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Abstract

�e mudbanks in front of the coast of Suriname are an important coastal feature and play a key
role in coastal evolution by governing the �ow and wave characteristics. Suriname is located in the
center of the Guiana basin and it is characterized by its erosional muddy coastal area. �e Amazon
river is supplying the Guiana basin with about 7 − 10 ⋅ 108 tons of sediment every year, leading to the
formation of long mudbanks that migrate along its coasts. Moreover, the trade winds, which arrive
mainly from the northeast, prevent the large Amazon plume as well as the mudbanks to extend
further than 30 km o�shore. Hydrodynamics in Suriname are also in�uenced by semi-diurnal tides
that acquire a tidal range of up to 2.8 m and by waves that reach up to 4 m o�shore during extreme
conditions.

Measures need to be taken in order to prevent coastal erosion and �ooding and to compensate
for the imminent sea level rise. Although �eld campaigns took place in the past, the e�ect of the
mudbanks on waves and tidal currents has not been extensively studied. A modelling approach is
needed in order to understand in detail the complex dynamics that govern this coastal area. �is
study aims at identifying the correct tools in order to close that knowledge gap and provide a detailed
analysis on the hydrodynamics of the area. More particular, SWAN-Mud and Del�3D-FLOW are
used for the �rst time in order to study the dynamics in the coastal area of Suriname.

�e state of the art numerical wave model SWAN-Mud is used in order to simulate waves in the
muddy coastal area of Suriname. Particular a�ention is paid to the sensitivity of results to using
di�erent formulations for wave energy dissipation by mud. DELFT formulation (Kranenburg, 2011)
shows that waves are severely dissipated as soon as they arrive at the mud layer: signi�cant wave
height reduces instantly, total and mud-induced dissipation increase sharply, wave energy is shi�ed
towards larger frequencies, waves refract up to 50 degrees towards the coast (southwards) and orbital
velocity decreases as a result of wave dissipation. DELFT formulation is in agreement with a previous
study by Winterwerp (2007) at the Guyana coastline, but Gade formulation, which is tested as well,
is found to have similar results except for the wave energy distribution (Wells and Coleman, 1981).

Furthermore, the commonly-used numerical �ow model Del�3D-FLOW is used in order to simu-
late tidal currents in the coastal area of Suriname. �e main tidal characteristics are in accordance
with �ndings in the literature, i.e. M2 is the most dominant tidal component (Augustinus, 1978),
tides arrive perpendicular to the coast, and the tidal phase does not vary signi�cantly Kagan and
So�na (2014). A coupling between Del�3D-FLOW and Del�3D-WAVE does not take place, as the
la�er uses the regular version of SWAN that cannot take into account the mud layer. Results from
Del�3D are expected to be of higher accuracy if it is coupled to SWAN-Mud. In this case, it will be
possible to model erosion, transport, and deposition of mud.
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CHAPTER 1. INTRODUCTION

Chapter 1

Introduction

1.1 Coastal variability around the world
According to Davis and Fitzgerald (2005) a coastal zone is de�ned as any part of land that is a�ected
by marine processes like waves, tides, winds, biota or salinity.

(a) (b)

Figure 1.1: (a): Example of a muddy coast: Stewart island, New Zealand (Britannica, 2007). (b):
Example of a sandy coast: gently sloping, depositional beach: San Jose Island, Texas, United States

(Morton et al., 2004).

�ere are two coastal types according to the sediment class which characterizes them. �ere are
muddy coasts, which consist of sediments with particles smaller than 63 µm (Healy, 2005) and sandy
coasts, which consist of sand-size coarse sediments 0.063–2 mm (Short, 2005). Figure 1.1a shows a
characteristic tidal mud�at in Stewart Island, New Zealand and Figure 1.1b shows a characteristic
sandy coast in San Jose island, Texas, United States.

�e focus of this report is on muddy coasts, and more speci�cally on the coast of Suriname.

1.2 Area description - Suriname coastal zone
�e Guiana basin is located in the north-eastern part of south America. It stretches 1800 km from the
Amazon to the Orinoco river and it is referred to as the Amazon-Orinoco coast (A-O coast) according
to Anthony (2013). �e source of the large deposits of mud in the area is the Amazon river, which
exports approximately (7 − 10) ⋅ 108 tons of sediments every year to this area. Suriname is found in
the center of this area, between Guyana and French Guiana (see Figure 1.2).
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1.2. AREA DESCRIPTION - SURINAME COASTAL ZONE

Figure 1.2: Map of South America (Froidefond et al., 1988). �e Orinoco river is found in the
North-West (NW) corner, while Amazon river is found in the South-East (SE) corner. �e area

between Orinoco and Amazon river is o�en referred to as Guiana basin or A-O coastline. Suriname
is located in the center. �e arrows in the NW, show the river out�ow from Orinoco, the arrows in
the SE show the river out�ow from Amazon and the arrows along the Guiana coast represent the
Guiana current. �e thick shore-face a�ached black patches represent the mudbanks observed in

the area.

1.2.1 Hydrodynamic processes

Water motion in the area of the coast of Suriname is in�uenced by the joint action of ocean tides,
ocean swell, ocean currents, (local) wind and river out�ow (Amazon river and local rivers). �e
Coriolis e�ect is negligible since Suriname is located very close to the equator (latitude is about 4°N)
(Augustinus, 1978).

�e trade winds play a key role in the hydrodynamics of the area, as they force the system with
waves and a persistent westward current. �e trade winds are from the north-east (NE) and they are
mainly active from December to May. Waves arrive at the coast from the same direction: NE. Wind
waves that are generated by trade winds usually have wave periods (Ts) of 6-8 s, and wave heights
(Hs) of 1-2 m, but in extreme conditions this value approaches 4 m (Augustinus, 2004; Anthony,
2013). �e (trade) wind also exerts stresses to the ocean surface. �is results in the generation of the
westward along-shelf �ow of the North Brazil Current (Geyer et al., 2004).

�e tide is semi-diurnal, with spring tides up to 2.8 m and neap tides to 1 m. Tidal currents
are mainly perpendicular to the coast (Nedeco, 1968). �e combined action of the cross-shore tidal
currents and the Guyana current generates zig-zag particle trajectories in the westward direction,

7



CHAPTER 1. INTRODUCTION

as depicted in Figure 1.3.

Figure 1.3: Nearshore bathymetry, Suriname (Augustinus, 1978). �in black lines indicate locations
with equal depth (isobaths) from 1-20 m . �e thick zig-zag black line shows the dominant particle
trajectory as a result of the perpendicular tidal currents and the along-shore Guiana current. �e
black arrows above the isobaths indicate the dominant wave direction. �e small thick and curved

black arrows show the refraction of incoming waves towards the crests of the mudbanks.

�e local wave climate is characterized by swell waves originating from the Atlantic Ocean,
wind waves generated by the trade winds and shorter waves developed also because of the Sea-
Breeze modulation. Shoaling (increase of wave amplitude, decrease in propagation of wave energy,
(Holthuijsen, 2007)) and refraction (turning of waves towards shallower water due to depth- or
current-induced changes of the phase speed (Holthuijsen, 2007)) take place landward of the 20 m
isobath (Nedeco, 1968).

Fresh water input from the Amazon river and the local rivers is important for the maintenance
of the mangrove systems along the A-O coast. Due to the trade winds, the fresh water plume is
kept close to the coast, within a narrow band of 30-50 km. �e horizontal salinity gradients are
generating a gravitational circulation with near-bed currents towards the coast (residual current).
As a result, the �ne sediments stay close to the shore, enhancing strati�cation and reducing vertical
mixing (Augustinus, 1978).

1.2.2 Morphology

�e mud supply transported from the Amazon river is maintained within a narrow band of 30 km
o�shore due to the prevailing trade winds, which do not allow the Guiana current to escape o�shore.
�e mudbanks, are 10-30 km long, 10-20 km wide and they are spaced at intervals of 20-25 km along
the coast. A sketch of mudbanks in Suriname coastal area is given in Figure 1.4.

�e mudbanks in the coast of Suriname are shore-a�ached and triangularly shaped. Due to the
wave a�ack from the NE, their eastern side is eroding (trailing edge). �e waves, in combination with
the longshore Guiana current, a�ack the mudbanks at their eastern side, and induce mobilization
of the mud. �e (�uid - mobilized) mud is transported towards the western side of the mudbanks
(leading edge) and it is deposited there (Wells and Coleman, 1981; Froidefond et al., 1988). As a
result, the thickness of the mudbanks increases towards the eastern side. �eir crests are located
in the direction NE-SW. �e slope of the trailing edge is very mild while the slope of the lee side is
much steeper. Although the mudbanks may reach up to 5-6 m of thickness, the part that is mainly
associated with wave a�enuation is the one that consists of �uid mud. �is part may reach up to 2
m thickness.
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1.2. AREA DESCRIPTION - SURINAME COASTAL ZONE

�emudbanks prevent erosion of the coast, as they induce both depth-inducedwave breaking and
the �uid mud-induced wave damping since incoming waves refract on the slopes of the mudbanks
and lose energy. �e large migration rates of the mudbanks indicate that the area is highly dynamic.
Some locations undergo bank phases, accompanied by coastal accretion, while other undergo inter-
bank phases accompanied by coastal erosion. �ese processes have a periodic cycle of about 30 years.
As a result, the wider area of Guiana basin is considered highly dynamic. Although high waves
rarely occur in this area, these waves are strong enough to keep �ne sediments in suspension (Wells
and Coleman, 1981). During high tide the sediments are transported towards the coast, where an
enhanced se�ling regime is created by mangrove traits such as roots. At some parts of the coast
large mangrove forests are accompanied by long mudbanks in the nearshore area, while other parts
are completely eroded.

Figure 1.4: Sketch of a near shore area that is characteristic for the Amazon-Orinoco coast. Waves
approach the coast from the NE direction, the same direction as that the wind is blowing from. �e
eastern side of the mudbanks is eroding while the western side is accreting. Between the mudbanks
and the coastal plain there are mangrove forests. �e areas between mudbanks is usually eroding;

these are called interbanks areas (Toorman et al., 2018).

1.2.3 Potential problems in the muddy coastal area of Suriname
Sea level rise, �ooding and coastal erosion are some of the high-risk issues encountered in the coast
of Suriname and in the wider A-O area (Anthony, 2013). Many locations where mangrove forests
used to thrive are now operating as �sh ponds and polders. Coastal structures did not prove e�ective
in an e�ort toprotecting the shoreline (Anthony and Gratiot, 2012). Without the contribution of the
mangrove forests there will be signi�cantly decreased sedimentation and wave a�enuation and an
increased need for continuous uninterrupted hard structures. However, hard structures do not allow
for cross-shore sediment transport towards the shore. As a result, instead of protecting the coast,
hard structures actually prevent sedimentation although they dissipate waves (Nedeco, 1968).

During the last years though, more problems are identi�ed by Paul (2009). Since 1980, oil explo-
ration activities take place. Environmental impact assessments have been conducted and established
that, although no major negative environmental impacts will be observed, mitigating measures are
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CHAPTER 1. INTRODUCTION

Figure 1.5: Erosion in the coast of Suriname. (Toorman et al., 2018).

needed so that the mangrove vegetation is able to further develop. At the same time, a quite common
river-related issue arises. �e need for deepening the Suriname’s river lower levels in order for larger
cargo vessels and cruisers to approach Paramaribo. Dredging will a�ect mangroves in a negative
way, as it will suppress their roots, completely devastate parts of the forests, and increase tidal range.
However, mangroves are vital for coastal protection, as they favor sedimentation and subsequent
wave a�enuation and prevent coastal erosion and �ooding. Although mangroves do not thrive close
to the channel, deepening of the channel can in�uence the passing mudbanks, which are directly
related to the mangroves. Figure 1.5 shows part of the eroded coast of Suriname.

