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ABSTRACT

NUMERICAL MODELING OF WATER CIRCULATION AND SEDIMENT
TRANSPORT FOR POLLUTION CONTROL IN FETHIYE BAY:
A COMPOUND ANALYSIS

Karakiitiik, Bilge
Master of Science, Civil Engineering
Supervisor: Prof. Dr. Ahmet Cevdet Yalciner

September 2024, 120 pages

This study focuses on the changing water circulation and sediment transport patterns
in Fethiye Bay, a semi-enclosed basin located in southwestern Tiirkiye under the
dredging activities considered for pollution control. The bay suffers from heavy
pollution and sedimentation as a consequence of low circulation, inadequate waste
management and waste discharge. Through the study, the water circulation driven
by oceanographic (winds, tides and waves) and fluvial (river discharges) sources is
assessed and the optimum dredging scenarios (area and depth) are identified by
evaluating current patterns and sediment deposition within the bay. Bathymetric
variations (erosion and deposition zones) over a fifteen-year period are analyzed and
shallowing zones are identified. Then, a numerical modeling approach is taken by
using Delft3D, incorporating the tide, wind, wave and river characteristics of the
region. Available bathymetric, hydrographic, meteorological, and sea level data are
utilized to set the model, and current velocity measurements are used for model
calibration. The study results provide insights for dredging operations by evaluating

different scenarios based on changes in water circulation and sediment transport. It



finds a relation between the amount of water entering and leaving the bay and
sediment deposition rates, primarily influenced by site characteristics, and evaluates
the effects of dredging operations on water circulation and sediment transport with a
multi-dimensional analysis, considering different dredging depths and wind
directions. Recommendations are presented to serve as a roadmap for the planning

of costly dredging operations.

Keywords: Water Circulation Modeling, Sediment Transport, Dredging Operations,
Delft3D, Fethiye Bay
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FETHIYE KORFEZI’NDE KIRLILIK KONTROLU ICIN
SU CEVRIM VE SEDIMAN TASINIMI MODELLEMES]:
BUTUNLESIK BiR ANALIZ

Karakiitiik, Bilge
Yiiksek Lisans, Insaat Miihendisligi
Tez Yoneticisi: Prof. Dr. Ahmet Cevdet Yalginer

Eyliil 2024, 120 sayfa

Bu ¢aligma, Tiirkiye'nin giineybatisinda yer alan ve yar1 kapali bir havza olan Fethiye
Korfezi'nde kirlilik kontrolii i¢gin diisiiniilen tarama faaliyetleri kapsaminda degisen
su ¢evrimi ve sediman tasinimi modellerine odaklanmaktadir. Korfez, diisik su
cevrimi ve yetersiz atik yonetiminin bir sonucu olarak korfez i¢i agir kirlilik ve
sedimantasyondan etkilenmektedir. Bu ¢alismada osinografik (riizgarlar, gelgitler ve
dalgalar) ve fliivyal (nehir desarjlari) kaynaklarin etkisiyle Fethiye Korfezi'nde
olusan su cevrimi degerlendirilmis ve korfezdeki akinti degisimleri ve sediman
birikimi davraniglar1 géz oniinde bulundurularak optimum tarama senaryolar1 (alan
ve derinlik) belirlenmistir. On bes yillik bir siirede korfezde meydana gelen
batimetrik degisimler (erozyon ve birikim bdlgeleri) analiz edilmis ve siglasma
bolgeleri belirlenmistir. Ardindan, Delft3D modeli kullanilarak bolgenin gelgit,
riizgar, dalga ve nehir Ozelliklerini iceren bir sayisal modelleme yaklasimi
benimsenmistir. Modelin olusturulmast i¢in mevcut batimetrik, hidrografik,
meteorolojik ve deniz seviyesi verileri, model kalibrasyonu i¢in de akinti hizi
Olgtimleri kullanilmistir. Calisma sonuglari, su ¢evrimi ve sediman tasinimindaki

degisikliklere dayali farkli senaryolarin degerlendirilmesi ile tarama operasyonlari

vil



icin bilgi saglamaktadir. Korfeze giren ve ¢ikan su miktar1 ile sediman birikim
oranlar1 arasinda biiyiik 6l¢iide saha 6zelliklerine bagli bir iliski bulunmus ve tarama
operasyonlarinin su ¢evrimi ve sediman taginimi lizerindeki etkileri farkli tarama
derinlikleri ve rlizgar yonii agisindan ¢ok boyutlu bir analizle degerlendirilmistir.
Calisma bulgular1 temel alinarak, maliyetli tarama operasyonlarinin planlanmasi igin

yol gosterici nitelikte oneriler sunulmustur.

Anahtar Kelimeler: Su Cevrimi, Sediman Taginimi, Tarama Operasyonlari,

Delft3D, Fethiye Korfezi
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CHAPTER 1

INTRODUCTION

1.1 Background and problem statement

Preserving coastal zones is essential for sustainable development as these areas are
vital for human prosperity, considering the economic, cultural, and natural resources
they offer to humanity (Clark, 1997). However, many of the coastal cities face
challenges due to overpopulation and consequent human caused problems like
overfishing, pollution, and misuse. Pollution in those areas could be linked to
inadequate water circulation, consequently lower current velocities and possible
transport of cohesive substances with their settlement and deposition on the seabed.
Hence, understanding the morphological characteristics of a coastal area facing
pollution is a key step before developing appropriate design strategies for the

prosperity of local communities.

Semi-enclosed basins have been one of the most important coastal areas throughout
human history as they are naturally preserved in coastal zones (Raicevich et al.,
2018). The sheltering nature of such areas also brings about low circulation and
accumulation of various materials. The Mediterranean region features numerous
semi-enclosed basins due to its geography. Fethiye Bay is a good example of such
areas, which suffers from excessive sedimentation and shoaling as well as heavy
pollution in its inner bay. Hence, in this thesis, it is selected as the case study for
semi-enclosed bays, considering the Aegean-Mediterranean region. The issues in
Fethiye Bay arise from inadequate water circulation and transport of cohesive
materials from rivers, compounded by insufficient freshwater inflow. Pollution from
cruise boats, the wastewater treatment plant in Fethiye, poorly planned river and

channel rehabilitation works, fish farms, and small industrial sites along the coast



also cause additional problems. Consequently, costly dredging operations are often
necessary. Effective dredging operations in the inner bay area of Fethiye offer a
potential solution; however, they require detailed investigation and validation
through modeling studies to ensure optimal performance. Hence, these operations
must be guided by comprehensive modeling studies that consider the oceanographic

and fluvial drivers in the study area.

The models used in three previous studies by Akbasoglu (2011), Dzabic (2012) and
Akdeniz (2018) on water circulation and sediment transport in Fethiye Bay are also
evaluated in terms of both applicability and model limitations. The model results are
analyzed, and the problem in the region appears to be not fully reflected. Sediment
deposition zones observed in real life are not captured in their model results of the
sediment distribution due to the low-resolution, having horizontal grid sizes of 900
m and no vertical layers are taken into consideration (Akbasoglu, 2011). The similar
model set-up is also used for the water circulation patterns are evaluated under only
wind input, and the problem in the bay is investigated focusing on the yacht carrying
capacity (Dzabic, 2012). In addition, the obtained water circulation behaviors are
limited in examining the areal current distribution in the bay since it is not performed
with a high-resolution model, having horizontal grid sizes of 100 m and 5 vertical
layers (Akdeniz, 2018). At this point, it is important to note that no field research or
field measurements were available in the region at the time of these studies, meaning

that calibration and validation could not be performed.

In the literature, studies on dredging operations mostly focus on suspended sediment
motion modeling during these operations (Bai et al., 2003; Je et al., 2007; Beercroft,
2019), responses of rivers under dredging (Jeong et al., 2016; Lagasse, 1986),
possible damages of dredging to various species on the seabed such as posidonias,
and water quality measurements (Torres et al., 2009; Chen et al., 2016). Although
there are several studies on the optimization of dredging operations and the
appropriate methodologies to be applied, they usually cover dredging operations

planned for the creation of navigation channels in harbor mouths or investigate the



dynamic response for different dredging types (Alvarez et al., 2007; Silveira et al.,
2017; Campmans et al., 2021). The studies on dredging operations based on the water
circulation and sediment transport modeling in semi-enclosed basins that evaluate
the characteristics of the area by incorporating both oceanographic and fluvial effects
such as tidal, wind, wave and river discharge are very limited. In addition, the
presented optimization of dredging operations is generally examined in terms of boat
sizes related to cost and port capacity in the available studies, where their analysis of
dredging operations does not consider parameter variances that may reflect the

characteristics of the region.

All these summarized above indicate the need for a study on the analysis of optimal
conditions for dredging operations, including water circulation and sediment
transport modeling, before the planned costly operations in Fethiye Bay, an example

of a semi-enclosed basin that faces pollution related to sedimentation.

1.2 Objective and research questions

The aim of this thesis is to conduct a comprehensive analysis of water circulation
and sediment transport dynamics during dredging operations for pollution control in
a semi-enclosed bay: Fethiye Bay. This research intends to demonstrate the
relationship between water circulation and sediment transport in the bay through
modeling that incorporates the characteristics of the region. It seeks to examine the
relationship between these two dynamics and to illustrate the effect of dredging
operations on water inflow and outflow and sediment deposition. Additionally, the
study discusses the effects of different dredging depths and area variations on water
circulation and sediment transport patterns. This thesis study is structured to address

the following key questions:

i.  How do the tide, wind, wave, and river discharge interactions affect water
circulation and sediment transport dynamics in semi-enclosed basins,

particularly in Fethiye Bay?



ii. To what extent do water circulation behaviors correlate with sediment
transport dynamics in semi-enclosed basins, especially in Fethiye Bay?

iii. Do dredging operations increase water exchange behavior and current
velocities in semi-enclosed basins and decrease cumulative deposition rates
in the region, Fethiye Bay?

iv.  How do circulation patterns and sediment transport patterns vary with

different dredging depths and areas?

The relationship between water circulation and sediment transport behavior under
the current input parameters and the dredging operations, specifically examining
whether a correlation between them exists in Fethiye Bay. This analysis is conducted
through areal distributions of maximum horizontal velocity, total sediment transport
and cumulative sediment deposition from the model results. These relations are also
analyzed through water exchange and cumulative sediment deposition rates under

the changing effect of wind direction and dredging depths.

1.3 Methodology and structure of the thesis

The thesis consists of six chapters, where the second chapter of the thesis presents a
literature review of the thesis topic. In this chapter, the numerical models used for
water circulation and sediment transport are summarized through similar studies and
the studies on dredging operations and pollution from these models are reviewed.
The characteristics of semi-enclosed basins and the characteristics of the selected

case study area are presented.

The third chapter describes the methodology of the compound analysis. It gives the
properties of the numerical model used as well as the significant equations, presents
the available data coverage examined for the model, and shares the details of the
model built within the scope of the study. It describes the effect of the input
parameter change given within the scope of the study on the calibration process and

how much the determined inputs change the model results.



In the fourth chapter, the analysis of available data conditions is presented, with the
details behind the performed analyses, followed by an explanation of the scenarios

developed for the study and the methodology behind their creation.

The fifth chapter contains the results of the numerical experiments, containing the
investigation of the relation between the water circulation and sediment transport
dynamics under the scenarios specified in the fourth chapter. It shows the effects of
various dredging scenarios on these two dynamics, and also explores the link

between water exchange and cumulative deposition volumes over the study region.

The sixth chapter is the conclusion that evaluates the results of the study conducted
within the scope of the thesis. It summarizes the findings of the study and outlines

the planned future work.






CHAPTER 2

LITERATURE REVIEW

Understanding and evaluating the available tools and methods, e.g., numerical
models within the scope of this thesis, from the literature is essential to comprehend
the changing water circulation and sediment transportation dynamics due to dredging
operations in semi-enclosed basins. This chapter provides an overview of the
numerical models and approaches commonly used in the literature to study various
problems in coastal environments related to the water circulation and sediment
transport characteristics along with the dredging operations. It also covers the
characteristics of the model selected for this study and its formulations of
hydrodynamic and sediment transport, citing examples in semi-enclosed basins and

the current condition of the selected case study area.

2.1 Numerical models used for circulation and sediment transport

Numerical models are useful tools and time-efficient research methods for
understanding complex real-life behaviors of coastal engineering problems, such as
water circulation and sediment transport in coastal areas. These models address
complex real-life circulation and sediment transport dynamics in various
environmental conditions, helping to solve numerous problems in coastal areas.
Papanicolaou et al. (2008) evaluated these models in terms of their solution capacity
and source code dynamics, intended use, flow characteristics and sediment transport
conditions and model characteristics of sediment exchange processes. Five
hydrodynamic-sediment models are selected for evaluation both among the models
with three-dimensional (3D) solution capacities shown in this paper and among the
models studied in the literature in the field of Fethiye: FVCOM, MIKE3, ROMS,
TELEMAC and DELFT3D.



The finite-volume community ocean model (FVCOM), one of the most widely used
open-source hydrodynamic-sediment models, was developed by Chen et al. (2003).
Since the model simulates only currents, temperature and salinity, Yang (2011)
introduced the Simulating Waves in the Nearshore (SWAN) model and FVCOM
wave-current model to add wave characteristics. This model is used by Qi et al.
(2023) to model suspended sediment concentrations in Weifang Port under tidal,
wind and wave conditions, and a sediment-settling-velocity formula is proposed. In
which, the study revealed that the coupled model gives better results than the results

given by FVCOM alone.

The Regional Ocean Modeling System (ROMS) model developed by Warner et al.
(2008) is also another open source hydrodynamic-sediment model, which is
available for coupling with SWAN. Cheng et al. (2017) used the ROMS model to
study wind- and tidal-induced water circulation and sediment transport in Beibu Bay,
but since ROMS is only a hydrodynamic-sediment model, wave effect is not
included in such studies. Huang et al. (2008) compared the FVCOM and ROMS
model in various idealized scenarios, and emphasized that FVCOM may give better
results for cases with higher horizontal resolution than ROMS in the wind-driven

scenario.

Although not open source, the MIKE 3 model developed by DHI (DHI, 2012) has
been used in many studies in the literature and Liu et al. (2024) compared the model
with observation data after a post-reclamation in the Bohai Sea and demonstrated its
reliability. SrSe et al. (2023) used the MIKE 3 model to perform hydrodynamic and
sediment transport modeling to investigate the dynamics of sediment resuspension
on the bottom caused by large ships at Port of Koper, Slovenia, demonstrating the

versatility of the model to study different dynamics.

