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ABSTRACT

EFFECT OF FALLEN POSIDONIA OCEANICA
SEAGRASS LEAVES ON WAVE ENERGY AT SANDY
BEACHES

Posidonia Oceanica (PO) is an endemic marine vegetation for the Mediterranean
Sea. In an experimental study, conducted in the Eastern Mediterranean, natural dead
PO leaves are measured to reduce incident wave heights impacting the beach. Trans-
mission coefficient (K;) was found to vary between 0.73-0.94 which is equivalent to a
wave height decay of 6-27%. The results show that the free-floating dead PO leaves
in their natural environment dissipate incoming wave energy and have a capacity to
protect the beach against erosion. Further analysis in separate frequency bands show
that short waves (with periods less than 4.4 s) are more sensitive to PO leaves in terms
of energy dissipation. The transmission coefficient for short waves as calculated using
the high frequency part of the wave spectrum, delivered a maximum transmission co-
efficient of 0.5 corresponding to 50% wave height decay due to PO leaves.2D model
was established with an open-source software and calibration of the model was done
with data without PO leaves. Vegetation parameters are incorporated to the calibrated
model and wave decays are calculated by changing drag coefficients and second calibra-
tion of the model is done with vegetation with mean-root-square error of 4 mm which
is 2% of the observed wave heights. Free parameter selected for calibration was drag
coefficient (CD) and kept fixed throughout the analysis since the Reynold’s number
was in the range of 4-9.10% . Finally, an empirical, wave length depended wave decay

formula is derived.



OZET

POSIDONIA OCEANICA DENIiZ CAYIRLARININ OLU
YAPRAKLARININ KUM KIYILARDAKI DALGA
ENERJISINE ETKILERI

Posidonia Oceanica (PO) Akdeniz’e 6zgii bir deniz bitkisidir. Dogu Akdenizde
gerceklestirilen deneysel calisma ile, dogal 6lii PO yapraklarinin kiyiy1 etklileyen deniz
dalgalarimin yiiksekliklerini etkiledigi 6lgiilmiigtiir. Dalga yayilma katsayilarimn (K;)
0.73 ile 0.94 arasinda degistigi, bununda dalga boyu soniimlenmesinin %6-27 arasinda
gerceklestigi gozlemlenmistir. Deney sonuglari, denizde serbest dolagsan 6lii PO yaprak-
larinin dogal ortamlarinda, kiy1 erozyonuna neden olan dalga enerjisine karsi koruma
kapasitesi oldugunu gostermektedir. Farkli frekans bantlarda yapilan ileri analizlerde
PO yapraklarinin kisa dalgalara karsi (peryodu 4.4 sn’den diisiik dalgalar) enerji soniim-
lemesine karsi daha hassas oldugunu gostermektedir. Dalga Spektrumunun yiiksek
frekans kisminda yapilan hesaplamalarda, en diigiik yayilma katsaymimin 0.5 oldugu
ve bununda %50 dalga soniimlenmesine tekabul etmektedir. Iki boyutlu dalga trans-
formasyon programi kullanilarak iki boyutlu bir model olusturuldu ve modelin kali-
brasyonu, PO yapraklar: olmadan alinan verilerle yapildi. Kalibre edilmis modele bitki
parametreleri eklenerek, siiriikleme ve katsayilari degistirilerek dalga yiiksekliklerindeki
sontimlemeler hesaplandi. Siirtikleme katsayisi olgiilen degerlerle ile model degerleri
arasindaki kok ortalama kare hatasi 4 mm yani ol¢iilen degerlerin %2 sine tekabiil edene
kadar devam ettirildi. Ikinci kalibrasyonda serbest parametre olan siiriikleme katsayisi
0.55 olarak bulundu. Reynolds sayist 4-9.103 araliginda hesaplandig: i¢in siiriikleme
katsayisi analiz boyunca sabit tutuldu. Son olarak, dalga boyuna baghh ampirik bir

dalga sontim formiilii tiiretilmigtir.
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1. INTRODUCTION

Coastal areas are the transition regions between mainland and oceans and since
the beginning of human history, coastal regions are in the interest of human beings
owing to its benefits such as productive lands which was emerged trough sediments
brought by rivers, easy access to other regions through maritime facilities and source
of food from the sea. According to United Nation’s reports 40% of human population
lives within the coastal region, where the coastal region is defined as 100 km inland
from the shoreline. Presently, economic reasons such as tourism, and recreation are
the main reason for the people settle in those regions [1]. Therefore, sandy beaches
in coastal zones are under anthropologic stress on top environmental stresses such as
sea level rise, drought in terrestrial zone, and extreme storm events which may be
attributed to climate change. Anthropologic stresses can be uncontrolled building of
sea structures such as groins and seawalls, uncontrolled sediment mining, sediment
deficit due to dams and run-off river power plants. Coastal erosion is the main result
of those anthropogenic and environmental stresses which is expected to be a growing
problem globally and particularly in the Mediterranean Coasts. Depending on the
location, economic and environmental impacts will be higher on beaches with tourism
revenue. Sandy beaches provide habitat for many species including sea turtles, shellfish,

starfish etc which are also threatened by erosion.

Regardless of whether it is environmental or anthropogenic, coastal erosion on
sandy beaches is driven by longshore and cross-shore sediment transport without suffi-
cient sand source in the shoreline system. Longshore sediment transport along a beach
is proportional to the 2.5th power of the breaking wave height [2] whereas the wave
energy is proportional to the square of the wave height. Wave induced bottom shear
stress causes suspension of sediments which are then transported by means of wave
induced currents. On cross-shore direction sediment transport would be either in on-
shore direction which results with accretion or in offshore direction which results in

erosion. Direction of sediment is defined by Dean’s (1973) fall time model. In this



model fall time is defined as average distance of sediment in water column from the
bottom, divided by the falling velocity of sand grains. According to Dean (1973) if fall
time is less than half the wave period, particles tend to transport onshore direction
which results with accretion and vice versa if the fall time is greater than half wave pe-
riod it results erosion [3]. Although sand size dominates the fall time, average distance
of the sediment is proportional to the wave breaker height since most of the sediment
resuspension occurs at the breaker point. Therefore, we can conclude that waves and
wave induced currents are the main factor for beach erosion both in cross-shore and

longshore direction.

Although there is no general study that quantifies the overall erosion around the
Turkish coasts, there are many studies on the local scale. For example, Yilmaz et al.
(2015) studied the erosion problem in Silifke, Mersin, Tiirkiye and measured 100 m
sand recession in 40 years at the barrier which is separating Paradeniz Lagoon with
the Mediterranean Sea [4]. In another study, Yuksek et al (1995) studied the coastal
erosion in the Eastern Black Sea region of Turkey for about 450 km of coastline and
proposed different erosion protection methods for 23 sites out of 27 where investigation
carried out [5]. However, the problem is country wide and many news articles about
erosion problem for different locations can be found in local media. In Figure 1.1 image
of a coastal erosion which destroyed the beach Eastern Coasts of Alanya, Tiirkiye is

presented.

Figure 1.1. Image of coastal erosion in east coast of Alanya, Turkey (Photo credit:

Author).



Many methods are applied to protect the beaches against erosion in the engi-
neering practice. Methods may be classified into two categories: hard measures and
soft measures. The term “hard” refers to hard structures such as groins, revetments,
seawall and, emergent and submerged breakwaters. Although hard measures may pre-
vent coastal erosion locally, there are many adverse effects of such structures on the
macro scale of the coastal region. For instance, once a groin is constructed in an erosive
beach, while sand accumulates on the upstream side of the littoral drift, erosion will
take at the downstream side of the groin. These phenomena will lead the necessity of
construction additional groins in the downstream which will lead a “snowball effect”
as it was experienced in many coasts of Tiirkiye such as, Karasu, Edremit and Bafra,
where additional beach protection construction tenders are floated by the Minister of
Environment, Urbanization and Climate Change several time. A similar case of un-
controlled groin construction can be seen in the Mediterranean Turkler region between
Alanya and Antalya in Figure 1.2. Between 2013 and 2017 number of groins increased
from 2 to 12 and continues erosion in the downstream side of is visible from the image
(downstream is the right side of image). There are many secondary effects of hard
measures which is beyond the scope of this study. Soft measures can be considered

sand nourishment, sand trapping and, geotubes.

Figure 1.2. Historical changes of the erosion protection in Tiirkler Region, Alanya,

Tirkiye [6].



In addition to hard and soft solutions, nature-based solutions (NBS) are becoming
interest of stakeholders owing to its environmental and economic benefits. Sea bottom
vegetation is one of the examples of the NBS against coastal erosion. Sea bottom
vegetation may supplement or even replace conventional erosion protection techniques.
Many studies have been carried out about impact of sea vegetation on wave properties
and sediment dynamics in last decades. Details of these studies will be provided in the

preceding sections.

In this study, focus is given to the wave energy dissipation capacity of the sunken
or floating leaves of dead seagrass , Posidonia Oceanica (PO), in the nearshore (Fig-
ure 1.3). Along the Mediterranean coast, large meadows of PO are observed where new
leaves can bloom all year around. In autumn, the dead leaves fall off the rhizomes and
accumulate inside the meadows. Autumn and winter storms drive the fallen PO leaves
away from the meadows to other ecosystems [7]. Most of the time they end up washing
ashore where they form up natural banquettes at the beach if not artificially removed
or degrade biologically. Therefore, large amount of dead PO leaves moves back and

forth in the nearshore depending on seasonal coastal dynamics.

Figure 1.3. Posidonia oceanica dead leaves in the breaking and surf zone (Photo

credit: Author).



Our hypothesis is since dead PO leaves involves in nearshore dynamics, they must
interact with water particles and since they are transported back and forth, work done
by the waves (and or currents) must lead a dissipation on the wave energy which results
wave decay. In Figure 1.4 an image of dead PO leave cluster within the nearshore and
breaking zone can be seen in two frames just before the breaking and during breaking.
The cluster of dead PO leaves can be seen in the marked circle, and it is obvious that
while the wave ray is breaking in the right and left side of the cluster, wave height is

reduced, and breaking is retarded within the cluster zone.

— o
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Figure 1.4. Photo of wave breaking within a dead PO leave cluster. Fugla Beach,
Alanya 2022 (Photo credit: Author).

Although the fate and transportation of dead PO leaves are not well known, by

observation we can state that they are washed ashore and return to sea until they



are deposited to sheltered zone in coastal areas. In some cases, PO leaves remains
between beach face and the nearshore back and forth all year around in steep beaches.
For example, in Damlatas Beach in Alanya as shown in Figure 1.5 dead leaves can be
seen as a black strip in nearshore and in the absence of sheltered area they remain in
the nearshore unless they are removed by hoteliers from the beach when they are tem-
porarily washed ashore. Therefore, we hypothesise that PO leaves contribute to coastal
hydrodynamics by reducing the wave height therefore wave energy, which improves the

beach built-up.

