea interface heat interactiBasically their role was to define how
much the surface water was beingjiegted by the changes in structure of the atmosphere (heat and
wind). Further tuning of the model was done by changing ticesstants. Default values of stanton
and dalton were 0.0013 for both. In Scenario-4, these weaagdd to 0.0015 and in Scenario-5 to

0.0011 to define a range of sensitivity.

3.7.2 Ecosystem Model Setup

Transport of matter through advection and dispersion, mataperature and salinity were taken
from the hydrodynamic results at time intervals of 6 hours6 Aour interval was considered ad-
equate for the ecosystem model simulations, where moseqgbdnameters were set daily. As dis-
cussed before, coupling of the ecosystem was done for the2)@& only due to the availability of

seasonain-situ data.

The default parameterization of the ecosystem model wasstsdj for more productive marine en-

vironments by Deltares, such as North Sea (Los, 2009). Ifpewed with the Mediterranean, the
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North Sea is exposed to less sunlight, is colder, and is adaeddo the Atlantic Ocean. Therefore
the North Sea represents a veryfeiient environment than the Mediterranean, which is exptsed
high amount of sunlight, high stratification and is also sabjo nutrient limitation, which results
in smaller primary production rates. Due to these restmsj before scenario analyses stage, pre-

tuning of the parameters for the Mediterranean case wagegqu

3.7.2.1 Ecosystem Dynamics

A summary ecosystem model compartments can be seen in RBdré\t the bottom of the food
chain are the inorganic nutrients, WM, NOs-N, PQy-P and Si. Algae, through photosynthesis,
uptake these inorganic nutrients and store them in formgdr@c matter. While organic matter is
formed by photosynthesis, dissolved oxygen is releasedwiatier. At the same time, algae also
consume this organic matter for maintenance and respiratioposes, so some of the uptaken in-
organic nutrients are sent back to the nutrients pool, \&airation. Although algae have high
growth rates, they also have relatively high mortality saté/hen algae die, organic matter is sent
into three diferent pools in the model. Predefined percentages decide hmh i® sent to each
pool. The particulate and easily decomposable organicsentinto a special particulate matter
pool called DETRITUS. For this study, less decomposablepastment called OTHER ORGAN-
ICS were modified to represent the dissolved organic matbethat their decomposition rates were
increased and their settling was ceased. The rest of dea€ ialgent back to the inorganic nutrients
pool by a process called autolysis. Dead algae processemaeened by mortality rates of algae,
where production is governed by growth and respirationsralRespiration also requires dissolved
oxygen. Particulate and dissolved matter, also undergmiciaé processes. Their decomposition
into more simple matter, the inorganics, is called mineedion by decomposers. The life cycle of
decomposers are not included in the model, but th&&ceon the ecosystem in parameterized by
mineralization rates. The mineralized nutrients are sefiot the inorganic nutrients pool. Miner-
alization processes consume oxygen. Particulate matteesto their weight, settle down into the
sediment layer, which is online modelled with the water omiu Mineralization and resuspension
processes take place in the sediment layer. Together vatiethitrification and denitrification, in-

put and output from neighbor grids, and atmospheric inpaoipete the cycle of nutrients.

36



3.7.2.2 Calibration of Ecosystem Parameters for Cilician @se

The default parameterization of ecosystem dynamics wisasdd by Deltares for more productive
marine environments than the Mediterranean Sea, such akottle Sea. Rather than simulating the
model with the default setup, further and detailed analysabsto be carried out to lower the pro-
duction rates. The starting point of parameters were chfyeem the study of coupled ecosystem
modelling of the Marmara Sea (Blauet. al., 2009). The dierence between the default parame-
ters and the Marmara Sea case study was the dependency efoalgautrients. They defined the
Marmara Sea as oligotrophic, so they increased the MJPr&fios. Since the Mediterranean is ul-

traoligotrophic, nutrient limitation (f£) was further modified in this study (Table 3.6).

The algae pool in this study includes 4 primary producer gsouThey are Diatoms, Flagellates,
Dinoflagellates and Bacteria. With Delft3D-ECO more algemugs can be included in the model,
but for the sake of simplicity and because these groups waergant in Mersin Bay (Uysal, 2010;

TARAL-SINHA, 2010, 2009), the rest of the algae groups wegglected in this study. Diatoms,

flagellates and dinoflagellates represent the phytoplangpecies, with diatoms having the highest
dry matter, settling velocity and chlorophyll-a. (Tables &nd 3.6). The bacteria group was in-
cluded and parameterized to represent the small phytdplarsiad bacteria groups in the bay. They

have less dry matter and are less nutrient dependent.

The reference scenario was formed to represent the presesyistem characteristics of Mersin Bay.
Sensitivity analyses studies were done by further tuniegpirameters and changing the inputs of
the reference scenario. Comparison of reference scenadi@aailable data was done for Mersin
Bay. Although results existed for the whole domain, likevis hydrodynamics results, results of

Mersin Bay will be the focus of this study.

Initial and boundary conditions, river input

The open boundary locations were kept the same as for thedyarmics model, so the boundaries
were distant from Mersin Bay to eliminate their influence be €cosystem. Hydrodynamic model
Scenario-5 was chosen for thfiime coupling of the reference ecosystem run. Hydrodynanaideh

simulations were started in January, the same 1 year tireevaitwas kept for ecosystem simula-
tions as well. Initial conditions were formed from-situ data collected in January 2009, taking

the average of all stations. Boundary conditions were defiren the most fishore station of the
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cruises. Defining the initial conditions with reference teiagle cruise and neglecting the spatial
distributions may seem unrealistic, but simulations wenedeicted for more than 1 year to remove
the dfect of initial conditions. The values assigned for initiadeboundary conditions can be seen
in Table 3.2. River discharges were set according to theatagaired from the Chemical Oceanog-
raphy Department of Middle East Technical University. Measnents from 2009 were included
for rivers Seyhan, Ceyhan, Berdan, Goksu rivers and Meisirdischarge point. Available data for

each discharge were for months February, April, July anaat

Table 3.2: Initial and Boundary Conditions of Reference Ban

tion

Parameter Initial Boundary
DetC (gCG/m?) 0.03 0.015
DetN (gN/m?3) 0.005 0.0025
DetP (gPm3) 0.00035  0.00022
DetSi (gSim3) 0.00035  0.00035
DOC (gC/m?3) 0.03 0.015
DON (gN/m?) 0.005 0.0025
DOP (gP/m3) 0.00035  0.00022
DOSi (gSfm3) 0.00035  0.00035
NH,4 (gN/m?) 0.00544 0.000875
NO3 (gN/m?3) 0.002 0.000875
PO, (gP/m3) 0.00062  0.00015
Si (gSfm?3) 0.0214 0.0035
DO (gym°®) 7.27 7.5
Diatoms-E (gGm?3) 0.0003537 0.0
Diatoms-N (gGm3) 0.0003537 0.0
Diatoms-P (g@m?) 0.0003537 0.0
Flagellates-E (g@m?) 0.0003537 0.0
Flagellates-N (g@m?®) 0.0003537 0.0
Flagellates-P (g@m?®) 0.0003537 0.0

Dinoflagellates-E (ggm®) 0.0003537 0.0
Dinoflagellates-N (ggm3) 0.0003537 0.0
Dinoflagellates-P (g@gm3) 0.0003537 0.0
Bacteria-E (gG/m?) 0.0003537 0.0
Bacteria-N (gG/m?3) 0.0003537 0.0
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Parameter Initial Boundary continued

Bacteria-P (gGm?®) 0.0003537 0.0

Process Parameters

Growth, mortality, respiration rates, nutrient stoichi&ny and chemical reaction rates can be seen
in Tables 3.5, 3.6 and 3.7. It was mentioned that furthemigioif phosphorus dependency was done
using the Marmara case stoichiometry. The change was thesised FC ratio of Flagellate-P types
and decreased/@ ratio of Bacteria-P types. There were two reasons for ddiigy one was to
increase the competition of diatoms and flagellates ovespitmrus and the other one was to make
bacteria more nutrientfigcient due to its low light and growthffeciency at high temperatures. Re-
cent studies and cruise data of 2009 show diatom and flageltahinance in spring and bacteria
dominance in summer (TARAL-SINHA, 2009). The modificatiomere done in reference to this

ecosystem character of the bay.