TELEMAC (Villaret et al., 2013), also one of the open source models, has been
widely used in estuary and coastal scenarios, primarily developed for tide and
current-induced hydrodynamic transport. Brown & Davies (2009) ran TELEMAC
with SISPHYE and TOMAWAC modules together in order to investigate the flow-



wave effect together and examined the sediment transport effect caused by wave and
tidal effects together in Dyfi Estuary. Tassi et al. (2023) presented the GAIA module
that can be implemented on the TELEMAC model, in which the module efficiently
manages hydrodynamic analysis and sediment transport problems on unstructured
networks proposed within the TELEMAC system. In addition, Samaras et al. (2016)
showed that the TELEMAC model suite produced similar results to MIKE 21/3 in a

multi-parametric analysis in their modeling study on the Italian coast.

The Delft3D model (Deltares, 2020) is another widely used model in the literature
as it is open-source, offering both a source-code and a Graphical User Interface
(GUI) based interface, which provides a user friendly modeling environment for
water circulation and sediment transport. Elias et al. (2000) demonstrated the
validation of the model in hydrodynamic terms with field measurements of water
level, current and wave in Egmond, the Netherlands, which is part of the Dutch

coastal systems.

Lesser et al. (2004), on the other hand, examined sediment transport under 3D flow
in three different experiments of trench mitigation, curved flume, and wave-current
flume experiments and validated the model in the IJmuiden harbor through the
bathymetry and near-bed flow field changes, by following the model’s response to
entrainment, transport and settling of sediment, varying levels of uniform bed shear
stress and the effects of wave orbital motion on suspended sediment concentration.
This study contains the morphological developments of Delft3D by giving a new
perspective to the morphological models working in one-dimensional (1D) and two-

dimensional (2D) which were generally used at that time.

Delft3D mainly focuses on hydrodynamic conditions and sediment transport under
tide and river discharge as well as wind inputs, especially in delta-type formations,
considering the need in the Netherlands. Yu et al. (2024) studied the development of
tidal-flats in the context of de-reclamation in Jiangsu, China, whereas Brakenhoff et

al. (2020) studied the effect of bottom roughness under wave and tide on the



hydrodynamics and sediment transport in the Ameland ebb-tidal delta in the area of
Vaklodingen, the Netherlands.

In addition, Delft3D has many applications in coastal areas such as gulfs, straits and
bays where the dynamics of water circulation and sediment transport are relatively
different than the tidal-flats. Through similar examples from Tiirkiye, Kosucu et al.
(2019) and Erdik et al. (2019) modeled the water circulation in the Bosphorus via
Delft3D model and studied the flow based on salinity and temperature. The
occurrence of significant vertical mixing flows, especially in the "hydraulic control"
sections are highlighted and discussed over salinity profiles over seasonal changes

and exchange flows and corresponding drivers.

Song et al. (2020) investigated the hydrodynamic and morphological physics of
Bohai Bay with a wave and current coupled model for extreme weather conditions
by taking into account tide, wind, and wave effects, where the depth-averaged
current velocity in southwestern Bohai Bay is significantly reduced during extreme
weather conditions due to enhanced bottom roughness from wave-current
interactions, particularly in areas with severe wave breaking near jetties, which in

turn affects sediment transport dynamics.

2.1.1 Approaches and models used for dredging operations and pollution

control

Although water circulation and sediment transport dynamics under the dredging
operations are limited in the literature, here, similar studies available for each of the

selected models and their general scope are presented.

Wang et al. (2014) modeled the stability and sediment transport in the channel after
dredging operations in Tieshan Bay using FVCOM. The model that is implemented
under wind and tidal-driven scenarios, simulates the hydrodynamics and the
sediment transport patterns in the region in general terms, but does not include river

and wave characteristics in the domain. Land reclamation and the background causes
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responsible for siltation in the channel to be dredged and the optimization of
maintenance for this operation have been studied, where the combined effects of
bottom friction and advective sediment transport are found to be crucial in promoting
the erosion of channels and the accretion of shoals, thereby maintaining the system's

stability, but no analysis of dredging depth has been carried out.

Liu et al. (2020) evaluated the effects of dredging operations in the Ship Shoal area
on the Louisiana Shelf for coastal restoration using the ROMS model. The
impressive aspect of this study is that both non-cohesive and cohesive material
transport modeling was examined in the study. In this context, the results of salinity
and suspended mud transport behavior were evaluated by calibrating daily average
significant wave height values. The study concluded that the Caminada and Raccoon
Island pits are not suitable as renewable borrow areas for future dredging activities,

and coastal restoration due to significant sediment infilling.

Truong et al. (2021) investigated the impact of dredging operations on the suspended
sediment transport dynamics through the outputs of water quality using MIKE 21/3
under wind and wave conditions to study sediment transport patterns in Vung Ang
Harbor, Vietham. WAVEWATCH-III was used to obtain wave characteristics.
Although the study provides a very comprehensive case study for the dredging
operations planned in front of the port, it does not take into account the river

discharge effect of the estuary located about 4.5km away from the port.

Maerker & Malcherek (2011) presented a software package called DredgeSim that
can be coupled with the TELEMAC and SISPHYE by putting the effects of dredging
operations on waterways on the Rhine River. At this point, this coupling process
transfers velocities and water levels from the hydrodynamic TELEMAC model to
SISPHYE, which in turn transfers depths and sediment distribution from the model
without dredging to the DredgeSim module. DredgeSim then transfers the active
suspended sediment movement behavior in the dredged scenario back to Sisphye,
which in turn transfers the changed depths in the model domain to Telemac and this

coupling process is completed. This study demonstrates the high adaptive capacity
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of the TELEMAC model with different packages that can be experimented with in
different cases, but also shows that the model is quite complicated for the user.
Within the scope of the study, different dredging scenarios were tested on the Rhine
River under river discharge only and the filling capacity and volume of disposal of

these dredging areas were analyzed.

Fernandez-Fernandez et al. (2019) studied the wave conditions in the Mondego
estuary-inlet, Portugal, and performed a modeling using Delft3D to observe the
effects of high-energy waves in this system. Long-term dredging operation decisions
are investigated under tide, wind and extreme wave conditions by coupling FLOW
and WAVE modules. The study evaluated the sediment accumulation and erosion
zones in tidal inlets, paying attention to the navigation channel depths in ports and
marinas at the mouth of the Mondego River, and revealed that dredging operations
prevent a rapid sedimentation behavior at the entrance of the system that can be
problematic. This study demonstrates the convenience of examining the changes in
tidal inlets under dredging operations with the Delft3D model depending on various

parameters and the diversity and reliability of results in the Delft3D model.

2.1.2 Model selection — Delft3D model

Considering the numerical models discussed in this study, the first priority of the
model selection is determined as the numerical infrastructure to be open-source. Ease
of use of the model is also another priority in order to make the model easily
adaptable to the characteristics of the region. Comparing the three most used models,
ROMS, TELEMAC and Delft3D, it is concluded that all three models solve similar
equations in terms of hydrodynamics and are equivalent in terms of computational
capacity. At this point, modeling with ROMS revealed that to accurately reflect the
wave effects in the model, it was necessary to couple it with the SWAN model,
possibly through an offline-coupling process. On the contrary, it was thought that

online coupling would give more accurate results with the FLOW and WAVE
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modules in Delft3D, as this method is preferred to reflect both tidal, wind, wave and

river discharge effects in the model at the same time.

Since TELEMAC is an open-source model with a high computational capacity in
terms of numerical modeling, it is one of the most widely used models in the
literature and appeals to a wide range of users. However, when the ease of use is
discussed, due to the lack of an interactive interface and the fact that it defines a very
raw process for the user, it was considered whether the real-life effects could be fully
reflected in a limited time, concluding a preference for Delft3D. Considering all
these conditions, Delft3D was chosen as the numerical model infrastructure to be
used in this study due to its ease of use in the model, applicability to a wide range of

problems, online coupling process, and appeal to a relatively diverse audience.

2.2 Characteristics of semi-enclosed basins

Semi-enclosed basins, which are formed due to tectonic movements, have different
dynamics in terms of water circulation compared to regular bays with their
characteristic bowl-shape formations (Aleman et al., 2013). Due to their topography,
water inflow and outflow are limited in these basins and water circulation and in-bay
water velocities are generally low. In addition, these basins suffer from various
problems such as poor in-bay water and sediment quality and eutrophication due to

human utilization in densely populated and developed areas (Nishima et al., 2019).

Semi-enclosed basins have hosted different cultures and civilizations (Scovazzi,
2024) in terms of fishing and tourism throughout history due to their sheltered
natures and are among the important coastal structures in this respect. When the
semi-enclosed basins in Europe are analyzed (Raicevich et al., 2018), compared to
the North Sea, Finnish Arcipelago Sea, Northeast Atlantic, Azores and Black Sea,
the Mediterranean Sea covers a larger proportion of semi-enclosed basins due to

tectonic formations.
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2.2.1 Dredging operation studies in semi-enclosed basins

To understand whether these basins have similar characteristics in terms of water
circulation and sediment transport, the case studies of semi-enclosed basins on the
European coasts through numerical modeling are examined. Given the large area of
the Mediterranean Sea, the area to be selected as a case study within the scope of this
thesis is considered to be one of the semi-enclosed basins along the Turkish coasts.
In that regard, the Gulf of Riga case study for the North Sea, examples of Boka

Kotorska Bay, and Izmir Bay for the Mediterranean Sea are reviewed.

Lips et al. (2016) developed a regional model to study the circulation in the Gulf of
Riga in the Baltic Sea. The circulation status in the study area was assessed through
areal salinity distributions and revealed that the variability of the results is mostly
dependent on wind stress. This is an additional study that shows that the wind effect

is significant, which has been demonstrated for other semi-enclosed basins.

The 1979 UNESCO World Heritage Site Boka Kotorska Bay is one of the examples
of a semi-enclosed basin in the Mediterranean, which is evaluated in terms of
pollution (Mikac et al., 2022). The study analyzed sediment samples from the site
and investigated the sources and patterns of metal contamination in the bay. The
causes of in-bay water pollution in semi-enclosed basins, in topographies with
possible river discharges, have been investigated, and although it does not focus on
numerical modeling of water circulation and sediment transport, it has shed light on

the general problems that may occur in such bays located in Mediterranean.

Although Izmir Inner Bay in the Gulf of Izmir is not exactly a semi-enclosed basin,
considering the low water circulation pattern, low amount of water entering and
leaving the gulf, and pollution patterns in the gulf, it may be important in terms of
intensive capacity in Tiirkiye and providing insights within the scope of studies in
the literature. Karahan (2002) evaluated the water exchange volumes entering and
leaving the inner bay of Izmir Bay with a simple 3D hydrodynamic model according

to different wind directions. The study focuses on the low water circulation in the
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inner bay and the accumulation of sediment transported by the Gediz river, resulting

in insights into the conditions of water circulation behaviors in semi-enclosed basins.

All these studies confirmed the general understanding of semi-enclosed basins and
provided valuable insights for the scope of this study. They indicate that, due to the
geographical structure of these areas, various problems such as wind- dependent
changes in water circulation, eutrophication and pollution have been shown to

commonly occur.

2.2.2 Fethiye case study: a semi-enclosed basin

Fethiye Bay is selected as the case study area because it is a semi-enclosed basin
located on the Mediterranean coast of Tiirkiye, significant for tourism and economy.
The region offers various insights into the problem due to existing studies, and there
is a need for up-to-date research because of increased pollution in the area. The bay
is located in the Gulf of Fethiye in the Mediterranean Sea, between Dalaman and

Fethiye in Mugla city, in southwestern Turkiye (Figure 2.1).

It provides water in and out of the bay through two entrances to the left and right of
Sovalye Island. The left side entrance is deeper and exposed to more water inflow
and outflow, while the right side opening has less water interaction due to
bathymetric conditions and shallowness. This geographical condition has a direct

impact on the water circulation within the bay.
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Figure 2.1. General view of the study area and location of Fethiye Bay (base
images retrieved from Google Earth, 2024)

The low water circulation in the region also affects the pollution in the bay. The
insufficient amount of water entering and leaving the bay negatively affects the water
quality inside. Previous studies (Akbasoglu, 2011; METU OERC, 2011; Akdeniz,
2018) reveal that this situation is caused by both the geographical location and
structure of the bay as well as the inflow of mud-type substances from rivers entering
the bay. In addition, the wastewater treatment plant connected to Fethiye, the high
touristic demand of the region, the large number of boats and marinas and the
chemical and solid wastes of these boats are other sources of pollution in the region

and cause an increase in pollution either directly or indirectly (Figure 2.2).
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Figure 2.2. Schematic view of the problems involved in the pollution inside the

Fethiye Bay

223 Site visit to Fethiye Bay

Understanding the dynamic interactions of hydrodynamic parameters is essential for
effective environmental management and conservation in coastal regions. To have
an understanding of the real-life conditions of the study area and to accurately reflect
them in the numerical model, a site visit to Fethiye Bay is conducted on 14 (via
survey by sea) and 15 (via survey by land) June. The general water condition in the
bay, including the hydrodynamic characteristics, water quality, and areas of erosion
and deposition, were observed during a boat trip. Considering the significant role
that rivers and channels play in water discharge within the bay, these features were
also examined during the investigations at site in the boat and at land. Several views
taken at different locations inside the bay to understand the present conditions. The

locations of the points and the pictures at these location are given in Figure 2.3.

The observed sea water conditions reveal that at points a, b, ¢, and d, the water

appears blurry, with a greener color tone and noticeable sand movement on the
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bottom due to boat activity, indicating shallower depths. Conversely, at points e, f,
and g, despite a higher density of boats, the water exhibits a bluer and clearer
appearance with no significant sediment movement observed from boat activity.
Near the entrance of the bay, close to Sovalye Island, flow measurements are taken
at points h and i. Observations indicate that the water in these areas aligns with
known general problems and problematic deposition zones, highlighting the rivers
and channels along the bay as contributing factors. The investigated river and

channel areas and their current conditions are given in Figure 2.4.

The Murt river (points a, b, and c in Figure 2.4) and the T2-discharge channel of
General Directorate of State Water Works (DSI) (h and i) are the primary water
discharge systems into the bay. These channels, along with others (d, e, f and g) have
been rehabilitated to address previous issues of odor and pollution. As a result of the
rehabilitation, these systems transport cohesive materials into the bay, contributing

to problematic deposition areas.