Figure 1.5. Damlatas Beach in Alanya, Dead PO Leaves Deposited in Nearshore
(Black Shade as Strip, Photo Credit: Author).

If our hypothesis is true, this may have an impact on beach erosion measures
since in most of the touristic regions, dead leaves are removed from the beach as soon
as they washed ashore due to recreational reasons. Techniques to deploy dead leaves in
the beach defence may be developed which may reduce the cost of construction of hard
structures. Beside the economic impact, such techniques might be environmentally
beneficial as well. Dead leaves are source of nutrition to many other species and

returning dead leaves back to ocean will enrich the marine habitat.



Dead leaves have density between 800-1020 kg/m? [8]. However due to adhered
fine particles the density of the bulk dead leaves might be much higher than afore
mentioned values. Depending on the adhered particle concentration dead leaves might
be floating, suspending, or sunk. Notwithstanding the position of the dead leaves
in the sea, they are subjected to traction of water particles as they move in orbital
motion as they move shoreward. Our hypothesis is during the traction between water
particles dead leaves may not follow the exact motion of the water particles due to
cluster structure of the leaves and relative motion occurs. The resulting drag between
water particle and PO leaves reduce the orbital velocity of the water particle and in

this way wave celerity reduces and wave height decays.

To prove our hypothesis, a field test is performed by using natural dead PO leaves
in semi-controlled manner in nearshore with shallow water waves and in a zone with
mild slope (1/30). To verify the findings in the field tests, a customized 1D ray model
developed based on small amplitude wave theory. Also, a two-dimensional (2D) model
is setup to incorporate the vegetation impact on wave transformation. Our finding
indicates dead PO leave decay the waves between 6-27% and the free-floating dead
PO leaves in their natural environment dissipate incoming wave energy and have a
capacity to protect the beach against erosion. Further analysis in separate frequency
bands show that short period waves (with periods less than 4.4 s) are more sensitive
to PO leaves in terms of energy dissipation. Whereas long period waves (with periods
more than 6.7 s) are not sensitive. The transmission coefficient for short period waves as
calculated using the high frequency part of the wave spectrum, delivered a maximum
transmission coefficient of 0.5 corresponding to 50% wave height decay due to PO
leaves. It is concluded that the PO leaves operate like a low pass filter on incoming
waves and dissipate incident short waves more efficiently. Therefore, in closed seas
with shorter fetch and wave periods, the PO leaves may work as efficient as a floating
breakwater which have similar transmission coefficients. The maximum transmission
coefficient of 0.5 as it was found in the study corresponds to wave energy dissipation

of 75 % as the wave energy is proportional to the square of the wave height.



Similarly, the wave induced beach erosion may drop by 82 % because of the higher

exponent in the breaker height to sediment transport relation.

Wave decay ratios given above does not contain any shoaling impact. In no
vegetation case both 1D ray and 2D models calculates wave transmission coefficients
higher than 1 i.e., between 1.1-1.4. Considering transmission coefficients based on
shoaled wave heights, the decay ratio is much greater than values given above. Details

of the findings will be presented in the preceding sections.

The outline of this thesis is as follows: In Chapter 2, a brief literature survey
on sea vegetation will be provided. Seasonal cycle of PO leaves is presented and
theoretical models developed for wave damping capacity of sea vegetation are provided.
A brief on the laboratory and field experiments on the live meadows is summarized.
In Chapter 3, methodology used in the thesis is presented. Methodology is inclusive of
field measurement, 1D and 2D modelling of the measurement area with and without
PO leaves. In Chapter 4, field measurement and data analysis are presented in detail
including properties of the measurement devices, bathymetric conditions, and data
processing methods. Chapter 5 includes models developed for verification of the field
tests and calibration of the existing models developed in literature. In Chapter 6,
results of 1D ray model and 2D model are compared with the field test findings and
comprehensive analysis is presented. Chapter 7 contains the conclusion of the study

and recommendation of author for further studies.



2. LITERATURE SURVEY

2.1. Posidonia Oceanica

Posidonia Oceanica (PO) is an endemic marine vegetation for the Mediterranean
Sea which covers 50.000 km? of area which is 25% of the entire basin shallower than
the 40 m [9,10]. It is an important Carbon sink (Named as “Blue Carbon” owing to
colour of the ocean) and absorbs almost same amount of carbon as terrestrial forests.
According to Lavery et al., Posidonia Oceanica has carbon storage, up to 40-410 kg/m?

11].

European Environmental Agency, classified PO meadows are as “priority habitat”
(Directive 92/43/CEE) due to its importance in the Mediterranean ecosystem and
recent recession in meadows among the European coasts. They have rhizomes and
strip type leaves with length between 80-100 cm and which may go up 150 cm. The
width of the leaves is between 8-11 mm with thickness of around 1 mm. In one rhizome,
there are 4-5 leaves whereas in meadow number of rhizomes can be in the range of 400-

900 per m? which leads 2000-4500 leaves per m? [7,12].

In a meadow, new leaves form all the year around with a lifespan of 5- 8 months.
Once new leaves form the dead leaves drops off and transported within nearshore by
the waves or elsewhere with current. In Figure 2.1 image of a meadow presented which
is taken in April 2023 at Fugla Beach, between Antalya and Alanya in Tirkiye. In
spring new leaves are the most and therefore meadows are greenish. During summer

as the leaves dies the meadow gets brownish.
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Figure 2.1. Image of posidonia oceanica meadow in Fugla Beach, Alanya, Tiirkiye

(Spring, 2023, Photo credit: Author).

Once rhizomes of PO dies, together with other organic remains within the mead-
ows, create kind of a reef which is termed as “matte” (Figure 2.2). Growth of meadow
is in the range of one meter per 100 years and can go up to one meter below the water
surface level [11]. PO matte may form a kind of berm structure within the sea bottom
which may trap the sediment within the nearshore or act as submerged breakwater

and improves the beach.

Figure 2.2. Posidonia oceanica “matte” in Fugla Beach, Alanya, Tirkiye (Spring,

2023).
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2.2. Theoretical Models of Wave Dissipation by Sea Vegetation

Before presenting existing theoretical models on wave dissipation of vegetation, it
is worthwhile to mention that in literature focus is given mostly on the live plants fixed
at the sea bottom. One of the earliest studies on the wave decay by sea vegetation is
done by Price et al. (1968) which they modelled the artificial seaweed and investigate
the impact on beach built-up [13]. They propose simple wave decay model assuming
water has different viscosity within the meadow and viscosity of the bottom layer
dominates the wave decay. A wave decay coeﬂicikeQnt is defined as

2%V 1

K:
) Shh + bRy

where K is the dissipation coefficient, v is the dynamic viscosity of the water within

(2.1)

the meadow, o is the wave frequency, k is the wave number and h is the water depth

and the sea level variation is given by

n(z) = age' — Kz)cos(kx — ot), (2.2)

where 7 is the sea level elevation, ag is the initial amplitude, x is horizontal distance.
In their study Price et al. (1968) also made laboratory tests in a wave flume and used
plastic mimics of seaweeds and showed that vegetation decays the waves by 4% and

increase the shoreward sand transport 3 times [14].

During subsequent years, theoretical models are developed to predict wave atten-
uation induced by sea vegetation. Dalrymple et al. (1984) generalized The National
Academy of Sciences procedure for damping of waves by trees and developed math-
ematical model for wave attenuation which is based on the drag work done by the
vegetable blades. They modelled the vegetation as rigid cylinders and ignored the rel-
ative motion between the blades and the water particles. A Morrison-type drag force
is vertically integrated along the stem height to calculate the drag work and the energy
dissipation per unit meadow area [15]. Derivations starts with conservation of energy
which is the change rate of energy flux is direct correlated with energy dissipation as

follow

2~ b (2.3)
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where F'is the energy flux, x is the horizontal coordinate positive towards onshore and,

D is the dissipation of wave energy. Energy flux is defined as

F =FEC,, (2.4)
where, € is the wave energy per unit area and Cj is the group velocity of the wave
train and wave energy and group velocity are defined as

1

E = Spga’, (2.5)

Cy = ne, (2.6)
where p is the density of sea water, g is the acceleration of gravity, a is the wave

amplitude, c is the celerity n and c is defined as follows
1,14 2kh
= ); (2.7)

"= 5 Ginnakh
r— \/%tcmhkh, (2.8)

Assuming horizontal bottom and without any dissipation other than the vegeta-
tion, right hand side of the Equation (2.3) would be the work done by the drag forces

encountered to the vegetation

D = Fpu, (2.9)
where Fpp is the drag force and u is the horizontal component of the wave orbital

velocity. From small amplitude wave theory, we know that u is calculated with below

formula

"y agk(cosh(k(h + 2)
o cosh(kh)

where z is the vertical coordinate with origin at the mean sea level, a is the amplitude

Jeos(kx — ot), (2.10)

of the wave and Fp can be calculated with below formula

Fp= %pC’DANu2, (2.11)
where p is the density of the water, Cp is the drag coefficient, A is cross section area
of the plant and, N is the number of stems per unit area of the meadow. If we plug
Equation (2.10) and Equation (2.11) into Equation (2.9), we will get dissipation for

unit area as follows

1
D épC’DAN(agk cosh(k(h + z)

o ( cosh(kh) Jeos(kz — at))°. (2.12)
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If we integrate Equation (2.12) over the length of the vegetation in vertical di-

rection where the height of the vegetation from the bottom of the sea is defined as s

s=h q agk cosh(k(h + 2)) 5
D = . EPCDAN< - ( cosh(kh) Yeos(kx — t))*)dz, (2.13)
Cp d, (sinh3(ks) + 3sinh(ks)) gk 5 1
— 3 YD ™p gk\g, 1
D=2 p37T k 2cosh3(kh) ( pu ) (b2)7 (2.14)

where b is the spacing between vegetation stems and, d, is the diameter of width of
individual stems x and t are horizontal coordinate positive to onshore direction and
time respectively and s is the height of plant. If we plug Equation (2.14) to Equation
(2.3), we get
OF 1 da®
or2 P> de
where B can be formulated as follows

—Ba?®, (2.15)

Cp d, (sinh?(ks) + 3sinh(ks)) gk 4 1
B=2p—=->" (). 2.1
P3r & 2cosh3(kh) ( o ) (bQ) (2.16)
Solution to Equation (2.15) can be written in below form
a 1
—_ = 2.17
ap (14 ax)’ (2.17)
where « is the decay coefficient and given with below formulation

2. dy ag., . | 4k
= (—)(=—)(— h’(k h(k
o = ()G sl (ks) + Ssinhks ) o s oy v owny ¢
Kobayashi et al. (1993) [16] also used similar approach of Dalrymple et al. (1984)