Moreover, sea level rise is one of the biggest risks for the Suriname coastal area, as it threatens
the coast with extensive �ooding and coastal degradation (Simpson et al., 2009). It is expected that
the sea level rise in Suriname is close to the mean global average, 3.1 mm/year. In this case changes
in currents and tidal parameters are predicted, leading to more severe coastal erosion, damaging of
existing dykes and allowing salt water intrusion. Details about the impact of 1 up to 6 m sea level
rise until 2100 are given respectively in Simpson et al. (2009) for the land area, population, urban
and wetland area, agricultural and crop and plantation land, major tourism resorts, airports, road
network and GDP in Suriname. �e conclusion is that, even in the case of sea level rise of 1 m,
Suriname is vulnerable due to its low-lying nature of the shoreline.

1.3 Overview of available knowledge and knowledge gaps
�e coastal area between the Amazon and the Orinoco river is of great interest for many years.
Various �eld observation studies took place along the Guiana basin starting from the 50s.

Nedeco (1968) aimed at providing information about the future accretion and erosion rates of
the coast and the migration rates and direction of the mudbanks. During this study fundamental
information was revealed about the combined action of the tidal and longshore Guiana currents, the
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1.4. RESEARCH OBJECTIVE AND RESEARCH QUESTIONS

waves and the wind in the area. Augustinus (1978) studied the origins of the Suriname young coastal
plain by making a detailed analysis of the existing sediment composition and the mechanisms that
drive coastal accretion and erosion.

Recent studies, like the one from Anthony et al. (2008), involve modern technics: extraction of
topographic data from satellite images and lidar data, and state-of-the-art �eld topographic survey
systems. �e objective of that study was the Macouria mudbank in French Guiana.

By now, more �eld studies took place. However, the modelling projects regarding the coastal
area of Suriname are only few. Modelling projects are important in order to provide a more detailed
insight on the hydrodynamics of the area, (long-term) predictions on the migration of the mudbanks,
the evolution of the mangrove forests and facilitate and optimize human intervention in this area.

Toorman et al. (2018) reports that the KU Leuven morphodynamic model (based on the open
source TELEMAC so�ware) for the Suriname coast has been under development since 2005 with
the help of some MSc thesis projects. Moreover, the parameterization from De Wit (1995), which
discusses the two layer approach on wave a�enuation over muddy beds, was implemented in the
state-of-the-art wave numerical model SWAN by Winterwerp (2007) (for a case in Guyana).

De Wit’s parameterization was optimized by Kranenburg (2008), where the DELFT parameter-
ization is derived and implemented in SWAN. �e corresponding version of SWAN is now called
SWAN-Mud. In contrast to regular SWAN, SWAN-Mud can take into account (�uid) mud (Kranen-
burg, 2011). Di�erent scientists tried in the past to develop a complete model that is able to calculate
dissipation of wave energy by mud, while taking into account all the hydrodynamical processes
that take place in a muddy environment. SWAN-Mud includes six di�erent parametrizations: Gade:
(Gade, 1958), Dalrymple: (Dalrymple and Liu, 1978), De Wit: (De Wit, 1995), Ng: (Ng, 2000), Guo:
Guo (2002), DELFT: Kranenburg (2011). In a recent study by Beyramzade (2018), two more param-
eterization are implemented in a newer version of SWAN-Mud: (Macpherson, 1980) and (Liu and
Chan, 2007). However, none of the SWAN-Mud versions has been tested in 2DH modelling projects.
In both studies, Kranenburg (2011); Beyramzade (2018), 1D experiments are conducted.

�is is one of the two knowledge gaps that is covered in this report. �e second, relates to the
general lack of modelling projects in the Suriname coastal zone.

1.4 Research objective and research questions
As a result of the problems that might occur in muddy coastal areas and of the knowledge gaps on
the Suriname coastal zone discussed in the previous section, two major research questions have been
developed in order to provide a deeper insight on the dynamics which dominates the area:

1. Can the state of the art numerical model SWAN-Mud simulate wave characteristics
as are observed along the coast of Suriname and how are these wave characteristics in�u-
enced by the di�erent wave dissipation formulations available?
In order to answer this question, SWAN-Mud is used for simulations in the coast of Suriname using a
nearshore bathymetry from 2016 and by using the Kranenburg (2011) formulation as a reference case.
Moreover some senitivity cases are studied, i.e. simulations take place with one other parameteriza-
tion (Gade, 1958) and simulations for cases without a mud layer. �e following wave parameters are
analyzed and compared: wave height, direction, period, energy dissipation rate and near-bed orbital
motion.

2. Can the commonly used numerical model Del�3D-FLOW successfully simulate cur-
rents found along the highly dynamic coast of Suriname?
Del�-3D FLOW is used in order to determine if the modelled water level and phase, depth-averaged
velocity and direction correspond to values found in literature. Tests take place along a nearshore
bathymetry from 2016.
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CHAPTER 1. INTRODUCTION

�e outline of this report is as follows: In Chapter 2, an extensive analysis and comparison of
the di�erent parameterizations used in SWAN-Mud is given and the equations that are solved by
Del�3D-FLOW are explained. Moreover, a list of the experiments that are conducted is given and
the model set up for each experiment is given. Results of the experiments are presented in Chapter 3
and a thorough discussion of the results is given on Chapter 4. Finally, the conclusions of this study
are presented in Chapter 5.
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Chapter 2

Materials and methods

2.1 �eoretical background

2.1.1 SWAN-Mud
2.1.1.1 Wave action balance

SWAN-Mud is the model which is used in order to answer the �rst research question. �e original
SWAN model (that does not include e�ects of mud) was �rst described by Booij (1999). SWAN is
a third generation, phase-averaged, numerical, wave model and computes random, short-crested,
wind-generated waves. SWAN-Mud (and every version of SWAN) solves the spectral wave action
density equation at each grid point and time step, N (�, �, x, y, t). �e wave action density balance
equation is

)

)t

N +

)

)x

cg,xN +

)

)y

cg,yN +

)

)�

c�N =

Stot

�

, (2.1)

where
� is the relative radial frequency, in a frame of reference moving with the current velocity,
� is the wave direction,
N (�, �) is the wave action spectral density, which is the energy spectral density E(�, �) divided by
the relative frequency: N = E(�, �)/� ,
cg,x , cg,y , c� are the propagation speeds of wave action in (x, y, �) and
Stot

�
is the source term in terms of energy density.

�e energy reads

Etotal = ∫ ∫
E(�, �)d�d�. (2.2)

According to Holthuijsen (2007), the total energy density is proportional to the the root-mean-square
wave height Hrms:

Etotal =

1

8

H
2

rms
=

1

8
(

1

2

√

2Hs))

2

=

1

16

H
2

s
, (2.3)

where:
Hs is the signi�cant wave height which is the mean of the highest one-third of waves,
�e �rst term on the le�-hand of 2.1 side accounts for the local rate of change of action density in
time. �e second and the third term represent the propagation of wave action in the two-dimensional
space, where cg,x and cg,y are the propagation velocities in x and y respectively. Finally, c� is the
propagation velocity in the � space.
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CHAPTER 2. MATERIALS AND METHODS

�e term Stot consists of the sum of source and sink terms:

Stot = Swind + Swc + Sb + Sbr + Smud + Snl , (2.4)

where:
Swind accounts for generation of waves by wind,
Swc represents dissipation by whitecapping, i.e. steepness induced wave-breaking,
Sb describes dissipation due to bo�om friction,
Sbr accounts for dissipation by depth-induced wave breaking,
Smud accounts for dissipation by the (�uid) mud layer.
Snl accounts for non-linear wave interactions.

Explicit expressions for the terms Swind , Swc , Sb, Sbr and Snl are given in Holthuijsen (2007). Various
formulation for Smud , dissipation of waves by the �uid mud layer, are used in this study (section 1.3).
In case Smud = 0, the regular SWAN version is being used.

A phase-averaged model does not calculate time series of sea surface elevations, but yields
statistical properties of waves through the energy spectrum. SWAN follows an Eulerian approach.
All processes can be described as sources and sinks in the basic wave action density spectrum.

2.1.1.2 Formulations for mud dissipation

�ere are six parameterizations implemented in SWAN-Mud. Gade (1958) was the �rst to build a
two-layer viscous model in order to study the e�ects of waves propagating on a non-rigid bo�om.
Previous studies, e.g. Kranenburg (2008), indicate that the DELFT parameterization is the most
advanced one. Besides the DELFT formulation, also the parameterizations from Gade (1958) will be
discussed, as it consists of the basis for most of the future formulations that are developed.

�e general model on which the two parameterizations are based, is a two-layer viscous �uid
model where the top layer consists of water and the bo�om layer consists of mud. Both �uids are
considered Newtonian (incompressible). A sketch of this model is given in Figure 2.1.
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2.1. THEORETICAL BACKGROUND

Figure 2.1: Sketch of the two layer �uid mud system (Kranenburg, 2008). �e upper layer (1) is the
water layer and the lower layer (2) is the mud layer. Beneath the mud layer, the bo�om is assumed

to be consolidated. Explanations of the variables are given in Table 2.1

Symbol Description Units
Hw0 Equilibrium height of water layer m
Hm0 Equilibrium height of mud layer m
Htot0 Equilibrium height of total system m

ℎw(x, t) Height of water layer m
ℎm(x, t) Height of mud layer m
ℎtot Height of total system m
� Displacement of water surface m
� Amplitude of water surface displacement m
� Phase di�erence between surface and interface displacement rad
�
′ Phase angle between surface and internal wave rad
b Amplitude of interface displacement m

� (x, t) Displacement of interface m
�w Density of water kg/m3

�m Density of mud kg/m3

�w Kinematic viscosity of water m2
/s

�m Kinematic viscosity of mud m2
/s

u Horizontal velocity in x-direction m/s
w Vertical velocity in z-direction m/s
p Pressure N/m2

! Wave (angular) frequency 2�/T rad/s
k wavenumber rad/m

Table 2.1: Variables used in Figure 2.1.
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�e model is based on the following assumptions.

• Fluid layers are considered to be of in�nite horizontal extent.

• It is assumed that the mean current is zero.

• Motions of both �uids are free of divergence.

• �e interface is assumed stable: no mixing between the two layers.

• Density and viscosity are assumed constant over a layer.

• �e lower layer is assumed to lie on a rigid consolidated bed, not liqui�able by wave.

• E�ects of the rotation of the earth are neglected.

�e two-layer system is governed by the following equations:
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�ese are, respectively, the horizontal momentum balance , vertical momentum balance and the
continuity equation for layer i. In these equations, p is the total pressure and it consists of three
contributions: �e wave induced part, the hydrostatic part, and the ambient pressure (pressure at
surface/ interface).
�e boundary conditions read as follows.
At z=0, i.e. the bo�om, a free slip boundary condition is applied:

u2(x, 0, t) = 0, (2.8)

w2(x, 0, t) = 0. (2.9)

At z = ℎm, the height of the interface, kinematic and dynamic boundary conditions are imposed, i.e.,

w1(x, ℎm, t) = w2(x, ℎm, t) =

)� (x, t)

)t

, (2.10)

�zz2(x, ℎm, t) = �zz1(x, ℎm, t), (2.11)

�xz2(x, ℎm, t) = �xz1(x, ℎm, t). (2.12)

Here, �zz = −p + 2�i� )w
)z

is the normal component of the stress that acts at the interface and
�xz = �i(�

)w

)x
+ �

du

dz
) ,the tangential component of the stress that acts at the interface.

At z = ℎtot , particles at the surface need to follow the surface. �is requires zero normal and tangential
stresses.

w1(x, ℎtot , t) = w2 =

)� (x, t)

)t

, (2.13)
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�zz1(x, ℎtot , t) = 0, (2.14)

�xz1(x, ℎtot , t) = 0, (2.15)
�is system allows for wave-like solutions. �e displacement of the free surface and the interface,

the (horizontal and vertical) velocity and the pressure in the two layers are described respectively
by:

ui(x, z, t) = ûi(z)e
i(kx−�t)

, (2.16)

ui(x, z, t) = ŵi(z)e
i(kx−�t)

, (2.17)

pi(x, z, t) = p̂i(z)e
i(kx−�t)

, (2.18)

� (x, t) = �e
i(kx−�t)

, (2.19)

� (x, t) = be
i(kx−�t)

, (2.20)
where k is the complex wavenumber with k = kr + iki . �e real part of the complex wavenumber
introduces waves of sinusoidal form, while the imaginary part indicates the exponential decay of
the waves, i.e. the energy loss per wavelength. Substitution of (2.16)-(2.20) into the equations of
motion and boundary conditions yields a relation between the radian frequency � and the complex
wavenumber k. �is allows calculation of k for a given wave frequency.