Besides nutrient stoichiometry, modification of growth,rtatity and respiration rates were done as
well. To increase the diatom dominance affiiéetiveness, growth rates of diatoms were increased
and growth rates of flagellates were decreased. Growth oftescteria types were also decreased
slightly to overcome the complete dominance of bacteriaimraer. To fit the results to thHe-situ
data, mortality and respiration rates of all types weredased (Table 3.7). Although the rates may
be higher than those in literature, it should be kept in mimat &ll models calculate parameters
differently and also further modification of rates is performiegbagh time step using lighfieciency

curves.

After reference run, further calibration of parameters impdit values was done to adjust the model
setup to an oligotrophic marine environment. Changes wameea as RUN-#, and tuning of param-
eters were mostly concentrated on chemical and physicahpeters rather than biological parame-
ters such as growth rates or stoichiometry etc. Tifighore station was included in the cruise plan
to provide reference data representing the oligotrophidtiNBast Mediterranean. Calibration of the
ecosystem model at this station is important in that manBecause the station is relatively more
affected by @&fshore waters, boundary conditions have importdigces on this station. Therefore,

while calibrating the reference scenario, adjustment®wiest applied to boundary conditions.
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RUN-01

For the reference run, to observe the internal dynamicsadtabenvironment, boundary data input
was kept at too low values. In this scenario, however, mitiigout at the boundaries increased to
the originalin-situ data at the fishore station. Data input from the open boundaries werestedjuo
represent the seasonal changes as well, so time depentinmia was set at the open boundaries.
In addition to that, threshold values for inorganic nuttsewere included in calculations to limit
the excess production in the system (MN0.1uM, NO3=P0;=0.02uM and SE0.5uM). Boundary

data can be observed in Table 3.3.

RUN-02

RUN-02 is a follow up scenario, to tune the nutrient struetofrthe ecosystem after a major change
in boundary conditions. Originally, minor amounts of dedgha were sent into the dissolved or-
ganics pool. Most of the dead algae were sent into the phate(detritus) organics pool and into

the inorganics pool. Observations, however, showfiedint nutrient distribution. Therefore, dis-

solved organic nutrient parameterization was modified folément a balanced ratio of particulate
and dissolved organics. In some cases, dissolved orgaroes fightly higher concentrations than

particulate organics. To achieve such layout, the fraafosead algae was modified, with a ratio of
4535 (particulat@dissolved). The reason they do not have similar percentageshat, particulates

have larger mineralization rates and also they have sgttitocities.

RUN-03

RUN-03 focused on open boundary conditions similar to RUN-The diference between them
was the way the boundary conditions were implemented. In RUNconstant in water column,
but varying in time concentrations of inorganic, organidrimmts and oxygen were set. In RUN-
03, depth varying, but constant in time concentrations vgete These adjustments were made to
observe the sensitivity of the model to boundary conditidRN-01 focuses on seasonal changes
of the environment, whereas RUN-03 focuses more on the mgrfi nutrients from the bottom
layers, so that nutrient concentrations increased gridunatieeper layers at the boundaries. The
idea was to observe how much primary production wéscéed by the pumping of nutrients from

the bottom layers due to mixing.

Cases-01,02 and 03

Cases-01,02, and 03 focus on the influence of river dischatg¢he bay. Nutrient load in Case-01
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was increased by 50%, in Case-02 by 100% and in Case-03 ttientubad was ceased. The aim
in these scenarios was to observe tffea of nutrient discharge in coastal anisbore locations.
Specifically it was intended to determine which regions &f ltlay were more influenced by river
discharge and which regions would be influenced fighwre circulation, and hence the boundary

conditions.

Cases-04 and 05

Cases-04 and 05 focused on the influence of the atmosphedbadge into the domain. The ref-
erence scenario taken for this simulation was the 0 nutlee scenario, RUN-03, to observe the
influence on both the coastal anfishore locations. In Case-04, yearly averaged atmosploerits |
were included from the study of Kocak (2010). In Case-Ofaapheric discharge was doubled. In
both Cases-04 and 05, both dry and wet depositions weredied|in the total discharge.

Table 3.3: Nutrient, oxygen and chlorophyll-a profile foe tbff-

shore station

Depth | NH4 (uM) NOj3 (uM) PO4uM) Si(uM) DO (mg/L) Chl-a (mg/m?3)
January 2009
0 0.24 0.13 0.02 0.79 7.22 0.08
10 0.10 0.13 0.02 0.80 7.19 0.07
20 0.05 0.13 0.02 0.78 7.30 0.08
30 0.05 0.09 0.02 0.78 7.23 0.08
50 0.04 0.12 0.02 0.78 7.18 0.10
75 0.04 0.09 0.02 0.75 7.13 0.06
100 0.06 0.13 0.02 0.74 7.11 0.05
150 0.04 0.19 0.03 0.80 7.09 -
200 0.22 0.26 0.03 0.84 7.28 -
February 2009

0 0.05 0.11 0.03 0.81 7.42 0.15
5 0.11 0.06 0.02 0.80 7.40 0.18
10 0.05 0.09 0.02 0.81 7.41 0.14
20 0.05 0.09 0.02 0.81 7.53 0.10
30 0.06 0.09 0.02 0.79 7.40 0.13
40 0.05 0.07 0.02 0.79 7.44 0.10
50 0.05 0.08 0.02 0.79 7.39 0.11
60 0.05 0.05 0.02 0.79 7.41 0.10
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Depth | NH4 (uM) NO3 (uM) PO4(uM) Si(uM) Oxygen mglL Chl-a mg/m?
75 0.10 0.08 0.02 0.82 7.32 0.10
100 0.10 0.09 0.02 0.81 7.4 0.12
150 0.16 0.13 0.02 0.81 7.39 0.13
200 0.20 0.39 0.02 1.00 7.39 -
March 2009
0 0.22 0.23 0.03 0.92 7.47 0.12
10 0.08 0.23 0.03 1.07 7.47 0.13
20 0.38 0.41 0.04 0.94 7.50 0.10
30 0.06 0.23 0.02 0.89 7.53 0.13
40 0.19 0.31 0.02 0.90 7.46 0.14
50 0.22 0.27 0.02 0.87 7.51 0.12
75 0.15 0.23 0.02 0.87 7.46 0.12
100 0.18 0.44 0.02 0.91 7.41 0.09
125 0.22 0.55 0.02 0.97 7.35 0.06
150 0.27 0.61 0.02 1.01 7.31 0.03
200 0.24 0.31 0.02 1.12 7.56 0.08
April 2009
0 0.34 0.12 0.04 1.53 7.68 0.06
5 0.32 0.10 0.03 1.11 7.68 0.06
10 0.26 0.09 0.03 1.17 7.66 0.05
20 0.24 0.14 0.04 1.37 7.63 0.10
35 0.21 0.13 0.03 1.56 7.66 0.21
65 0.22 0.45 0.03 1.72 7.46 0.09
75 0.38 0.52 0.05 1.87 7.34 0.02
100 0.44 0.80 0.04 1.74 7.42 0.09
150 0.43 0.79 0.05 2.22 7.56 0.17
200 0.59 1.34 0.07 2.64 7.10 0.25
August 2009
1 0.92 0.08 0.03 0.83 6.26 0.03
3 0.92 0.08 0.03 0.83 6.34 0.02
7 1.14 0.09 0.03 0.97 5.70 0.02
20 1.02 0.09 0.03 0.82 6.42 0.03
35 1.21 0.08 0.04 1.52 6.73 0.25
45 1.25 0.20 0.03 1.19 7.46 0.14
75 0.99 0.15 0.02 0.82 7.74 0.12
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Depth | NH4 (uM) NO3 (uM) PO4(uM) Si(uM) Oxygen mglL Chl-a mg/m?
90 1.20 0.16 0.03 0.96 7.60 0.12
150 0.91 0.15 0.03 0.84 7.23 0.03
200 1.04 0.59 0.05 1.43 7.00 0.02
October 2009
0 0.17 0.09 0.03 1.08 6.57 0.04
5 0.27 0.07 0.03 1.08 6.54 0.03
10 0.16 0.08 0.03 1.07 6.54 0.06
20 0.24 0.07 0.03 1.05 6.54 0.03
30 0.12 0.06 0.03 0.94 6.94 0.05
50 0.40 0.07 0.02 0.92 7.84 0.05
75 0.26 0.52 0.03 1.46 7.30 0.16
100 0.16 0.39 0.02 0.94 7.22 0.05
150 0.11 1.09 0.03 1.21 7.01 0.02
200 0.19 2.06 0.03 1.81 6.89 0.00