2.18)

by including the drag forces within momentum equations and assuming that waves will
be decayed exponentially while travelling through vegetation wave height variation

would be as per below formulation
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H(x) = Hoel k), (2.19)

where H(z) is the wave height at any point on the vegetation, Hy is the incident
wave height before the wave entering vegetation zone and, k; is the exponential decay

coefficient which formulation is given as below
k. 2k, + sinh(2k,s)
" T 2k.h + sinh(2k,h)’

where k, is the real part of the complex wave number and ¢ is given with below

(2.20)

formulation

1 sinh(3k.s) + 9sinh(k,s)
— — CpANH,
=7 on P00k st sinh(2ky s)sinh(kh)’

(2.21)

Mendez and Losada (2004), extended Dalrymple et al. (1984) derivation and
derived wave dissipation by vegetation in sloping beach [17]. For sloping bottom, they

found the wave height variation along the vegetation field as

(x) = HyK, K, (2.22)
where K, and K, are damping and shoaling coefficients respectively. K, is given with

below formulation

1
K, = )
1+ 2A1/mH0(KS - 1)

(2.23)

In this formulation m is the bottom slope and A; is constant and function of
drag coefficient, Cp. In their study, Mendez and Losada (2004) also derived the wave
transformation model for random waves where the probability of the wave height dis-
tribution follows unmodified Rayleigh distribution. Accordingly, probability density
function, p(H), of the wave height with respect to root-mean-square of the wave heights

can be written as follows:

9OH
p(H) = a2

where H,,,, is the root-mean-square of the wave heights which is given with below

e~ (mms)”, (2.24)

formulation
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H? = H*p(H)dH, (2.25)

if energy flux balance equation can be written in terms of H,,,, and same procedure
with Dalrymple et al. (1983) applied we end up below decay formulation for random

waves

H(rms o)
Hy,py = rmso) 2.26
(14 Bz (2.26)

where f3 is the decay co-efficient for random waves and calculated with below formula-
tion

I sinh®(ks) + 3sinh(ks)

O — NH,
& (3) (Cp)b. Tmsk(sinh(%h) + 2kh)sinhkh’

(2.27)

The main drawback of above formulations is that vegetation is modelled as rigid
cylinders. However, in nature, in most cases, sea vegetation are not rigid cylinders, and
they move as the water columns moves back and forth while the wave passes. Therefore,
dissipation values calculated with above formulation would be much higher than actual
dissipation in nature. On the other hand, both models are assuming that sea bottom
is flat and quantity of the plant does not vary with the horizontal distance. It should
be noted that quantity of the blades is a function of time and periodic annually as

explained in Chapter 2.1

2.3. Laboratory Tests Performed to Measure the Wave Decay by
Vegetation

As of today, there is no single widely applied theoretical model to calculate wave

decay by vegetation and it may be challenging to develop one.

There are many studies performed in wave flumes to verify wave decay models
and calibrate « value in Equation (2.18). As « is function of Cp, drag co-efficient, and
all other terms in the equation is known wave flume test results are used to estimate

the drag coefficient. On the other hand, using drag coefficient of single stem might be
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misleading because of shading effects within the meadow. In summary list of drawbacks

on the existing models can be listed as below:

e Models assumes plants are rigid and cylinder.

e They do not consider shading effects.

e Relative velocity between plant and water particles are not considered. Horizontal
velocity of the particle is used and correlation between dissipation and horizontal
velocity is a cubic function and omitting relative velocity may exaggerate the
dissipation.

e Model assumes constant plant parameters such as plant diameter, length, and
stem density. However, in nature they are changing by seasons. Temporal changes

are annually periodic.

In literature the most common approach to eliminate above listed drawbacks is
to define a “bulk drag co-efficient”. Based on flume test results, authors correlated
bulk drag coefficient with dimensionless parameters such as; Reynold’s Number (Re)
[18-20,21], Cauchy Number (Ca) [22], or Kauleguen Carpenter Number (KC) [21,23].
Another approach was to use a “effective blade length” that will represent the blades
as rigid cylinder [22]. Bradley and Houser (2009) suggests to use Reynold’s number as
drag co-efficient relation and they claim that KC does not represent the drag co-efficient
whereas Mendez and Losada (61) suggested to correlate the bulk drag co-efficient with
KC number with a 76% correlation [20,17]. Henry et al. (2015) summarized most of
the literature and formulations between drag co-efficient and dimensionless parameters
and suggested Cauchy Number correlation with the effective blade length [24]. Peruzzo
et al. (2018) studied the wave attenuation and calculated the drag co-efficient with
both KC and Re numbers. While stating that both KC and Re are suitable to estimate
the drag co-efficient, they were not able to state which of the drag formulation works

better and suggested further study in this area [21].

Formulations of the drag co-efficient, regardless of the dimensionless parameter,

contains calibration parameters to be correlated flume test results. On the other hand,
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main drawbacks in the flume tests are the similarity problem while mimicking the
vegetation and the scale effects. Polyethylene, poly vinyl chloride (PVC), or similar
material is used to mimic the flexible vegetation [25]. In some cases, dowels, or wood is
used to represent rigid vegetation [26,27]. In very rare case Fonseca and Calahan (1992)
and Hendricks et al. (2008) had used live vegetation in flume tests which might be
very difficult in present due to environmental restrictions [28,29] . Koftis et al. (2013)
and Manca et al. (2012) performed large scale (100 m long) flume tests to minimize
the scaling effects [18,30]. It should be noted here that there are studies to identify
the relative velocity between plant and water particles. However, applicability of those

studies to nature is arguable.

Based on the flume test results done in the past, wave attenuation due to vege-
tation varies between 4% to 90% of the incident wave height. Chastel et al. (2020),
used 22 m long artificial vegetated section in their flume and they measured 67.5%
wave height reduction [14]. Perruzzo et al. (2018) showed that in emergent case of
vegetation, up to 90 % of wave height reduction can be observed whereas it is less than
50% in case of submerged vegetation [21]. Elginoz et al. (2011) used nickel-chrome
made stripe wire to model Posidonia oceanica leaves which is 20 times more rigid than
real plants, and the wave height reduction they observed was between 5-22 % depend-
ing on the variables they have used in their flume tests [31]. On top of scale effects,
large differences in the flume test results are mainly due to variables used during tests
such as stem density (number of leaves per m?) and length, submergence ratio of the

vegetation, incoming wave height and period, mimic rigidity etc.

Vegetation type is also important differentiating factor in the capacity of wave
height reduction. Fonseca and Calahan (1992) worked on four different types of sea-
grasses (i.e. Halodule wrightii, S.Filiforme, T. testudinum, and Zostera marina) in a
wave flume of 6 m with changing leaf length, water depth, wave type and stem density.
Measurement in wave height reduction done, after passing of waves through 1 m of
seagrasses. The results indicate that depending on the vegetation type wave height

reduction varies in different loading scenarios. Although in average 40 % of reduction
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is observed in wave height reduction, for instance, Halodule wrightii showed largest
wave height reduction with thinnest leaf thickness. On the other hand, Zostera marina

has the broader leaves and showed lowest wave height reduction [28].

One of the rare field tests was done by Bradley and Houser (2007), along the
Northern edge of Santa Rosa Island in northwest Florida where the sea bed is covered
mainly with Thalassia testudinum seagrasses and, they measured an average significant
wave height reduction of 30% after passing 39 m of seagrass meadow[20]. In another
study, Zhang et al. (2020) made field measurements in north coast of Hangzhou Bay
at Jinshan District in Shanghai City, China where the basin is covered with Spartina
alterniflora marshes. During four different surge conditions (storm and tide) with
varying water depths, Authors measured the wave data and calculated the wave height
changes between two measuring station with 10 m. Significant wave height reduction
was between 9-23% during measurement stating that lower attenuation measured dur-

ing higher water depths and higher attenuation measured with higher incident wave

heights [32].

2.4. Knowledge Gap in Literature

Almost all existing literature focus to the vegetation which are fixed to the sea
bottom via root and classified as per their rigidity, stem density per unit area, length,
width, or diameter, emergent or submergent (in case of submergent, submergence ratio
or depth). Except few fields test [20,32] most of those tests were performed using flume
and mimic of vegetation which would never represent actual conditions in nature. In
addition, vegetation parameters which were investigated in flume tests, on contrary, in
nature dynamic throughout the year depending on its metabolism. Posidonia Oceanica
seagrasses, which has similar life cycle of the those in the terrestrial zones (i.e., they
do photosynthesis, they flower and defoliate) stem density is the lowest during winter
period [33] when the sea is in most energetic state. However, once they defoliate, tons
of dead leaves transported within the sea until they are deposited to the shoreline or

degraded within the sea. Therefore, the aim of present study is to investigate wave
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attenuation capacity of the defoliated Posidonia Oceanica leaves. Dead leaves can be
suspended or sunk at sea bottom depending on their density which varies between
800-1020 kg/m? [8]. Although they may contribute to wave attenuation in different
forms or stages i.e., while they are in the meadow or after they leave the meadow, our
interest is in the phase while the leaves are being transported in the nearshore towards

the beach at low energetic coasts.

In addition to experimental studies, theoretical and numerical models are also
focused on the vegetation fixed to bottom with rigid and flexible stems as briefly
explained in Chapter 2.2. Based on the literature above, it is worthwhile to investigate
the impact of dead leaves in their natural environment on wave energy. According to

the knowledge of the Author, this subject has not been studied in the past.
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3. METHODOLOGY

To prove our hypothesis, below listed methodologies are followed:

e A field measurement was done to measure the decay while the wave passes dead
PO leave cluster.

e Two dimensional and one-dimensional custom-made models were developed to
analyse the field measurement results.

e An empirical formulation for the wave decay capacity of dead PO leaves based

on the field and model results.

3.1. Field Test

To validate our hypothesis, it is essential to understand how incident waves are
transformed from deep water to shallow water as they pass above or through a cluster
of dead PO leaves. A field test scheme is planned to quantify wave height decay due
to PO leaves and calculate the associated energy dissipation. The primary challenge
for such measurements is that PO leaves are free-floating, making it difficult to deploy
measurement devices at their exact locations in a large environment. In sheltered areas
where the sea is less energetic, it is possible to find dead PO leaves, but this environment
does not allow for measuring the impact above certain wave heights. Consequently, we
have decided to conduct the tests in a “semi-controlled” manner by transporting the
PO leaves to a selected location and depositing them in the sea where we intend to

measure the wave heights.

As shown section and plan view of the test field in Figure 3.1 and Figure 3.2 re-
spectively, acoustic doppler current profiler (ADCP) measurement device was planned
to be deployed in offshore at a sufficient depth that wave parameters with not be
effected from shoaling or other hydrodynamic impacts. Two another measurement de-

vices planned to be located just before the PO leaves cluster and after the cluster in the
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onshore direction respectively. This arrangement would allow us, to record the wave
properties such as wave height, mean period and peak period before entering and, after
leaving PO leave zone. Pressure gauge at the offshore side of the PO leave zone was
deployed to analyse the shoaling and bed friction effects on wave heights which would

be used in the model setup in the next step.
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Figure 3.1. Typical section of planned test field.
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Figure 3.2. Plan view of the planned test field.