The site visit to Fethiye Bay provided invaluable insights into the real-life behaviors
and conditions that are crucial for validating the numerical model setup.
Observations of hydrodynamic characteristics, water quality, and sediment
movement at various points within the bay highlighted the complex relation between
environmental processes and human activities. The detailed examination of rivers
and channels further underscored their significant impact on water discharge and
sediment deposition. This study demonstrates that site visits are essential in case
studies to bridge the gap between theoretical models and practical, on-ground
realities. Such comprehensive field investigations ensure that numerical models are
reflective of actual environmental conditions, particularly in vulnerable coastal

areas.
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Figure 2.4. Current conditions of the rivers and the channels in the bay
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CHAPTER 3

METHODOLOGY

The methodology followed in this thesis study covers the following steps, which are
explained in detail below in this chapter: 1) overall approach, ii) numerical model
background, iii) analysis of available data, iv) model setup, v) sensitivity analysis
and calibration, vi) and model validation. Following those steps, the scenario
simulations are performed using the Delft3D numerical model based on the

determined input data.

3.1 Overall Approach

This study is conducted in six phases (Figure 3.1). First, the general basics of
numerical model is reviewed, and the corresponding mathematical background of
the model and the coupling process details are investigated. Then, the current
regional conditions are examined, up-to-date data are checked and available field
measurements in the region are analyzed. Within the scope of these data, a numerical
setup 1s built for a compound analysis via experiments, following the calibration and
validation steps. In the next phase, tide, wind, wave and river discharge patterns are
examined and corresponding modeling inputs are determined through long-term and
extreme conditions to reflect the characteristics of the region, and dredging scenarios
in terms of depth and areas are developed. Finally, these scenarios are simulated and
the model results are analyzed following different conditions based on the research
questions. The outputs are presented in terms of the relation between the water
circulation and sediment transport patterns in areal distributions over the study
region under the determined input scenarios and both for the non-dredged and

dredged scenarios in the bay, and a two-dimensional analysis approach is conducted
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for understanding the relation between water exchange volume and cumulative

deposition inside the bay over wind directions and dredging depths.

Data Analysis & Calibration & Validation
Model Set-up

Collection and analysis of

Numerical Model
Comparison of in-situ flow

Determination of the .
measurements with model

numerical model and

v

v

corresponding mathematical up-to-date data, and results under different inputs
P back%round determination of model input to calibrate and validate
: conditions the model
Scenario Development Scenario Simulations Anélys.ls of Results
Tide, wind, wave and river Simulations of different Investigation of the water

> circulation and sediment

discharge patterns for >|  dredging depths and areas behavi d
long-term and extreme under long-term and extreme transp ort_ Chaviors, an
P : understanding the dredging
CO]’IdlthnS scenarios

effect on these dynamics

Figure 3.1. Flowchart of the modeling approach followed in this thesis

3.2 Numerical Model Background

The Delft3D model suit is an open-source comprehensive numerical modeling tool
developed by Deltares for simulating various hydrodynamic, sediment transport, and
water quality processes in coastal, estuarine, and riverine environments (Deltares,
2020). It contains several modules interacting consistently to provide an integrated
modeling environment (Lesser et al., 2004). Among these modules, Delft3D-FLOW
module is used for hydrodynamic modeling to cover tidal, wind and river effects and
Delft3D-WAVE module is used to reflect wave effects. Briefly, the FLOW module
considers the dynamics of flow and transport phenomena, while the WAVE module
takes into account the wave propagation effect (Elias et al., 2000). In modeling
complex coastal structures such as semi-enclosed basins, and especially for the
integrated analysis performed in this study, it becomes essential to consider all
effects on the characteristics of the region. The dynamics of both FLOW and WAVE
modules provide a more detailed modeling approach and more accurate results,
which is also important for the detailed assessment of water circulation and sediment

transport dynamics (Gerritsen et al., 2008).
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3.2.1 Hydrodynamic model equations

The hydrodynamic component of the Delft3D-FLOW module solves the unsteady
shallow-water equations in both two and three dimensions, which include the
horizontal momentum equations, the continuity equation, and transport equations for
various scalar quantities (Lesser et al., 2004). The fundamental assumptions of the
model involve the hydrostatic pressure approximation, where vertical accelerations
are considered negligible compared to gravitational forces (Gerritsen et al., 2008).
This assumption simplifies the vertical momentum equation into a hydrostatic

pressure relation.

The horizontal momentum equations, based on the Reynolds-averaged Navier-
Stokes framework for non-hydrostatic conditions, are adapted to account for the
effects of turbulence through a closure model (Equations 3.1 and 3.2). These
equations are typically solved on a Cartesian grid, but the model also supports
curvilinear and spherical grids, providing flexibility in representing complex
geometries and boundaries (Lesser et al., 2004). It assumes that the sum of the rate
of velocity change with time and change in velocity due to the motion of fluid in the
respective directions, the vertical advection and the Coriolis effects, is in balance
with the sum of pressure gradient forces, the external including wind stress applied
to the water body, the momentum sources or sinks and the vertical diffusion of

momentum effects.

ou U 0U woU 1P+F+M+1au< au> .
PVt Vo thae VT et R Mt vgs) G

av av ou wadV v

1 10U
E-I_ Uai‘V@'FE%—fU——Epy+Fy+My+ﬁ%(UV%) (32)

Where U and V are Generalized Lagrangian Mean velocity components, that are
generally used for the models with wave effect, u and v are the Eulerian velocity
components in the x and y directions respectively, w is the vertical velocity, pg is

the ambient density of water, P, and P, are the gradients of pressure in the respective
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directions and vy, is the vertical velocity. f is the Coriolis parameter which is caused
by Earth’s rotation and geographic latitude and the angular speed ) (Equation 3.3)
(Lesser et al., 2004).

f = 2Qsing (3.3)

M, and M,, are external source effects due to the discharge effects. P, and P, are the

horizontal pressure terms, expressed by Boussinesq approximations (Equation 3.4
and 3.5).

1P_ 0Z+ h (°(dp 0dd' 0p o’ (3.4)
oo ¥ 9ox 90, » \0x  0x dd’ 7 '
1 il4 h 0(6,0 do’ 6,0)

—P=g—tg—| (=+=—-5)do’ (3.5)
00”98y 9p,), \ay T ay o

F, and F, are the horizontal Reynold’s stresses given with the eddy viscosity

(Equation 3.6 and 3.7).

02U 0%U

Fx = Vy W+a_)/2 (36)
9%V 9%V

Fy = Vy W-I_a_yz (37)

These vertical velocities are based on the continuity equation, where the equation for

the incompressible flow is given in Equation 3.8.

9 OnU RV

E-I_W-I-W_ (3.9)

Where { is the free surface elevation, and h is the total water depth and S is the
effects of the water discharge per unit area (van Rijn & Walstra, 2003). The general

transport equation based on advection-diffusion dynamics is given in Equation 3.9.

24



d[hc] 0d[hUc] N d[hVc] N d[wc]

ot | ox 3y | oo
(3.9)
_h[a (D 6(:)_'_ 0 (D 6c> +1 0 D dc +hs
~ lax\""oax) ay\THay hool " oo

Where Dy and Dy, are the corresponding horizontal and vertical diffusivity terms that
are specified along with the region characteristics. Sum of the change of
concentration with the water depth with respect to time, and the advection flux of
concentration in corresponding directions of x, y and o is assumed to be in balance
with the sum of horizontal and vertical diffusions of the concentration and the

additional source and sink terms within the water column.

For the turbulence dynamics there are three models that can be selected: constant, A—
¢ and algebraic. Through the overall scenarios k—e turbulence model is used by
considering the effects of the shear stresses through the bed, surface and flow, where

the turbulent energy & and dissipation ¢ is calculated with Equation 3.10 and 3.11.
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Where, the temporal change of &k and ¢, and the advection of these in the x,y and o
directions is assumed to be in balance with the diffusion of £ and ¢ in the vertical

direction, with the addition of production of turbulence, buoyancy and dissipation.

The wave-current interactions are taken through the coupling procedure of FLOW
module with the WAVE module. The wave effects are taken into consideration by
the wave radiation stress that can be solved according to the selected coupling
method with WAVE module. In the online coupling formulation, the energy density
spectrum changes every time step (Equation 3.12), whereas in the offline coupling a

time-averaged version is followed (Equation 3.13).
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Where §;; is the radiation stress tensor, E(f, 6) is the energy density spectrum, 6 is
the wave direction, f,, is the wave frequency and S_U is the time-averaged radiation

stress used as steady forcing in FLOW module.

The primarily used equation is the action balance equation solved in Simulating
Waves Nearshore (SWAN) model, that is integrated in the WAVE module, in which
the equation governs the evolution of wave energy density through space and time
(Equation 3.14).

oN a(CO'N) + a(CGN) — Sin + Snl + Sdiss

—+V-(cyN) + P T =

- (3.14)

Where N(o,8) is the action density spectrum, and N = E (g, 60)/0, with E(o,0)
being the wave energy density, ¢, is the group velocity vector, o is the relative
angular frequency of the waves, 6 is the wave direction, ¢, and cg are the
propagation velocities respectively in frequency and direction, and S;,, Sy;, Sqiss are
the source terms representing energy input by wind, non-linear wave-wave
interactions and dissipation due to the key physical processes of white-capping,
bottom friction and depth-induced breaking respectively. The local rate of change of
the wave action density through time, with the addition of the propagation of wave
action in physical space, the changes in the action density due to the wave frequency
and direction is assumed to be in balance with the source and sink terms affecting

the wave action.
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3.2.2 Sediment transport model equations

For sediment transport, parameters that also affect water circulation should be taken
into account. The overall density of the fluid-sediment mixture is determined by
accounting the contribution of multiple sediment fractions and water density, which

varies depending on salinity and temperature in the model (Equation 3.15).

LSED
p=put ) chulpt=pu)l (3.15)
=1

Where the p,, is the density of water, c.,, is the volumetric concentration of sediment
fraction [, p! is the density of the solid particles and LSED is the total number of
sediment fractions. This formulation is essential for accurately modeling sediment
transport, buoyancy effects and other processes in the model where sediments are

present in the water column.

The sediment transport model in Delft3D consists of separate formulations for bed
load and suspended load transport (Deltares, 2020). Bed load transport is computed
using empirical formulas that account for the shear stress exerted by water flow and
waves on the sediment bed. For the models including the hydrodynamic and wave
effect together, van Rijn (2001) methodology, including the effect of wave orbital

velocity asymmetry, is being used (Equation 3.16).

IS, = 10.006p, wa MO MY7 (3.16)

The equation considers various parameters such as the relative sediment density,
settling velocity and Shield’s parameter, which together describe how sediment
particles are mobilized and transported along the bed of a water body under the
influence of flowing water. In which, |S,| is the magnitude of bed load transport
(kg/m/s), n is the relative availability of sediment fraction through the mixing layer,

M is the sediment mobility number due to waves and currents and M, is the excess
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sediment mobility number depending on the relative sediment density (Ag= pg/p)
and the median sediment diameter (ds) (Equation 3.17, Equation 3.18)
vi + U2,

= " 3.17
M (As - 1)gd50 ( )

— (V U}% + Ugn_vcr)z (318)

¢ (As - 1)gd50

Where the vy, is the magnitude of the depth-averaged Eulerian velocity in the bottom
later, assuming a logarithmic velocity profile, v,, is the critical depth-averaged
velocity based on Shields curve and U,, is the high-frequency near-bed orbital
velocity in the direction on wave propagation based on the significant wave height
due to short waves (Isobe & Horikawa, 1982). This methodology is based on the

fifth-order Stokes wave theory and third-order cnodial wave theory.

Suspended load transport is governed by the advection-diffusion equation for

sediment concentration (Equation 3.19).

ac+ ac+0ac+ dc
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Where c is the sediment concentration, €, €,, €, are the diffusion coefficients in the

(3.19)

respective directions, and wy is the settling velocity of the sediment (van Rijn et al.,
2003). The equation models the combined effects of advection, diffusion, and
settling on the concentration of the fluid, and used in modeling the distribution of
pollutants, nutrients or sediments in water bodies. The advection terms accounts for
the transport by the flow, while the diffusion terms represent the spreading of the

substance due to concentration.

The net sediment changes due to suspended sediment transport is calculated

considering the effects of vertical diffusion, sediment settling, and differences in
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sediment concentration at various heights within the water column through Equation

3.20.

D D
ASSE™ = fuor (ckmx (g+ we) - ca (E)) ¢ (3:20)
Where fy0r 1s the morphological acceleration factor, D,, is the vertical sediment
diffusion coefficient, Az is the vertical distance from the specified level, and ¢y, 1S

the mass concentration of the sediment.

The model includes various formulations to account for different sediment types and
sizes, ensuring an accurate representation of sediment dynamics under varying
hydrodynamic conditions. The exchange of sediment between the bed and the water
column is also modeled, allowing for the simulation of sediment deposition and

erosion processes (van Rijn et al., 2003; Luijendijk, 2001).

3.2.3 Coupling of Delft3D-FLOW and Delft3D-WAVE modules

Running Delft3D-FLOW and Delft3D-WAVE modules together to include current
and wave effects together in the hydrodynamic simulation increases the capacity to
examine real-life effects (Deltares, 2020). There are two different coupling options
given in the model: offline (one-way) or online (two-way) coupling. In the offline
coupling process, the sequential execution is performed where output from WAVE
module, such as wave radiation stresses, are averaged over time and then used as
steady forcing in FLOW in a separate run, with no real-time feedback. It is generally
preferred in cases where the wave effects are not critical, since it is potentially less
accurate for dynamic interactions. On the other hand, in the online coupling process,
a real-time data exchange between FLOW and WAVE modules is performed during
the simulation, at every time step, ensuring dynamic feedback between the models,
such as wave-induced current changes, with a higher accuracy capturing the wave-
current interactions. It is generally preferred when wave-current interactions are

strong, such as in nearshore environments where wave action directly influences
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currents like in this case. Therefore, the online coupling of these two modules is
adopted for a compound analysis, to consider the effects of tide, wind, wave and flow
discharges of the rivers carrying water to Fethiye Bay and their non-linear

interactions (Figure 3.2).

Boundary Conditions

Delft3D WAVE Wave Characteristics
FLOW — WAVE *  Wave Radiation Stress
Interf: Surface Water Levels
nterlace ¢ Currents
*  Wind Forcing
Delft3D FLOW * Astronomical Tides

¢ River Inflows

Figure 3.2. Coupling structure of the FLOW and WAVE modules

The FLOW module links with the WAVE module through wave radiation stress,
surface water levels and current velocities under wind forcing, astronomical tides
and river discharges. In addition, the WAVE module dynamically adapts to changes
in wave characteristics on these parameters under specified boundary conditions
(Lesser et al., 2004). By running these two models in multi-directional interaction,
the combined effect of wind, tides and sea waves will be taken into account when

modeling the water circulation in Fethiye Bay.