Table 3.4: Nutrient, oxygen and chlorophyll-a profile foe ttiver

discharge station

Depth | NH4 (uM) NO3 M) PO4 uM) Si(uM) DO (mg/L) Chl-a (mg/m?)
January 2009

2 0.10 0.24 0.04 0.94 7.49 0.08

4 0.12 0.19 0.04 0.92 7.53 -

8 0.04 0.16 0.04 0.92 7.52 0.14

13 0.16 0.20 0.06 0.99 7.52 -

18 0.47 0.18 0.04 0.93 7.53 0.16

27 0.61 0.21 0.06 0.97 7.53 -

29 0.67 0.22 0.07 0.98 7.55 0.24
February 2009

2 2.29 4.86 0.06 3.56 7.76 0.11

5 2.11 412 0.05 3.08 7.73 0.24

10 0.92 0.44 0.02 0.93 7.57 0.20

15 0.82 0.18 0.02 0.85 7.57 0.21
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Depth | NH4 (uM) NO3 (uM) PO4(uM) Si(uM) Oxygen mglL Chl-a mg/m?
20 0.73 0.12 0.02 0.81 7.59 0.19
30 0.99 0.27 0.03 0.93 7.62 0.22
March 2009
1.5 2.21 3.76 0.07 4.34 8.59 0.32
3 2.23 3.08 0.08 3.55 7.94 0.56
5 1.76 1.89 0.02 2.00 7.89 0.41
10 1.63 1.30 0.02 1.62 7.79 0.40
14 1.53 1.25 0.03 1.59 7.78 0.27
24 1.62 0.86 0.04 1.39 7.64 0.36
April 2009
0 0.22 0.45 0.08 1.07 7.95 0.80
5 0.17 0.24 0.05 0.61 8.12 0.65
10 0.06 0.22 0.04 0.60 7.99 0.35
15 0.13 0.24 0.04 0.65 8.25 0.41
25 0.33 0.52 0.06 1.09 7.42 0.93
August 2009
0 2.01 1.92 0.13 8.08 6.47 0.82
3 0.16 0.18 0.06 2.58 6.44 0.43
5 0.31 0.10 0.05 1.60 6.39 0.36
8 0.11 0.08 0.06 0.91 6.33 0.26
14 0.07 0.06 0.03 1.05 6.26 0.09
20 0.11 0.07 0.03 1.48 6.17 0.20
30 1.15 0.38 0.09 3.22 5.78 0.51
October 2009
0 1.10 0.86 0.05 5.33 7.14 0.99
3 1.22 0.80 0.05 4.97 7.11 0.84
5 1.05 0.60 0.04 4.56 7.10 0.83
10 0.85 0.19 0.02 2.45 6.51 0.11
15 0.90 0.17 0.02 1.89 6.54 0.07
20 0.84 0.16 0.02 1.88 6.51 0.08
25 0.66 0.16 0.03 191 6.49 0.11
30 0.93 0.22 0.03 1.95 6.54 0.14
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Table 3.5: Mineralization and sedimentation rates of staid

ables
Sedimentation Rate (rjid) Mineralization Rate (1/d)
DetC 0.1 DetC 0.12
Diatoms-E 0.5 DetN 0.12
Diatoms-N 1.0 DetP 0.08
Diatoms-P 1.0 DetSi 0.08
Flagellates-E 0.0 DOC 0.04
Flagellates-N 0.5 DON 0.04
Flagellates-P 0.5 DOP 0.04
Dinoflagellates-E 0.0 DOSi 0.04
Dinoflagellates-N 0.0
Dinoflagellates-P 0.0
Bacteria-E 0.0
Bacteria-N 0.0
Bacteria-P 0.0
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Table 3.6: Comparison of ecosystem parameters of Delft38utte (D), Marmara Case (M) and Cilician Case (C)

Ratio (¢/g) N/C P/C sjC Chl-a/C
Case D M C D M C D M C D M C
Diatoms-E ~ 0.255 0.255 0.255) 0.0315 0.0315 0.0315 0.447 0.525 0.45| 0.0533 0.04  0.04
Diatoms-N 0.07 0141 0.141) 0012 0.021  0.021|0.283 0525 045 001 0.025 0.025
Diatoms-P ~ 0.105 0.2 0.2 | 0.0096  0.02 0.02 | 0.152 0.375 0.25| 0.01 0.025 0.025
Flagellates-E 0.2  0.14 02 | 002 0015 0.015| 00 0.0 00 |0.0228 0.0286 0.0286
Flagellates-N  0.078 0.2 0.14 | 0.0096 0.01125 0.0125 0.0 0.0 0.0 | 0.0067 0.0167 0.0167
Flagellates-P ~ 0.113 0.113 0.113/ 0.0072 0.007 0.012| 00 0.0 0.0 | 0.0067 0.0167 0.0167
Dinoflagellates-E  0.163 0.1625 0.1625 0.0168 0.01675 0.016756 0.0 0.0 0.0 | 0.0228 0.0286 0.0286
Dinoflagellates-N  0.064 0.115 0.115 0.0112 0.0175 0.017§ 0.0 0.0 0.0 | 0.0067 0.0167 0.0167
Dinoflagellates-P  0.071 0.1275 0.12750.0096 0.015  0.015| 00 0.0 0.0 | 0.0067 0.167 0.0167
Bacteria-E 022 022 022 0025 0.025 0.025|0.002 0.002 0.002 0.033 0.033 0.033
Bacteria-N  0.113 0.113 0.113/ 0.015 0.015  0.015| 0.002 0.002 0.002 0.02  0.02  0.02
Bacteria-P 0.17 017 017 | 0015 0.015 0.013| 0.002 0.002 0.002 0.02 0.02  0.02




Table 3.7: Growth (M), mortality (¥d) and respiration (&) rates at @C and temperature dependencies withidear and 2exponetial dependencies

Type Growth  Growth-T | Mortality Mortality-T Respiration Respiration-T
Diatoms-E 0.095 -1.75 0.1% 1.072 0.1° 1.066
Diatoms-N 0.09 -2 0.16 1.085 0.72 1.066
Diatoms-P 0.09 -2 0.16 1.085 0.72 1.066

Flagellates-E ~ 0.073 -1 0.1% 1.072 0.1° 1.066
Flagellates-N 0.07 -1 0.16 1.085 0.72 1.066
Flagellates-P 0.07 -1 0.16 1.085 0.72 1.066
Dinoflagellates-E  0.132 5.5 0.1% 1.072 0.1° 1.066
Dinoflagellates-N  0.113 4.75 0.1¢ 1.085 0.7 1.066
Dinoflagellates-P  0.112 4.75 0.1¢ 1.085 0.7 1.066
Bacteria-E 0.28 1.083 0.07 1.08 0.02% 1.072
Bacteria-N 0.2#4 1.095 0.0 1.085 0.02% 1.072
Bacteria-P 0.24 1.095 0.0 1.085 0.02% 1.072
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CHAPTER 4