Once the devices are located it was planned to release the dead PO leaves in

between two pressure gauges we expect three different data as listed below:
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e Incident wave properties from ADCP.
e Shallow water wave properties shoaled and decayed by bed friction.
e Shallow water wave properties shoaled and decayed by bed friction and dead PO

leaves.

Since the distance between the two pressure gauges is relatively short and the
depth variance is minimal, we expect a reduced impact from shoaling and bed friction.
Consequently, we anticipate accurately measuring the effect of PO leaves on the wave

properties.

3.2. Model Establishment

One dimensional (1D) custom made, and two-dimensional (2D) model is required
for further analysis of the results due to complexity of the field tests. Purpose of the
models are decomposing wave height reduction due to dissipation by PO leaves, bed
friction and wave height increase due to shoaling from the measured water surface
elevation data by using existing wave dissipation models. In the analysis, other hydro-
dynamic impacts such as wave-wave interaction, reflection were neglected. Only bed

friction and shoaling are considered.

In 2D model, boundaries and grids were selected according to the locations of the
measurement devices. Data collected from ADCP was processed and they were used
as the boundary value for both 1D and 2D models. As pressure gauge which is in the
offshore side of the field does not affect from the PO leaves, initial calibration was done
with the data of this gauge. Once calibration done, for the impact of PO leaves a free
parameter of C'p was used as calibration parameter. Other parameters such as number
of stems and height of the dead PO leaves within the sea was selected approximate
values on trial-and-error basis based on the notes hold during the test and other means
such as drone images. More detailed information about the model and results will be

provided in Chapter 5.
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3.3. Empirical Formulation

At final stage of this thesis and empirical formulation is derived for the wave decay
depending on the PO leave concentration, length in the cross-shore direction and inci-
dent wave parameter which will be based on the measurement and calibrated models.
Shallow water waves approximation is used in the analytical part of the formulation

and details are presented in Chapter 6.
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4. MEASUREMENT METHOD AND SITE SETUP

4.1. Study Area

The field experiments are conducted at Fugla Bay, a headland beach on the
Mediterranean Coast of Turkey located between two touristic cities, Antalya and
Alanya as shown in Figure 4.1. The bay has a 1.7 km long sandy beach facing to-
wards the South-West. The area is rich with Posidonia Oceanica (PO) meadows as
40% of the seabed is covered with PO reefs and bedrock outcrop. Rest of the seabed
is sandy bottom with a median grain size (ds) of 0.25 mm and with an average slope

of 1/30.

Legond:

@ e

@ Pressure Gauge
Bl PO Leinves

Figure 4.1. Site location and measurement device locations.

Field measurements are conducted in April 2023, a time of year when PO leaves
are washed ashore. Although defoliation starts as early as in autumn, it normally takes

a few storms until all the leaves are accumulated at the shore.
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4.2. Site Bathymetry

Prior to the gauge installation, bathymetric measurements are conducted at the
test site. Bottom slope is measured as 1/30. Bathymetric contours of the bay and the

bottom profile along the test site are shown in Figure 4.2 and Figure 4.3 respectively.
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Figure 4.3. Scaled test section.
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4.3. Field Measurement Method

As the PO leaves move randomly in nature, it is impossible to locate the mea-
surement devices at the path of the PO motion before they start moving. Therefore,
it was planned to perform the tests in a “semi-controlled” condition i.e., PO leaves
are trapped in a zone and subjected to real sea waves and bathymetry. The steps of

testing are provided below:

e Step 1: Test location is identified as a shore-normal band where the seabed has
the typical slope of 1/30 and a form without any irregularity.

e Step 2: Washed ashore PO leaves along the same beach are transported to test
site via land transport.

e Step 3: Measurement devices are deployed at the seabed at pre-identified loca-
tions.

e Step 4: A fishnet is installed in the cross-shore direction to keep the PO leaves
within the testing area.

e Step 5: PO leaves are manually transported to the testing area in a canoe and

released to the water.

Below listed equipment is used during measurements:

e Acoustic Doppler Current Profiler (ADCP) with 1MHz beam frequency
e Two Pressure Transducers

e Conductivity, Temperature, Depth measurement device (CTD)

e Survey Equipment

e Level Measurement Equipment

e Single Beam Bathymetric Echo-Sounder

e Drone

e Boat (Gezgin) with 60 HP engine.
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Our aim is to measure the wave heights at three different locations in the cross-
shore direction. These are: (a) deep water to measure the incident wave characteristics,
(b) shallow water where the waves have not passed the PO covered area and (c) shallow
water after the waves pass the PO covered area. An acoustic doppler current profiler
(ADCP- 1 MHz) and two pressure gauges (PGl and PG2) are deployed in a row
in the shore-normal direction. Prior deployment of the devices, calibration done for
each device in Bogazi¢i University Coastal Engineering Laboratory, Istanbul, Turkey
(Figure 4.4). ADCP sampling rate is set to 2 Hz for pressure measurement and 4
Hz for acoustic surface tracking (AST). ADCP operated in bursts of 17 minutes of
continuous recording and 13 minutes of sleeping mode. Each data burst contains 2048
pressure data and 4096 AST data. The two custom-made pressure gauges (PG1 and
PG2) recorded continuously at 4 Hz without sleeping mode with a built-in capacity
of 1.2 million records (83 hours of data). Device locations are provided in Table 4.1.
General site installation and ADCP position under water and can be seen in Figure 4.5

and Figure 4.6 respectively

(a) (b)
Figure 4.4. Calibration of measurement devices (a) ADCP (b) Pressure gauge.



Figure 4.5. Test setup and device locations.

Figure 4.6. ADCP Device installed under water.

28
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Table 4.1. Measurement device locations.

Northing [m] | Easting [m] | Device Installed

St 1| 390.332.749 |4.053.887.423 | Acoustic Doppler Current Profiler (ADCP)
St 2| 390.426.312 |4.053.866.927 | Pressure Gauge 1 (PG1)

St 3| 390.440.026 |4.053.864.256 | Pressure Gauge 2 (PG2)

Conductivity, salinity, and density measurement of the seawater was done with
an oceanographic measurement device. Average conductivity at the time of site test
were measured 50.1 mS/cm. Salinity and density is measured as 39.09 PSU and 1028.4
kg/m? respectively. Average measured sound velocity is 1520 m/s. Density measure-
ments were done in laboratory to the samples collected from the site. Pycnometer
results indicate 0.999 kg/m? density of PO leaves which is lower density than seawater.
However, once they were released to the test location most of the leaves sunk to the
bottom owing to adhered sand particles to the leaves which made them heavier than

the seawater.

Washed ashore PO leaves are collected from the beach and brought to the mea-
surement site by truck. The PO leaves are then loaded to a canoe, carried to the target
location, and gradually released between the two pressure gauges (PG1 and PG2) con-
tinuously for four hours at a constant pace until the entire amount of 27 m? of PO
leaves are used (Figure 4.7). Some of the PO leaves washed ashore during the testing
and some of them escaped the testing zone. The PO leaves piled up between PG1 and
PG2, reaching up a maximum height of 15 cm at the sea bottom. As shown in Fig-
ure 4.8, at the end of the measurement, the PO leaves are distributed both in longshore
and cross shore directions. The measurements are continued until several hours after
terminating the PO release, so that the remaining PO leaves between PG 1 and PG
2 are reduced to a minimum and do no effect the wave parameters any further. The

findings on how the leaves interact with the incoming waves are detailed in Chapter 6.



Figure 4.8. Testing location

after completion of test and PO leaves left the zone.
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4.4. Data Analysis

In addition to the underwater electronic wave recorders, aerial drone images are
used to track the PO motion. With the help of a video editing software, the drone
images are also used to measure the durations between two consecutive wave crests
measured at a fixed location within the test site. These visually measured peak wave
periods are used to apply bandpass filters to the spectral analysis of the wave data for
narrowing the focus of the wide range of periods of waves measured with electronic

devices. As it can be seen in Figure 4.9a and b, the wave period is measured as 5 s.

Figure 4.9. Wave crest positions at the same location (a) t=0s. (b) t=5 s.

The video frames in Figure 4.10, shows the distortion in wave crests due to the
presence of PO leaves within the testing zone in the form slowing down the wave celerity
and the retardation of wave breaking inside the PO zone. This is a clear indication
that PO leaves have a considerable impact on wave propagation and the transmission

of wave energy flux.

Figure 4.10. Wave crest distortion due to PO dead leaves.
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Raw data collected at ADCP and pressure gauges is processed both in time and in
frequency domains. Each burst of the raw data consists of 2048 records at a sampling
frequency of 2 Hz. To improve the resolution, each burst is split into two in the analysis.
Raw data is processed using Fourier Transform (FT) with MATLAB Software. Once
the time series data is transformed into frequency domain via FT, spectral density

functions are calculated using the formula below

X<t> = f(n’ t)? (41)
X(f) = FX(), (42)
(F) = X ()P (43)

where X () is the time history function of the recorded sea level elevations, X (f) is
the water surface elevation in frequency domain and F', denotes for Fourier Transform,
f is the frequency in Hz and S(f) spectral density function and is the sea surface
elevation. The characteristic wave parameters are obtained from the spectral density
function using its zeroth and higher order moments as follows

S(f).fdf,(4.4)
=0

n

where, m,, is the nth order moment of the spectral density function. For n = 0 we get

mg which is the zeroth moment of the spectral density function
_ S(f).dar.(4.5)
mo =0

Physical interpretation of myg is, area under the spectral density function which
is also variance of spectrogram. Higgins, L (1952), approximated the significant wave

height, H,,o, with mq with below formulation [34]

Hyno = 41/mg. (4.6)



33

Energy Density — m*Hz

Area = myp

Frequency - Hz

Figure 4.11. Spectral density function sketch.

Many other statistical wave parameters can be obtained from the spectral density

function. The mean wave period, T},2, is given with an approximation

m0

Tm02 = 2
m

(4.7)

where, myq is the second moment of the spectral density function.

With a sampling frequency of 2 Hz, the Nyquist frequency for Fourier Transform
analysis is 1 Hz, which is half of the sampling rate. To eliminate high-frequency noise
in the wave data, a band-pass filter ranging from 0.1 to 0.3 Hz (corresponding to wave
periods of 3.3 to 10 seconds) is used in the spectral analysis. This range covers the
periods for the most common water waves, ensuring that the analysis focuses on the

relevant wave periods.