3.3 Available Data

Since Fethiye is an economic and touristic hub in the Aegean Sea, it has gained
significant importance for the region. Consequently, the available data is more
comprehensive than that for other study areas located in the Mediterranean. Through

the initial data preparation phase, an up-to-date bathymetry dataset has been
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prepared. In addition, the effect of tidal conditions, wind and wave characteristics
and the possible discharge effects to the inner bay have been determined through the

collected and analyzed data, which have been detailed as follows.

3.3.1 Bathymetry measurements

The changes in the bathymetry of a bay, provide insights for an initial understanding
of the water circulation and the sediment transport inside the bay. Hence, high-
resolution bathymetric measurements at certain time intervals are important data
sources for such studies and monitoring the changes. The available bathymetry data
of Fethiye Bay was taken by field measurements only for the two years of 2007
(METU TRANSFER Project, 2007) and 2022 (MMM, 2022). The bathymetry map
of 2007 is considered as the modeling base (Figure 3.3), and the following 2022 map

is constructed considering the same area.

For the current bathymetry preparation, point elevation data is taken from the field
measurements (MMM, 2022) and combined with the current shoreline (Google
Earth, 2022) and the land topography (ASTER, 2022), and all together projected in
UTM-WGS84 (Figure 3.4). Since the bathymetry measurements are limited to the
inner bay area, the outer bay bathymetry is used from the bathymetry of 2007.

Comparing the 1 m, 3 m and 5 m contour lines in these two bathymetric datasets,
particularly in the area in front of the rivers, the extent of shallowing and potential
sediment deposition over 15 years becomes evident. This transformation in

bathymetry is discussed in more detail in Chapter 4.
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Figure 3.4. Bathymetry of Fethiye Bay in 2022
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3.3.2 Current velocity measurements

The most important part of this research is to provide real life effects to enhance
better results for the study area. Current velocity profile measurements at two
locations near Sovalye Island (RDCPO1 & RDCP02) are performed for three months,
April, May, and June in 2023 by the Environment Protection and Control Department
of Mugla Metropolitan Municipality. The locations of the current measurements are
shown in Figure 3.5. The measurements are taken at RDCPO1 (36.644703° N,
29.095361° E) located at a depth of 23 m, with 11 velocity measurement layers, and
at RDCPO02 (36.653200° N, 29.108089° E) located at a depth of 17 m, with 8 velocity
measurement layers in all water-column for one point. This dataset for three-months

duration is used for the model calibration and validation process.

RDCP02

Soval

RDCPO1

Figure 3.5. The location of field measurement points near Sovalye Island (base image

retrieved from Google Earth, 2024)

Horizontal current velocity values and directions obtained from these two points are
evaluated in each layer as well as their behavior along the water column. In order to
perform a proper time-series analysis, three different layers are selected near the
surface, in the middle and near the seafloor, and the model results are evaluated at
these levels. The velocities on the surface layer are not used during the calibration

step as they are more prone to instantaneous misleading effects and the other layers
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under the surface layer are considered as more representative of the flow conditions

in the area.

The calibration layers are specified for RDCPO1 as 3-5 m, 11-13 m, and 17-19 m
and for RDCPO02 as 3-5 m, 7-9 m, and 11-13 m and the current speeds and directions
in these layers are compared to understand the general behavior along these layers.
Compared time-series for April 2023 is given for RDCPO1 and RDCPO02 in Figure
3.6 and Figure 3.7, respectively. The details of the overall comparison for the three-

month duration and comparison for May and June 2023 are given in Appendix A.

Analyzing the horizontal current velocity values from both measurement points
reveals that these values generally decrease from the surface to the depth, but at
times, the current speed increases at deeper levels with different current patterns.
This behavior primarily indicates the influence of wind, commonly observed in semi-
enclosed basins. However, it also suggests that wind input alone may not fully

account for the observed variations in capturing different current patterns.

Current Speed Comparison

Current Speed (m/s)

Current Direction (Vector)

Figure 3.6. Comparison of current speeds and directions in three different

measurement layers for RDCPO1
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Figure 3.7. Comparison of current speeds and directions in three different

measurement layers for RDCP02

3.3.3 Tidal characteristics and water level measurements

The tidal amplitudes in the Mediterranean are relatively low compared to the Aegean
Sea and Black Sea (Ozturk & Yalgin, 2023). Since no field measurements are taken
during the current velocity measurements in Fethiye, several databases have been
investigated, and the water level elevations are taken as time series at fifteen-
minutely temporal resolution from the nearest station available in Marmaris
(36.838111° N, 28.385013° E) through Turkish National Sea Level Monitoring
System — TUDES (2023) for the same time duration of April, May, and June in 2023.
The time series of tidal data in Marmaris station has undergone quality control for
potential gaps, spikes, and shifts, and a tide prediction is performed using TIDALFIT
on MATLAB, where the results for the duration of April 2023 are given (Figure 3.8)
respectively. The tide prediction for the three-month duration is also given in

Appendix A.
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Figure 3.8. Time series of water level measurements at Marmaris station and

predicted tide

The measurements in Figure 3.8 and predicted tidal signal confirm the low tidal
range in the region, where tidal amplitude is observed as approximately 20-30 cm,

in which it is taken as 30 cm in the model.

3.34 Wind conditions

Three different datasets were analyzed to understand the wind characteristics in the
region: European Centre for Medium-Range Weather Forecasts (ECMWF) Climate
Reanalysis Dataset v5 (ERAS), the National Centers for Environmental Information
(NCEP) Climate Forecast System Reanalysis (CFSR), and the Turkish State
Meteorological Service (MEVBIS) datasets. The wind data obtained from ERAS as
time series for the u and v components of wind at 10 m above sea level at hourly
temporal resolution by combining the analysis of one- through three-hour forecasts
with a spatial resolution of 0.25° (= 25 km) for the time duration of 1979 —2023. On
the other hand, the wind data is taken from CFSR as time series for the u and v
components of wind at 10 m above sea level at hourly temporal resolution, by
combining the analysis of one- through six-hour forecasts with a spatial resolution
0f 0.312° (= 35 km) for the time duration of 1976 — 2023. In addition, specifically,
three-month data of 2023 April, May and June with hourly temporal resolution, by
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combining the minutely taken wind-measurements directly at the project site, are
collected from MEVBIS. Using these datasets, both long-term and three-month data

were analyzed at the points in each dataset that are identified as closest to the study

area (Figure 3.9).

MEVBIS
(Kizilada)

Figure 3.9. Locations of the three datasets compared (base image retrieved from

Google Earth, 2024)

The spatial resolution of the ERAS and CFSR data are low, where the nearest data
points are located respectively 45 km and 30 km away to the study region. Using the
ERAS and CFSR data, long-term wind analyses were carried out and the results of
the analyses are detailed in Chapter 4. Before the calibration process, time series of
three-month duration from these data sources are compared to address appropriate
input conditions for wind. For simplicity, the wind speed and direction comparison
for the 2023 April is given in (Figure 3.10). The details of the overall comparison for
three-month duration (April, May and June) and other comparison for each month

separately are given in Appendix A.

37



‘Wind Speed Comparison

e ERAS
CFSR
—MEVBIS

Wind Speed (m/s)

0
Apr01 Apr 06 Apr 11 Apr 16 Apr21 Apr 26 May 01
Time

Wind Direction Comparison

ERAS

MEVBIS CFSR

Figure 3.10. Wind speed and direction comparison for April 2023

When the data from the three data sources are compared, considering their distance
to the study area, it is observed that the wind speeds in the ERAS dataset, show larger
values in the order of 2-3 times of those measured in MEVBIS Kizilada station. This
difference can be attributed to the location of the ERAS data point, which is at a
distant point offshore, and the temporal resolution of ERAS5 and CFSR are created
by combining forecasts with long time intervals in global, resulting in low-
resolution. The wind speeds relatively decrease in the CFSR and MEVBIS datasets
as they approach the bay. In addition, the wind directions are similar for ERAS and
CFSR, where for some periods, parallel directions are observed, whereas a
completely different direction pattern is observed through the MEVBIS station,
which could be ideal to better observe the change of currents under winds coming
from different directions. Hence, to ensure that the model is not forced with
unrealistic extreme conditions during the calibration phase, it is preferred to use data
from MEVBIS, Kizilada station, considering the temporal and spatial resolutions of

the investigated datasets, to better reflect the characteristics of the region.
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3.3.5 Wave characteristics

The most recent data available for understanding the general wave characteristics in
the region include significant wave height, corresponding significant wave period
and direction for the years 1976 — 2023 in the ERAS reanalysis dataset (ERAS, 2023)
with a spatial resolution of 0.5° (= 50 km). Similar to the wind analysis, the wave
characteristics obtained from ERAS dataset have been investigated through long-
term and extreme analysis. For the model calibration, three-month data for April,
May and June 2023 is utilized. For simplicity, the wave characteristics obtained for
April 2023 are presented in Figure 3.11. A detailed comparison for the entire three-

month period, and for the other two months is given in Appendix A.
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Figure 3.11. Time series obtained for the significant wave height, period and

direction for April 2023

The point where the wave data is extracted is the same offshore ERAS5 point given
in Figure 3.9 (same with the wind data). Although it is located at a considerable
distance from Fethiye Bay, the available data shows that the values of significant

wave height reach up maximum to 2 m for the selected time duration but the rest are
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generally low. The periods are generally in between 2-4 sec, and the wave directions

changes over time, but in general southern waves are more frequent.

3.3.6 River discharge and sediment concentration measurements

River discharge and suspended solids measurements were taken at 22 different points
along the rivers draining into Fethiye Bay as instantaneous measurements taken on
four different days to represent a period of four months by Environment Protection
and Control Department of Mugla Metropolitan Municipality. These values are then
averaged to obtain an approximate estimate for the river discharge and suspended
solid amount and they were used as the model input. Among the measurement points,
the ones (FBDO1, FBD02, FBD03, FBD04, FBD05 and FBDO06) close to the river
mouths where the flow discharges into the bay were selected to be used in the model

(Figure 3.12).
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Figure 3.12. River discharge measurement points near the bay (original image

retrieved from Google Earth, 2024)

The instantaneous measurements of river discharge and total suspended sediment
concentrations taken at the selected points are given in Figure 3.13, where the

detailed version is given in Appendix A.
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Figure 3.13. Measurements of instantaneous river discharges and corresponding total

suspended sediment concentrations for the specified points

Figure 3.13 indicates that the discharge from the T2 channel (FBD06) can be
sufficiently large to affect the water movement within the bay. Additionally, the
discharges from the Murt river (FBDO01) and the river at FBD03 are expected to
significantly contribute to the water circulation patterns, and thus the current
velocities. Although the measured total suspended solid concentration values do not
directly represent sediment content, they clearly demonstrate the presence of
pollution elements transported to the bay through the rivers. These values are
assumed as initial sediment concentrations transported to the bay at the river
discharge points at the point of examining the effects of sediment transport and

applied in the model.

3.3.7 Sediment characteristics

Sediment characteristics should also be well represented in the numerical model,

significantly affecting the sediment transport model results. Hence, available data
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should be collected before the modeling stage, to represent the current condition in
the region. Understanding the overall sediment grain diameter distribution within the
bay is one of the important parameters for an initial understanding of the patterns of
sediment transport within the bay. In that regard, the sediment grain diameter data
were collected from sediment core samples taken from a large number of points
distributed over the inner bay area. These sampling locations are shown in Figure

3.14.
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Figure 3.14. Sediment sampling points (original image retrieved from Google Earth,

2024)

The grain size distribution in the inner bay area is obtained through the sediment
samples collected via sieve analysis. The results of the median grain size (Dnso) show
that most of the sediment samples have fine-grained structure (Dnso < 0.2 mm), and
this small grain size characteristic is generally dominant in the area. The blue points
especially in front of the rivers, such as SP1, SP9, SP17, SP18, SP21, and SP22 have
sediment particles which are extremely fine indicating the possible presence of

cohesive materials transported by the rivers.
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34 Model set-up

For setting up the model, the first step is to establish the domain where the numerical
computations will be performed, which involves preparing the model grid and
corresponding bathymetry files. Next, the model constraints and boundary
conditions are defined to progress to the calibration process and determine the model

input parameters accordingly.

As a coupled flow-wave model is adopted in the study, different model grids in
Cartesian coordinates have been prepared for the FLOW and WAVE modules. For
the WAVE, the model area is selected between 686216 m E - 690176 m E longitudes
4054407 m N - 4061487 m N latitudes in 36S zone, and for the FLOW, it is selected
between 686306 m E - 689966 m E longitudes 4054707 m N - 4061427 m N

latitudes.

For both of the computational grids, a 3D calculation network is structured over the
study area by employing a o-model type with 11 layers vertically. In order to
establish the optimum working method, it is important to determine the optimal time
step in the numerical model and the appropriate grid size to avoid instability and
accurately model the water flow, precisely representing the underlying terrain and
the coastline. On the other hand, the computational cost is a limitation, considering
the number of simulations and simulation durations. Hence, a uniform grid size of
30 m has been selected in the model, considering the size of the domain, ability to
represent important bathymetric/topographic features, available computational
resources and time efficiency. The grid system constructed for the study area is
shown in Figure 3.15a. In order to overcome the stability problems in the model, a
smaller domain has been specified in the FLOW (blue grid system) than in the
WAVE (red grid system).

A digital elevation model to be used in the numerical modeling of water circulation
and sediment transportation in Fethiye Bay was developed by integrating the current

topography and bathymetry data via QUICKIN tool in Delft3D. Similarly, two
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different computational files have been prepared for FLOW and WAVE, where the
corresponding depth file for FLOW is given in Figure 3.15b.
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Figure 3.15. a. Horizontal grid system of FLOW (blue grid) and WAVE (blue and
red grids) modules b. Model bathymetry used in Delft3D

The entrances of bays and rivers at the determined grid size are also reflected in the
model, thus, over the previous models, the topography of the region is represented

more accurately.

3.5 Model calibration

Selecting the appropriate parameters is an important step for reflecting real-life
hydrodynamic conditions in a numerical model. Therefore, calibrating the model to
match real life conditions is a priority to get more accurate results. The water

circulation models typically provide outputs such as the spatial distribution of
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velocity fields, water level fluctuations, salinity and temperature. Among these
outputs, measurements taken from the region indicate that current velocity will be
the primary focus during the calibration phase. It is also important to note that a
morphological calibration should have been considered, but it could not be
implemented due to model limitations. Since the bathymetric variations of the region
are identified through two separate measurements taken in 2007 and 2022, the model
set-up containing data for a 15-year period for the input conditions was not feasible

in terms of computational time.