RESULTS AND DISCUSSION

This chapter includes a comparison of the model resultsdadrtsitu data. First, hydrodynamic

simulations were compared to the correspondmgtu CTD data. Data were compared along the
two transects indicated in Figure 4.1 and as surface disiifis. Some cruises during 2009 did not
cover all of the 50 stations in Mersin Bay, so where data wet@dequate to plot surface or transect
distributions of physical characteristics, ho comparisopresented. Following the hydrodynamic

model results, ecosystem model setup, scenario and sépstialyses will be discussed in detail.
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Figure 4.1: Location and name of CTD transects used to agsessliability of model results

4.1 Results of Hydrodynamic Simulations

This section begins with a comparison of the reference sitimul to the available observations and
continues with a comparison of reference simulation to temario simulations. This section aims
to provide an assesment of the hydrodynamic model and tisitisén of results to changing fresh-

water inputs.In-situ data were not available for théfshore waters of the Cilician Basin, and for
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this reason, model results located outside of Mersin Bagwet included in the comparisons.

During the development stage of the hydrodynamics modeinitial and boundary conditions were
set and the structure of the grid was defined. Because tharvigay area was the main focus of
this study, defining a larger domain that covered an extersiga compared to Mersin Bay (Figure
3.7) was not needed. Therefore first simulations were defioled smaller domain that covered
an area within the boundaries of Mersin Bay (Figure 4.2).sTatup had certain advantages and
disadvantages. The most important advantage was reduogglitational time. Moreover, because
the domain boundaries were closer to the coasts, wind pdfden local atmospheric stations could
be considered. CTD data were available to set the initiatlitioms, eliminating the introduction of
errors from an filine model that would have been used otherwise. The disaatyantas the open
boundary setup of the domain. The grid structure defined ple@ dboundaries too close to the area
of interest, meaning model results were highly influencedjsn boundary characteristics. There-
fore, the boundaries had to be set away from Mersin Bay as msigiossible. The best option was

to locate the open boundaries adjacent to Cyprus, to forrasedlbasin.

T
7

L

LTI

P

Figure 4.2: Structure of a smaller domain for hydrodynamadai simulations

To capture the ecosystem dynamics of Mersin Bay, uniform gjide had to be increased, but the
vertical resolution was kept as fine as possible to captusenmiand stratification. The domain
included topography as deep as 1500 m and continental gfigliré 1.1). The resulting vertical
grid setup created a very fine vertical resolution even atr@@er the shelf area. The problem at
this point emerged in computation of horizontal spreadihfygeshwater input in coastal areas. This

phenomena will be discussed in Section 4.1.2.
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Around Cyprus, near the open boundaries, CTD data were adahie, but it was necessary to de-
fine temperature, salinity, velocity and free surface figddsompute the governing flow equations.
Therefore CYCOFOS High Resolution Levantine Forecast dais used at the open boundaries
and as initial fields. At every grid point at the open bourgsridaily fields were taken from CY-
COFOS. At the open boundaries velocity fields were multipliy 0.1 to give the Cilician model
the flexibility to define its own internal patterns with reface to T,S and wind forces. Validation of
this approach was done with comparisons of CTD data at theflsg this approach eliminated the

instabilities of diline nesting at the boundaries.

4.1.1 CTD Measurements

As discussed in Chapter-1, due to excess amount of evaporatier precipitation, the Mediter-
ranean Sea exhibits high saline properties in general,imdtieasing salinity towards east. At certain
times of the year, salinities above 39.5 ppt can be observétkirsin Bay. Due to its geographical
setting in northeastern corner of Mediterranean, the i@ili@dasin shows high salinity character-
istics. Although the Cilician Basin has high salinity chagaistics, it receives high amounts of
freshwater from the coasts in the form of river input. Riveixéis are important freshwater input,
especially in Mersin Bay due to its close location to high mtains, where the source of freshwater
is the precipitation over land. Therefore, throughout tan2009, CTD casts exhibited low salinity
waters near the coastal areas of Mersin Bay, especiallyritewtransition months (Figures 4.3d and
f). Besides its implications on the physical structure @ lthay, river input is also important for the
biology of the environment due to the discharge of nutriehémce primary production. Although,
the coasts had varying salinity structure in the year 2008,same situation was not valid for the
offshore waters of the shelf area. As can be seen in CTD casta¢Big.3, 4.4, 4.5 and 4.6), both
surface and profile plots show salinities range between38.85 and 39.5 in average at the surface,
with the exception of April 2009 (Figure 4.4b). Also in agmnaent with the surface distributions, in
summer month transects, layer of high saline waters at ttfacgucan be observed (Figures 4.6d
and f).
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a) cTD January 2009 (Temperature) b) cTD January 2009 (Salinity)
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Figure 4.3: Cruise surface measurements for 2009, a)Jartaerperature b)January salinity
c)February temperature d)February salinity e)March teatpee f)March salinity
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a)  CTD April 2009 (Temperature) b)  CTD April 2009 (Salinity)
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Figure 4.4: Cruise surface measurements for 2009, a)A@riberature b)April salinity c)August
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Figure 4.6: Cruise Transect-2 measurements for 2009, dYapmperature b)April salinity c)August
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Temperature distributions exhibit similar patterns am#sl The dfect of freshwater input as river
discharges, decreased the temperature of the inner Meegin épecially in winter and spring
months. This change for the winter and spring was due to ttieasing flux of freshwater dis-
charge and the cold temperatures of snow-melt waters. lteninonths, especially in February and
March, the influence of air-sea heat interaction can be wbdewith temperatures as low as°C7

in offshore waters (Figures 4.3c and e). In summer, the surfaeeslayere heated up to as high
as 30C (Figure 4.4c). The importance of temperature changeseinitimain is that, such changes
cause mixing and stratification of the water column. In wim®nths, the fect of mixing can be
observed in Figures 4.5a, ¢ and e, where similar tempesatueee observed from surface down to
150 m depth. The same character can also be seen in theysatofites. On the contrary, in summer
months, water masses with high temperatures were foundrvétharrow surface layers. This was
due to the cessation of mixing in the water column due to tablstdensity structure. In summer
months (Figures 4.6¢c and e) because density was mostlyndoivéemperature, less dense warmer
waters became trapped at the surface and gradually thereramure increased further, which re-

sulted in such stratified profiles.

4.1.2 Scenarios-1, 2, and 3

Omitting the numerical computation restrictions of rivéarpes and turbulence, CTD casts only
showed a single location and time in a year, therefore mddel-misfit was expected throughout
the simulations. Spatial distribution patterns of low @i waters were the main points that was
considered during model data comparison. Also, the mixgelIstructure was given consideration.
These were important because nutrient input from riverpuonping of nutrients from bottom lay-

ers was directly influenced by such physical dynamics. Inftee of these results, therefore, were

traced in primary production processes.