2.1.1.3 Gade:

In Gade’s mathematical model the upper layer is inviscid, for both layers a shallow water approxima-
tion is used, pressure is assumed to be hydrostatic, vertical accelerations in both layers are neglected,
and horizontal velocity in the upper layer is independent of depth. �is model is applicable only
in the case of shallow waters, i.e. kℎw < �/10. �is constraint is the most important between the
di�erent assumptions Gade makes and restricts the applicability only to limited cases.

�e dispersion relation of his model reads (equation I-26 (Gade, 1958)) :

k = ±�

{
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±
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Hm0

Hw0

)
2
− 4Γ

Hm0
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}
1/2

, (2.21)

where:

Γ = 1 −

tanhmHm0

mHm0

m = (1 − i)

√

�

2�m

 =

�m − �w

�w

, (2.22)

and �m is the kinematic viscosity of mud.
Gade derived two important results about wave dissipation by the �uid mud layer, but in order

to discuss them, it is �rst necessary to de�ne the Stokes boundary layer thickness:

�BL =

√

2�m

�

, (2.23)
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�e energy loss of a wave with wavenumber kr due to a non-rigid bo�om is given by:

Smud = E�gHw0R

b

a

sin (� − �
′
), (2.24)

where
b

a

= [(1 − gHw0R cos �)
2
+ (gHw0R sin �)

2
]
1/2
, (2.25)

and
�wgSmud = −⟨pw⟩

|
|
|bed

(2.26)

where the right hand side is the spectral energy density transfer from upper to lower layer, Sb is
associated with the energy loss per time [m2/s ]
and R follows from eq. 2.21:

(

k

�

)
2
= Re

−i�
, (2.27)

with R is the amplitude and � is the argument of ( k
�
)
2. �e right hand side should be multiplied with

! in order to correct for the original equation in Gade (1958).

According to Gade:
1. Most damping, i.e. exponential decay of the wave energy occurs if the mud layer thickness ℎm is
approximately equal to 1.2 times the Stokes boundary layer thickness, i.e. ℎm = 1.2�BL.
2. �e internal wave at the interface between the two layers will always lag behind the surface
wave; which means that there will always be transport of energy from the upper to the lower layer.
As a result, the larger the phase di�erence, the larger the ki , the larger the dissipation. �e above-
explained model is implemented in SWAN-Mud.
3. �e strong constraint of the model is its area of applicability, i.e. the fact that it is valid only in the
case when the internal wave satis�es the shallow water limitation. �is is indeed a limiting factor in
the case of Suriname. �e mud layer in this area is maintained in the �rst 15-30 km from the shore,
where the water depth goes up to 20 m and the mud layer up to 2 m. �e shallow water limitation
(Holthuijsen, 2007) is

kr ,intHm <

�

10

where kr ,int is the real part of the complex internal wavenumber. �e speed of the internal wave
is much smaller than that of the external wave, since wave speed in shallow waters is c =

√

gH

where H is Hw for the external wave and Hm for the internal. �e real part of the wavenumber k is
computed according to kr = 2�

Tc
. �e phase speed c of the internal wave is smaller and this will make

kr ,int larger compared to the external wave.

2.1.1.4 DELFT

�e DELFT dispersion relation is explained in Kranenburg (2008) and Kranenburg (2011). �e for-
mulation allows for arbitrary thicknesses of both the water layer and the mud layer. �e DELFT
dispersion relation reads
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In this case, the energy dissipation term due to the mud layer is

Smud

E

= −�

Re{p1(z=Hm0)}
�1g�

b

�

sin �, (2.29)

where
p1(z=Hm0)

= �1�g cos (kHw0) −

�1��
2

k sinh (kHw0)

. (2.30)

In this formulation, the regular bo�om friction, Sb, is present together with mud-induced dissipation.
�e model computes both, but uses only the largest of the two.

To sum up, equation 2.4 becomes:

Stot = Swind − Swc − Sbr −max[Sb, Smud] − Snl . (2.31)

2.1.2 Del�3D
Del�3D-FLOW is the model which is used in order to answer the second research question, i.e. to
assess to what extent currents in the Suriname coastal zone can be simulated with a hydrodynamic
model. In the version of Del�3D-FLOW that is 2D the over the full depth-averaged shallow water
equations are solved. �e equations are derived from the three-dimensional Navier-Stokes equations
for incompressible �ow under the assumption of hydrostatic balance and constant density. In the
open boundaries (west, north, east) water level is imposed, as obtained from tide tables in Del�-
Dashboard (manual Del�3D-FLOW), and at the closed boundary no slip boundary conditions are
imposed.
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Here, u, v represent the depth averaged velocity components in x, y direction, � is the water density,
� is the sea surface elevation, f is the Coriolis parameter and g is the gravitational acceleration.
Furthermore, �e is the horizontal eddy viscosity and �bx and �by is the bed shear stress where
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�bx = �Cd (u
2
+ v

2
)
1/2
u �by = �Cd (u

2
+ v

2
)
1/2
v (2.35)

and Cd is the drag coe�cient. �e la�er is calculated according to Cd = gn
2
/ℎ

1/3 where n is the
Manning coe�cient (manual Del�3D-FLOW).

2.2 Model set up
In this section the model se�ings and the experiments performed in order to answer the two research
questions will be explained. More particularly, the two model domains are presented, the input
parameters and the boundary conditions are explained, a list of all the experiments is given and
�nally the methods to analyse the results are discussed.

2.2.1 Bathymetry
Due to the nature of the two research questions, di�erent models will be used in each case. However,
the same bo�om topography is used for both questions in order to explicitly study the e�ect of waves
and currents in each bathymetry. In this study, the bathymetry from 2016 is used. �e measurements

Figure 2.2: Bathymetry from 2016 (nearshore) and GEBCO dataset (o�shore). �e red asterisk
indicates the location of a local tidal station ’Surinamrentriho’.

are echosounds at 38 KHz (according to the Maritime Authorities website 1).
�e nearshore bathymetric data are not enough in order to design model grids with su�ciently

large dimensions. �is aspect of the model set-up will be further explained later. As a result, o�shore
data are needed. However, a high degree of accuracy in the o�shore data is not necessary, as the
mudbanks, one of the most important features of the area, are located in the nearshore bathymetry.
So themain utility of the o�shore data is to serve numerical aspects of the experiments. Consequently
the GEBCO bathymetry dataset (GEBCO) will be used in order to obtain o�shore data and combine
them with the onshore data of the bathymetry from 2016. �e combined bathymetry from 2016 and
the GEBCO dataset is presented in Figure 2.2.

1h�ps://www.mas.sr/12-nautical-management/9-hydrography-fairway-management
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2.2.2 Design of the mudbanks

Figure 2.3: Mud layer thickness used for simulations with SWAN-Mud. Four mudbanks are
presented with increasing thickness from east to west. �e location of the mudbanks is based on the
bathymetry in Figure 2.2. �e horizontal and vertical black lines indicate along- and cross-shore
sections which are analyzed in Section 3.1. �e crosses indicate the locations where the wave

spectra are computed.

No measurements are available of the shape, the thickness, and the composition of the mudbanks
accompanying the bathymetry observations on 2016. �erefore the design of the mudbanks for the
purposes of this report is based on a literature review (section 1.2.2) and discussion with experts on
the �eld.

As already discussed, the mudbanks are shore-a�ached and they are triangularly shaped. �e
eastern side of the mudbanks is of low thickness, which is increasing towards the western side. It is
assumed that the location of the mudbanks is depicted in the bathymetry (thick, triangular shaped,
shore-a�ached patches). Figure 2.3 shows the thickness of the mudbanks.

2.2.3 SWAN-Mud Model
�e grid that is used for the experiments in SWAN-Mud is generated based on the bathymetry
data availability, using two pre-processing tools of the model Del�3D, RGFGRID and QUICKIN. A
distinction should be done between the physical domain, and the overall computational grid. �e
�rst represents the area of interest, where the focus of the study lies and it is usually smaller than the
computational grid. �e la�er, is large enough in order to facilitate valid numerical simulations and
correct application of the boundary conditions. In Figure � the grid is projected in the world map
of Del�-Dashboard in order to get a be�er view of the size and the location of the model domain.

�e smaller, physical domain consists of grid cells with dimensions of 400 m by 150 m (alongshore
by cross-shore direction) and it covers an area of approximately 180 by 57 km (alongshore by cross-
shore direction). �e larger domain consists of grid cells with dimensions 400 m by 150 m and it
covers an area of about 230 km by 87 km .

In order to study the e�ect of the mudbanks on waves, two experiments are performed. In the
�rst case, the system is forced with a large value of signi�cant wave height of 4 m in the northern

21



CHAPTER 2. MATERIALS AND METHODS

and eastern boundaries, where a wave�eld that satis�es a given energy density spectrum imposed.
Extending the boundaries across thewhole northern and eastern boundary, a shadow e�ect is avoided.
At the same time, a constant wind of 12.5 m/s is initialized. �is is the case of extreme conditions. In
the second case normal conditions are imposed. In this case only a typical wind velocity is imposed
that allows for wave generation.

In both cases, the same physical processes are activated. Swan-Mud is running in third gener-
ation mode, which activates a wind input, whitecapping (steepness-induced wave breaking) and
quadruplets (nonlinear wave-wave interactions). Moreover, depth-induced wave breaking is acti-
vated. �e mud layer is spatially varying and is inserted in the model as an input �le similar to
the one where the bathymetry is inserted. �e default se�ing of a minimum water depth of 0.05 m
is deactivated. �is is important because in the case of the mud layer thickness, 5 cm of mud are
enough to dissipate waves even in deep waters. Directions are relative to North (clockwise) (nautical
direction is set). �e spectral directions cover a full circle. �ere are 35 discrete frequencies which
are used in the calculations, between 0 Hz and 1 Hz. Finally, the model runs in a stationary mode.
�e most important model se�ings are summarized in Table 2.2.

In the reference case DELFT parameterization is used, and in the sensitivity tests, Gade is used.
Moreover, a case without the mud layer is tested. All these experiments are repeated for both the
normal and extreme conditions with exactly the same model setup as described earlier and in Table
2.2, excluding the mud layer.

2.2.4 Del�3D Model

Regarding the second research question, a more complicated process is needed in order to accurately
represent the tidal currents in the two domains. In this case, the process of nesting takes place.
For this reason, a larger overall grid is needed in order to impose tidal astronomical boundary
conditions at its o�shore boundaries. In the overall grid, observation points are located in the o�shore

Figure 2.4: Grid of the physical domain (blue area) and overall domain (dashed area).
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Parameter Description Extreme conditions Normal conditions
Hs,bound Forcing signi�cant wave height 4 m -
T Period signi�cant wave height 10 s -
Dir Hs Direction signi�cant wave height 45° -
DD Directional spreading signi�cant wave height 25° -

Boundaries for forcing Hs,bound north, east -
Ws Wind speed 12.5 m/s 12.5 m/s
Dir Ws Direction wind speed 45 ° 45 °
�m Mud viscosity 0.001 m2/s 0.001 m2/s
�m Mud density 1400 kg/m3 1400 kg/m3

�w Water density 1000 kg/m3 1000 kg/m3

Table 2.2: Model setup of SWAN-Mud for normal and extreme wave conditions. Experiments
without mud take place for the same normal and extreme wave conditions by switching o� the

presence of mud.

boundaries of the physical domains. In that way timeseries with tidal conditions are obtained for
the physical domain. �ese timeseries are used in order to force the smaller physical domain.

Parameter Overall domain Physical domain
Time step 5 min 60 s
Grid cell size 5x5 km 400x180 m
Tidal forcing Astronomical conditions Timeseries
Wind speed Ws 12.5 m/s 12.5 m/s
Dir Ws 45 ° 45 °
Bo�om roughness 0.012 m−1/3/s 0.012 m−1/3/s
Water Density 1000 kg/m3 1000 kg/m3

Table 2.3: Variables for experiments in Del�3D-FLOW during the process of nesting. Overall and
physical domain are shown in Figure 2.4.