Before the calibration process, a quality control process was followed for the field
measurements of current velocities to identify the potential outliers and observe a
better relation. This control methodology is conducted by following the approach
described in Williams et al. (2019). The values that deviate by 3 standard deviations
from a spline fitted using a least squares method have been identified as spikes and
subsequently removed for each calibration layer in RDCPO1 (Figure 3.16) and in
RDCPO02 (Figure 3.17).

For this study, a manual calibration methodology is followed. In the first stage of
calibration, hydrodynamic parameters that are unknown or not measured in the field
are taken as default in the model. Then, for each calibration parameter, a new range
of values was selected, and the extent to which this parameter affects the results was
evaluated. Various statistical methods are employed to measure the agreement of the
results with the observed data. This process continued until the parameters specified

in the model produced results that closely matched real-life observations.
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Figure 3.16. Time series of horizontal current velocity measured in RDCPO1 and

identified spikes after quality check for three different vertical layers
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Figure 3.17. Time series of horizontal current velocity measured in RDCP02 and

identified spikes after quality check for three different vertical layers
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3.5.1 Input parameter selection

In the literature, water circulation and sediment transport models are generally
considered driven by the tide and wind. Initially, the model is run using the Delft3D
FLOW under only tide and wind forcing. Next, the model is coupled with the WAVE
to consider the wave effect. Finally, the model results are obtained by integrating the
fluvial component, river discharges, into the coupled model for a complete analysis.

The input parameters discussed are given in Table 3.1.

Table 3.1 Input parameters and the different cases considered in the model

Case No Delft3D Module Model Inputs
1 FLOW Tide, Wind
2 FLOW + WAVE Tide, Wind, Wave
3 FLOW + WAVE Tide, Wind, Wave, River Discharge

The simulations are conducted under these input cases while keeping all model
parameters consistent. The resulting outputs are then evaluated for the three pre-
determined layers in RDCPO1 (Figure 3.18) and in RDCPO02 (Figure 3.19). The
results show that considering wind and tidal effects in the model, while using only
the FLOW is insufficient. The inclusion of wave effects significantly increases
horizontal current velocity and changes the current velocity behavior. Furthermore,
when river discharge is added to the model, it results in a relatively greater increase
in current velocity than wave effects alone, leading to more accurate reflections of
the actual conditions in the model results at various points. This shows the
importance of each parameter planned to be addressed within the scope of this study.
Accurately capturing the region's characteristics in the combined analysis enhances
the model's precision and, consequently, the reliability of predictions for future
developments in real life. Thus, all relevant input parameters are included in the

model calibration and then a sensitivity analysis is performed accordingly.
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3.5.2 Sensitivity analysis

A detailed sensitivity analysis against the input parameters used in the model is
conducted to assess their effect on the flow regime, and to select the best calibration
parameters. For this analysis, only the water circulation behavior is examined and
evaluations are made on current speeds and patterns. In the model, the hydrodynamic
parameters, which are considered to affect the model results, are initially determined
as candidates for calibration parameters and those are tested with the values given in

Table 3.2.

Table 3.2 Parameters used in the calibration process

Parameter Tested Value Final Values
Horizontal viscosity and
1, 10, 50, 100, 200, 300 1
diffusivity (m?%s)
Vertical viscosity and
0.00005, 0.0001, 0.0005, 0.001 0.00005

diffusivity (m?%s)
Manning coefficient 0.010, 0.015, 0.018, 0.020, 0.040 0.020
Wind-drag coefficient

. . 0.0-0.1
breakpoints (coefficients)
Wind-drag coefficient

. _ 0.0 -100.0
breakpoints (wind speeds)
Air density (kg/m?) 1.000, 1.225, 1.500 1.000
Turbulence model k—e, algebraic k—e

The sensitivity of the selected parameters was assessed by comparing the horizontal
current velocity values obtained from the model results and field measurement
values using the Root Mean Square Error (RMSE) function (James et al., 2013)
(Equation 3.17).

2
N
izl(vmeasured - vpredicted) (3.17)

RMSE =
N
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Where N is the total number of the data points, here corresponding to the time step

array, Vpredictea 15 the model result of horizontal velocity, and Vpeqsureq is the

measured velocity data. The final values used in the model are chosen based on the

results with lower RMSE values for two stations of RDCPO1 (Figure 3.20) and

RDCPO02 (Figure 3.21) for three selected velocity layers. where a detailed table

containing each RMSE value calculated is given in Appendix A.
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During the sensitivity analysis, manning coefficient, horizontal viscosity and the
selected viscosity turbulence model were found to alter the calculated RMSE values
with more rapid changes, while vertical viscosity and air density showed less change.
This indicates that the manning coefficient, horizontal viscosity and diffusivity and
turbulence model selection have high sensitivity, while air density has moderate
sensitivity and vertical viscosity and diffusivity have low sensitivity on the results of

horizontal velocities as expected.

It should also be noted that, behind the bottom roughness methodology selection,
considering the type of the channel or basin, data availability, channel geometry and
flow regime, the two most used approaches, Chezy and Manning have been
investigated through the literature for the bottom roughness. The Manning’s
approach has been selected since it is used for natural channels, rivers and basins
with irregular shapes, and it is applicable for both subcritical and supercritical flows,
making it versatile for a variety of flow conditions. For the coefficient selection,
Imamura et al. (2006), Linsley & Franzini (1979) and Mays (2010) have been
checked, and a Manning coefficient of 0.02 has been selected according to the model

results.

Moreover, horizontal viscosity values were also observed to change the results
relatively higher than the other parameters since they affect the density in the model,
and therefore, their sensitivity level was also observed to be high. In this regard,
although relatively smaller values for the horizontal viscosity are selected, they result
in an overall good agreement with the observed current velocities. It is noted that
these calibration parameters, including the horizontal viscosity, and their
corresponding values to be used in the model should be evaluated based on the

agreement of model results with the measurements during calibration.

The choice of turbulence model affects how well boundary layers are represented,
and the accuracy of modeled currents, eddies and coastal upwelling depends on how
well the turbulence model captures the horizontal velocity fields. Hence, the

selection of turbulence model becomes critical. Since the algebraic model, also
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known as the zero-equation model, is a simpler form of turbulence models, that does
not solve any additional transport equations, it is generally used in simple examples
due to the low accuracy as it is also observed with the higher RMSE results in the
study. On the other hand, a more detailed representation of turbulence is provided by
the k—e model, accounting for the production and dissipation of turbulence, which

resulted in lower RMSE values in the results as expected.

Similarly, in such semi-enclosed basins where the wind effects are strong, it is seen
that the sensitivity of wind drag coefficient (Cp) is high, significantly affecting the
results by changing the surface currents as expected. Cp values have also been
checked through the literature. Delft3D default values and Garrat (1977) and
Donelan (2004) methodology, where Cp is specified for any wind speed as
Cp = (min(0.75 + 0.067U; ¢, Cpmax, Max(4.34 — 0.061U,,,0.5) ) * 1073, The
data obtained from the MEVBIS station is investigated, where the mean wind speed
magnitude governed through the region is determined approximately as 5 m/s. Hence
the corresponding value of Cp is calculated for 5 m/s as 0.001085, and the
determined Cp value for 100 m/s in Delft3D as 0.00723. By specifying the Cp as
0.00076157 for the 0 m/s in the model, a continuous function of Cp, varying under

different wind speeds, is tested and used in the numerical model.

Overall, the calibration is completed considering the results of this sensitivity
analysis for RDCPO1 (Figure 3.22) and for RDCP02 (Figure 3.23). While evaluating
the RMSE results, it is important to consider the limitations of the model calibration.
The calibration was performed on a continuous model over a duration of 1 month,
with results generated at every minute, while field measurements were taken at three
different depths and 1-hour intervals. In this context, in addition to the statistical
values obtained, the calibration process was also evaluated to determine whether the
model results reflect the major current value changes observed in the obtained time
series to a certain extent. As a result of these evaluations, it was concluded that the
calibration was complete, and the model validation was carried out with the selected

parameters.
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Figure 3.23. Comparison of modeled and measured horizontal current velocities at

RDCPO?2 for three different layers

3.6 Model validation

The field measurement data covering the available horizontal velocity values is
divided into two steps, calibration and validation, to compare the results obtained in
the model. Due to the computational time constraint caused by the time-consuming
manual calibration methodology, the horizontal velocity results of the first month
covering the April 2023 data are used for parameter selection in the calibration part

of the model.

The remaining two months, covering May and June 2023, were run with the input
parameters determined in the calibration step and the results were evaluated within
the scope of model validation. As in the calibration step, RMSE values between

model results and field measurements were calculated (Table 3.3).

Table 3.3 RMSE values calculated for the validation runs

Parameter RMSERrpcror RMSERrpcro2
Layer 1 0.037 0.040
Layer 2 0.031 0.036
Layer 3 0.039 0.044

These values are found to be at similar levels to the values calculated in the
calibration part. This shows that the parameters selected in both the calibration and
validation sections are in similar proximity to the field measurements taken, which
implies the adequate fit of the input parameters. In addition, when the RMSE values
calculated at two different points are compared, the model results and field
measurements obtained for the RDCPO1 point are found to be more consistent under

the selected parameters.
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Overall, the validation is assumed to be adequately completed for both RDCPO1 and

for RDCP02, and the corresponding time series comparisons are given respectively

in Figure 3.24 and Figure 3.25.
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CHAPTER 4

MODEL INPUTS AND SCENARIO SIMULATIONS

Various simulation scenarios are determined to understand the behavior of the
model, which is calibrated and validated with current measurements reflecting the
characteristics of the region, under different potential input conditions. These
scenarios are developed considering two different perspectives: different model
inputs for wind and wave variations obtained from long-term and extreme analyses,
and different dredging depths and areas in the inner bay area. This chapter covers the
methods and analysis followed to determine these model inputs and the dredging

scenarios discussed in this thesis.

4.1 Long-term and extreme wind statistics

To understand the long-term wind climate of Fethiye Bay, the hind casted wind data
from the two data sources, ERAS and CFSR, are compared and evaluated in terms
of their distance from the study area and wind variability in the area, and the CFSR
data is considered to be more appropriate to reflect the long-term wind characteristics
in the region. For this reason, the wind data from CFSR for the closest location to
the study area is analyzed using the cumulative exceedance probability of wind speed
at 10 m above mean sea level (Uio) to determine the wind inputs for the long term
(Figure 4.1). Through the long-term wind statistics, the steepness is calculated as
0.039, and the results of Ujo for different directions calculated based on different
exceedance hours are given in Table 4.1 and the detailed long term wind analysis

equations are given in Appendix B.
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Table 4.1 Long-term Uy results for different wind directions and exceedance hours

Exc.

Wind Directions

Hrs NNE NE ENE E ESE SE SSE S SSW SW WSwW W WNW NW NNW N

1 10.819.418.26 11.6218.5417.3914.3812.6112.1610.99 10.9 11.43 15.73 13.0413.6911.87

5 8.54 7.306.22 8.28 13.8413.2410.43 8.84 8.35 8.01 8.34 9.23 12.0510.2310.66 9.45

10 7.56 6.405.33 6.85 11.8211.46 8.73 7.21

6.7 6.73 7.23 829 10.47 9.03 9.35 8.41

20 6.59 5.494.45 541 9.80 9.68 7.04 5.59 5.06 545 6.13 7.34 8.88 7.82 8.04 7.37

50

5.3 429329 351 7.12 732 479 3.44 2.89 3.75 4.67 6.1

6.79 6.22 6.31 6.00

100 4.32 3.382.41 2.08 5.10 5.53 3.09 1.81 1.25 2.47 3.56 5.15 52 5.02 5.00 4.96

When the annual wind speeds exceeding 10 hours are obtained as a result of the

analysis, the dominant wind directions are found to be ESE, SE and WNW.

Considering the dominant wind directions and to observe the effect of different

direction selection in the model, the wind directions have been grouped as four

different representative directions, and NNE (7.56 m/s), ESE (11.82 m/s), SSW (6.7

m/s), and WNW (10.47 m/s) directions have been selected as the scenario groups
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(Figure 4.2). The determined wind speeds and directions are employed in the model
in the long-term cases, where the sediment transport movement and water circulation

pattern are investigated.

ENE
—E
ESE
11,82 m/s
SSw SI SSE
6.70 m/s

Figure 4.2. Selected different wind directions and corresponding wind speeds

In addition to the long-term analyses reflecting the characteristics of the region,
extreme wind statistics is also conducted for the study area to examine the water
circulation behavior and sediment distribution pattern under storm conditions. The
extreme analysis 1s performed for the two dominant wind directions (ESE, WNW)
obtained in the long-term analysis (Figure 4.3).
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Figure 4.3. Extreme wind statistics results according to Gumbel (old) fit
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Using extreme wind statistics, the Gumbel (old) fit (X = 2.3134 x[—In[— In(P(<
Uip)]] + 17.0145) has found to govern among other fitting distributions, projecting
a wind speed of 30.32 m/s for a 100-year return period. In order to reflect real-life
storm dynamics, a sample storm condition is created with a duration of 12 hours and

a peak value of 30 m/s at 6 hours, based on the extreme analysis results (Figure 4.4).

L

U (m/s) 4 30 m/s

1 m/s

6 hr >t ()

Figure 4.4. Specified sample storm condition

Considering the long-term and extreme analysis results, six different wind-input
cases are determined for the model scenarios. For the long-term cases, the specified
four directions with their corresponding wind speeds are chosen, and for the extreme
cases, two most dominant wind directions are selected, and investigated through the

described sample storm condition.

4.2  Long-term and extreme wave statistics

In order to determine the long-term wave climate of the region, the ERAS wave data
obtained for Fethiye Bay is examined. The significant wave height values are found
to be relatively lower, even in a data extracted from a point far offshore from the
bay. However, in order to examine the significant wave heights and to reflect their
effects in the model, long-term and extreme analyses are performed using the dataset.
Through the long-term wave statistics, the steepness is calculated as 0.031 and the
general wave characteristics of the region are determined for each wave direction
(Figure 4.5). The calculated long-term significant wave heights for different
directions based on different exceedance hours are given in Table 4.2, and the

detailed long-term wave statistics equations are given in Appendix B.
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Figure 4.5. Long-term wave statistics results

Table 4.2 Long-term significant wave heights for different wave directions and

exceedance hours

Wind Directions
Exc.