Under progressive waves, measured pressure values are the combination of static
and dynamic pressures. To calculate the wave induced water level fluctuation the

following formulation is used
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p = —pgz + pgni,, (4.8)

where, p is the measured pressure, p is the density of the sea water, z is the depth of
the sensor from mean sea level, and K, is the dynamic pressure compensation factor

given by Dean and Dalrymple (1984) with below formula [15]
_ coshk(h + z)
P cosh(kh)

where h is the depth of the seabed from mean sea level, k is the wave number and z is

(4.9)

the vertical coordinate of the pressure device location with origin at the mean sea level
and negative downwards. The water surface fluctuation in frequency domain, n(f), is

calculated by plugging Equation (4.8) into Equation (4.9) with the following equation:

B po(f)
1) = rcosh(k(F)R)

(4.10)

where d is the depth of device below the mean water level and pp(f) is the dynamic
pressure in frequency domain which is the second term in the right side of Equation
(4.8). Since, analysis is performed in frequency domain via FT, k( f) is the wave number
in frequency domain and 7n(f) are the Fourier Amplitudes. Inverse Fourier Transform

is performed to get n(t)
n(t) = FD(f). (4.11)

In the FT analysis, the wave dispersion relation is used for each period (or fre-
quency) value. For the dispersion equation solver, Vatankhah and Aghashariatmadari

(2013) explicit formulation is used to calculate the kh values for entire frequency band

35).

The effect of PO leaves on wave height is evaluated using the variation of H,,q val-
ues between the measurement devices which is quantified as the transmission coefficient

(K}) calculated for each burst as
_ Hm0 — shallow)

" HmO0 — deep)

where H (10— shatiow) and H(;mo—deep) represents significant wave heights at shallow and

(4.12)

deep locations, respectively, where we aim to calculate the transfer coefficient.



35

5. MODELLING

5.1. Background Wave Transformation Model — 1D

A custom made 1D transformation model is developed in order to simulate the
test field as a background model in MATLAB software. Model is based on the conser-
vation of energy flux to calculate the shoaling and refraction effects. As it is shown in
Figure 5.1 energy flux is conserved between two points in a sloping beach (Fy = F})

which is both function of wave height and group velocity of waves.

\ / .
A i (Innlml
Volume

Figure 5.1. Section of beach and control volume in sloping bottom.

Below formulation is used for the shoaling and refraction coefficients

oFr
therefore Or =0, (5.1)
EoCy0 = EyC,1, (5.2)

where Ey and E; are the energy of the waves at deep and shallow locations respectively.
Cyo denotes for the group velocity for the incident wave and Cj; is the same for shallow

regions. since

B = SgpH ()", (5.3)

and

1
C, = 5\/%mnh(khw, (5.4)
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where N is 0.5 for deep water and 1 for shallow water, and tanh(kh) is 1 for deep
water, if we plug Equation (5.2) and Equation (5.3) into Equation (5.4), we get shoaling
coefficient, K, which is

K

_E_[ 2cosh?(kh) /2
"~ Hy  '2kh+ sinh(2kh) '

In the same manner refraction coefficients, K., are calculated based on the con-

(5.5)

servation of energy with below formula

K= (Lo sintag g
H, 1 — sinaq

(5.6)
where oy and «; are the angles between wave direction and normal to the coastline
for deep and shallow water respectively. Finally wave height at any location to the

onshore direction can be calculated with below formulation

H(z) = HyK, K, . (5.7)

In model, above given formulation is calculated with the wave data in frequency
domain and through Inverse Fourier Transform (IFT), (t) values are obtained for PG1
and PG2 stations. By working in frequency domain, transformed spectra also obtained

to compare with measured data. Below formulation is applied
_ 2cosh?(k(f)ih) (1/2)
2k(f)ih + sinh(2k(f);h)

1 — sin*agi, )

: (5.8)

where ¢ denotes for each measurement data from the pressure gauge devices and, trans-

(5.9)

1 — sinaq1t

formed sea water surface elevations are calculated with below formulation
ni(t) = F~'n;(f).Ks(f)i- K (f )i (5.10)

5.2. Background Wave Transformation Model — 2D

Two-dimensional model was established through an open-source software. Soft-
ware is used for 2D analysis of wave transformation due to shoaling, refraction, diffrac-
tion, dissipation, and wave generation by winds. Model works, with discretization of a
domain into grids in two coordinates and application of finite difference method for the
governing equation, which is so called “spectral wave action balance equation”. Wave

action N is defined as ratio of wave energy with respect to angular frequency and wave
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action density is constant as the wave propagates in the varying sea bottom conditions.
Variance in wave energy is compensated with the change in the angular frequency [36].

Spectral action balance equation given in below formulation
ON O0CyN O0C,N 0OC,N O0CyN S
-+ + + + = ;
ot oz Jy do 06 o

where, the second and third term in the left side of the equation are the energy trans-

(5.11)

portation in spatial directions and represents Equation (5.2) in 1D formulation. Fourth
and fifth terms in the left side represent the change in the group velocity with respect
to frequency and with respect to direction in spectral space. Right side of the equa-
tion is source and sink of energy which is not conserved within domain, such as wave

generation by wind as source or wave dissipation by vegetation.

Based on bathymetry data measured at site, a model is established with dimen-
sion 142 m by 240 m with grid spacing of 1.5 m at each x and y coordinates. For
bathymetric data in each point is generated with PDS2000 software by using the mea-
sured bathymetric data and circular interpolation was selected for calculation of the
required data for model nodes. Offshore boundary location is selected as ADCP device
location and data collected from the device is used as boundary values for the incident
waves after processing done for spectral wave parameters. Model boundaries and grid

spacings are given in Figure 5.2 and Figure 5.3 respectively.

Figure 5.2. Two-dimensional model boundaries.
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Model calibration was done with the data between ADCP and PG2 since the
area between PG2 and ADCP was less subjected to dead PO leaves. 2D Model uses
different formulations for bottom friction. We have selected Hasselman et al. (1973)

empirical JONSWAP formulation which is given by below formulation [37]

g—k2E( 0) (5.12)
o2cosh?(kh) 77 '

where S(4s4) is the energy dissipation due to bottom friction, Cj is the bottom friction

Stasp)y = —C
coefficient, and FE(o,0) is the energy which is function of and, 6. Best results are
obtained with the selection of Cy= 0.04 with 3.3 % error for entire 15 measurement

bursts (Figure 5.3).

Transformed Wave Height Data from ADCP with Model
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Figure 5.3. Measured wave data (PG1) vs model output with Cb=0.04.

5.3. 2D Modelling Vegetation

In the recent versions of 2D model, vegetation module is also included, and it is

possible to take into account dissipation by vegetation in the model. The formulation
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for vegetation is module based on the Mendez and Losada (2004) and given with below
formulation which is included in the summation of the right side of the Equation (5.11)

[17]

Dy,
Slds.veg) = ﬁE(U, 0), (5.13)

where S(gs,veg) 15 the dissipation term due to vegetation and Dy, is unit dissipation due

to vegetation and E,, is the energy density. Dy, is given with below formulation

1 - gk 5 sinh®(ks) + 3sinh(ks)
Dipp = ——=Cpb,N(=)3 H? . 5.14
T ogym P (%) 3kcosh3kh rms (5.14)

20
Equation (5.14) most of the parameters can be identified except Cpwhich is the

bulk drag coefficient. Concept of bulk drag coefficient was explained in Chapter 2.2.
This value was parameterized to calibrate the model in the presence of vegetation. It
should be noted that these parameters are developed for the vegetation in the sea which
are live and fixed to the bottom. In our case with the absence of mathematical model
for free floating dead leaves, we tried to use the existing model and calibrate our model
with bulk drag coefficient. Since our data is limited in terms of vegetation variables,
we leave the derivation of mathematical model in particular for dead leaves to further
studies in laboratories. In Figure 5.4, impact of Cp on model output is presented.
Although it is known that there is a linear relation between Cp and dissipation from
the formulation presented in Chapter 2, sensitivity analysis is required as Cp is the free
calibration parameter for the model. In literature, there are many correlations between
dimensionless parameters and Cp, such as Re, KC and Cauchy Number. However, 2D
model does not use any of those correlations and leaves the selection of parameter to
the user. The reason might be all correlations provided are plant specific and wave
flume specific and does not fit actual site conditions. When we have applied the relation
proposed by Mendez and Losada (2004) with KC number, we obtain very less (less than
10(~3)) Cp values therefore we prefer to make the selection with trial and error [17].
Starting with 0.65 based on Figure 5.4 after many trials with the remaining burst data,
C'p value of 0.55 was selected with the least error between the measured and calculated
data. As the Reynold’s number (Re) was calculated in the range of 4000-9000, based
on literature Cp is constant for Re greater than 103 [23,26].
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6. RESULTS AND DISCUSSIONS

6.1. Field Test Results

Total 16 wave data bursts with each of them eight minutes of records were anal-
ysed, and the results are presented. Based on the measurement results, the dead PO
leaves are found to reduce the incoming wave height by 6-27%, corresponding to a
transmission coefficient of K;= 0.94-0.73. The decay of wave energy induced by PO
leaves is analysed with the energy spectra measured with ADCP, PG2 and PG1. The
energy spectra of waves as the PO leaves are released into the sea are shown for Bursts
1 and 2 in Figure 6.1 and Figure 6.1b. At the initial stage of PO release, PG1 which is
at the offshore side of the release point, shows a higher peak energy density compared
to ADCP and PG2 due to shoaling effect. Arrows in Figure 6.1 indicate the sequence
of wave transformations from offshore to onshore. In case of absence of PO leaves it
is expected that the energy spectra peak values and the area under the spectra would
increase as the wave approaches to the shore in shallower depth due to conservation
of energy flux which is multiplication of energy with celerity. As the wave reaches to
shallow water celerity reduces which is compensated increase of energy. In Figure 6.1
it is seen that the sequence of energy density is not as expected and although wave ap-
proaches to shoreline, the area and peak frequency values reduces significantly between
ADCP and PG2. In Figure 6.1c and Figure 6.1d illustrate the energy spectra when
the PO leaves reach the maximum concentration within the test zone where significant
reduction in the energy density between incident wave (ADCP) and PG2 is observed.
As the PO leaves are released between PG1 and PG2, some of the leaves are observed
to disperse beyond PG1 in the offshore direction. During the later bursts as shown
in Figure 6.1c and Figure 6.1d, the offshore waves become smaller (ADCP) and the
shoaling between ADCP and PG1 becomes less significant. On the other hand, during
these later bursts (Figure 6.1c and Figure 6.1d) since the area between PG1 and PG2
is fully covered with PO leaves, the wave energy dissipation between PG1 and PG2 is

still quite significant even under such low energy conditions. It is notable here that as
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the peak frequency at the initial stage of PO release was reducing while the wave is
travelling from offshore to onshore direction. However, in the last burst when the PO
concentration in the field is peak, ADCP and PG1 has almost same peak frequency
(in other terms peak period). The shift in the peak period indicates that PO leaves
dissipates some periods more than the others which will be explained in the preceding
sections of this study. The energy density spectrum for the remainder of the bursts

can be found in the Appendix A of this study.
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Figure 6.1. Comparison of wave spectra measured at three gauges during initial and

final stages of PO release (a) 12:09 PM (b) 12:31 PM (c) 15:09 PM (d) 15:31 PM.