As described in Chapter-3, DSI freshwater flux data was useficenario-1, whereag3lof the
original flux was used only for the year 2009 in Scenario-2iarcenario-3 the year 2008 flux data
was used as well. The influence of river discharge on the bapea&asily distinguished by modeled
salinity and temperature results throughout the year. guirieis 4.7 and 4.8, river discharge penetra-
tion can be traced in the bay both at the surface and bottoenrdayalinity ranges do not compare
well with CTD measurements but water flux introduced at alsinggid cell at the coast may not
reflect the observed dynamics. It was observed in CTD measuns that freshwater influence can
be traced down to the latitude 36.7, but the configuration atewflux in Scenario-1 extends this

low salinity barrier down to latitude 36.6 (Figure 4.7).
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Figure 4.8: Reference model (Scenario-1) Transect-liloigions for 2009, a)January temperature
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Rather than expecting matching salinity ranges, freshwateusion patterns into the bay should
be investigated as a first step, because such a case immieautiients deposited from rivers
will be carried too far into the bay. That will in turn influemt¢he ecosystem dynamics. There-
fore, tuning of freshwater input was required. There weneisd possible reasons for such a
result. In Chapter-3, it was mentioned that long term awsagf nearly 50 years of river dis-
charges were set as point sources. Year 2009 alone may nalffievith the climatological aver-
ages. By using the averages, the freshwater flux may be ¢iveadsd. Another scenario was that,
considering year 2009 discharge fits well with the averaga,dhe grid size may be too coarse
for the model to define its spreading. Either of the two, maalps of Scenario-1 had to be
tuned. Not only the spreading of nutrients is important fog £cosystem, but the loads would
also be influenced. As the flux increases or decreases, |daugrients will be linearly &ected
(Load[g's]=Flux[m3/s]xConcentration[gm®]). For this reason, the flux from Seyhan River was de-

creased to its/B value in Scenarios-2 and 3.

Scenario-2 and Scenario-3 had the same setup but the gotiditions for 2009 were ffierent. In
Scenario-2, year 2008 data with original river flux valuegeveept, and flux for year 2009 was
divided by 3. In Scenario-3, both of the years 2008 and 2089 fiuxes were divided by 3. Exten-
sion of river influence in the bay decreased as expected & theenarios. Freshwater intruded less
offshore and the decrease in salinity were observed more ab#stat areas, which was the case
similar to the CTD observations. In Figures 4.9 and 4.1G dleéarly seen that the freshwater was
trapped more towards northeast of the bay. In the RefereneraBio setup, the western domain
of the bay was also influenced by the rivers whereas in redtieywestern part should show more

offshore characteristics (Figures 4.3b and f).

Temperature is influenced by several factors such as radiatid air-sea interactions. Model equa-
tions describing the heat balance have been discussed ptatt2aof this study. Therefore, besides
boundary conditions, and freshwater input, temperatueefimction of heat gain and loss across
the air-sea interface. This creates a sinusoidal shapeddsaries profile of temperature more con-
fined at the surface. As the Mediterranean region is a mitlik region, water temperature varies
significantly throughout the year. CTD casts showed surfaogerature range of 17.8-3C at

the dfshore stations (Figures 4.3e and 4.4c). The river dischenegewas more influenced by cold
water input from land. Due to water heat capacity, heat wasrlled mostly at the surface. Below a
certain depth, variability in temperature was highly regtlicThis can be observed in deep transect
plots. Even in August, below 100 m, temperature was 18€ {Figure 4.6c). Thermocline, sharp

decrease of temperature, was observed in summer montheda0e60 m depth. This behavior had
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implications for ecosystem dynamics and will be discussdtié following sections, for that reason

it was crucial to capture this behavior in the model simolagi

When investigating the model results of temperature, im&ege-1 and 3, the winter months had
lower surface temperatures compared to data. CTD castseshswface temperatureffshore in
January of 18-19.8C (Figures 4.3a 4.5a) but two of the simulations showed teatpe range be-
tween 16.5 and 17.2C (Figures 4.7a, 4.8a, 4.9a and 4.10a). Model results weyalagrees less
than observations on average. Similar remarks can also e foaresults of months February and
March. To better represent the temperatures, further gquoirneat balance parameters is required,

which was done in Scenarios 4 and 5.

4.1.3 Scenarios 4 and5

It was discussed that surface temperature results for damexe on average 2 degrees less than
those observed. The reason for this, in January, was beoairsgal conditions for simulation of
year 2009. Initial conditions for 2009 can not be easily rfiedibecause they were defined from re-
sults of a previous simulation for the year 2008. Therefheedbnstants stanton and dalton numbers
for sensible and latent heat fluxes were modified. In wintentimg) as stated, the model lost excess
heat in Simulations-1,2,3 so that initial conditions dedv¥rom the 2008 spin-up had unrealistically
low temperatures (Figure 4.11). The original model run aoen@rio-3 with constants 0.0013, had
distinctly lower temperatures for December compared tn&ges 4,5 and CYCOFOS results for
2008. Although high temperature values were reached in 22008, the model lost excess heat
during the following months. Therefore modifications tos@umbers were required. This phe-
nomena requires detailed sensitivity analysis but due topcational time restrictions, it was only

possible to conduct two additional simulations with contgdalton= Stanton= 0.0013 0.0002.
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Figure 4.9: Scenario-3 surface distributions for 2009a@)dry temperature b)January salinity
c)February temperature d)February salinity e)March teatpee f)March salinity
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Figure 4.10: Scenario-3 Transect-1 distributions for 2@)9anuary temperature b)January salinity
c)February temperature d)February salinity e)March teatpee f)March salinity
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Figure 4.11: Comparison of averaged surface temperatdir8semario-3, Scenario-4, Scenario-5
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Figure 4.12: Comparison of averaged surface temperatiret/N03, RUNO4, RUNO5 and CY-
COFOS simulations for year 2009

Better results were obtained in Scenarios-4 and 5 compar&ddnario-3, as temperature results
showed increased values (Figure 4.13). Temperature agbi$jd.? can be observed affshore in
Scenario-5. This increasing trend can also be observedgrat layers of the water column. How-
ever, further tuning of these constants should be madeubecas time passed, in March (Figure
4.14), the domain again lost more heat than observed valleshighest temperatureftiirence in
January between CTD measurements and model results ofrieBra the surface was 0°€, also

in March the diference is similar. This implies that water lost less heatiittev months compared
to Scenarios-1,2,3. Low temperature initial conditions2@09 can be seen in Figure 4.12. Although

such tuning has been applied for scenarios, in February tuehstill lost more heat compared to
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CYCOFOS data and gained more heat in summer. To fix this prolde stated more tuning should

be applied.
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Figure 4.13: Model results of temperature distribution S@anuary 2009 a)Scenario-4 surface
b)Scenario-4 Transect-1 c)Scenario-5 surface d)Scebafiansect-1

a) Model RUN04 March (Temperature) b)
36.8 Model RUNO4 March (Temperature) 17.05
17.05 0 e — 16.95
16.95 16.85
36.7 16.85 — -50 16.75
8 1675 S 16.65
£ 36.6 > g 100 16.55
e 16.65 & 16.45
16.55 © -150 16.35
16.35 0 5 10 15 20 25 30 35 40 45 16.05
36.4 16.25 . 15.95
346 347 348 349 35 351 Distance (km)
Longitude
°) Model RUNO5 March (Temperature) d)
Model RUNO5 March (Temperature) 17
17.05 0 N — 16.9
16.95 o 16.8
1685 T 16.7
) £ 16.6
2 16.75 £ -100 16.5
5 1665 & 164
16.55 -150 16.3
16.45 16.2
200t 16.1
16.35 0 5 10 15 20 25 30 35 40 45 e
16.25 )
346 347 348 349 35 351 Distance (km)
Longitude

Figure 4.14: Model results of temperature distribution fdarch 2009 a)Scenario-4 surface
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The diline coupling method was applied to Scenario-5 circulatesults, because realistic circula-
tion patterns with an order of magnitude velocity fields {0.2 s on average) including realistic
temperature and salinity distributions were simulatedHhiy $setup. The general Cilician Basin cir-
culation patterns were described in Chapter-1. The dorhiil@m is from the east to west direction
and is called the Asia Minor Current. Besides this main aurrthere are small eddies along the
coasts of the Cilician Basin, which interact with thsbhore waters and freshwater inputs in form
of river discharges. In this study, since the main focus waewvestigate the primary production in

Mersin Bay, coastal area circulation play an important ioftne study.