Hrs NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW N

1 1.09 0.650.69 1.13 2.73 3.04 234 2.5 2.57 1.87 1.61 1.58 2.12 2.25 2.34 1.76
5 0.81 049047 0.76 1.97 23 1.73 1.76 1.73 1.23 1.02 1.17 1.69 1.77 1.81 1.35
10 0.7 043038 0.6 1.65 198 147 1.44 1.37 095 0.76 0.99 1.5 1.57 1.58 1.17
20 0.58 0.360.28 0.44 1.32 1.67 1.21 1.12 1.01 0.67 0.51 0.81 1.32 1.37 1.35 0.99
50 0.42 0.270.16 0.23 0.89 1.24 0.86 0.69 0.54 031 0.17 0.58 1.07 1.1 1.05 0.76

100 0.3 0.210.06 0.08 0.56 0.93 0.59 037 0.17 003 0 04 088 09 0.82 0.58

Similar to the wind analysis, values of the significant wave height exceeding 10
hours per year are investigated. As the results indicate, the waves coming from the
SE and ESE directions were found to be dominant in agreement with the long-term

wind analysis results. However, considering the location of the data point outside of
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the model boundaries, the wave direction is chosen for the model input as West

boundary in the model.

In addition to the long-term analyses reflecting the characteristics of the region,
extreme wave statistics are also carried out for considering their effect in the model
and to examine the water circulation behavior and sediment distribution pattern
under storm conditions. Using the extreme wave statistics, Gumbel (old) fit (X =
0.3933 x[—In[— In(P(< Hs)]] + 2.6875) is found to be governed among fitting
distributions, projecting a significant wave height of 5 m for a 100-year return period

(Figure 4.6).
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Figure 4.6. Extreme Wave Statistics results according to Gumbel (old) fit

Due to computational time constraints and model fields evaluated in previous
studies, the selected model field in the study is not compatible with the wave
statistics point obtained, therefore a basic SWAN analysis is carried out using a low
resolution model mesh, where the bathymetry obtained by General Bathymetric
Chart of the Ocean (GEBCO) (2024), the results of which are given in the Appendix
B. When assessing the wave conditions, two scenarios are determined for the long-
term and extreme conditions. For the long-term case, a wave condition with a

significant wave height of 1.5 m and a corresponding period of 3.5 sec was applied
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from the western boundary in the model area. For the extreme case, a wave condition
with a significant wave height of 2.5 m and a corresponding period of 4.2 sec was

used in the model with the JONSWAP 3.3 spectrum.

4.3 Bathymetric variations between 2007 — 2022

The differences between the two available bathymetry maps are analyzed to identify
different dredging depths and areas to develop the dredging scenarios for the
numerical simulations. Hence, the changes in water depth are investigated between
2007 and 2022 bathymetry maps, as well as eroded and deposited areas (Figure 4.7).
It is important to note that the bathymetry from 2007 and 2022 are obtained under
different field conditions and do not meet the same measurement standards and
specifications.

36.655 )

36.65

36.645

36.64

Figure 4.7. Map showing the bathymetric changes in the Fethiye Bay

When analyzing these bathymetric changes, the deposition observed in the area
behind the Sovalye Island highlights the diffraction mechanism caused by the

presence of the island in the bay. This suggests that the incoming sediment settles
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on the seabed due to the low current velocities in this area. In addition, a shallowing
zone is in the bay over time, particularly at the river discharge points, taking into
account that the pink area indicates the deposition on the seabed. This situation is in
alignment with the observations during the site visit and the identified issues in the
bay. The accumulation of sediment in front of the rivers and channels within the
inner bay supports the initial ideas for dredging depths and areas. Given that the
material in this section is a mixture of cohesive material coming from the rivers,
dredging and cleaning these areas are likely to improve the water quality in the bay
and reduce pollution. Therefore, dredging scenarios are developed for varying depths

in this area consisting of -1 m, -2 m, -3 m, -4 m and -5 m (Figure 4.8).

(d) (e)
Figure 4.8. The dredging depths and areas considered for the scenarios according to

the bathymetric changes in the Fethiye Bay a. -1 m,b.-2m,c.-3m,d. -4 m,e. -5m
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For each dredging scenario, the dredging volumes are calculated, by using the up-to-
date bathymetry data. The total inner bay volume is calculated as 68,594,616.17 m?
(= 68.5 million m®), where the horizontal area is determined as 6,845,612.78 m?
(= 6.8 million m?). To understand the physical correspondents of dredging volumes
through the inner-bay volume, relative dredging volumes are calculated by dividing
each dredging volume to the total inner bay volume. The total volumes planned for
dredging at each of these depths and the corresponding ratios of total inner bay

volume are given in Table 4.3.

Table 4.3 Dredging depths and total volumes to be dredged

Dredging depth (m) Total Volume (m’) Relative Dredging
Volume (%)
-1 156,547.40 0.228
-2 998,909.81 1.456
-3 2,451,967.44 3.575
-4 4,253,701.73 6.201
-5 6,293,695.30 9.175

Under these selected dredging scenarios, the water circulation and sediment transport
patterns are analyzed in the numerical model under different conditions using
specified input parameters. The resulting distributions and the relationships between

them are then evaluated within the context of each dredging scenario.

4.4 Scenario development

Tidal, wind, wave and river discharge conditions in the region are examined and
these conditions are analyzed through two different scenario types: long-term and
extreme storm behaviors. Considering the semi-enclosed nature of the basin, the four
most effective wind conditions identified in the long-term analysis are selected.

These wind conditions are determined for annual 10 hours, to obtain their long-term
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behavior and an idealized storm scenario is created to reflect an extreme storm event.
The tidal input is defined as a harmonic series with an amplitude of 30 cm in each
scenario to reflect the regional characteristics. Wave conditions are also reflected as
a spectrum in both long term and extreme wave scenarios to accurately represent
regional characteristics. For the river discharge, two alternatives are considered, one
with reflecting normal conditions and the other that is evaluating the cases of
excessive precipitation. The scenario runs are used to assess water circulation and
sediment transport, along with their corresponding details, are given in Table 4.4.
The coupled Delft3D FLOW and WAVE models, inputted by the determined

parameters are also conducted for different dredging scenarios.

Table 4.4 Input parameters considered in the scenarios

Tide

Wind Input Wave Input River Input**
Type Input
0
* a Uio ) Hy T ) Ori Or2 Ors Ors Ors Ors
Dir Dir
(m)  (m/s) (m) (s) (m’/s) (mls) (ms) (mls) (mfs) (m/s)

343 025 332 158 1.09 12.68
343 025 332 158 1.09 12.68
343 025 332 158 1.09 12.68
343 025 332 158 1.09 12.68

1 LT +£030 11.82 ESE 1.2
2 LT £0.30 1047 WNW 1.2
3 LT £030 7.56 NNE 1.2
4 LT +£030 6.70 SSW 1.2
5 EX £0.50 ESE 1.2 1029 0.75 996 474 327 38.04
6

1029 0.75 996 474 327 38.04

£ £ 2 2 £ =

EX +0.50 WNW 1.2

* LT: Long-term, EX: Extreme

** Qri, Qr2, Qr3, Qra, Qrs are river discharges for the corresponding rivers of River-1
(FBDO1), River-2 (FBDO02), River-3 (FBD03), River-4 (FBD04) and River-5 (FBDO0S5)
given previously.
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CHAPTER 5

MODEL RESULTS

The model results are discussed by focusing on i) the relation between water
circulation dynamics and sediment transport patterns inside the bay considering the
current conditions, ii) the effect of dredging on the water circulation and sediment
transport behaviors, iii) relationship between the total water volume entering and
leaving the bay and the volume of sediment deposited in problematic areas within

the bay.

5.1 Water circulation and sediment transport in the bay under current

conditions

The spatial distributions of hydrodynamic model outputs are evaluated under
different combinations of input parameters given in Chapter 4. For clarification, the
inner bay area is divided into four sub-areas of Al, the area in front of the rivers
along the bay that is planned to be dredged, A2, the water exchange opening area

near Sovalye island, A3, the center area, and A4, the southern area (Figure 5.1).

Figure 5.1. The sub-areas of the bay determined for the model results analysis
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The spatial distributions of hydrodynamic model outputs in this region are
considered in three aspects: areal water circulation patterns within the bay and
associated current velocities, areal sediment transport patterns and the associated
erosion and deposition distributions and their quantities. The model results for each
input scenario through current bathymetric conditions in the study area are given in
Figure 5.2 for maximum horizontal velocities at the sea bottom, in Figure 5.3 for
total sediment transport, and in Figure 5.4 for cumulative sediment deposition. In
addition to the areal distributions for each scenario, the sediment deposition

calculated over the area Al is given in Appendix C.

Comparing the different input scenario conditions, the maximum intra-bay current
speed magnitudes at the sea bottom during simulations are observed at similar levels,
where the current patterns vary significantly due to the effect of wind (Figure 5.2).
Current speed magnitudes of Scenario 1 (Figure 5.2.a), having the wind condition
coming from the ESE direction with the highest wind speed magnitude among the
long-term scenarios, are relatively lower compared to the results of Scenario 2 in the
case of WNW, the second dominant wind direction, where a complete cyclonic
circulation movement through A2 is observed (Figure 5.2.b). In Scenario 3, with
NNE wind direction, the southern currents over A1l and higher current speeds at the
northern entrance in A2 is modeled (Figure 5.2.c). Whereas, in Scenario 4, with SSW
wind direction, an opposite water circulation dynamic is observed with northern
currents through A1 (Figure 5.2.d). These results reveal the profound effect of wind
direction rather than wind strength on water circulation in Fethiye Bay, selected as a
sample semi-enclosed basin area in this study. When examining the results for
Scenario 5 and 6, extreme cases of ESE and WNW, determined as a 12-hour storm
with wind speeds reaching up to 30 m/s, it becomes more clear that the water
circulation behavior varies significantly depending on the wind direction, which is
partially captured in the long-term scenario results. In Scenario 6, a cyclonic
circulation over the areas of A2 and A3 with higher current speeds are observed
(Figure 5.2.f), while, in Scenario 5, two different cyclonic circulations moving in

reverse directions through A2 and A3 (Figure 5.2.¢).
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Winds blowing from ESE direction drives currents mostly in northwest direction in
the outer bay, depresses the current speeds at the openings near the island, resulting
decrease in the water exchange and current speeds. Whereas, the winds from the
WNW direction drives southeast currents, supplying the water movement in the
direction of water inflow from the outer bay to the inner bay, and resulting in higher
current speeds with a significant water exchange between the inside and outside of
the bay. In addition, as observed in the results of all modeled scenarios, the computed
current speeds inside the bay are considerably lower than the velocities outside the
bay. These results confirm the low intra-bay circulation, as in the current condition

of Fethiye Bay.

To understand the sediment transport behavior in the inner bay area of Fethiye Bay
under given input conditions, first, the total sediment transport computed during the
simulation have been analyzed (Figure 5.3). For the long-term cases (Scenario 1, 2,
3, and 4), the total sediment transport patterns, depending on the current velocity
levels and water circulation results, vary with the wind direction and the bay
characteristics. In each scenario, sediment transport is observed over the area A1, in
parallel with the river discharges. The maximum sediment transport at final time step
of the simulation in the inner bay for Scenario 2 (Figure 5.3.b) and Scenario 3 (Figure
5.3.c) are higher than in Scenario 1 (Figure 5.3.a) and Scenario 4 (Figure 5.3.d). As
expected, total sediment transport distribution and ratios in the extreme scenarios
(Scenario 5 and 6) are more dominant than in the long-term scenarios. In Scenario 6,
a cyclonic sediment transport pattern observed over the area A2 (Figure 5.3.1)., while
a not-uniform transport pattern is observed in Scenario 5 (Figure 5.3.e). This
difference also highlights the effect of the wind direction change on the sediment

transport behavior.

The total sediment transport results show that, across all wind conditions tested in
different scenarios, sediment transport is higher over the area of A1, shallower areas
of the inner bay initially considered for dredging, which is an important finding for
understanding the current shallowing trend in the bay before considering the

cumulative erosion and deposition amounts and their areal distributions (Figure 5.4).
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Figure 5.3. The areal distribution of total transport patterns at the sea bottom for
different inputs of a. Scenario 1, b. Scenario 2, c. Scenario 3, d. Scenario 4,

e. Scenario 5, f. Scenario 6
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Under all wind conditions, similar sediment depositions are observed over the area
of A1, implying that the model, which has been calibrated and validated in previous
stages, has a good agreement with real life observations. Furthermore, the inputs
determined through the results of the long-term wind and wave analysis, along with
the tidal conditions and the river discharge data collected in the study area, accurately
reflect the real life conditions in the numerical model. These findings reveal the
current problematic state of the bay and the amount of deposition in the bay to occur

if no dredging will be operated.

Both the river discharge inputs determined in the model and the corresponding low
current speeds over the area Al, leads a similar pattern of sediment deposition in
each scenario (Figure 5.4). For the long-term scenarios, the maximum sediment
deposition area is observed in Scenario 2, and decreases over Scenario 1, 3 and 4.
Since the WNW wind direction defined in Scenario 2, leads a cyclonic circulation at
higher current speeds, the amount of cumulative sediment deposition is influenced
in the bay accordingly (Figure 5.4.b). From the extreme case comparison between
Scenario 5 and 6, an aligned statement can be made, where significantly larger area
of deposition is occurred in Scenario 6 (Figure 5.4.f), rather than in Scenario 5

(Figure 5.4.e).

When the areal distribution of water circulation and sediment transport are examined
the observed dynamics are found to be similar for the same wind directions and
corresponding cases. The wind speed and direction have a greater impact on both the
circulation and sediment transport patterns than other input parameters. This
similarity indicates that changes in current velocity and water circulation behavior
within the bay directly influence the pattern of sediment accumulation in the region.
These findings show that potential dredging operations, which are expected to alter
the water circulation behavior, will significantly impact the sediment deposition

patterns.
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5.2 Water circulation and sediment transport under dredging operations

One of the key questions addressed in the thesis is the effect of dredging operations
on water circulation and sediment transport dynamics. The model is run for five
different dredging operations, with depths ranging from -1 m to -5 m, decreasing by
I m for each case. All of the input scenarios given earlier in Table 4.4, is applied
separately in every dredging case, and the results are obtained. Similar to the analysis
given in the previous section, the changes of these dynamics within the inner bay

area are primarily analyzed based on areal model outputs.

The variations within the bay for different dredging scenarios are evaluated through
horizontal velocities and current directions computed on the seafloor to form a basis
for understanding the circulation and consequent sediment movement, at the end of
the 10-hour simulation. These assessments have been conducted for all scenarios,
particularly for different wind directions. As an example, the model results for the
Scenario 1, with the dominant direction of ESE are given in Figure 5.5 for maximum
horizontal velocities at the sea bottom, in Figure 5.6 for total sediment transport, and
in Figure 5.7 for cumulative sediment deposition. The areal distributions of those
parameters for each dredging condition under each input scenario (Scenario 2, 3, 4,

5 and 6) are given in Appendix C.