Figure 6.2 shows the variation of wave heights (H,,o) in each burst. Also detailed
(H,no) values for each burst and for each device is provided in Table 6.1. Regardless of
temporal variations of the incident wave height, the graph shows that the gap between
the offshore (ADCP) and the nearshore wave heights (PG2) first expands between 12:00

and 16:00 as the PO release continues and narrows back when the release is stopped
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after 18:00. Incident wave heights vary between 0.18 to 0.26 m throughout the testing
period. The peak period (7,) of the incident waves varies between 5.1-7.3 s at both
stations throughout the measurement. The mean wave period (T,02) at PG2 on the
other hand is approximately one second less than T),0o at the ADCP. This indicates
that the high frequency part (short waves) in the spectrum gets filtered out as the waves
pass through the PO field (Figure 6.2b). This is interpreted as the PO leaves operating
like filter on the wave energy propagation, i.e., they dissipate selective dissipation on

certain period or frequency waves.
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Figure 6.2. (a) Significant wave height and mean sea level variation with respect to

time and stations (b) Peak and mean wave period variations.

Table 6.1. Significant wave height details for each burst.
Start Time| ADCP H,,, (m) | PG1 H,,, (m)| PG2 H,,, (m)

Burst 1 |12:09 PM  |0.251 0.326 0.216
Burst 2 [12:31 PM  ]0.266 0.311 0.245
Burst 3 [12:39 PM  ]0.239 0.262 0.201
Burst 4 |13:01 PM  (0.232 0.260 0.193

Burst 5 |13:09 PM  |0.271 0.264 0.202




Table 6.1 Significant wave height details for each burst. (cont.)

Start Time| ADCP H,,, (m) | PG1 H,,, (m)| PG2 H,,, (m)
Burst 6 (13:31 PM  |0.215 0.243 0.186
Burst 7 (13:39 PM  [0.220 0.272 0.192
Burst 8 [14:01 PM  [0.218 0.225 0.165
Burst 9 (14:09 PM  ]0.233 0.244 0.185
Burst 10(14:31 PM  ]0.222 0.255 0.184
Burst 11|14:39 PM  |0.227 0.259 0.185
Burst 12(15:01 PM  ]0.203 0.233 0.179
Burst 13(15:09 PM  |0.188 0.205 0.164
Burst 14(15:31 PM  0.209 0.233 0.169
Burst 15/15:39 PM  |0.237 0.234 0.169
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Figure 6.3 shows the transmission coefficient, K, calculated as ratios of H,,o pairs
from the three gauges (i.e., PG2/PG1, PG2/ADCP and PG1/ADCP). As expected, K;
values for ADCP/PG1 are greater than one due to shoaling as waves propagate from
offshore to onshore. Part of this increase in wave height may also be due to reflection
from the PO cloud onshore of PG1 as indicated by Mendez et al. (1998) [38]. As
the waves propagate, they pass PG1 and through the PO leaves to reach PG2, the
transmission coefficient drops below 1.0 to a range of 0.7-0.8 (PG2/PG1). This is a
clear indication of a wave height decay due to PO leaves on the order of 20-30%. The
overall wave height decay from ADCP to PG2 including the shoaling effect results with
K between 0.94 and 0.73. The variation of transmission coefficient is mainly due to the
varying PO concentration and field conditions during the testing. The net dissipation
of PO leaves can be obtained by considering the wave amplification due to shoaling
in the test results which obviously would result greater transmission coefficients. It
should be noted here most of the literature is based on the flat bottom wave flume test
which avoids shoaling impacts. In our case although the depth difference between PG1
and PG2 is only 20 cm, considering the incident wave heights ranging between 20-30
cm, shoaling of waves shall be included in the analysis for the net dissipation of the

PO leaves. This subject is discussed in the preceding sections of the study.
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Figure 6.3. Transmission coefficient between stations.

Transmission coefficient changes as the quantity of the PO leaves within the test
zone is changing (Figure 6.4). During the experiments, as the PO leaves continue to
be released into the sea, the amount, and the concentration of PO leaves within the
test zone increases. The graph in Figure 6.4a shows that the transmission coefficient
decreases from 0.88 to 0.81 as the PO release reaches its maximum. Later, during the
second half of the experiments, the PO release rate is matched and then surpassed
by the rate at which PO leaves start escaping from the test area between the gauges
as shown on the Figure 6.4b. Here, the transmission coefficient again increases to
approximately K; = 0.95 indicating a decreasing energy dissipation due to reduced
PO concentration in the test area. It should be noted that the quantity of the PO
leaves cannot be measured correctly within the testing zone as they are continuously
transported by waves and currents. The quantities in Figure 6.4 are calculated from
the volumetric estimates of the released material and uniform release rates as observed

in the drone videos.
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Figure 6.4. Transmission coefficient with respect to PO leave quantity within test

area.

The frequency dependence of the dissipation phenomena is analysed by calcu-
lating the transmission coefficients separately for three different frequency (period)
bands as shown in Figure 6.5. For each frequency band, H,,0 is calculated from the
associated area of the zeroth spectral moment (mg) within that particular frequency
band and used for K calculation. Here, K; values are plotted separately for long (a),
mid (b) and short (¢) wave periods. Each figure shows the transmission coefficients
for two cases. The green line shows the wave transmission coefficient inside the PO
zone (PG2/PG1) whereas the blue line shows the overall transmission including shoal-
ing and reflection between the offshore and onshore gauges (PG2/ADCP). Long waves
with periods greater than 6.2 seconds are less effected by the PO leaves (Figure 6.5a).
Waves with periods between 4.6 and 6.7 seconds are strongly affected by the PO leaves
with K, values less than 0.7. In this mid frequency band, at which the peak energy
is transmitted, the waves are not affected with the increased PO concentration and
dissipation is observed from the early stages of the test (Figure 6.5b). Short waves
with periods 3.4-4.4 seconds show the strongest dissipation by the PO field. K, values
for PG2/ADCP drop below 0.5 indicating the highest dissipation throughout the entire
testing scheme. As the PO concentration is increased the leaves started to disperse
offshore of the test area so that both gauges PG1 and PG2 start showing dissipation
with respect to the ADCP.
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Therefore, similar high K; values are observed both in PG1/ADCP and PG2/PG1
ratios (Figure 6.5b).

g (e = T g 111 e e

(a) (h) (c)
Figure 6.5. Transmission coefficients with respect to wave period (a) long periods

[6.2-9.8 s] (b) mid-periods [4.6-6.2 s] (c) short periods [3.4-4.4 s].

To analyse the impact of PO leaves on various wave periods, each burst of data
was segmented into one-second intervals, and H,,0 values were calculated. The anal-
ysis was performed for periods ranging from 3.4 to 9.8 seconds, corresponding to the
band-pass filter applied to the wave data. Period-dependent K, values are presented in
Figure 6.6. Total 15 wave bursts were grouped into three parts based on the quantity of
PO leaves present within the test field over time. Figure 6.6a illustrates the variation of
K or the first five wave bursts with respect to wave periods. The first burst, occurring
at 12:09 PM, shows a significant amount of dissipation, likely due to disturbances of
the sensor at the initial stage of the PO leave release operation. However, the overall
chart indicates selective dissipation by PO leaves, with very low and very high period
waves remaining largely unaffected. Waves with periods between 4-8 seconds expe-
rience significant dissipation, which may be considered typical for the Mediterranean
sea based on measurements available in the literature [39]. Figure 6.6b illustrates the
second set of five bursts occurring between 13:31 and 14:31, during which the concen-
tration of PO leaves within the field gradually increased. In this phase, low-period
waves began to dissipate. Initially, these low-period, low-amplitude waves behaved like
deep water waves (L/h < 0.05, where L is the wavelength and h is the water depth),
resulting in limited interaction with the deeper sections of the sea and, consequently,

with the PO leaves. However, as the concentration and height of PO leaves in the water
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increased, these low-period waves started to interact with the PO leaves, leading to
their dissipation. Figure 6.6¢ presents the K, values for the last five bursts, measured
between 14:39 and 15:39. During this period, the concentration of PO leaves reached
its maximum. It was observed that low-period waves also dissipated, and PO leaves
acted as a low-pass filter for the wave periods. High-period waves remained almost
unchanged or exhibited only minor variations between different bursts. Overall, there
was a significant reduction in transmission coefficients, with an average K; value of
0.69, indicating a 31% wave dissipation. It should be noted that the dissipation values
reported here do not account for the effects of shoaling and dissipation due to bed

friction.

@ ) ©
Figure 6.6. Period dependent transmission coefficients between PG1 and PG2 for

wave bursts (a) 12:09-13.09 PM (b)13:31-14:31 PM (c)14:39-15:39 PM.

6.2. Model Results and Comparison with Measurements

Calibrated model is used to compare the wave transformation difference between
vegetated and without vegetation cases. As mentioned in Chapter 5.2, model calibra-
tion is done between ADCP, PG 1 measurements which is practically assumed that
transformation between two stations are free of PO leaves. However, during testing
due to hydrodynamic effects some of the PO leaves transported beyond PG1 in the off-
shore side. In model calibration this impact is embedded in the bed friction co-efficient
since the calibration error is minimal and can be neglected. In Table 6.2 below, model

outputs based on the ADCP measurement data without vegetation is provided.
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Table 6.2. Descriptives statistics of participants.

ADCPH,,, PG1H,, PG2H,,,
Start Time| (;)(measured) |(m) (model)|(m) (model)
Burst 1 12:09 PM 0.251 0.281 0.275
Burst 2 12:31 PM 0.266 0.335 0.326
Burst 3 12:39 PM 0.239 0.302 0.303
Burst 4 13:01 PM 0.232 0.276 0.273
Burst 5 13:09 PM 0.271 0.323 0.312
Burst 6 13:31 PM 0.215 0.272 0.277
Burst 7 13:39 PM 0.220 0.282 0.286
Burst 8 14:01 PM 0.218 0.221 0.218
Burst 9 14:09 PM 0.233 0.239 0.234
Burst 10| 14:31 PM 0.222 0.281 0.285
Burst 11| 14:39 PM 0.227 0.289 0.292
Burst 12| 15:01 PM 0.203 0.196 0.192
Burst 13| 15:09 PM 0.188 0.182 0.179
Burst 14| 15:31 PM 0.209 0.225 0.222
Burst 15| 15:39 PM 0.237 0.252 0.248

As shown in Table 6.2 and Figure 6.7 the K; values and calculated wave heights
for PG1 and PG2 are too close to each other, indicating minimal variation in wave
heights between stations. However, Figure 6.8, which resents the 1D model output of
wave transformation, shows that the average increase in wave height due to shoaling is
expected to be 7% between PG2 and PG1. When the refraction effect is included, this
increase is expected to be 6.7%. This suggests that the increase in wave height due to

shoaling is offset by the effects of bed friction and refraction.
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Figure 6.7. Transmission coefficient (K;) of 2D model without PO leaves between

PG1 and PG2.

oPG2/Hmo

efficient - Hm

Figure 6.8. Transmission coefficient (K;) of 1D model without PO leaves and bed

friction.