More particularly, the larger, overall domain is forced with astronomical tidal conditions using
datasets from Del�-Dashboard and a constant wind. �e physical domain consists of grid cells with
dimensions of 400 m by 150 m and it covers an area of approximately 230 by 57 km. In the overall
domain, the grid cells are of size 5 by 5 km and the area is approximately 600 km long cross-shore
(see Figure 2.4 in the west and 530 km long alongshore. �e input parameters are listed in Table 2.3.

�e model was calibrated by tuning the value of the roughness coe�cient. A sensitivity analysis
takes place in order to determine the bo�om roughness coe�cient that best �ts the model set-up.
Timeseries from the local tidal stations (red dots in Figure 2.2) are compared to the model output
timeseries. �e roughness coe�cient that corresponds to best �t determines the simulations which
will be used in order to perform a water level and velocity harmonic analysis.

2.2.5 Design of experiments

A complete list of all the experiments that take place throughout this study is given in Table 2.5.
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Parameter Overall domain Physical domain
Forcing Timeseries tides Wind

Wind speed Ws 12.5 m/s 12.5 m/s
Dir Ws 45 ° 45 °

Bo�om roughness 0.012 m−1/3/s 0.012 m−1/3/s
Mud Density - 1400 kg/m3

Water Density 1000 kg/m3 1000 kg/m3

Table 2.4: Variables for experiments in Del�3D-FLOW. Overall and physical domain are shown in
Figure 2.4.

Experiment No. Description Details
Experiment 1 SWAN-Mud: DELFT formulation, Extreme conditions Table 2.2
Experiment 2 SWAN-Mud: Gade formulation, Extreme conditions Table 2.2
Experiment 3 SWAN: Extreme conditions Table 2.2
Experiment 4 SWAN-Mud: DELFT formulation, Normal conditions Table 2.2
Experiment 5 SWAN-Mud: Gade formulation, Normal conditions Table 2.2
Experiment 6 SWAN: Normal conditions Table 2.2
Experiment 7 Del�3D-FLOW: Extreme conditions Table 2.4

Table 2.5: List of experiments with SWAN-Mud and Del�3D-FLOW.

2.3 Methods to analyse model outputs

In this section, a short overview of the methods to analyze the model outputs is presented.
For Experiments 1-6, spatial plots of signi�cant wave height, wave period, total dissipation, wave

direction and orbital velocity are analyzed. Furthermore, alongshore and cross-shore sections give
a more detailed analysis of the above mentioned variables and of the dissipation sources. Finally,
wave spectra (Holthuijsen, 2007) are analyzed for di�erent locations in the area of interest.

Results from Experiments in Del�3D-FLOWare initially analyzed through the sensitivity analysis
described in Section 2.2.4. Sea surface elevation data are compared with observations from tidal
stations in the area graphically and the Root Mean Square Error (RMSE) between observations and
model outputs is computed. �e RMSE is computed according to

RMSE =

√

∑
N

t=1
(xt,model − xt,obs)

2

N

(2.36)

where:
N is the total number of data points which is the same as the number of timesteps,
xt,model indicates data points of the model outputs at time t ,
xt,obs indicates data points of the observations at time t .
RMSE is a measure of the skill of the model. �e smaller the RMSE, the be�er the model. RMSE has
the same units as the tested variable, e.g. units of [m] in case of sea surface elevations.

According to the sensitivity analysis results, the model set up which gives the most representative
data is analyzed. Harmonic analysis of the water level and of the depth averaged velocity takes place
(Pugh and Woodworth, 2014). �e idea of water level harmonic analysis is to reconstruct the water
level signal by ��ing a number of tidal constituents to the timeseries obtained by the model output.
�e harmonic analysis in both cases is performed according to Pawlowicz et al. (2002). We can model
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a tidal signal as a superposition of a number of tidal waves,

̂
� (t) = Z0 +

M

∑

m=1

Zm cos (fmt − 'm). (2.37)

Here,
Z0 is the mean water level,
̂
� is the water level elevation,
M is the total number of tidal components,
fm is the frequency of component m,
Zm is the amplitude,
'm is the phase and t is time.
We choose the number of componentsM and we know each of the frequencies fm. �e unknowns are
then Zm and 'm. We �nd the values of these parameters by ��ing the model on the data with a least
squares approach i.e. by minimizing the error described in Equation 2.36, where xt,model is in this
case the reconstructed model time series, ̂� (t) and xt,obs is in this case the model output timeseries
from Del�3D.

�e harmonic analysis is performed using the following tidal constituents: M2, the principal
lunar semidiurnal tide with a period of 12.42 hr, its �rst overtide M4 and the residual current M0,
the principal solar semidiurnal tide S2 with a period of 12 hr and for the lunar diurnal tide K1 with a
period of 23.93 hr.

Next, the depth-averaged velocity is analyzed. A similar approach to the water level harmonic
analysis is followed in order to analyse the current velocities. In that way, it is possible to obtain the
velocity amplitudes of the zonal and meridional components and phases of the above-mentioned tidal
constituents. �e current velocity vector of each tidal constituent follows an ellipse in time. A full
rotation of the velocity vector takes place during each tidal cycle. �e semi-major axis of the ellipse
represents the maximum velocity within one period of the tidal constituent and the semi-minor axis
represents the minimum velocity. As a result, the main direction of the tidal current is related to the
major axis of the ellipse. Spatial maps of water level for the most important tidal constituents are
presented. �e main direction of the tidal current for the tidal constituent M2 is presented with a
spatial map of the tidal ellipses. Finally, a plot with iso-phase lines of M2 is explained.
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Chapter 3

Results

Prior to testing SWAN-Mud in the coast of Suriname, it is important to determine in what extent
SWAN-Mud is able to reproduce results from previous related studies, i.e. the following studies:
De Wit (1995), Winterwerp (2007) and Kranenburg (2011). �is analysis takes place in Appendix
A and it is crucial in order to establish the validity of the model. Chapter 3 analyzes the results
of all the experiments discussed in section 2.2. More particularly the results from the experiments
with SWAN-Mud for extreme conditions are analyzed in Section 3.1.1, and for normal conditions in
Section 3.1.2. �e results from Del�3D-FLOW are explained in Section 3.2.

3.1 Experiments with SWAN-Mud

3.1.1 Extreme conditions
�e model set up for the experiments during extreme conditions is described in Table 2.2 and the
mudbanks are designed according to the description given in Section 2.2.2. �e water depth is found
in Figure 2.2 and the mud layer thickness is shown in Figure 2.3. In the same �gure the black lines
represent cross- and alongshore sections and the crosses represent locations where the wave spectra
are calculated.

Prior to a detailed analysis of the cross- and alongshore sections, it is meaningful to assess the
general reaction of the system in the case where the mud layer is present and in the case without one.
For this, spatial plots of signi�cant wave height, wave period, and total disipation are given in Figure
3.1 and wave direction and orbital velocity in Figure 3.4 with DELFT and Gade formulation and in
the case without mud. �e above mentioned parameters are analysed across along- and cross-shore
sections in Figures 3.5 and 3.2. �e dissipation sources are analysed across the same alongshore and
cross-shore sections in Figures 3.6 and 3.3. Both the �gures with the alongshore and the �gures with
the cross-shore sections o�er a more detailed look of how wave characteristics vary between the
di�erent formulations in the o�shore part of the domain and also in the nearshore part. However
it should be taken into account that regarding the alongshore section, the distance of the shore
compared to this alongshore section varies. �e aim of studying an alongshore section is to study
the variability along the coastline where depositional parts alter with erosional parts. At the right in
Figures 3.5 and 3.6, it is the eastern edge of the coastline and at the le� it is the western edge. �ere
are three mudbanks along the coastline, with increasing thickness from east to west.

�e signi�cant wave height decreases instantly as soon as the waves meet the mud layer when
using both formulations DELFT and Gade, Figure 3.1. �e �rst column of this �gure clearly shows
larger wave heights o�shore (red shades) compared to the locations of mudbanks (blue shades). �e
lower, blueish, values (0-2 m) closer to the coast are shaped like triangles, indicating the presence of
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the mudbanks. In case of Gade Hs decreases already at the 690 km o�shore (acquires yellow colour)
in the most western mudbank, while with Del� formulation this happens approximately at the 680
km. �is is an indication that Gade formulation overestimates wave dissipation compared to DELFT
formulation. In case without mud, the triangular shape of yellowish colours is much less pronounced
indicating that waves dissipate later.

Regarding the pa�ern of wave period, shown in Figure 3.1, results with DELFT formulation are
in agreement with Winterwerp (2007) (see Appendix A) while results with Gade formulation are
in agreement with Wells and Coleman (1981) (see Table 1 in mentioned paper). In the reference
case, with DELFT formulation the period is decreasing while in the case of Gade, the wave period
is increasing. Although it has been established that Gade’s formulation is not valid for the coast of
Suriname, it is not the �rst time a pa�ern like this is observed. Wells and Coleman (1981) observed
a�er measurements in Suriname that the wave period between two stations 11 km and 4 km from
the shore is increasing. �is is explained by the a�enuation of higher frequency waves in an earlier
stage. In the case without mud the pa�ern is as expected, the wave period is decreasing towards the
coast, as the bathymetry is already elevated in the location of the mudbanks.

�e spatial plots of total dissipation show negligible dissipation ( 0−0.2 ⋅10−3 m2/s) in the o�shore
part of the area (720 − 690 km cross-shore) for all three cases because there are no di�erences in this
part. �e only source of dissipation in this part is whitecapping. �is is shown in the cross-shore
section in Figure 3.3. Taking into account the locations of the mudbanks in Figure 2.2.2, we can
see that the pa�ern in wave dissipation between 650 − 640 km alongshore is the same as the waves
approach from the north and the east and are not a�ected by the presence of the mudbanks already.
However, in the locations between themudbanks (605−680 km, 565−555 km , 540−545 km alongshore)
and a�er the mudbanks (480 − 500 km alongshore) the wave dissipation is similar but not exactly the

Figure 3.1: Spatial plots for signi�cant wave height [m] (1st column), wave period [s] (2nd column )
and total dissipation [m2/s] (3rd column). In the �rst row the results with DELFT formulation are
presented (Kranenburg, 2011), in the second the results with Gade formulation (Gade, 1958), and in

the last row the results for the case without mud are presented.
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same, as waves that approach from the east are a�ected by the mudbanks. Wave dissipation in these
locations is mainly due to wave-breaking as indicated in the cross-shore and alongshore sections
in Figures 3.3 and 3.6. In the cases where mud is present wave dissipation starts earlier compared
to the case without mud. For example between 540 − 550 km alongshore, dissipation starts at the
680 km cross-shore in cases with mud, and at the 670 km in the case without mud. According to the
detailed analysis of the dissipation sources in Figure 3.3 mud induced dissipation increases sharply
as soon as the waves approach to the mudbanks. From that, we can conclude how e�ective mud is
in dissipating wave energy. In the same Figure we can that mud-induced dissipation is in the same
order of magnitude as dissipation due to wave breaking (10−4 m2/s). �e sharp increase and decrease
in dissipation due to whitecapping with Gade formulation could be a model error.

Figure 3.2: Cross-shore section for the bathymetry indicated in Figure 2.3. �e lower plot shows the
water depth pro�le (blue line) and the mud patches (red lines). From top to bo�om, the �rst plot
shows the signi�cant wave [m], the second total dissipation [m2/s], the third peak wave period [s],
the fourth peak wave direction [°] and the ��h orbital velocity [m/s]. �e red line indicates DELFT

formulation, the cyan line Gade formulation and the black line the case without mud.