Through the water circulation results, a localized current speed increase at the seabed
has been observed over the area Al, addressing the positive effect of the dredging
over the sediment deposition (Figure 5.5). This change can be attributed to the
gradual increase in the dredging depth considered in each scenario. The current
velocities in the areas A2 and A3 are relatively higher when dredged to -1 m
compared (Figure 5.5.b) to the non-dredged scenario (Figure 5.5.a). The velocities
in the area A1 also increase when the corresponding area is dredged to -2 m (Figure
5.5.c). This trend becomes relatively more significant with higher current speeds
when dredged to -3 m (Figure 5.5.d), compared to the other dredging depths. In
addition, the current speeds influencing the outflow to the outer bay over the area

A2, strengthens slightly near the Murt River, as the dredging depths increased.
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Figure 5.5. The areal distribution of maximum horizontal velocity profiles at the sea

bottom under Scenario 1 for a. not-dredged, b. dredged to -1 m, c. dredged to -2 m,
d. dredged to -3 m, e. dredged to -4 m, f. dredged to -5 m
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Figure 5.6. The areal distribution of total sediment transport under the effect of
Scenario 1 for a. not-dredged, b. dredged to -1 m, c. dredged to -2 m, d. dredged to
-3 m, e. dredged to -4 m, f. dredged to -5 m
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The sediment transport and cumulative deposition in area Al, in the current (non-
dredged) condition decreases as the dredging depth and area increases in general
(Figure 5.6, Figure 5.7). In addition, the total sediment transport is slightly decreased
in the -1 m dredging condition (Figure 5.6.b) compared to the non-dredged condition
(Figure 5.6.a), where this situation is further reduced in the -2 m dredging condition
(Figure 5.6.c), and starting from the -3 m dredging depth (Figure 5.6.d) and at
subsequent depths, the sediment transport in the bay is minimized under long-term
scenario input conditions. Accordingly, partial sedimentation is observed in the non-
dredged (Figure 5.7.a), dredged to -1 m (Figure 5.7.b) and dredged to -2 m scenarios
(Figure 5.7.c), where it is also minimized from the condition of dredging to -3 m
(Figure 5.7.d). With the decrease in sedimentation in the bay starting from the
dredging to -3 m depth, an optimum dredging depth and area is indicated.

Although the sediment deposition values obtained in extreme cases (Scenario 5, and
6) are higher compared to long-term (Scenario 1, 2, 3, and 4), and it may lead to an
overestimation for the deposition, while it is necessary to check the post-dredging
effects in the area A1 under storm conditions. Hence, the changes in water circulation
and sediment transport dynamics within the bay are similarly analyzed as areal

outputs of corresponding parameters (Figure 5.8, Figure 5.9, and Figure 5.10).

The water circulation behavior appears to be higher in terms of current velocity
magnitudes compared to the results obtained in the long-term analysis (Scenario 1,
Figure 5.8). In all scenarios, the winds coming from the ESE direction for 12 hours
creates two cyclonic circulation pattern in the areas of A2 and A3. The northern
cyclonic feature located at the south of Sovalye Island has a direct impact on the
water inflow into and outflow from the bay. While, the southern one has a slightly
positive effect on the increasing current speeds over the area Al. The current
velocities in the area Al, gradually increase with deeper dredging, becoming

particularly significant in the scenario of dredging to -5 m (Figure 5.8.d).
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Figure 5.8. The areal distribution of maximum horizontal velocity profiles at the sea
bottom under the effect of Scenario 5 for a. not-dredged, b. dredged to -1 m, c.

dredged to -2 m, d. dredged to -3 m, e. dredged to -4 m, f. dredged to -5 m
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Figure 5.10. The areal distribution of cumulative erosion and deposition under the
effect of Scenario 5 for a. not-dredged, b. dredged to -1 m, c. dredged to -2 m, d.
dredged to -3 m, e. dredged to -4 m, f. dredged to -5 m
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The cyclonic circulation behavior around the island, resulting from the current
pattern, also dominates the sediment transport (Figure 5.9). This supports the
increase in deposition also at the area A4 in the bay, which is not observed in the
long-term scenarios. In addition, the amount of sediment transport in the problematic
area correspondingly decreases in the case of dredging (Figure 5.9.b). Similarly,
starting from the -3 m dredging depth (Figure 5.9.d) and at subsequent depths, the
sediment transport over the dredged area in the bay is minimized and becomes more
uniform compared to the non-dredged case (Figure 5.9.a). In line with these findings,
the amount of sediment deposition in the area Al, decreases under dredging
scenarios (Figure 5.10) also for the extreme conditions. The distribution in this area
becomes more uniform, particularly at dredging depths of -2 m (Figure 5.10.c) and
-3 m (Figure 5.10.d). In these scenarios, the observed erosion in the dredging zone
which is assumed to be not-realistic, is likely due to the intense wind conditions in

the simulation.

A significant positive effect on water circulation and sedimentation within the inner
bay area has been observed under dredging operations for both long-term and
extreme cases through the analysis of areal distributions of water circulation and
sediment transport. For the sediment transport results, the low magnitudes of
cumulative deposition results should be evaluated considering the short simulation
duration of 10 hours. Through these results, the importance of the areal distribution
of the sediment deposition is emphasized, rather than the quantity. For a better
understanding of the cumulative sedimentation magnitudes, the simulation durations
should be increased. The results of these two sub-chapters indicate that wind
direction and dredging depths are two major parameters influencing the water
circulation and sediment transport results, where the relation between them is also
investigated through water exchange and cumulative deposition volumes and

presented in the next chapter.
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53 Relationship between water exchange and cumulative deposition in the

bay under dredging scenarios

In addition to the areal distributions of water circulation and sediment transport in
Fethiye Bay, the changes in those parameters under the dredging scenarios are
analyzed by calculating the total volume of water entering and leaving the bay and
the volume of sediment deposition. The total volume of water entering and leaving
the bay is determined based on the model results through the two openings located
in the A2 area for two-cross sections (CSO1 and CS02) specified in Figure 3.5. The
calculated volumes from the simulation results of all scenarios are given in Appendix

C in detail.

Dimensionless volume ratios for the water exchange and the sediment deposition are
calculated to better understand the physical aspects behind the observed variations.
For water exchange ratio, the volume of water entering and leaving the bay obtained

at the end of the simulation is divided by the total inner-bay volume (Equation 5.1).

Vmodel results

Vwater Exchange (%) = x 100 (5.1)

Vinner bay

For cumulative deposition ratio, the volume of deposition in the problematic area
obtained after 10 hours of simulation is divided by the total sediment volume in this

problematic area (Equation 5.2).

Vdeposition in Al

x 100 (5.2)

. L 0 —
VCumulatwe deposttlon( /0) - Vv
sediment in Al

In this way, the effect of the dredging operation on these two processes is examined
via a multiple parameter analysis based on the model results to reveal their

relationship under several different scenarios (Figure 5.11).
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Figure 5.11. The relationship between water exchange volume ratio and cumulative

deposition ratio under the dredging scenarios

Figure 5.11 illustrates that the relationship between these two processes does not
follow a simple linear trend. Consequently, it is difficult to conclude whether the
amount of water entering and leaving the bay correlates with an increase or decrease
in cumulative sediment deposited in Fethiye Bay. However, when this relationship
is grouped by wind direction and different dredging scenarios, a consistent pattern is
observed at different dredging depths for each wind direction. Therefore, the
dynamics of water exchange (Figure 5.12) and cumulative sediment deposition
(Figure 5.13) are analyzed for different dredging depths and different wind
directions, which are also determined as the two affecting major parameters through

the areal distribution results.
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Figure 5.12. The relation of water exchange volume through the dredging depth and

wind direction

The amount of water entering and leaving the bay varies more with wind direction
than with dredging depth, highlighting the effect of regional characteristics and
bathymetry. The model results of water exchange indicate the water inflow and
outflow decrease through the ESE (112.5° from North in the clockwise direction)
and SSW (202.5° from North in the clockwise direction) directions, whereas they
increase in the WNW (292.5° from North in the clockwise direction) and NNE (22.5°
from North in the clockwise direction) directions (Figure 5.12). Hence, a similar
relationship between water exchange and high inner-bay current velocities observed
in the areal distributions can be identified in Fethiye Bay. The significant impact of
the WNW wind direction, observed in the spatial distribution results, is also reflected
in the water exchange map in Figure 5.11. On the other hand, no significant
relationship was found between increased dredging depth and the volume of water
entering and leaving the bay; the amount of water inflow and outflow remained
similar across all dredging scenarios. Nevertheless, a different dynamic is observed
in the cumulative sediment deposition when analyzed under varying wind directions

and dredging scenarios (Figure 5.13).
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Figure 5.13. The relation of cumulative deposition volume in the problematic area

through the dredging depth and wind direction

Cumulative sediment deposition is affected by both wind direction and variations in
dredging depth and area to be dredged. In scenarios with shallower dredging depths
and consequently smaller areas, the effect of wind direction is particularly noticeable
(Figure 5.13). Specifically, winds from WNW and ESE directions significantly
affect sediment deposition in the areas planned for dredging within the bay. This
effect is less reflected in the model results of NNE and SSW directions. Additionally,
the varying 10-hour wind speeds associated with different directions, as obtained in

the long-term analysis, may also play a role.

Under different dredging depths, a decrease in the deposition rate is observed across
all wind conditions, as reflected in the areal distributions. In addition, sediment
transport and consequent cumulative sediment deposition decreases considerably,
especially when dredging to -3 m and beyond. This suggests that excessive dredging
does not offer additional solutions, likely depending on the characteristics of the
region. These findings highlight the complex relationship between water circulation

and sediment transport in Fethiye Bay, a semi-enclosed basin.
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CHAPTER 6

CONCLUSIONS AND FURTHER STUDIES

6.1 Conclusions

Within the scope of this study, a detailed analysis for water circulation and sediment
transport in Fethiye Bay, which is a semi-enclosed basin example addressed with
heavy pollution, sedimentation, and low circulation, is carried out taking into account
tidal, wind, wave and river conditions. The hydrodynamics of water circulation
driven by oceanographic and fluvial sources, as well as sediment transport dynamics
are explored via numerical modeling, where the analyzed bathymetric variations

over a fifteen-year period indicate potential areas and depths for dredging.

Several scenarios for model input conditions and dredging operations, as mentioned
in Chapter 4, are tested for a compound analysis and the model results are evaluated
comparing their effects on the water circulation and sediment transport patterns in
Fethiye Bay. For the model inputs, tide, wind, wave and river discharge data are
collected to best represent the characteristics of the region. The compound approach
is found more suitable in the model, effectively incorporating all the current effects

into the model.

Firstly, water circulation and sediment transport dynamics are evaluated through
areal distributions of the model results. In the long-term scenarios, similar current
velocity levels are obtained within the bay, but the water circulation behavior is
found to be dependent on the wind direction. Moreover, the computed current
velocity magnitudes in the extreme scenarios are found to be higher than the ones
computed in the long-term scenarios. For both long-term and extreme cases, the
deposition is observed in the area A1, which is considered to be problematic in real

life and necessitates to dredging in at the locations of the river mouths. This result
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proved that the model, which is primarily calibrated and validated over current

velocities at three different depths, provides the results similar to natural processes.

The relation between water circulation and sediment transport in Fethiye Bay also
investigated at the different dredging depths and dredging areas. It is observed that,
in all scenarios and under all input cases the water circulation behavior is changed
under dredging. Due to the rapid changes in the seabed, the currents moving in
different orientations in the A1 area have become homogeneous after dredging, and
current speeds have relatively increased over the areas of A1 and A2. Hence, the
sediment spreading and corresponding cumulative sediment deposition is decreased

over the dredged area with the increasing dredging depth.

The model results are also evaluated by focusing on two other related problems: the
volume of water entering and leaving the bay and the volume of sediment deposition
in problematic areas within the bay. Primarily, it is determined that the volume of
water exchange varies considerably depending on the wind direction due to the
nature of the basin. Whereas, the volume of cumulative sediment deposition is
dependent both on the wind direction and dredging depth and area. According to the
results of simulations the optimum dredging depth is found as -3 m, with a total
dredging volume of at least 3 million m®. The increasing trend in the volume of water
entering and leaving the bay and the decreasing trend in the sediment deposition at
the dredged areas show that dredging operations may be helpful in the pollution

measures.

These results show that in Fethiye Bay, as a semi-closed basin example, regional
geographical features take important role in the circulation and sediment transport.
The dynamics of water circulation within the bay and the associated quantities of
water entering and leaving the bay, and the patterns of sediment transport and
cumulative erosion and deposition areas are investigated. However, a clear linear

correlation is not found.

Dredging operations are among the measures that can be addressed for pollution in

terms of reducing the possible sediment deposition and increasing the amount of
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water entering and leaving Fethiye Bay. However, it should be taken into
consideration that these operations are not only costly, but also have the potential to
increase the transport of suspended sediment during the process, which may cause a
breakdown in the submarine environment in the region. During the site visit, it has
been observed that the predominant sources of pollution in the area are solids,
primarily coming from the rivers flowing into the bay, and improper rehabilitation
works have increased the severity of the situation. Therefore, in order to develop
proper, site-specific pollution control measures, the hydrodynamic characteristics of
Fethiye Bay, considering the existing tidal, wind, wave and river discharge
characteristics, their interactions and effects on the water circulation and consequent
sediment transport should be investigated within a compound analysis, as performed
in this study. In addition, parallel to the measures that can be taken through dredging

operations, it is also important to assess and address the problem sources in the area.

6.2 Limitations

In addition to previous studies performed in Fethiye Bay, the effects of dredging on
the hydrodynamics and sediment transport in the bay are investigated through this
study. The model is calibrated using the tidal, wind, wave and river discharge
parameters as inputs and a comparison is conducted between the computed current

velocities with the measured ones for validation of the model performance.

The fact that the current velocity measurements could be conducted for 3-month
duration between April, May and June 2023, which posed a limitation in the
calibration process in terms of revealing the behavior of the region under all seasons.
In addition, due to time constraints, the calibration of 3 months of current velocities
obtained from field measurements using 1 month of data made this situation even
more limited. Under these constraints, the computational results are in quite good

agreement with the measurement data.
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Although bathymetry data from 2007 and 2022 are available, the differences in
measurement standards between the two datasets may lead to inaccuracies in the
determination of depth changes over the 15-year period. Furthermore, the model is
not calibrated morphologically due to the time limitation and the lack of current

velocity measurements in the relevant time interval.