1D model energy spectrum for the first burst which is at 12:09 is given in Fig-

ure 6.9 below which is a typical energy spectrum in case of non-dissipative nearshore
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environment. As it can be seen, peak energy density is increasing as the wave ap-
proaches to the shore owing to the conservation of energy flux with an aligned peak
frequency. The difference in dissipative environment due to PO leaves was shown in

Figure 6.1 previously.
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Figure 6.9. 1D model energy spectrum for the burst-1.

2D model results with vegetation and data input for the vegetation parameters
are provided in Figure 6.10 and Table 6.3 and respectively. It should be noted that veg-
etation input parameters were selected based on Dalrymple et al. (1983) and Mendez
and Losada (2003) which they are suitable for the live plants i.e. number of stems per
unit area, plant height etc[15,17]. On the other hand, in the case of dead PO leaves the
situation does not fit exactly with the literature physically as the dead PO leaves are in
the state of complex cluster. Therefore, plant height considered in the input is selected
as the thickness of the cluster and stem number is considered as the number of leaves

per unit area. It should be note here that during field tests it is almost impossible
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to measure the height and leave number precisely. Therefore, based on the random
measurements within the test field and drone images and videos, approximation made
on the vegetation parameters in the model and with trial-and-error method until min-
imum errors between measurements and model results were reached. Events noted
during tests also reflected for the parameter guess. For instance, as it can be seen in
Table 6.3, there is reduction in plant height and plant number between burst-10 and
burst-13. During this period, PO leave release was stopped for operational reasons and
such stoppage was reflected in the parameter guess as reduction of the plant number
and height. Similarly, although released PO leaves increases by time, the plant height
and quantity remained same as most of the time the released PO leaves are continu-
ously transported outside test area by the hydrodynamic forces and released amount

was only to keep the quantity constant in the field.
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Table 6.3. Model outputs for PG1 and PG2 based on the measured ADCP data

without vegetation.

PG1 H,, PG2 H,,
N-Plant | h-Plant (m) (m) (model)|(m) (model)
Burst 1 800 0.08 0.277 0.225
Burst 2 850 0.10 0.329 0.248
Burst 3 900 0.12 0.295 0.217
Burst 4 950 0.13 0.270 0.191
Burst 5 950 0.14 0.314 0.210
Burst 6 950 0.14 0.265 0.189
Burst 7 950 0.14 0.274 0.193
Burst 8 950 0.14 0.217 0.157
Burst 9 950 0.15 0.234 0.163
Burst 10| 950 0.15 0.273 0.189
Burst 11 900 0.14 0.281 0.200
Burst 12| 850 0.13 0.192 0.150
Burst 13| 900 0.14 0.179 0.138
Burst 14| 950 0.15 0.220 0.157
Burst 15 950 0.15 0.245 0.169

Contour views of the 2D model domain which are superposed with the satellite
images for the first and last wave bursts can be found in Figure 6.11 and Figure 6.12
respectively. Red straight line in the figures indicates the path between PG1 and PG2
from offshore to onshore direction. Model successfully represent the site condition for
the wave height around the testing field when compared the arial image of the field
which was given in Figure 6.10. Contours around the red line in figures indicates higher
wave heights whereas in Figure 6.10, waves outside PO zone (undistorted wave crest)
tends to break which indicates higher wave heights as well. Rest of the contour view

of other bursts can be found in the Appendix B.
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Figure 6.11. Two-dimensional model domain and contour output for wave heights for

wave burst-1.

Figure 6.12. Two-dimensional model domain and contour output for wave heights for

wave burst-15.

The dependence of wave attenuation on frequency or period was discussed in
Chapter 6.1. This section investigates existing literature to understand the impact of
wave period on the transmission coefficient. In Figure 6.13 presents the results of a

1D dissipation model based on the formulation by Dalrymple et al. (1983), compared



25

with measured data from bursts 6 to 10. Using the same parameters as the 2D model
for vegetation, the Dalrymple et al. (1983) formula fully dissipates all the waves. To
explore the period-dependent behaviour of the formulation, the plant number per unit
area was reduced to identify the relationship between dissipation and wave period.
A push-over analysis was conducted by increasing the plant quantity in the model.
Other parameters such as Cp, vegetation height used as in the 2D model and initial
wave heights are used from the measured data. Plant numbers (N) were set to 10
(Figure 6.13a), 75 (Figure 6.13b), and, 200 (Figure 6.13c). Figure 6.13a with the
lowest N, the first decay observed at the period 4.7s and at periods greater than 9
s. As the N increase, decay is notable on both side of 4.7s and for periods greater
than 7 s which are fully dissipated. The 4.7s is the period corresponds peak amplitude
in the measurement data. We can shortly say that vegetation first dissipates peak
period and large periods. This is due to derivation of Dalrymple et al. (1983) formula
which was discussed in Chapter 2.2. Dissipation formulation is derived from Morrison
type equation and dissipation is correlated with particle horizontal orbital velocity
in cubic. Since orbital velocity is function of wave period and wave amplitude, in 1D
model dissipation starts in large period waves and at the period where the amplitude is
highest [15]. Measurement data also confirms that maximum wave attenuation realized
at the peak period but when large period waves are in interest measurement and model
results disagree. This can be explained as in nature PO leaves are non-resistive against
large velocities and may not fully dissipate the full energy of the wave. For further
investigation, Figure 6.14 shows the velocity profile of the same bursts with different
periods, ranging from 3.3 to 9 seconds. As seen at the level of PO leaves, 15 cm from
the sea bottom, orbital velocities increase with the period. Comparing the velocity
profiles, such as the first line at 3.8 seconds and the last line at 9 seconds, reveals that
while the period increases 2.3 times, dissipation increases 11.3 times due to the cubic

relationship between velocity and dissipation, causing velocity to reach peak values.
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In our case, unlike the other cases in literature which vegetation is fixed to sea
bottom, the dissipation observed is much more than expected and in a broader band
of period they successfully dissipate the waves. This can be explained by the complex
cluster structure of PO leaves, which individual leaves have agglomerated each other
and increase the relative velocity between leave and water particles. However, this
structure has its limits both in the lower period and greater period side. There might
be two scenarios why PO leaves fail to dissipate large period waves. First one is, due
to high horizontal orbital velocity, thin blades rotate and might be aligned to flow
direction which would minimize the drag forces encountered on the blades. The second
scenario might be that in large period waves, the oscillatory motions are prolonged,
affecting a larger path of the PO leaves within one wavelength. This could result in the
cluster moving in phase with the wave, potentially reducing or eliminating the relative
velocity between the water particles and the PO leaves, thereby preventing dissipation.
Bradley and Houser (2009) during field test measuring the plant oscillatory motion
observed similar findings that large period wave induced orbital motion are in phase
with plant and showed very limited dissipation [20]. On the other hand, Nowacki et
al. (2017) in a large-scale field measurement in a shallow estuarine, observed that high
period waves dissipated more than low period waves [40]. On the low period side, we
would expect quick dissipation due to frequent oscillatory motion back and forth. The
reason might be the low horizontal orbital velocity allows water particle to pass through
the pores without encountering PO leave blades. On the other hand, with the increase
of the PO leaves, low period waves would also dissipate. As seen in Figure 6.15, which
presents the last five burst during tests, low period side of the waves dissipated with
the increased PO quantity while the high period side remains same. Although these
results may be proof the hypothesis presented in this section further study with more

dense PO leaves in more controlled environment required for final confirmation.
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Figure 6.15. Transmission coefficient and period relation for the bursts 11-15.

6.3. Dimensionless Analysis

Analysis done with dimensionless parameters to understand the main factors
driving the wave dissipation by PO leaves. As mentioned previously, Re numbers
are greater than 103 therefore it is not possible to vary the drag coefficient in our
analysis. Therefore, two main dimensionless parameters are selected to investigate.
First dimensionless parameter is normalized wave period, T’, and given with below

formula

T = — (6.1)
where, T', is the wave period and 7, is the peak period of the given burst. Figure 6.16 for
all bursts the normalized wave period is presented with respect to transfer coefficients.
Quadratic regression line was fitted to the bursts 2, 6, 8 and 15 in the order of increasing

PO leaves within the test field. As seen from the figure, transfer coefficients are highly
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correlated with 7" suggesting maximum dissipation at the range of 0.9-1.1 regardless
of the PO leave quantity in the system. As 7" goes to bounds in both direction,
transfer coefficient becomes more dependent to 7", but more dependent in the lower
bound. Because of one side dependence, regression coefficient (R?) reduces from 0.78
to 0.5 from burst 2 to 15 which is within the acceptable range. The analysis suggests
that waves with period at the range of the peak period dissipates more than others.
This is in line with Dalrymple et al. (1983) model as the horizontal orbital velocity
is a function of wave period and maximum velocity is observed at peak period which

dissipates more than other period bands [15].

PO Lividre inCr i

"
TR T

Figure 6.16. Normalized wave period for all wave bursts.

Second dimensionless analysis is the relative field length which is, length of PO
leave zone in the direction of wave with respect to wave length given with the below

formula
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X' = T (6.2)
where, X’ is the relative field length, X length of the PO zone in cross-shore direction
and L is the wave length corresponding to each period band. In Figure 6.17 relative
field length with respect to transmission coefficients for each burst provided. Quadratic
regression lines were fit for the bursts 2,6,8, and 15. As seen in Figure 6.17 maximum
dissipation observed at X’'=1.17 where all of the waves dissipated more than 30 %. At
X'=1.31 is the second maximum dissipation observed with all of the bursts dissipate
more than 20%. X’= 1.06 no dissipation realized which indicates that in case the
wave length is more than the length of the vegetation length dissipation will not be

considerable. X’ values between 1.08 to 1.31 all the waves dissipated between 10 to

50% which the variation of PO quantity has minimal impact.

PO Leave increase

Figure 6.17. Relative PO field length with respect to transmission coefficients.

In literature, most of the studies are using relative distance of wave crest from the
edge of the vegetation zone by using the same abbreviation [14,22,30,41]. Correlation
with wave length versus vegetation zone usually not studied. Therefore, relative field
length (X’) presented here should not be mixed with the common terminology used
in the literature. This finding might be important for many applications and develop-

ment in engineering field, in particular in wave energy harvesting applications. Any
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system should account that the system length shall be at least 20% longer than wave
length of interest. It should be noted here that wave length used in the analysis is the
nearshore wave lengths calculated with dispersion equation of small amplitude wave
theory. Therefore, the range of the wave length is between 7.3 and 12.45 m whereas the
PO leave zone within the test field or the distance between PG1 and PG2 is 13.5 m.
Therefore, PO zone length in the present measurement is greater than maximum wave
length. However, transformation of the waves with wave lengths greater than the veg-
etation zone is not known. To verify the previous statement, additional tests shall be
performed. As previously discussed, this subject could be phase related between wave
and PO leave motion. In case of X' greater 1.65 dissipation becomes more dependent
on the leave quantity within the system. Transmission coefficients goes down to 0.5
depending on the PO leave quantity which is the maximum at burst 15. In burst 15,
the variation of the transmission coefficients is not quadratic. As shown in Figure 6.18
the relation between X’ and K7 can be modelled as a rational function with singularity

around X'= 1.05.