CTD temperature and salinity distributions, as well as nhosults, showed that the physical char-
acteristics of the bay create two distinct environmentspeEmlly in winter, this distinction was
significant. Coastal waters were less saline and colder apgdpto the fishore waters, whereffe
shore waters had similar characteristics to the CiliciasiBsvaters outside the bay. This implies
that, the coastal areas of Mersin Bay was highly influencedvey discharges and were trapped
at the coast by theftshore circulation, and had minor interaction with tHsbore waters. These
can be seen in Figures (4.15, 4.16, 4.17, 4.18 and 4.19). if&leoce waters throughout the year
show diferent circulation patterns compared to coastal areas. édience time of the domain was
calculated to be 1.6 years, which means the domain wateresiasgycling rate was fast and con-
stantly new freely available nutrients entered the domaiaugh the boundaries. This circulation
character of the bay is very important in defining its ecamystlynamics and will be discussed in

Section 4.2
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Figure 4.15: Surface horizontal velocity fields of RUNO5 26" day of 2009
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Figure 4.16: Surface horizontal velocity fields of RUNO5 6" day of 2009
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Figure 4.17: Surface horizontal velocity fields of RUNO5 1&0" day of 2009
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Figure 4.18: Surface horizontal velocity fields of RUNO5 2@5" day of 2009
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Figure 4.19: Surface horizontal velocity fields of RUNO5 238" day of 2009

4.2 Ecosystem Simulation Results

A reference ecosystem model was set that provided the finspansons with the availabl@-situ
data. To eliminate the unrealisti¢fects of initial conditions, the reference model was run for 3
years until a steady state was reached. In the scenario, $ietvgs mentioned that constant values

were given as initial conditions, instead the model was anrafyear, and its final time step solution

was used as initial conditions.
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The aim of the reference simulation was to acquire companasiults that follow the seasonality of
thein-situ data. A reference simulation was done before sensitiviglyses to tune the ecosystem
parameters for the ultra-oligotrophic Mediterranean $&s& study as explained in detail in Chapter-
3. The following results and sensitivity analyses were stigated with reference to these analyses.
Their parameterization can be seen in Tables 3.5, 3.6 andi3situ data was compared with model
results at two locations of the bay, in the river dischargaand at anféshore station (Figure 4.20).
These stations were selected for comparison due to thebildyl of most extensive chemistry and

biology data (Tables 3.3 and 3.4).
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Figure 4.20: Locations of stations used for model resultsiasitu measurement comparisons

Comparison of chlorophyll-a and primary production ratésféshore and river discharge stations
(Figures 4.21 and 4.22) show that due to discharge, the area was more productive (4 times)
throughout the year, and algae blooms can be clearly sedm ispring season. When the model
results and data were compared, figures show that modelgatightly overestimated observations
in both stations. Modeled chlorophyll-a results were higt@mpared to data, especially in winter
months. This discrepancy may stem from model hydrodynaasasrealistic mixing results in ex-

cess nutrient availability that was in turn was availablepgimduction. Alternatively this could be the

result of the numerical solver of the model. As was describéghapter-2, the Delft3D-ECO model

was developed for estuarine and coastal environments,esmdtitlel at each time step maximizes
the production. Because in winter months more nutrient®waeailable, the model maximized the
production (Figure 4.21b). This brings into question thech adapt the ecosystem model which

will be further analyzed as future work.
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tion rates at thefiishore station for the reference simulation. Boxes indiohtervedn-situ values.
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Figure 4.22: Depth integrated time series of a) chloropaydbncentration and b) primary produc-
tion rate at the river discharge station from the referemnoalgtion. Boxes indicate observausitu

values.

69



For the reference simulation, to force the diatoms to dotaifr@winter and spring, their growth

rates were increased accordingly. It can be easily obseénvEijures 4.23 and 4.24) that through-
out the year, among the phytoplankton (diatoms, flagellatesdinoflagellates), diatoms were the
dominant large phytoplankton both at the onshore dfishore locations. Especially at the coast,
diatom blooms followed winter and spring months. Total pip@nkton biomass increased in winter
and spring months, whereas small phytoplankton and baaerminated in summer. To understand
what drove this process and why large species dominatedgdwinter and spring and why small

species dominate in summer, growth rates and resource diepaas of algal types should be ex-

amined.
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Figure 4.23: Depth integrated time series of a) Diatoms, inpflagellates, c) Flagellates and d)
Bacteria concentration at thé&fshore station from reference simulation

The Delft3D-ECO (BLOOM) model defines two types of resourasergy (light) and nutrients.
Limiting resources causes shifts in the dominance of algadg within diterent seasons (Figures
4.23 and 4.24). To understand phytoplankton and bactesiatgrdimitation or factors that favor the
growth of a certain specie, results of the Reference Saenaaie investigated in detail. The model
results showed that the most dominant algae types were ples gdapted for phosphorus limited
environments. This showed that phosphate availabilityeinegal was the main limiting factor for
phytoplankton growth in the model domain. When assignedaragrowth rates of P-type species
were observed, diatoms formed the moSiceent types of algae in cold, and bacteria formed the
most dficient in warm water temperatures. In Figure 4.28, growtbgalf diatoms and bacteria

match each other at 26. This indicated that, at temperatures below@6&diatoms, and at temper-
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atures above 2& bacteria, would have an advantage. However, during ceptiiods of the year
when temperatures were belowg5 bacteria can dominate the system (Figure 4.25). Thiséspl

that there were factors that regulated the growth ratesaiéhia other than the temperature.

The dependency of growth on nitrogen showed that diatorfedredore on nitrogen when algae nu-
trients dependencies were considered (Figure 4.29). Merediatoms, for all temperatures within
the range 15-3ZC are more phosphate dependent (Figure 4.30). This expldipsacteria domi-
nated the system below certain temperature degrees. BEpedar the surface in summer months,
nutrients were depleted and algae types that were bettpteatito low nutrient environments were
favored. This shows in surface layers, when due to high droates and lower dependency on phos-
phorus, bacteria dominated the system. Tifieot of temperature should not be omitted in this case
but, as water cooled down to temperatures of 24c2@wtrient restrictions became more important
for selection criterion. That is why the dominance of baetésllowed the mixed layer depth (Fig-
ure 4.25). As water started to mix due to cooling, more notsievere pumped towards the surface,
and because at colder temperatures diatoms had greatahgaies than bacteria, diatoms started
to dominate the system. Similar characteristics exist foofthgellates and flagellates. At 2D,
dinoflagellates and diatoms have the same growth rate bythibephorus dependency of dinoflag-
ellates lower than diatoms, so during December to Januagfldgellates dominated the system.
As water cooled further in February-March, although alltpipankton have similar growth rates,
because flagellates are less phosphorus dependent, ioeswdders (0-20m) flagellates dominated

the system in spring.
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Figure 4.24: Depth integrated time series of a) Diatoms, inpfagellates, c) Flagellates and d)
Bacteria concentrations at the river discharge area foretfeeence simulation
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Figure 4.25: Depth vs time distribution of a)Diatoms, b)Bflagellates, c)Flagellates and d)Bacteria
concentrations at thefishore station for the reference simulation. White linecatks mixed layer
depth. Red line indicates temperatur€6
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Distribution of Temperature (C) Depth vs Time
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Figure 4.26: Depth vs time distribution of temperature atafishore station. White line indicates
mixed layer depth. Black line indicates temperaturé6
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Figure 4.27: Depth integrated time series of concentratimfma) Dissolved Inorganic Nitrogen, b)
Dissolved Phosphate and c) Dissolved Silicate

The dfect of temperature and nutrient dependencies on ecosystdyexplains the domination
of species within the limiting resources. However, it is orant to understand the overall gov-
erning limitation of the environment. The principle of grbwequations were explained in detalil
in Chapter-2. Algae, in order to grow, require several resesl These are nutrients (WHNOs,
POy and Si) and light. Excluding deep layers, light is not a lingtresource in the Mediterranean.
BLOOM helps to understand which nutrients, N, P, Si, limi thverall production. Algae groups
consist of subgroups within the BLOOM configuration. Eachthd algae types are specified to
adapt to diferent limiting environments. These are referred as endgynftrogen (N), and phos-
phate (P) types. At each time step, grid and depth, the madiallates the ratio of net production
and nutrient requirement, and decides which is the limitegpurce for that specific algae group.