The input scenarios used in the model also have certain limitations. Due to the lack
of sea level measurement data in Fethiye, the tidal data is retrieved from the
Marmaris sea level station, assuming similar tidal conditions in Fethiye and
Marmaris. In addition, river discharges inputted to the model are selected based on
available field measurements, with the assumption that these instantaneous
measurements represent the overall temporal behavior of the rivers. Time series wind
data used in the calibration process is obtained from a measurement station for a
single point observation, meaning that the spatial variability of wind input is not
considered. Additionally, the wave input is applied in the form of a spectrum, rather
than a time series. Consequently, each parameter has its margin of errors, that are

assumed to be negligible to understand the cumulative dynamics in the region.

Close examination of real-life changes in the numerical model reveals limitations
related to both computational time and model resolution due to the use of small grid
sizes and short time steps. Therefore, in the numerical model, which utilizes a grid
size of 30m, the results are presented as averages over a horizontal area of 900 square
meters at the determined gauge points. This situation limits the degree of similarity
that can be achieved between the field measurements obtained in real life and the
model results. In addition, the selection of model area and the choice of boundary
conditions, also have an impact on the variation of the results in the model and lead

to constraints on the results obtained.
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6.3 Further studies

In the later stages of this study, taking a 1-year field measurement in this selected
study area in order to reflect the characteristics of the region under all conditions and
adapting the model over daily average current velocity values, rather than calibrating
it in detail as a time series, will increase the accuracy of the study results. This 1-
year model run will provide more insightful information on sediment deposition and

erosion zones within the bay.

In addition to the 2022 bathymetry, taking a bathymetry measurement in 2024,
examining the change in bathymetry between these two years, and calibrating and
validating the model in terms of current speed and morphological aspects will
increase the reliability of the results obtained in the study. Following the updated
bathymetry measurements, expanding the model domain and performing a
sensitivity analysis on turbulence parameters will further reflect the circulation

behavior in the model in real life.

Considering that the sea water temperature changes in Fethiye Bay will have a high
impact on the water circulation characteristics in the region, it would be useful to
include temperature-dependent circulation behavior in the model but requires

continuous field measurements of the parameter.

In addition to the more accurate and longer field measurements of tide, wind, wave
and river discharge or the bathymetric data that can be obtained, the identification of
other semi-enclosed basin study areas in addition to Fethiye Bay, will be more
effective in making a general inference in these areas to examine the changes in water

circulation and sediment transport behavior.

The addition of dredging operations to the study of these changes will provide
diversity in examining the relationship between water exchange and cumulative

sediment deposition volumes.
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The dredging scenarios selected in the region focused on the current sediment
deposition points. In the further studies, diversifying the dredging scenarios in the
entrance and exit areas of the bay will reveal the effect of dredging through different

dredging locations, not only in terms of depth and the associated area expansion.
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APPENDICES

A. Supplementary Tables and Figures for the Methodology

Table 6.1 Measured instantaneous discharges for the selected discharge points

Measured Instantaneous Discharges

Date OFspo1 OrBp02 Orspos  Qrepos  QOFBDOS OFBD06
(m’/s) (m’/s) (m*/s) (m’/s) (m’/s) (m’/s)

Dec 22,2023  2.815 0.296 0.314 1.248 1.525 13.708
Jan 24, 2024 3.312 0.364 0.627 2.106 1.500 14.462
Feb 26, 2024 2.944 0.228 5.643 1.755 0.900 13.559
Mar 28,2024  5.152 0.182 5.016 1.404  0.750 10.847
Apr 17,2024  2.944 0.182 5.016 1.404  0.750 10.847
Average 3.433 0.250 3.323 1.583 1.085 12.684

Table 6.2 Measured instantaneous total suspended sediment values for the specified

discharge points

Measured Total Suspended Solids

Date TSSrspor  TSSrspo2  TSSrep03  TSSFep04  TSSFBp0s  TSSFBDOG
(kg/m>) (kg/m?>) (kg/m’)  (kg/m®)  (kg/m’)  (kg/m’)
Dec 22, 2023 0.127 0.037 0.035 0.032 0.134 0.007
Jan 24, 2024 0.100 0.022 0.012 0.025 0.015 0.018
Feb 26, 2024 0.098 0.003 0.013 0.018 0.006 0.004
Mar 28,2024  0.098 0.003 0.013 0.018 0.006 0.004
Apr 17,2024 0.188 0.024 0.017 0.010 0.004 0.004
Average 0.122 0.018 0.018 0.021 0.033 0.008
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Table 6.3 The calculated RMSE values for each calibration parameter through the
comparison between the horizontal velocity of model results and field

measurements

RDCPOI RDCPO02

Layer 1 Layer2 Layer3 Layerl Layer2 Layer3
(3-5m) (11-13m) (17-19m) (3-5m) (7-9m) (11-13m)

Coefficient Value

0.010 0.060 0.026 0.033 0.068  0.053 0.046

0.015 0.050 0.035 0.038 0.044  0.032 0.032

Manning 0.018 0.048 0.033 0.035 0.042  0.032 0.033
0.020  0.045 0.030 0.032 0.042  0.033 0.034

0.040 0.059 0.045 0.047 0.057  0.042 0.043

1 0.043 0.026 0.039 0.043  0.035 0.038

10 0.046 0.029 0.049 0.050  0.044 0.045

50 0.051 0.031 0.050 0.062  0.056 0.048

100 0.055 0.029 0.042 0.065 0.054 0.047

200 0.061 0.026 0.032 0.069  0.052 0.047

300 0.065 0.026 0.028 0.071  0.052 0.048

0.00005 0.050 0.027 0.030 0.047  0.039 0.035

0.00010  0.055 0.029 0.031 0.050  0.042 0.036

0.00050  0.055 0.029 0.030 0.048  0.042 0.037

0.00100 0.056 0.029 0.031 0.048  0.042 0.037

Viscosity k-e  0.047 0.026 0.028 0.047  0.037 0.041
turbulance model algebraic  0.052 0.030 0.030 0.057  0.048 0.043
1.000 0.046 0.027 0.029 0.046  0.036 0.033

1.225 0.049 0.028 0.030 0.047  0.040 0.036

1.500 0.054 0.029 0.032 0.048  0.042 0.037

Horizontal
viscosity and

diffusivity (m%s)

Vertical viscosity
and diffusivity
(m?/s)

Air density
(kg/m’)
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Figure 6.1. Comparison of current speeds and directions in three different

measurement levels for RDCPO1
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measurement levels for RDCP02
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B. Supplementary Tables and Figures for the Model Inputs

Table 6.4 Long term analysis equations specified for the wind and analysis

Directions

LT Equations for wind analysis

LT Equations for wave analysis

NNE
NE
ENE

ESE
SE
SSE

SSW
SW
WSW

WNW
NW
NNW

141 * In[QGU10)] - 1.98
131 * In[QGU10)] - 2.48
-1.27 * In[Q(U10)] - 3.27
-2.07 * In[Q(U10)] - 7.19
22,92 * In[Q(U10)] - 7.96
2.57 * In[Q(>U10)] - 5.98
-2.45 * In[Q(>U10)] - 7.87
-2.34 * In[Q(>U10)] - 8.67
2,37 * In[QEU10)] - 9.34
-1.85 * In[Q(>U10)] - 5.79
-1.59 * In[Q(U10)] - 3.56
-1.36 * In[Q(>U10)] - 0.94
-2.29 * In[Q(>U10)] - 5.02
-1.74 * In[Q(U10)] - 2.77
-1.89 * In[Q(>U10)] - 3.44
-1.49 * In[Q(>U10)] - 1.75

20.17 * In[Q(>Humypo)] - 0.47
20.09 * In[Q(>Humyo)] - 0.21
-0.14 * In[Q(>Hmyo)] - 0.55
-0.23 * In[Q(>Humyo)] - 0.95
-0.47 * In[Q(>Humy)] - 1.54
-0.46 * In[Q(>Humyo)] - 1.13
-0.38 * In[Q(>Humyo)] - 1.11
-0.46 * In[Q(>Hmyo)] - 1.69
-0.52 * In[Q(>Humy)] - 2.15
-0.40 * In[Q(>Humyo)] - 1.76
-0.37 * In[Q(>Humy)] - 1.73
20.26 * In[Q(>Humy)] - 0.75
20.27 * In[Q(>Humy)] - 0.32
-0.29 * In[Q(>Humo)] - 0.42
-0.33 * In[Q(>Hum)] - 0.64
20.26 * In[Q(>Humy)] - 0.57

]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
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C. Supplementary Tables and Figures for Results

Table 6.5 Results obtained for water exchange volumes under dredging for each

scenario

Water Exchange Volumes at Different Dredging Depths

Scn.  Wind VNot
No. Dir et Vim Vam Vim Vim Vism
10 x10°m’) (x10°m’)  (x10°m’)  (x10°md)  (x10°m?)
1 ESE 6.86 22.03 22.30 15.98 23.22 10.84
2 WNW 14974 148.43 147.23 148.30 149.15 150.29
3 NNE 166.61 166.57 166.74 166.74 165.83 167.48
4 SSW 31.32 31.19 29.33 32.86 30.94 32.16
5 ESE 85.26 74.33 71.35 62.70 81.95 50.29
6 WNW 33759 33790 339.52 343.71 343.45 343.47

Table 6.6 Results obtained for cumulative deposition volume under dredging for

each scenario

Cumulative Deposition Volume at Different Dredging Depths

Scn. Wind VNot
. V-l m V-2 m V-S m V-4 m V-S m
No. Dir. dredged
(m’) (m’) (m’) (m?) (m?)
(m’)
1 ESE 2746.1 2208.9 347.6 123.7 91.4 132.3
2 WNW 55173 4154.6 610.9 226.1 227.7 204.9
3 NNE 1788.8 1242.5 451.4 306.0 330.9 302.5
4 SSW 1750.7 631.5 99.8 61.2 78.6 79.3
5 ESE 15043.1 9311.2 3115.2 29993 1990.2 3307.2
6 WNW  37800.0 33300.0 28480.5 14210.8 9470.9 8255.0
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Figure 6.8. The areal distribution of maximum horizontal velocity profiles at the sea
bottom under the effect of Scenario 2 for a. not-dredged, b. dredged to -1 m, c.

dredged to -2 m, d. dredged to -3 m, e. dredged to -4 m, f. dredged to -5 m
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Figure 6.9. The areal distribution of maximum horizontal velocity profiles at the sea
bottom under the effect of Scenario 3 for a. not-dredged, b. dredged to -1 m, c.

dredged to -2 m, d. dredged to -3 m, e. dredged to -4 m, f. dredged to -5 m
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Figure 6.10. The areal distribution of horizontal velocity profiles at the sea bottom
under the effect of Scenario 4 for a. not-dredged, b. dredged to -1 m, c. dredged to -
2 m, d. dredged to -3 m, e. dredged to -4 m, f. dredged to -5 m
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Figure 6.11. The areal distribution of total sediment transport under the effect of
Scenario 2 for a. not-dredged, b. dredged to -1 m, c. dredged to -2 m, d. dredged to -
3 m, e. dredged to -4 m, f. dredged to -5 m
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Figure 6.12. The areal distribution of total sediment transport under the effect of
Scenario 3 for a. not-dredged, b. dredged to -1 m, c. dredged to -2 m, d. dredged to -
3 m, e. dredged to -4 m, f. dredged to -5 m

112



=
=
>
= -
© =)
&

4061 - - 4061 -
4060 08 g 4060 £l
07g s
%4059 0s & %4059— g
= T g = Iy
4058 05 = Z 4058 =
5 = 5 L =
g 104 2 g 2
S 4057 s S 4057 s
= 03 @ . %
g B
4056 02 = 4056 =
0.1
4055 4055
: lo L ’ =
687 688 689 687 688 689 690
x coordinate (km) — x coordinate (km) —
10° ®) 10®
g _ g
4061 - - 4061 - -
4060 08 g 4060 08 g
07g =07 g
%4059 0s & %4059— g
E 6 2 E 06 2
S 4058 - 05 2 E4058 05 =
5 . 5 5 5
g 04 2 g 04 2
S 4057 s S 4057 s
= 0.3 7 = 0.3 @
g B
4056 02 = 4056 02 =
0.1 0.1
4055 4055
. o . =
687 688 689 690 687 688 689 690
x coordinate (km) — x coordinate (km) —
(©) ) (d) 5
>i10 >i10
4061 - - 4061 - -
4060 08 g 4060 - 08 g
07g =07 g
%4059 0s & %4059— g
E 6 2 E 06 2
S 4058 - 05 2 E4058 05 =
5 \ 5 5 . 5
g 104 2 g 04 2
34057 3 S 4057 =
. 03 @ = 03 @
g B
4056 02 = 4056 02 =
0.1 0.1
4055 4055
. o . =
687 688 689 690 687 688 689 690
x coordinate (km) — x coordinate (km) —

(e) &

Figure 6.13. The areal distribution of total sediment transport under the effect of
Scenario 4 for a. not-dredged, b. dredged to -1 m, c. dredged to -2 m, d. dredged to -
3 m, e. dredged to -4 m, f. dredged to -5 m
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Figure 6.14. The areal distribution of cumulative erosion and deposition under the

effect of Scenario 2 for a. not-dredged, b. dredged to -1 m, c. dredged to -2 m, d.
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Figure 6.15. The areal distribution of cumulative erosion and deposition under the
effect of Scenario 3 for a. not-dredged, b. dredged to -1 m, c. dredged to -2 m, d.
dredged to -3 m, e. dredged to -4 m, f. dredged to -5 m
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Figure 6.16. The areal distribution of cumulative erosion and deposition under the
effect of Scenario 4 for a. not-dredged, b. dredged to -1 m, c. dredged to -2 m, d.
dredged to -3 m, e. dredged to -4 m, f. dredged to -5 m
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Figure 6.17. The areal distribution of horizontal velocity profiles under the effect of
Scenario 6 for a. not-dredged, b. dredged to -1 m, c. dredged to -2 m, d. dredged to -
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Figure 6.18. The areal distribution of total sediment transport under the effect of
Scenario 6 for a. not-dredged, b. dredged to -1 m, c. dredged to -2 m, d. dredged to -
3 m, e. dredged to -4 m, f. dredged to -5 m
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Figure 6.19. The areal distribution of cumulative erosion and deposition under the

effect of Scenario 6 for a. not-dredged, b. dredged to -1 m, c. dredged to -2 m, d.
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Figure 6.20. The relationship between water exchange volume ratio and cumulative
deposition ratio under the dredging scenarios through results of Scenario 5 and

Scenario 6
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