In the second column of Figure 3.4 the pa�ern of the amplitude of the near-bed wave velocity is
shown. It is expected to increase in the locations of small water depths (Holthuijsen, 2007). Indeed,
it increases from the 680th km o�shore towards the shore but only until waves meet the mud layer.
A�er that, orbital velocity decreases signi�cantly, as waves have dissipated. For the case without a

28



3.1. EXPERIMENTS WITH SWAN-MUD

Figure 3.3: Cross-shore section for the bathymetry indicated in Figure 2.3. �e lower plot shows the
water depth pro�le (blue line) and the mud patches (red lines). From top to bo�om, the �rst plot

shows total dissipation [m2/s], the second mud induced dissipation [m2/s], the third wave breaking
induced dissipation [m2/s] and the fourth dissipation from whitecapping [m2/s]. �e red line

indicates DELFT formulation, the cyan line Gade formulation and the black line the case without
mud.

mud layer, the orbital velocity also reduces towards the coastline, but it does not gain the low values
as in the cases with mud (see Figures 3.2, 3.5). �e orbital velocity in case of DELFT and Gade is not
zero at the coastline, as it is in the case without mud. �is probably an error of the model.

�ewave spectra in Figure 3.7 shows inwhich frequencies thewave energy is distributed. Starting
from o�shore (see Figure 2.2.2), low frequency waves (swell waves, T = 10 s) acquire most of the
energy in all three cases. A small amount of the energy is distributed among waves of frequency
0.1-0.25 Hz as well, although waves were forced with a period of 10 s in the boundaries. �e small
shi� towards larger frequencies can be explained by dissipation due to whitecapping (see Figure 3.2
and from the presence of the wind waves. At the starting point of the mudbanks, waves in DELFT
formulation lost more energy compared to the case without mud. �e reason is that in this case
waves dissipate more due to the presence of the mud layer. Although there is loss of energy, there is
not a pronounced shi� in larger frequencies. In case of Gade the loss of energy is larger, as expected,
since in the beginning of the mudbanks, signi�cant wave height is lower and energy dissipation
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Figure 3.4: Spatial plots for wave direction indicated by arrows, 1st column, on top of the mud layer
thickness in case of DELFT (1st row) and Gade (2nd row), and on top of the bathymetry for the case
without mud (3rd row). Spatial plots of orbital velocity are presented in the right column using

DELFT formulation (1st row), Gade (2nd row), and in the case without mud (3rd row).

is larger compared to DELFT. Very close to the shore, almost all of the energy in case of Gade is
dissipated. However, there is a small peak in waves with periods of approximately 10 s, as indicated
in Figure 3.4. In case of DELFT there is a pronounced shi� of wave energy towards larger frequencies.
�is is explained by the dissipation of waves due to wave breaking and due to the mud layer. In the
case without mud, there are two peaks in spectral density. �ere is a shi� towards larger frequencies,
where most of the energy is contained. �is shi� is associated with the energy transfer by the wind.
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Figure 3.5: Alongshore section for the bathymetry indicated in Figure 2.3. �e lower plot shows the
water depth pro�le (blue line) and the mud patches (red lines). From top to bo�om, the �rst plot
shows the signi�cant wave [m], the second total dissipation [m2/s], the third peak wave period [s],
the fourth peak wave direction [°] and the ��h orbital velocity [m/s]. �e red line indicates DELFT

formulation, the cyan line Gade formulation and the black line the case without mud.
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Figure 3.6: Alongshore section for the bathymetry indicated in Figure 2.3. �e lower plot shows the
water depth pro�le (blue line) and the mud patches (red lines). From top to bo�om, the �rst plot

shows total dissipation [m2/s], the second mud induced dissipation [m2/s], the third wave breaking
induced dissipation [m2/s] and the fourth dissipation from whitecapping [m2/s]. �e red line

indicates DELFT formulation, the cyan line indicates Gade formulation and the black line the case
without mud.
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Figure 3.7: Wave spectra for three locations in the coast of Suriname. �e red line indicates DELFT
formulation, the cyan line Gade formulation and the black line the case without mud. �e three

locations where the wave spectrum is computed are indicated in Figure 2.3
. In the x-axis it is indicated the frequency in cycles per second or Hz and in the y-axis the wave

energy in m2/Hz. �e y-axis has a di�erent range in the three locations due to the di�erent order of
magnitudes of wave energy in each case.
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3.1.2 Normal conditions
In the following section we look at a set of experiments with imposed normal boundary conditions,
Section 2.2.3, Table 2.2. Spatial plots of signi�cant wave height, wave period and total dissipation
are given in Figure 3.8. An analysis of the same wave characteristics together with the wave period
and the wave direction takes place along a cross-shore section in Figure 3.9. �e dissipation sources
are studied along the same cross-shore section in Figure 3.10. Spatial plots of wave direction and
orbital velocity are given in Figure 3.11.

Figure 3.8: Plots for signi�cant wave height [m] (1st column), wave period [s] (2nd column) and
total dissipation [m2/s] (3rd column). In the �rst row the results with DELFT formulation are

presented (Kranenburg, 2011), in the second with Gade formulation (Gade, 1958) and in the last row
the results for the case without mud are presented.

�e pa�ern of the results is similar to the case with extreme conditions. In this case though,
waves are purely wind generated. According to the spatial plots in Figure 3.8 and the cross-shore
section in Figure 3.9 for normal conditions the fastest decrease in signi�cant wave height is observed
with Gade formulation, next with Del� and �nally in the no mud case. �e wave period in case of
Gade, is signi�cantly larger compared to the rest of the cases in the location of the mudbanks. In this
case, when waves approach to the coast, the majority of the high frequency waves have dissipated
and mainly the low frequency waves reach the coast Wells and Coleman (1981). �e opposite pa�ern
is observed in case of DELFT and in the no mud case. �e wave dissipation is similar to the case of
extreme conditions, in terms of mud induced dissipation, i.e. waves dissipate faster when they arrive
at the location of the mudbanks. However, during extreme conditions there is more depth-induced
wave breaking compared to normal conditions, simply because the waves are much higher in the
�rst case. One major di�erence is that during normal conditions dissipation due to whitecapping is
in the same order of magnitude compared to total dissipation. Moreover, during extreme conditions
total dissipation in the o�shore part is close to zero, however during normal conditions the total
dissipation is of the same order of magnitude all over the domain. So whitecapping in this case is
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Figure 3.9: Cross-shore Section for the bathymetry indicated in Figure 2.3. �e lower plot shows the
water depth pro�le (blue line) and the mud patches (red lines). From top to bo�om, the �rst plot
shows the signi�cant wave [m], the second total dissipation [m2

/s], the third peak wave period [s],
the fourth peak wave direction [°] and the ��h orbital velocity [m/s]. �e red line indicates DELFT

formulation, the cyan line Gade formulation and the black line the case without mud.

signi�cant (see Figure 3.10). Although the dissipation is signi�cant in the o�shore part, the reason
for increase of wave height is the wind input.

�e pa�erns in wave direction and orbital velocity are the similar as during extreme conditions.
Wave direction changes signi�cantly in the location of the mudbanks and especially in the case of
Gade. �e orbital velocity increases when waves propagate towards the shore and depth becomes
smaller, and it decreases over the mud layer. A comparable shape is observed for the no mud case.
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Again, orbital velocity is not zero at the coastline with DELFT and Gade formulations.

Figure 3.10: Cross-shore section for the bathymetry indicated in Figure 2.3. �e lower plot shows
the water depth pro�le (blue line) and the mud patches (red lines). From top to bo�om, the �rst plot
shows total dissipation m2/s, the second mud induced dissipation m2/s, the third wave breaking

induced dissipation m2/s and the fourth dissipation from whitecapping m2/s. �e red line indicates
DELFT formulation, the cyan line Gade formulation and the black line the case without mud.
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Figure 3.11: Spatial plots for wave direction indicated by arrows, 1st column, on top of the mud
layer thickness in case of DELFT (1st row) and Gade (2nd row), and on top of the bathymetry for
the case without mud (3rd row). Spatial plots of orbital velocity are presented in the right column

using DELFT formulation (1st row), Gade (2nd row), and in the case without mud (3rd row).
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Figure 3.12: Wave spectra for three locations in the coast of Suriname in the case of normal
conditions. �e three locations are indicated in Figure 2.3. �e red line indicates DELFT

formulation, the cyan line Gade formulation and the black line the case without mud. In the x-axis
it is indicated the frequency in cycles per second or Hz and in the y-axis the wave energy in m2/Hz.
�e y-axis has a di�erent range in the three locations due to the di�erent order of magnitudes of

wave energy in each case.

Figure 3.12 shows the wave spectra in the three locations indicated in Figure 2.3. In the o�shore
part, waves a�ain the same amount of energy in all three cases. All of the energy is found around
frequencies of 0.15 Hz. In the case without mud, waves contain the most energy compared to waves
with DELFT and Gade formulation. Mud-induced dissipation is again the reason why waves with
DELFT and Gade formulation are more severely dissipated. Waves with Gade formulation contain
the least energy, as there is a larger peak in wave dissipation compared to DELFT at the beginning
of the mud layer. Finally, when waves have propagated over the mud layer, in case of Gade they
have lost (almost) all of their energy. �e last wave energy with DELFT formulation is contained
in frequencies with 0.5 cycles/second. Most of the energy in the case without mud is found around
frequencies of 0.4 cycles/second, while there is still some energy in the initial frequency.
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3.2 Experiments with Del�3D
�e �rst way to analyze the results from Del�3D-FLOW is to compare the output data of water level
with the observations from the local tidal station, Surinamentriho (red asterisk) in Figure 2.2. �e
RMSE error according to Equation 2.36 in this case is 0.1662 m. In order to further investigate if
the simulation is stable and the �ow is undisturbed in the boundaries, the depth averaged velocity
direction is plo�ed on top of the water level for chosen time points. Results can be seen in Figure
3.13. �e �ow is indeed undisturbed and the simulation is valid.

Figure 3.13: �e water level (colour contours, in m) and depth averaged velocity direction (arrows)
are shown for �ood (top plot) and ebb (bo�om plot). �e length of the arrows show the magnitude
of the depth averaged velocity. �e maximum value it a�ains is approximately 1 m/s. �e time

di�erence between the two cases is 12 hours.

First, a harmonic analysis is applied in the water level as described in Section 2.3. According to
Nedeco (1968); Wells and Coleman (1981) the tides in the coast of Suriname are mainly semi-diurnal.
�e amplitude for the tidal constituents M2, M4, S2 and K1 are shown in Figure 3.14. Indeed the
results from the harmonic analysis indicate that M2 has the largest amplitude and so M2 is the
most dominant tidal constituent. However, water level amplitude is expected to increase eastwards,
according to Figure 3 of Kagan and So�na (2014). In Figure 3.14, this is not the case, as there is no
clear pa�ern of an increase in west-east direction for all constituents.

Since M2 is the most dominant tidal constituent, its phase is also discussed. A plot with iso-phase
lines is provided in Figure 3.15 for the small, physical domain. �e phase of M2 is expected to be
uniform along the coast of Suriname according to Kagan and So�na (2014), with changes only very
close to the shore. Results from simulations with Del�3D-FLOW are in agreement with literature.
Pronounced di�erences in tidal phase are usually associated with the local features of the bo�om
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Figure 3.14: Tidal analysis: amplitude of tidal constituents M2, M4, S2 and K1.

topography, and they are observed very close to the shoreline (Pugh and Woodworth, 2014). A
similar plot is provided for the overall domain in order to establish the correct pa�ern of M2 phase
in Figure 3.16. Although the overall domain is of low accuracy (in order to facilitate fast numerical
simulations) the results show the expected results, that there is not signi�cant change in phase also
in this case.

A harmonic analysis is also applied on the velocity components of the tidal current in order to
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Figure 3.15: Plot of equal tidal phase lines (white lines) for the physical domain on top of
bathymetry, colored in m. Numbers across the white lines indicate the tidal phase in degrees.

Figure 3.16: Plot of equal tidal phase lines (white lines) for the overall domain on top of bathymetry,
colored in m. Numbers across the white lines indicate the tidal phase in degrees.

obtain the main direction of the tides along the coast of Suriname. Plots of tidal ellipses on top of
the bathymetry show that tides are directed normal to the coast as shown in Figure 3.17. �is is in
accordance with the literature Augustinus (1978). In the same �gure, it is observed that the tidal
current rotates clockwise in the o�shore part, and anticlockwise in the onshore part. �e change in
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direction could be associated with the increased friction in shallow waters.