The ratio, in turn decides which limiting type favors the\gth. At each time step, only one type is

73



selected for each algae. By examining the dominant algaestypis possible to determine which
of the resources is limiting. The reference scenario shdveshorus deficiency adopted species

favor. This in turn explains that phosphorus is the goveytimiting nutrient in the system.
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Figure 4.28: Biomass carbon growth rates vs temperaturetgbédiatom, flagellate, bacteria and
E-type dinoflagellate species parameterized in this study
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Figure 4.29: Nitrogen dependency of growth vs temperattidifferent P-type diatom, flagellate,
bacteria and E-type dinoflagellate species parameteniztdsi study

74



Phosphorus Dependency vs Temperature

N

O~O6§ /\ Diatoms E

E [ ] Flagellates E

= 005? <> Nodula é
O 0.04F =
™~ E ]
o C m
* E ]
o 0.03F =
kS c ]
(A C ]
i F 7
3 0.02F E
e B ]
c ot :
0.01 F E
0.00E_. | | | | E

15 20 25 30
Temperature oC

Figure 4.30: Phosphorus dependency of growth vs temperatutifferent P-type diatom, flagellate,
bacteria and E-type dinoflagellate species parameteniztdsi study
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Figure 4.31: Light &iciency curves of dferent algae groups parameterized in this study (After Los,
2009)
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4.2.1 RUN-01

Different cases for calibrating the reference scenario wasa giv€hapter-3 of this study. RUN-01
focused on the realistic time dependent boundary conditiand the data sources were thesitu
data available from cruises at thEshore station. In addition to that, a lower concentratioaghold
was applied for inorganic nutrients to limit the maximumghuotion. If inorganic nutrient distribu-
tions were compared between reference scenario (Figurestd@Figure 4.33) and RUN-01 (Figure
4.32 and Figure 4.34), nutrient distributions approaclmedabserved values. Although increasing
the nutrient input from boundaries might result in highevdarction at the fishore station, setting
a threshold limit to nutrient uptake balances the excessdbsiutrients, and gives good represen-
tation of nutrient distributions, but slight increases mduction at the fishore station can still be
observed (Figure 4.35). This is a good indicator that thigshore station was influenced by North

East Mediterranean waters.

Another important result of RUN-01 was the oxygen conceiatnadistribution. Oxygen is a good
indicator for tracing the circulation. Therefore oxygemcentration at theféshore station was di-
rectly influenced by circulation and boundary conditionsr RUN-01, oxygen concentrations and
nutrients were time dependent. Changes in oxygen contientiia seen in Figure 4.36. Nutrient,

chlorophyll-a and oxygen results fit well with thesitu data (Table 3.3).
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Figure 4.32: Depth integrated time series of RUN-01 fiflwore station a) Dissolved Inorganic
Nitrogen b) Dissolved Phosphate c) Dissolved Silicate
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Figure 4.33: Depth vs time distribution of nutrients at tHEskore station reference run. a)lNH
b)NO;s, c)PQy, d)Si. White line indicates mixed layer depth. Red line gadés temperature 26
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Figure 4.34: Depth vs time distribution of nutrients of RWM-at the dfshore station. a)NHi
b)NO;3, c)PQy, d)Si. White line indicates mixed layer depth. Red line gadés temperature 26
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Figure 4.35: Depth integrated time series of RUN-O1félwore station a) chlorophyll-a b) primary
production. Boxes indicate observigdsitu values
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Figure 4.36: Depth vs time distribution of oxygen at thfesbore station of RUN-01. White line
indicates mixed layer depth. Black line indicates tempeea&C

4.2.2 RUN-02

In the scenario description in Chapter-3, it was explaited RUN-02 was implemented to acquire
better representations of particulate and dissolvedifrastof organic matter. Examining the rates
of mineralization in Table 3.5, show that particulate nraltave higher mineralization rates than
dissolved organics. However, a major gap between magmitatidissolved and particulate organic
matter occured in simulations (4.37 and 4.38). For betteresentation of the environment, this
needed to be fixed. Such a distributidifieats the primary production in the water column because
of inorganic nutrient pumping due to process mineralizatibhis is one of the reasons why RUN-01

shows higher concentrations of chlorophyll-a compared-&tu observations (Figure 4.35).
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Figure 4.37: Depth integrated time series of RUN-01 fi§lwore station a) DetC b) DetN c)DetP
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Figure 4.38: Depth integrated time series of RUN-01 fi§lwore station a) DOC b) DON ¢)DOP
d)DOSI. Boxes indicate observeatsitu values
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Distributing the dead algae into particulate and dissolwaginics with respect to a balanced ratio
(1 to 1) resulted in better model-data comparison (Figur@d8,4.40 and 4.41). Dissolved organic
fraction of matter was not measured in cruises thus, pdatieumatter had to be taken as reference
in comparing results with the data. Both of the organic poiblsrefore were comparable with the
observations, and with the adjustment done in RUN-02, thsatired fraction was comparable to
the particulate fraction of organic matter. Changes inmpbyll-a were also observed, and by shift-
ing the particulate matter into dissolved matter yieldedilsir concentrations of chlorophyll-a with
data. These results show that the model was robust becangmm@ble results were obtained by

tuning the parameters of RUN-01.
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Figure 4.39: Depth integrated time series of RUN-02fi$twore station a) chlorophyll-a b) primary
production. Boxes indicate observedsitu values

The most important result of RUN-01 and RUN-02 was the infteeof boundaries on thefshore
station of the bay. As stated before, reference scenariosdaoy conditions were kept to low val-
ues, while in RUN-01 and 02, boundary conditions were madiifiefit the observed data. If Figures
4.21, 4.22, 4.35 and 4.42 were compared, the influence ofdasyrconditions was obvious at the
offshore station. As the nutrient input increased at the baiggjgproduction increased propor-
tionally. However, at the river discharge area, such initeewas not observed. Still, results show
similar concentrations. This implies that, thshiore station of Mersin Bay show open sea water

characteristics of the North East Mediterranean.
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Figure 4.40: Depth integrated time series of RUN-02 fi§lmore station a) DetC b) DetN c)DetP
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Figure 4.41: Depth integrated time series of RUN-02 fi§lwore station a) DOC b) DON ¢)DOP
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4.2.3 RUN-03

The open boundary nutrient and oxygen concentrations wedified in this simulation. Depth
varying, but yearly mean nutrient concentrations wereddritom the boundaries. Increasing con-
centrations of nutrients with depth were set at the bouedaPRrofiles were acquired from averaging
seasonal cruise data from thfahore station. Such an approach results in higher contienseat
certain times of the year compared to cruise data. Chlolbphgsults can be seen in Figure 4.44.
Slight increase of chlorophyll-a was observed. The reaspthfs was excess pumping of nutrients
from bottom layers, and overestimating the nutrient cotregion for certain times of the year, due
to averaging the boundary data over the whole year. Excdsgmupumping can be observed in
Figure 4.43. A large increase in dissolved inorganic nigrog/as obvious in this case. Compared to
RUN-01, nitrogen concentrations more than doubled, yesphorus values remained similar. This
case confirms that the ecosystem reflected a phosphorumtjreitvironment. Intrusion of excess
phosphorus caused a shift in primary production of the enwirent, but results did not show this
increase of phosphorus. This implies that, phosphorus pdnmto the system was immediately

consumed, which further limited the production.