Transmission Coefficient

X/L

Figure 6.18. Transmission coefficient and X /L measurement and model plot.
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The model given in Figure 6.18 is given with below formulation

Ky=0+ (ﬁ){ (6.3)

where, 0 and § constants depending on the PO leave concentration parameter, o, which

is given with below formulation

a = Ns, (6.4)

where, N is the number of PO leave per unit area and s is the height of the cluster. A
and B constants are determined by numerical iteration by using the measured K and
X’ values for each burst. In Table 6.4 below, § and [ values with regression value of the
R? can be found. R? values are calculated by the ratio of regression sum of squares and
total sum of squares. Correlation with the model increases as the PO concentration

increase. For instance, in burst 13 the correlation is 82% which is quite satisfactory.

Table 6.4. § and 3 constants, o and R? values for each burst.

) B a | R?
Burst 1 [0.677/0.010(0.064{0.12
Burst 2 [0.811]0.011/0.085]0.21
Burst 3 [0.776/0.014/0.108]0.44
Burst 4 [0.739/0.010(0.124{0.05
Burst 5 |0.733]0.011{0.133/0.29
Burst 6 |[0.713]0.013(0.133/0.50
Burst 7 [0.696]0.010(0.133|0.22
Burst 8 [0.724]0.010(0.133|0.13
Burst 9 [0.761/0.015(0.133|0.66
Burst 10]0.6910.012|0.143|0.47
Burst 11]0.679|0.013/0.126|0.71
Burst 12(0.730/0.010({0.111{0.18
Burst 13[0.707/0.016 [0.126|0.82
Burst 14(0.718/0.013(0.143{0.60
Burst 15[0.657/0.013(0.143{0.72
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Dependency between ¢, S constants and « with respect to with « is plotted in

Figure 6.19 and Figure 6.20 respectively.
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Based on Figure 6.20 below ¢ can be calculated by using the linear fit formulation

§ = —2.02a + 0.98, (6.5)

B = 0.0174. (6.6)

By using Equation (6.3), Equation (6.5) and Equation (6.6) we can calculate the
wave transmission coefficient and therefore wave dissipation of PO leaves in shallow
waters. It should be noted here that while preparing Figure 6.19 wave bursts which has
R? greater than 0.4 were accounted which are eight bursts out of 15. The reason of weak
correlation in other burst is due to semi controlled setup of the test field as we were
not able to measure the exact quantity within the test field. Also due to operational
reasons, PO concentration was limited therefore in a narrow band of values used in
the correlation which is one of the main drawbacks of the formulation. In addition, the
length of the test zone was limited to 13.4 m which is almost one wave length of the
largest period in nearshore. Equation (??) can be extended with tests with longer test
zone and more concentrated PO quantity which left for future studies. Verification also

can be done in wave basins with real PO leaves within more controlled environment.
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7. CONCLUSION AND FUTURE STUDY

7.1. Summary and Conclusion

Wave energy is the main factor for sediment transport in both cross-shore and
longshore direction and therefore beach erosion as well. NBS solutions are area of
interest for many researchers owing to its cost and environmental benefits. It is hy-
pothesised in this study that dead free floating PO leaves dissipates the wave energy
and contribute for beach development by reducing the eroding forces. This is based
on Author’s observations in the fields. To prove the hypothesis a test performed in
real sea conditions with dead PO leaves in the Eastern Mediterranean South of Turkey,
Alanya. Testing was done in semi-controlled manner by artificially release of PO leaves
in a pre-determined zone where the measurement devices were located, and waves are
measured while they are passing through the PO leave cluster. Two pressure gauges
in nearshore within testing zone and one ADCP in the offshore were used to investi-
gate the wave transformation from offshore to onshore in the presence of PO leaves
in the nearshore. In testing, PO leaves were subjected to sea waves during 15 bursts
of approximately eight minutes of measurement at each burst. Pressure gauges and
ADCP had sampling frequency of 2 Hz and total 1024 data samples for each burst were
recorded. PO concentration at the field was approximated by random checks during

tests and further analysis from arial images.

A transmission coefficient, K, is defined as the ratio of transmitted wave height
divided by the incident wave height. Spectral wave parameters are obtained through
Fourier Analysis of the time records including the significant wave height (H,,), and

the mean wave period (T},02)-

Transmission coefficient (K;) was found to vary between 0.73-0.94 which is equiv-
alent to a wave height decay of 6-27%. The results show that the free-floating dead PO

leaves in their natural environment dissipate incoming wave energy and have a capac-



66

ity to protect the beach against erosion. Further analysis in separate frequency bands
show that short waves (with periods less than 4.4 s) are more sensitive to PO leaves
in terms of energy dissipation. Whereas long waves (with periods more than 6.7 s) are
not sensitive. The transmission coefficient for short waves as calculated using the high
frequency part of the wave spectrum, delivered a maximum transmission coefficient of
0.5 corresponding to 50% wave height decay due to PO leaves. It is concluded that
the PO leaves operate like a low pass filter on incoming waves and dissipate incident
short waves more efficiently. Therefore, in closed seas with shorter fetch and wave
periods, the PO leaves may work as efficient as a floating breakwater which have sim-
ilar transmission coefficients. The maximum transmission coefficient of 0.5 as it was
found in the study corresponds to wave energy dissipation of 75 % as the wave energy
is proportional to the square of the wave height. Similarly, the wave induced beach
erosion may drop by 82 % because of the higher exponent in the breaker height to sed-
iment transport relation. In addition to indirect protection of beaches, accumulated

PO leaves at shore protects the beach face directly by the means of sediment trapping.

In order to decompose the other factors transforming the waves, such as bed
friction, shoaling and refraction 1D and 2D models were used for further analysis. Based
on the calibrated model results, bed friction and shoaling die out each other which wave
height remain constant between PG1 and PG2 in the absence of PO leaves. Therefore,
measured significant wave height can be considered net dissipation by the PO leaves
only. A custom made 1D model also developed with the Dalrymple et.al (1983) formula
to investigate the period or frequency dependent dissipation. 1D overestimates the
dissipation with the same parameters used in 2D but it agrees with the measurement
that waves at peak period dissipates more. On the other hand, in 1D model dissipates
all the wave with periods greater than seven seconds while in measurement waves with
large period does not affect from the PO leaves. There may be several scenarios for
reasons of those results. One of them is related with the phase of the water particle
motion and PO leave cluster can be inline which results minimal relative velocity and
therefore less dissipation. Second scenario might be increase of velocity might break

down the cluster structure of PO leaves which water particle does not feel the friction.
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Third scenario might be the relative length of the test field with respect to wave length.
Since in our case almost one wave length was passing through the test zone this may
not be sufficient for a measurable dissipation. As we measured that lowest dissipation
observed at 1.3 wave length in test zone there is possibility that in high wave period

waves dissipation measured very less or zero.

Dimensionless comparison done with dimensionless period, 7" and K;. T is cal-
culated by dividing each wave period to peak period. Results indicate that maximum
dissipation occurs at rage of 7" 0.9-1.1 without any dependence on the variation of
PO leaves in the system which indicates periods close to peak period decay more than
the others. We can conclude from this outcome that waves with the higher amplitude
decays more than others. These findings are in agreement with Dalrymple et al. (1983)
formula as dissipation has cubic relation with the horizontal velocity and velocity is
linearly correlated with the wave amplitude. At lower and higher bounds of 7', dissipa-
tion becomes dependent to PO leave concentration but in the lower bound dependence

is more significant.

Another important dimensionless analysis is done with the relative field length
where PO field length is normalized with the wave length (X’). In this analysis max-
imum dissipation is observed at X'= 1.17 i.e., where the PO zone length is 1.17 time
greater than the wave length. In this band all of the waves dissipated more than 30%
and up to 50 % dissipation observed. In overall most of the dissipation realized for the
X' values between 1.08 to 1.31. On the other hand, it is noted that there is no signif-
icant dissipation observed at X’'=1.05. These finding suggests that there is a strong
relation for any dissipative medium with respect to wave length and dimension of the
medium. For instance, wave energy harvesting systems or floating breakwaters are
kind of wave dissipating systems. Findings here may be used or checked with similar

systems which is left for future works.



68

At final stage an empirical formulation was derived based on the measured and
calculated data. Formulation is dependent on the X’ and « which is the PO concen-

tration parameter.

Based on the promising outcome of this research regarding the wave dissipa-
tion capacity of PO leaves in their natural environment, it is recommended to local
authorities to prohibit disposal of washed ashore PO leaves from the beaches and pro-
mote the use of PO as a nature-based solution to combat beach erosion around the
world. As nature-based solution against erosion there is an understanding that it is
not recommended to hydrodynamically energetic environments due to sensitivity of
the plants against hydrodynamic forces. Considering the dead leaves capacity of wave
dissipation, those plants can be transplanted in deeper sections of the energetic beaches
where plants will not be affected from the wave forces, but in the period of defloration,

they may serve as a protection measure as they will be transported to the nearshore.

7.2. Future Works

The defoliation of PO meadows in the Mediterranean Sea commences in autumn
and followed by winter storms which pushes the leaves ashore. This migration of free-
floating dead PO leaves continues throughout the autumn and winter months giving
the PO leaves a prolonged duration of several months to spend in the nearshore zone.
In case of beaches open to waves, washed ashore leaves may return to the sea and
continue to contribute to wave dissipation in cycles. Therefore, to understand the
overall dissipation capacity, it is vital to investigate the transport and fate mechanism
of fallen the PO leaves. This subject may be linked with sediment transportation or

sediment trapping capacity of the leaves.
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Another important unknown is the behaviour of PO leaves in the breaking and
swash zone. As shown in Figure 1.3. leaves are separated from the cluster while wave
breaking and it is expected that considerable amount of energy is dissipated by the
leaves which may prevent sediment resuspension. Figure 1.3. itself is self-explanatory

how the PO leaves dissipates the wave energy in nearshore.

Important limitation to this study is that due to operational reasons with a limited
band of PO concentration data is available and analysis is relied on this data. More
controlled field test scheme is suggested to identify the dependence of the dissipation

on PO concentration.
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APPENDIX A: ENERGY SPECTRUM FOR BURST 3-13

The energy spectra of waves for Bursts 3 to 13 are shown in Figure A.1 to
Figure A.11 below. The first two waves (Bursts 1 and 2) and the last two waves (Bursts
14 and 15) are presented in Figure 6.1
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Figure A.1. Energy spectrum for wave burst 3.
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APPENDIX B: 2D MODEL CONTOUR OUTPUTS FOR
BURSTS 2-14

The 2D model output and contour view of the measurement field for Bursts

2 and 14 are shown in Figure B.1 to Figure B.4 below. The contour view and model

output for Bursts 1 and 2 are presented in Figure 6.11 and Figure 6.12, respectively.
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