Figure 3.17: Plots of tidal ellipses and bathymetry colored in m.�e tidal ellipse shows the main
direction of the tidal current. �e ellipses with solid lines indicate tidal currents that rotate
anti-clockwise while ellipses with dashed lines indicate tidal currents that rotate clockwise.
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Discussion

In this chapter, the results of all the experiments that are presented in Chapter 3 are discussed. More
particularly, in Section 4.1 the common limitations of the model-set up of the 2D experiments for
SWAN-Mud and Del�3D are elaborated. �e results from experiments aiming at reproducing earlier
work are analyzed in Section 4.2, the results from experiments with SWAN-Mud in Section 4.3, the
results from experiments with Del�3D in Section 4.4 and in the last Section 4.5, recommendations
are given for future research.

4.1 Model assumptions
Many assumptions are made in Section 2.2, where the model set-up of the experiments is discussed.
�ese assumptions are categorized in three groups: assumptions regarding the bathymetry, the mud
properties and assumptions regarding the physical processes that are studied.

�e stronger constraint throughout this study is the lack of data availability that inevitably led to
many simpli�cations during the simulations. One of these constraints has to do with the bathymetry
that was used. First of all we assume the bathymetry to be �xed during simulations, while actually
especially in the nearshore zone the bo�om topography is highly dynamic. �is is because of the
�uidization and mobilization of the upper �uid mud layer that a�ect the bathymetry. �ere is only
one reliable bathymetry from 2016, that was combined with the bathymetry from GEBCO (GEBCO)
dataset, under the assumption that no signi�cant changes in the o�shore bo�om topography between
the two dates for each case take place. �e order of magnitude of the changes ranges up to a few
meters, but in any case o�shore changes in bo�om topography are not per se relevant. However, the
accuracy of the nearshore bathymetry is not a priority since it has been established that the main
calibration parameter, when studying muddy environments similar to the one in Suriname, is the
mud viscosity (Winterwerp, 2007).

As a result, the values for the mud properties, viscosity and density, are taken from the �nal
results of Winterwerp (2007) where the coast of Guyana is studied. As already mentioned, the design
of the thickness of the mudbanks takes place according to a literature review (Augustinus, 1978;
Wells and Coleman, 1981; Anthony et al., 2008; Toorman et al., 2018), discussion with experts on the
�eld, and according to the bathymetry data (the thick patches that are obvious in bathymetry). Also,
the mud density and viscosity are uniform all over the domain under the assumption that di�erences
along the coastline are negligible and because there is one large sediment input, Amazon’s out�ow.
However, there is a high degree of uncertainty here, since there are not recent direct measurements.
�e mud viscosity together with mud thickness are of high importance in the dissipation of waves.
�ese properties are not expected to vary signi�cantly over time. However, they might vary on the
scale of one mudbank, as mud density and viscosity are expected to increase from east to west, as a
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result of the mud thickness increase in same pa�ern. �e la�er, represents an assumption and needs
to be further investigate

In the end, the assumptions that have to do with the physical processes are analyzed. In all simu-
lations the wind input is constant over the domain. However, during extreme (storm) conditions the
wind magnitude and direction vary. Moreover, the see breeze modulation during normal conditions
is also important. However, the constant wind input from the trade winds is the largest and does not
change signi�cantly. As a consequence, it should be further studied whether di�erences in the wind
input play a critical role on wave dissipation and tidal current propagation. It is also important to
note that the e�ects of baroclinicity are not taken into account. Baroclinicity e�ects are related with
the fresh water input of Amazon and the high strati�cation that is present. �ere is also uncertainty
regarding the coastline of Suriname. �e design of the computational grids took place according to
the latest landboundaries available in Del�-Dashboard and according to the available bathymetry.
Finally, the mangrove forests are not implemented in the model set-up and as a result they are not
taken into account into the wave dissipation. Mangroves are found usually at the mean high tide
level Toorman et al. (2018). When mangroves are included in the model, wave dissipation is expected
to be larger but at the scale of a few meters to 100 meters. Consequently, the wave dissipation due
to the mangroves should be quanti�ed, in order to determine how critical the role of the mangroves
is in preventing coastal erosion.

4.2 Reprodicibility of results of earlier studies

During the experiments on reproduction of earlier work that are described in Appendix A, some
assumptions were made as well. �e 1D experiment that aims at reproducing the laboratory data
fromDeWit (1995) is in full agreement with the original data, and both DELFT andGade formulations
are able to give reliable results. �e experiment in Guyana from Winterwerp (2007) also shows that
SWAN-Mud is able to reproduce large scale 2D experiments. �e results with DELFT formulation
are in accordance with the results in the related experiment as the obtained pa�erns in signi�cant
wave height, wave dissipation, wave period and wave energy follow similar pa�erns to the ones
of Suriname. It should be noted though, that in the la�er case the design of the mudbanks varies
signi�cantly. More particular, the mudbanks in Suriname extend up to 15 km o�shore (not up to
30 km), they are smaller in thickness and their thickness varies in the zonal direction and not in
the meridional as in Winterwerp (2007). Results with Gade formulation show a di�erent pa�ern
in wave energy distribution compared to DELFT formulation, i.e. near the coast there are almost
only low-frequency waves. �ere results are in agreement with �eld observation from Wells and
Coleman (1981) (Appendix A). �is result is of major importance as it has been established that Gade
formulation is not suitable for muddy environments as the one in Suriname or Guyana, however
�eld observations validate these results. Finally, numerical issues were encountered when the 1D
experiments from Figure 7, Kranenburg (2011) and Figure 3.4.5, De Wit (1995) were repeated (see
section A.2). It was not possible to obtain an optimum mud layer thickness with DELFT formulation,
but only with Gade formulation. �is suggests the possibility of technical issues in SWAN-Mud
(see Section A.2.4). Knowledge of this parameter can prove useful in case measures are taken for
protecting the coast. Although the coastal area is highly dynamic, a mud layer of the optimum mud
thickness could be e�ective in dissipating waves.
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4.3 Experiments with SWAN-Mud for the case in Suriname
coast

As already discussed in Section 4.1, the lack of wave data availability makes it possible to compare
the case in Suriname only with previous studies in literature. More particular, the wave dissipation
is compared to the results fromWinterwerp (2007); Wells and Coleman (1981). Two formulations are
studied: DELFT formulation (Kranenburg, 2011), which is applicable in Suriname and it is considered
the reference case, and Gade formulation (Gade, 1958) that might not be applicable to Suriname
according to the theory (shallow water limitation, see Section 2.1.1.3) but it is in agreement with
�eld measurements in Suriname by Wells and Coleman (1981).

More particular, results with DELFT parameterization are in full agreement with the results
in Winterwerp (2007). Although there are no direct measurements in order to validate the model
outputs, the results with this formulation show similar pa�erns for the main wave characteristics,
i.e. as soon as waves meet the mud layer the signi�cant wave height reduces, wave dissipation
increases and wave period decreases. In case of Gade though, the distribution of the wave energy
is in agreement with Wells and Coleman (1981), i.e. only low frequency waves arrive to the coast
(opposite in DELFT). So, although this formulation is not fully applicable in the coast of Suriname,
reliable results can be derived that are in line with �ndings from literature. Although the results
from both formulations are in accordance with studies in the literature, it can be concluded that
there is a strong di�erence between them, i.e. in the wave energy distribution.

Consequently, in order to improve the answer to the �rst research question, i.e. if SWAN-Mud
can simulate wave characteristics, a more detailed analysis is needed. �is means, a more accurate
bo�om and mud topography, measurements of mud density and viscosity and application of non-
uniform layers of these two variables. Wind plays an important role in this area, so a varying wind
is necessary as well for more accurate simulations. In the end, wave data are of highest importance
in order to validate the model and derive robust results.

4.4 Experiments with Del�3D
�e availability of astronomical tidal boundary conditions makes the results from Del�3D-FLOW
reliable. Although the RMSE between the modelled water level elevations and observations is 0.1662
m, and the water level amplitude pa�ern of M2 is not in full agreement with values in literature, the
large scale tidal properties are representative. M2 is the most dominant tidal constituent Augustinus
(1978), M2 phase does not very signi�cantly, and the tidal currents arrive normal to the coast (see
Section 3.2).

Coupling between Del�3D-FLOWandDel�3D-WAVE does not take place because Del�3D-WAVE
uses the regular version of SWAN, that does cannot account for the mud layer. However, e�orts
took place throughout this study so that a successful coupling between SWAN-Mud and Del�3D-
WAVE is done (as a �rst step before Del�3D-WAVE with SWAN-MUD is coupled to Del�3D-FLOW).
So far, these e�orts have not resulted in a successful coupling between these models. For future,
morphodynamic studies, the results can be signi�cantly improved in case it is possible to conduct
coupled experiments between Del�3D-FLOW and the state of the art numerical wave model SWAN-
Mud.
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4.5 Recommendations for further research
Suggested improvements for SWAN-Mud:

• �e most important step that needs to be made in order to successfully use SWAN-Mud v40.61
(used in this study) in the future is to compile the source code, and check whether all formula-
tions work as suggested in the manual (description of related problems can be found in Section
A.1 and a detailed analysis of the problems in Section A.2.4). In order to validate the model
simple 1D tests are capable of distinguishing between the di�erent formulations (such tests
are described in Kranenburg (2011), Figure 2 and Figure 7).

• If possible, it should be studied why De Wit formulation does not take into account the mud
layer (description of related problems can be found in Appendix A.1 and why Ng formulation
gives only NaNs in case of large scale 2D experiments. �e latest version of SWAN-Mud
includes a more advanced version of Ng formulation that is supposed to be more advanced
than the DELFT dispersion relation.

• Besides validating that the formulations that are included in the model work as expected, it
is also important to validate the model with �eld observations. Mud viscosity is one of the
most important factors to in�uence wave dissipation (Winterwerp, 2007). As a result, �eld
measurements of the mud properties are necessary. Accurate observations of the bo�om
topography and of the mud layer thickness can contribute in simulating the coastal area of
Suriname in a larger degree of accuracy. Finally su�cient timeseries of wave data are crucial
in order to establish the validity of the model.

• In order to further improve the accuracy of the model it is important not to neglect physical
processes that are of major importance in the coastal area of Suriname. �is could be a varying
wind input, the the observed strati�cation (baroclinicity e�ects), the mangrove induced wave
dissipation.

Next steps for coupling Del�3D-Flow and SWAN-Mud:

• �e �rst step in order to couple SWAN-Mud with Del�3D-WAVE is to take into account that
SWAN-Mud requires more inputs compared to the regular version of SWAN, that have to do
with the input parameters of mud properties. �ese parameters are the mud layer thickness,
the mud density and viscosity, the water density, and inputs that indicate which formulation
is used. It should be noted that these parameters are necessary in order SWAN-Mud runs. �is
is a strong compatibility problem between Del�3D-WAVE and SWAN-Mud, as Del�3D-WAVE
cannot ”recognise” these parameters. �e possible solution to this problem is the edit of the
batch �les with which Del�3D-WAVE and SWAN (any version of SWAN) communicate. �is
compatibility problem is bypassed during this study, however more problems occured.

• Even if SWAN-MUD is able to successfully ”communicate” with Del�3D-WAVE, the main
constraint that hinders the coupling is that the outputs of Del�3D-WAVE contain errors as
they are not designed to give outputs of parameters that depend on the mud layer (e.g. mud
induced dissipation).

• In case a successful coupling between Del�3D-WAVE and SWAN-MUD takes place, it is not
certain if Del�3D-WAVE will be successfully coupled to Del�3D-FLOW for the case of online-
coupling, i.e. bed level updates.

46



4.5. RECOMMENDATIONS FOR FURTHER RESEARCH

• It is also important to note that the latest SWAN version v41.31 can be activated in order to
account for muddy environments. In this version, Ng formulation (Ng, 2000) is implemented.
However, testing of this version indicates that large scale 2D experiments are also not possible
as results contain NaN values (Not a Number values). It is recommended that more experiments
with this version take place.
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Chapter 5

Conclusions

�is study is presenting for the �rst time spatial information of wave characteristics in the complex
coastal area of Suriname. More particularly, it aims at identifying whether the two numerical models
SWAN-Mud and Del�3D are able to successfully simulate waves and currents in muddy coastal
environments like the one in Suriname. Answers to the �rst and the second research questions are
found in Sections 5.1 and 5.2 respectively.