4.2.4 Cases-01, 02 and 03

Nutrient loads in setup were modified to observe tfieat of river discharge into the bay. 0%, 150%
and 200% of the original discharge was set for Seyhan Riviee. dfect of diferent nutrient loads
was distinct (Figure 4.45 and 4.46). There was a directiogighip between production and the dis-
charge. The production increased and decreased proilyiavith the discharge. However such
an dfect can not be seen in théfshore station. There were very minor changes in chloroghyll
concentration but, when compared to the change in rivehdige area, it can be concluded that
offshore was notféected by these changes in river discharges. Circulatiorbanddary conditions

fed the production. Another important result was that theteribloom was not adfective without
river discharge as it was with river discharge in coastahata addition to that, the winter bloom
was present in all scenarios at thi#shore station. This implies that, due to mixing of the water
column in winter months, production increasdikhore. In coastal areas however, because of shal-
lowness, such nutrient pumping from bottom layers was nsépied and the water column was not
nutrient fed by circulation. This means, coastal water wegped by the fishore circulation. Such
conditions at the coasts have importafieets in the ecosystem of the bay. This can be the reason
why opposite ecosystem characteristics were observe@ abtist and at theffishore waters of the

bay.
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Figure 4.44: Depth integrated time series of RUN-03fiélwore station a) chlorophyll-a b) primary
production. Boxes indicate observedsitu values
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Figure 4.45: Depth integrated time series of Cases-0130240and 05 of fishore station
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Figure 4.46: Depth integrated time series of Cases-0130240and 05 of river discharge station

425 Cases-04 and 05

In Cases-04 and 05, atmospheric discharge was included addiional nutrient source to Case-
03, which had no nutrient load from rivers. Case-04 simdlaibserved and Case-05 simulated
doubled atmospheric input. This was done to observe thegelsan the environment due to atmo-
spheric interactions. Both of the stations responded tmsymeric nutrient discharge because the
discharge was implemented throughout the domain (Figy® dnd 4.46). However, although an
increase in chlorophyll-a concentration was observedjrtbiease was relatively small compared
to river discharge. It should be noted that, thisloore station where there was too small influence
of river responded to the atmospheric deposition with icgmit amounts. This implies that, be-
sides circulation, atmospheric discharge played an iraporble in production especially at times
of the year where there was significant nutrient limitatidimis phenomena can be clearly seen in

results that show the post-bloom period of the simulatietwieen days 60 and 150 of the year 2009.

4.2.6 Final Run

The final ecosystem model run was simulated by combining R Mtial and boundary conditions
and RUN-02’s fraction of organic matter distribution inutsf mortality, including the atmospheric

discharge of Case-04. This setup included the time depérdesystem boundary conditions from
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RUNOL1, better distribution of dead algae matter into paléite and dissolved forms, and atmo-
spheric deposition as a nutrient source. It should be sthtgdiver discharge was already included
in RUNO1 and RUNO2. Thus, the final run represented a coniplegeycled ecosystem dynamics,
tuned for the ultra-oligotrophic Cilician Basin and eutnapMersin Bay coastal area. At thdfo
shore station of the final run, peak chlorophyll-a concéianawas 0.3 mgn® (Figure 4.47) which
was in good agreement with the observations (Table 3.3).narease in productivity can be ob-
served in winter and early-spring months throughout thewnatlumn, where production decreased
below the mixed layer depth as the seasonal thermoclinegdioser in summer months. The
algae distribution in the water column was discussed ini@edt2, where bacteria in warm seasons
dominated the system above the mixed layer depth and largepiankton such as diatoms domi-
nated where vertical mixing was significant in winter mor(Rigiure 4.48). The nutrient abundance
played an important role in defining the productivity in tlystem, where phosphorus was selected
as the primary limiting nutrient throughout the year. Neti distribution in the water column, like
algae are related to the mixed layer depth as well. As therweatamn mixed, the nutrients were
dispersed in the water column which enhanced the produddowever, in summer months, as the
seasonal stratification got stronger, nutrients trappatieasurface completely diminished due to
primary production by bacteria, whereasin below the miget depth, pumping of nutrients from

the bottom layers created a deep chlorophyll-a maximum 3@an depth (Figure 4.49).
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Figure 4.47: Depth vs time distribution of final run a) chlphgll-a and b) net primary production
at afshore station final run. White line indicates mixed layertdep
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Figure 4.48: Depth vs time distribution of algae groups atdfshore station of final run. a)Diatoms,
b)Dinoflagellates, c)Flagellates, d)Bacteria. White lim@icates mixed layer depth. Red line indi-
cates temperature 26
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CHAPTER 5

CONCLUSION

This study provides an analysis of primary production in 8iteBay which exhibits distinctly dier-

ent ecosystem characteristics in near shore #isthare regions. This is largely due to the prevailing
circulation which restricts the influence of river plumesthe near-shore regions, where primary
production is greatly enhanced. While th&sbiore waters of the basin show oligotrophic char-
acteristics, the inner bay, due to the intrusion of nutdehtough river and domestic wastewater

discharges, show eutrophic characteristics.

Model results well represent the opposing characteristidhe inner and outer regions of Mersin
Bay. The simulations reveal important characteristicshef bay. The coastal area is highly in-
fluenced by riverine discharges. The primary productionhef toastal areas of Mersin Bay is
directly influenced by nutrient input from Seyhan River. ®e tontrary, éfishore waters do not
show any significant response to nutrient discharge. Tres@imena was tested with several river
discharge scenarios. Nutrient loads from river dischavge® modified in scenarios, from no dis-
charge to doubling the nutrient concentrations. The respoithe ecosystem in Mersin Bay varied
in different regions. As expected, coastal areas were directlyeimied by the changes in nutrient
concentrations. Howeverffshore regions showed very little response. A simulatiotavit river
discharges was taken as reference for the comparisons arahitually averaged increase in pro-
duction in the upper 60 m of the water column and at the sudatiee dfshore stations were 1.5%,
and 2% respectively. The reason for this phenomena is thpitrg of coastal waters by théfshore
circulation. In parallel to river discharge scenariosgethatmospheric deposition scenarios were
tested, no deposition, observed values and twice the alxsentues. Theflishore waters of Mersin
Bay responded significantly to the changes in nutrient loaieh fatmosphere. The annually averaged
increase in production found in the upper 60 m of the wateurool and at the surface was 10.5 %,
and 15 % respectively when compared to the case with no atmadspdeposition. Moreover, in
months where seasonal stratification is strong enough to #ostable water column, the increase

in atmospheric deposition increases production by 25 %sd hesults show that production in the
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offshore waters of Mersin Bay is mostlffected by the mixing in the water column and atmospheric
nutrient deposition, especially in summer months. On thdreoy, although atmospheric interac-
tions play an important role in production in the coastahasEMersin Bay, production is enhanced

by river discharges.

Another important outcome of this study was the determamadif limiting resources in the Cilician
Basin. Sensitivity analyses show a phosphorus limitedrenment. This is not a new phenomena
however, phosphorus limitation governs the dominant gpdisiribution of the marine ecosystem in
Mersin Bay. The significance of this approach can be realedxamining the algae distribution
throughout the year. Due to winter mixing, nutrients are bgemnized in the whole water column, so
that phytoplankton (mostly diatoms) dominate the systemthé& stratification gets stronger in sum-
mer months, phosphorus limitation emerges and such lovientitavailability favors the bacterial
growth. This phenomena can be related to the mixed layehdéptconclusion, this suggests that
algae biomass and distribution in the water column is dirgebportional to mixed layer depth, and
overall production is governed by phosphorus limitatioegduse in all scenario results, nitrogen is

above the required amounts for growth.

In conclusion this study has provided a good descriptionhefdeneral circulation dynamics of

Mersin Bay, allowing simulation of the ecosystem respomssetasonal cycling and and determi-
nation of the limiting nutrients. However, in order to bettenderstand the dynamics of the river
discharge regions, further refinement of the physical m&deéccessary. In particular a finer res-
olution in the horizontal plane is required in the region leé river discharges. Additionally, the

acquisition of recent river flux data and local wind pattdrosn coastal stations is required in order
to better capture the influence of small-scale physicalufeaton the ecosystem dynamics of the

region.
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