5.1 First research question
In order to answer the �rst research question, i.e. if SWAN-Mud can successfully simulate waves at
the coast of Suriname, experiments take place with two formulations, DELFT and Gade. Results with
DELFT formulation are in accordance with Winterwerp (2007) and results with Gade formulation
are in accordance with Wells and Coleman (1981) (see Section 3.1. However, there is a signi�cant
di�erence in the results regarding the wave energy distribution. In the �rst case the peak wave
energy is shi�ed towards higher frequencies, while in the second, the peak wave energy is shi�ed
towards lower frequencies compared to the initial frequency with which waves were forced. Con-
sequently, results from SWAN-Mud can be explained by studies in literature, although these results
are contradicting. So, it needs to be further investigated which of the two cases is the most realistic.

Taking into account the above-mentioned results and all the assumptions that were used for
these simulations, we can conclude that SWAN-Mud can be used for future simulations in muddy
coastal environments as it can simulate successfully wave characteristics like the signi�cant wave
height, wave dissipation, wave direction and near bed orbital velocity.

5.2 Second research question
�e second research question tests the applicability of Del�3D-Flow to study the hydrodynamics in
muddy environments, like the one in Suriname. �e comparison between water level observations
and model outputs does not give a small RMSE value and the amplitude of the water level is not in
full accordance with results in literature (Kagan and So�na, 2014). However, the strong dominance
of M2 tidal constituent on water levels, its phase pa�ern and the larger scale tidal characteristics,
like the tidal current propagation direction are in agreement with previous �ndings (Augustinus,
1978). �e direction of the tidal current is perpendicular to the coast, and the tidal phase does not
vary in the broader coastal area of Suriname. As a result, it can be concluded that Del�3D-FLOW is
a reliable numerical model for future studies in muddy environments like the one in Suriname.

Finally, coupling between Del�3D-FLOW and Del�3D-WAVE does not take place, as the la�er
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uses the regular version of SWAN that cannot take into account the mud layer. Results from Del�3D
are expected to be of higher accuracy if it is coupled to SWAN-Mud. In this case, it will be possible
to use it for high-resolution morphodynamic studies and accurately model erosion, transport, and
deposition of mud.
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Appendix A

Appendix

A.1 Reproduction of earlier work
De Wit (1995) �rst conducted a laboratory experiment where he studied waves propagating over a
mud layer and tested thewave a�enuation rate. A�er the laboratory experiment he repeated the same
case mathematically, soon a�er improving and extending the analytical model Gade (1958) developed.
�e set of equations he used are explained in De Wit (1995) and are also used in Winterwerp (2007).
�e la�er, repeated the same 1D experiment and also performed some new 2D experiments for the
coastline of Guyana (section 1.3). Both of these cases are performed in the current study, however
using a newer version of SWAN-Mud, v40.61.

In the �rst case all necessary inputs are available in order to repeat the 1D experiment. For this
case, a simple 1D grid of length 8 m is needed. �e input parameters are listed in Table A.1. �e ex-
periment is conducted using the formulation of Gade (1958) and Kranenburg (2011). �e formulation
from De Wit (1995) will not be analyzed in this experiment. �e reason is errors that arise during 2D
simulations with this parameterization and lead to the conclusion that this parameterization does
not give valid results with SWAN-Mud. �is conclusion will be established later.

Signi�cant wave height Hs 0.045 m
Water depth ℎw 0.325 m
Domain length 8 m

Mud thickness ℎm 0.115 m
Period 1.5 s

Mud viscosity 0.026 m2/s
Mud Density 1300 kg/m3

Water Density 1000 kg/m3

Table A.1: 1D experiment on wave dissipation by �uid mud (De Wit, 1995), (Winterwerp, 2007).

In the second case (Guyana coastline), the bathymetry and themud layer thickness are not directly
available. �e bathymetry is obtained from the GEBCO bathymetry dataset, and the mud layer
thickness is designed with the same tools that were used in section 2.2.2. �e mud layer thickness
is designed according to Figure 10 from (Winterwerp, 2007) and most of the input parameters are
obtained from the same paper. �e goal of this experiment is to observe approximately the same
behaviour of the most signi�cant wave properties, i.e. signi�cant wave height, wave period and
dissipation of waves. �e mud layer in this case is not similar to what is described in papers from
Augustinus (1980), Wells and Coleman (1981), Froidefond et al. (1988). Namely the mudbanks in
Figure A.2b are not triangularly shaped, with a steep slope from the east to west, and they are not
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directly a�ached to the shoreline. �ere is not an indication of the trailing (erosional) or of the
leading (depositional) edge. Instead they are more uniform, and their thickness decreases closer to
the shore. However, this paper is one of the few that discusses numerical outputs for simulations
that take place close to the Suriname coast. �e input parameters are presented in the Table A.2. �e
experiment is conducted using the formulation of Gade (1958) and Kranenburg (2011).

Parameter Description Value
Hs Forcing signi�cant Wave Height 4 m
T Period signi�cant Wave Height 10 s

Dir Hs Direction signi�cant wave height 45°
DD Directional spreading signi�cant wave height 25°

Boundaries for forcing Hs North, East
Ws Wind speed 12.5 m/s

Dir Ws Direction wind speed 45 °
ℎm Mud viscosity 0.001 m2/s
�m Mud density 1400 kg/m3

�w 1000 kg/m3 1000 kg/m3

Table A.2: Input parameters for 2D experiment in Guyana (Winterwerp, 2007)

Most of the input parameters for the case in Guyana are identical to the ones in the case which
is studied in Suriname. As already explained, this happens due to the lack of data regarding the
mud properties and under the assumption that the mud properties and the wave conditions do not
change signi�cantly between the two locations. Here, the formulations of Gade and DELFT will be
compared with the original outputs from Winterwerp (2007).

�e last experiments that aim at reproducing the results from previous studies target the compu-
tation of the mud layer thickness that induces maximum wave a�enuation (parameter ki). For this,
simple 1D experiments from Kranenburg (2011) and DeWit (1995) are performed, the ones described
in the Figure 7 and Figure 3.4.5 from the corresponding papers respectively. �e model setup for
these cases is given in Table A.3. Together with these experiments the optimum mud layer thickness
for maximum wave a�enuation is calculated for the case in Suriname. �e input parameters for
this experiment are given in the same Table. �e results are presented schematically. To facilitate
comparison it is suggested to perform normalization (Gade, 1958; De Wit, 1995; Kranenburg, 2011).
�e wave number (its real and imaginary part) is normalized with the wave number k for situations
without (�uid) mud and the mud layer thickness is normalized with the Stokes viscous boundary
layer �BL =

√

2�m

�
.

Parameter Kranenburg (2008) De Wit (1995) Suriname 2020
Signi�cant wave height Hs 0.5 m 0.5 m 0.5 m

Water depth ℎw 4 m 1.5 m 4 m
Domain length 4000 m 500 m 4000 m

Mud thickness ℎm variable variable variable
Mud viscosity 0.5 m2/s 0.1 m2/s 0.001 m2/s
Mud Density 1750 kg/m3 1500 kg/m3 1750 kg/m3

Water Density 1000 kg/m3 1000 kg/m3 1000 kg/m3

Table A.3: 1D experiment on wave dissipation by �uid mud (De Wit, 1995), Winterwerp (2007),
Suriname.
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In Table A.4 a list of the experiments that aim at reproducing the results of previous studies is
presented.

Experiments on reproduction of earlier work
Experiment No. Description Details
Experiment 1 1D laboratory case: Damping rate of waves that propagate

over a mud layer (De Wit, 1995; Winterwerp, 2007)
Table A.1

Experiment 2 2D case Guyana: e�ect of the mudbanks on waves (Winter-
werp, 2007)

Table A.2

Experiment 3 Mud layer thickness formaximumwave a�enuation, Figure
7 (Kranenburg, 2011)

Table A.3

Experiment 4 Mud layer thickness formaximumwave a�enuation, Figure
3.4.5 (De Wit, 1995)

Table A.3

Table A.4: List of experiments on reproduction of earlier work (Experiments 1, 2, 3, 4) and
experiment in order to determine the mud layer thickness for maximum wave a�enuation in the

coast of Suriname.

A.2 Results on reproduction of earlier work

A.2.1 Experiment 1: 1D case Winterwerp 2007.

�e �rst, 1D case where SWAN-Mud is tested is a laboratory experiment that was �rst conducted by
De Wit (1995). A comparison between the results from (Winterwerp, 2007) and the simulations with
the latest version of SWAN-Mud is presented in Figure A.1.

Figure A.1: Measured and computed signi�cant wave height for Hsig = 0.045 m, ℎw = 0.325 m,
ℎm = 0.115 m, �w = 1000 kg/m3, �m = 1300 kg/m3. Le�: Winterwerp (2007). Right: Model outputs

from SWAN-Mud: Gade (1958)(blue), Kranenburg (2011) (black) and measurements from laboratory
experiment De Wit (1995)

�e results from SWAN-Mud are in agreement with the results in (Winterwerp, 2007) where a
reduction of the order 20% is observed. In the current experiments, there is 22.18% wave a�enuation
by the end of the experiment with Gade formulation and 20.51% with DELFT formulation. �e RMSE
of the wave height between the experiment results from the (schematically estimated) �ume data
and model outputs is 0.313 m with Gade formulation and 0.2849 m with DELFT formulation.
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A.2.2 Experiment 2: E�ect of the mudbanks on waves - Guyana case.
�e second experiment that takes place in order to compare SWAN-Mud with results from previous
studies is a 2D case in Guyana. �is experiment was �rst conducted by Winterwerp (2007), with the
initial SWAN-Mud version. Figure A.2a shows the bathymetry and Figure A.2b shows the mud layer
thickness that was used in (Winterwerp, 2007).

(a) (b)

Figure A.2: Guyana case: (a) Water depth in [m], (b) Mud layer thickness in [m] used in
(Winterwerp, 2007).

�e case of extreme conditions was studied in Guyana, i.e. wind input of 12.5 m/s and signi�cant
wave height of 4 m. In order to repeat the same experiment, an example bathymetry from the JEBCO
dataset is used, and the mud layer thickness is designed with the same tools described in Section
2.2.2, i.e. the tools Del�3d-RGFGRID and Del�3d-QUICKIN. Figure A.3 shows the bathymetry and
mud layer thickness that were used in order to repeat an experiment similar to the one described in
(Winterwerp, 2007). Taking into account the lack of the original data, i.e. the original water depth
and mud layer thickness deviations from the outputs in (Winterwerp, 2007) are expected.

(a) (b)

Figure A.3: Guyana model set up. (a): Water depth [m] (b): Mud layer thickness [m]. �e black line
indicates the cross-section where signi�cant wave height, wave period and total dissipation are

analyzed.

Two cases are compared in (Winterwerp, 2007). One with the mud layer thickness indicated in
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Figure A.2b and one without it. �e same experiment is conducted for the purposes of this report
with SWAN-Mud and the formulations of Gade and DELFT.

�e comparison between the case in Guyana from (Winterwerp, 2007) and the one with SWAN-
Mud v40.61 is successful in case the DELFT formulation is used. In the le� plots of Figure A.4, the
signi�cant wave height instantly decreases as soon as waves approach to the mud layer in contrast
to the case without mud, where signi�cant wave height decreases only when the water depth is
small enough to induce depth-induced wave breaking. �e wave period decreases soon a�er the
waves start propagating in the mud layer, while in the case without mud the wave period decreases
only very close to the shore. A similar behaviour is observed for the total dissipation. In case of mud,
there is an instant peak in wave dissipation, observed exactly at the location where the mud layer
starts. No other peaks are obvious as the waves are already a�enuated and do not break further
closer to the coast. �e bo�om pro�le is also very smooth and contributes to this behaviour. In the
case without mud, the waves dissipate only very close to the shore, probably due to depth-induced
wave breaking.

However, in case of Gade there is a signi�cant di�erence when the wave period is studied com-
pared to the results fromWinterwerp (2007). Although the wave period signi�cantly decreases when
the waves arrive at the mud layer, the wave period very close to the shore increases sharply. �is is
not the case with DELFT parameterization, where wave period is constantly decreasing. �e unex-
pected behaviour that is observed with Gade’s parameterization is explained in Wells and Coleman
(1981) and also with the use of the wave spectra in similar locations as shown in Figure A.4 . �e
reason for the shi� of wave energy towards lower frequencies when waves approach the coast is

(a) Winterwerp (2007) (b) Simulations SWAN-Mud 2020

Figure A.4: From top to bo�om: Cross-shore pro�les of signi�cant wave height [m], wave period
[s], total dissipation[m2/s], mud layer thickness [m], water depth [m]. Waves propagate from the
o�shore part (right side) towards the coast (le� side). Outputs from SWAN-Mud for the case in

Guyana.

54



A.2. RESULTS ON REPRODUCTION OF EARLIER WORK

the a�enuation of waves due to whitecapping which took place o�shore (due to the large signi�cant
wave heights). As a result, the majority of waves that approach the coast have already dissipated
and belong to the low-frequency part of the wave spectrum.

Winterwerp (2007) compares the case where wind and waves force the system in the initial
simulations (discussed earlier), with a case where only waves force the system. �is comparison
takes place in this report as well. �e wave spectrum is computed for three di�erent locations with
both Gade and DELFT formulation: a location far o�shore of the coast, a location at an intermediate
water depth and a location very close to the shore. Besides the fact that wave energy is strongly
decreased when the waves are propagating towards the coast in both cases, in the cases where
the system is forced with wind, there is a pronounced shi� in larger frequencies compared to the
cases without wind (top plots, Figure A.5). In the o�shore location, most energy is accumulated in
low frequency waves for both formulations as can be seen in the peaks of 0.1Hz in the same plots.
However, energy is decreased in case of Gade formulation compared to DELFT even in the o�shore
part, with this being more pronounced in the starting point of the mudbanks in both cases, with and
without wind (middle plots, Figure A.5). At 0.1 Hz the energy is in the order of 10-20 m2/s, while in
the o�shore part it was in the order of 20-30 m2/s. Closer to the shore there is a clear shi� in larger
frequencies in the cases with wind for both formulations (bo�om plots, Figure A.5). �e second peak
is found at 0.32 Hz with Del� formulation and at 0.38 Hz with Gade formulation). In case of Gade,
waves are shi�ed to larger frequencies compared to DELFT formulation. As already explained, in
this case low frequency waves have been already dissipated and mainly high frequency waves arrive
at the shore. A direct comparison of wave energy between the case in Winterwerp (2007) and here
doesn’t take place, as the set up of the model is much di�erent, and only the pa�ern of the wave
parameters is compared.

(a) (b)

Figure A.5: (a): Figure 13 (Winterwerp, 2007). Wave spectra computed in three locations, with
changing distance from the coast of Guyana. Far o�shore of the coast, very close, and in between.
(b) Model outputs from SWAN-Mud for three similar locations. �e same behaviour is observed in
both cases. While waves propagate towards the coast, they lose energy. A shi� in larger frequencies

shows the transition from swell waves to wind waves.
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A.2.3 Experiments 3 and 4: Optimum mud layer thickness for maximum
wave attenuation.

As described in methodology Section A.1 di�erent formulations for wave damping that are imple-
mented in SWAN-MUDwere tested by Kranenburg (2011). �e comparison takes place by computing
the mud layer thickness that induces maximum wave a�enuation, i.e. for which mud layer thick-
ness ki is the largest. �ese computations result in approximately the same (optimum) mud layer
thickness with each of these formulations. For the purpose of testing SWAN-mud V40.61 the same
experiments were repeated (Experiment 3, Table A.4). However, the results deviate from Kranenburg
(2011), and an optimum mud layer thickness is found only in the case of Gade and Ng. In case of
DELFT and De Wit formulation ki is continuously decreasing for increasing mud layer thicknesses.
Comparison takes place in Figure A.6.

(a) (b)

Figure A.6: (a): Mud layer thickness computation for maximum wave a�enuation (�gure taken from
(Kranenburg, 2011)) (b) Same experiment, simulations with SWAN-Mud v40.61. Model inputs for
both cases: Hw = 4 m, T = 8 s, �m = 1750 kg/m3, �m = 0.5 m2/s. Mud layer thickness (x-axis) is scaled
with the boundary layer thickness �BL =

√
2�

�
and ki is scaled with the wave number k for situations

without (�uid) mud.

�e same behaviour is obtained when repeating an experiment conducted by De Wit (1995)(Ex-
periment 4, Table A.4). De Wit performed a similar experiment, computed the mud layer thickness
which induces maximum wave a�enuation, but for the model he developed in De Wit (1995). Com-
putations with SWAN-Mud v40.61 reveal an optimum mud layer thickness only in case of Gade and
Ng formulations, Figure A.7. Although in this case a comparison between the di�erent formulations
by De Wit does not take place, his results are used in order to test the validity of SWAN-Mud.

A.2.4 Implications of the results
Regarding the 1D Experiments 1, 3 and 4 all original inputs are available, so an accurate comparison
between the original results (De Wit, 1995; Winterwerp, 2007) and the results from SWAN-Mud can
take place. Experiment 1 shows good agreement with the results fromWinterwerp (2007). Signi�cant
wave height is expected to reduce by 20%. Gade formulation results to a reduction of 22.18% and
DELFT formulation to a reduction of 20.51%. �is is a �rst indication that Gade’s formulation
overestimates wave dissipation.

Experiments 3 and 4 aim at reproducing the results from Kranenburg (2011), and more particu-
larly the optimum mud layer thickness for maximum wave a�enuation. �e results from the current
version of SWAN-Mud (v40.61) are not in accordance with the results from the SWAN-Mud version
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(a) (b)

Figure A.7: (a): Figure 3.4.5 (De Wit, 1995), mud layer thickness computation for maximum wave
a�enuation. (b) Same experiment, simulations with SWAN-Mud v40.61. Model inputs for both
cases: Hw = 1.5 m, T = 8 s, �m = 1500 kg/m3, �m = 0.1 m2/s. Mud layer thickness (x-axis) is scaled

with the boundary layer thickness �BL =
√

2�

�
and ki is scaled with the wave number k for situations

without (�uid) mud.

that was used in Kranenburg (2011) (Experiment 3). In particular, it is not possible to obtain an
optimum mud layer thickness with DELFT and De Wit formulation. In experiments with this formu-
lations, ki (exponential decay of waves) does not a�ain a maximum value, but it is decreasing with
increasing mud layer thickness (Figures A.6 and A.7). �is is only possible with Gade formulation.
�e same experiment was also done with an other formulation in SWAN-Mud, i.e. with Ng (2000),
but it is not analyzed in the chapter with the results. �e desired optimum mud layer thickness is
also obtained with this formulation. However, 2D experiments fail to give outputs of the standard
form, but only NaN values (Not-a-Number values). �is is the reason why this formulation is not
used throughout this report. �e same pa�ern is observed when trying to obtain an optimum mud
layer thickness during Experiment 4. It is not possible to obtain an optimum mud layer thickness
with Del� and De Wit parameterizations, but only with Gade and Ng (Ng, 2000). �e results of both
Experiments 3 and 4 indicate technical issues in the used version of SWAN-Mud with DELFT and De
Wit formulations, meaning that the actual formulations that were developed by Kranenburg (2011)
and De Wit (1995) are not implemented correctly in the source code of SWAN-Mud.

A second explanation for the di�erence in the results is that the manual for SWAN-Mud v40.61
contains errors. SWAN-Mud can be used only if a speci�c formulation is selected (Gade: (Gade,
1958), Dalrymple: (Dalrymple and Liu, 1978), De Wit: (De Wit, 1995), Ng: (Ng, 2000), Guo: Guo
(2002), DELFT: Kranenburg (2011)) and there is no default formulation speci�ed by the model. A
formulation can be selected by specifying a certain number i.e. 1 corresponds to Gade, 2 corresponds
to De Wit, etc. �e possible error is that the order of the formulations may have been di�erent from
what is stated in the manual for SWAN-Mud v40.61, as will be elaborated in the following paragraphs.
�is possibility was tested with the following experiment.

�e process of performing experiments in shallow and deepwaters, taking into account the strong
shallow water limitation in case of Gade (1958), kH ≪ 1 (end of section 2.1.1.3, can possibly give a
be�er picture about the consistency between the formulations in the manual and the formulations
in the model. Figure 2 from Kranenburg (2011) compares the latest (by then) SWAN-Mud version,
with the one that was used by Winterwerp (2007) (including De Wit (1995) formulation) and with a
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simple analytical solution, which is not of interest now. What is tested, is the signi�cant wave height
when waves propagate towards a mud layer. It is expected that the two models (DELFT and De Wit
formulations) will show the same pa�ern in case of shallow water but a di�erent one in case of deep
waters. �is expectation is con�rmed in Kranenburg (2011). �e same experiment is repeated with
SWAN-Mud v40.61 in this report. Due to the uncertainties revealed in the previous experiments (1D
experiments 3 and 4), simulations with all the available formulations in SWAN-Mud take place. �e
results are available in Figure A.8 .

(a) (b)

Figure A.8: (a): Figure 2 from Kranenburg (2011), signi�cant wave height in the case of waves
propagating over a constant mud layer(ℎm = 0.5 m in shallow waters (kHw ≈ 0.17). Model inputs:
Hw = 1 m, T = 12 s, ℎm = 0.5 m, �m = 1500 kg/m3, �m = 0.1 m2/s. and in deep waters (kHw ≈ 1.03).
Model inputs: Hw = 5 m, T = 5 s, ℎm = 0.5 m, �m = 1500 kg/m3, �m = 0.1 m2/s. (b) Same experiment,

simulations with SWAN-Mud v40.61.

In the current study, the signi�cant wave height decreases almost instantly in case of DELFT
(enhanced SWAN-Mud) for the shallow water case, i.e. in the �rst 100 m while wave height is
expected to be 0.01 m in the end of the domain in Kranenburg (2011), Figure 2. In case of deep water,
the signi�cant wave height for the same formulation, dissipates more than expected, i.e. Hsig = 0.01

m while expected Hsig = 0.2 m in the end of the computation. Gade and Ng, in case of shallow water,
show exactly the expected behaviour from Del� formulation (enhanced SWAN-Mud), while for deep
water, Gade again shows the expected behaviour in the case of DELFT formulation. Consequently,
the dispersion relation that should contain Gade’s formulation, may actually represent one of the
other formulations. �e results shown here suggest that it may have been the DELFT formulation,
although that should be con�rmed. �is is only a possibility, and the way to accurately examine
if there are inconsistencies between the manual and the model, is to compile the source code of
SWAN-Mud and test the di�erent formulations.

Experiment 2 (2D case in Guyana) con�rms the �ndings of Experiment 1 (1D laboratory case),
i.e. that the formulation of Gade overestimates wave dissipation compared to DELFT formulation.
�e cross-section in Figure A.4 indicates the steeper decrease of signi�cant wave height and the
steeper increase of total dissipation as soon as the waves meet the mud layer. Overestimation of
wave a�enuation probably results in dissipation of all high-frequency waves. As a result, when
the waves arrive at the coast the spectra is dominated by low-frequency waves (large wave period
waves). �is is also the �nding of the observations fromWells and Coleman (1981). However, �ndings
from Winterwerp (2007) are in be�er agreement with the results from DELFT formulation. Instant
dissipation of waves occurs as soon as they arrive at the mud layer, however not strong enough in
order to dissipate so e�ciently low-frequency waves. According to the results in the same �gure,
there is evidence that Gade formulation overestimates dissipation also due to white-capping. �is
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is con�rmed according to the wave spectra, where the reduced wave energy is observed with Gade
formulation in the o�shore location, compared to the results from DELFT formulation. However,
both formulations indicate a shi� of the wave energy to larger frequencies very close to the shore in
the cases with wind, compared to the cases without wind.
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