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ABSTRACT

A two-dimensional numerical model has been developed to simulate wave-current
induced nearshore circulation patterns in beaches and surf zones. The wave model is
based on the parabolic wave equation for mild slope beaches. The parabolic equation
method has been chosen because it is a viable means of predicting the characteristics
of surface waves in slowly varying domains and in its present form dissipation and
wave breaking are also included. The two dimensional parabolic mild slope equation
was discretised and solved in a fully implicit manner, so stability did not create a
major problem. This wave model was then embedded into the existing numerical
model DIVAST. The sediment transport formulae from Van Rijn was used to
calculate the nearshore sediment transport rate.

The estuarine model DIVAST has been refined and first used to simulate different
tidal scenarios in the Bristol Channel, the agreement between field data and model
predictions was good. Residual erosion after various tidal cycles was highlighted,
which give rise to long-time effect predictions for the estuarine behaviour. The
newly developed wave model was then introduced in to the estuarine model and the
combined model has been verified against various laboratory data. At first, the
model was applied to a sinusoidal beach with different beach orientations. Then the
model was compared against a three-cusp beach. In both cases, model results
showed that the model was capable of simulating the wave generated velocity field
with a high level of accuracy. Then the model was applied to published laboratory
data. The comparison between the laboratory data with model predictions confirmed
the model’s capability of simulating wave heights, cross-shore and longshore
velocity profiles and water level variations. An acceptable level of accuracy was
obtained.

Finally, the model was applied to a recent laboratory investigation by the research
group. Various scenarios were simulated for the sensitivity test of the main model
parameters and some of the parameters have been investigated to obtain the best
comparable results. It was found that the velocity field was sensitive to changes in
the bed resistance, friction co-efficient and wave breaking index. The nearshore
sediment transport rate predicted by the model was verified against other existing
numerical model results, with very close agreement being obtained. Also the
morphological parameters and bed level changes were calculated and compared with
laboratory results and again giving good agreement.

A combined wave-current model which can be applied to both estuarine and
nearshore circulation predictions has been established, and the agreement between
the predicted numerical model results and laboratory data have been very
encouraging for all of the model applications considered. The numerical results
confirm that the new wave-current model is stable, accurate and economical in terms
of computational resources.

Keywords: estuarine transport; wave-current interaction; parabolic wave equation;
numerical modelling; nearshore circulation; Finite Difference Method.



ACKNOWLEDGEMENTS

I would like to express my sincere gratitude to my supervisor Professor Roger A.
Falconer, for his help, encouragement, guidance and support during this research

project.

I would also like to express my earnest gratitude to Dr. Binliang Lin for all his time,

help guidance and support throughout my studies.

I am grateful to Association of Commonwealth Universities for providing me this

scholarship and to British Council for support in all aspects during this tenure.

I am also grateful to my university, Bangladesh University of Engineering and

Technology to provide me this leave of study to pursue higher studies.

I thank all my friends in this research group who have offered me support and
guidance throughout my study period here.

I am eternally grateful to my parents, my sisters and brother for their unbounded
love and support. And especially to my husband for his love, understanding,
enormous support and encouragement during this period. Last but not least all my

thanks to my daughter, Nusaiba for her patience in all this years.

i



To my parents
and

my husband

iit



Abstract
Acknowledgements
Dedication
Contents
List of figures
List of tables
Notation

TABLE OF CONTENTS

Chapter 1 INTRODUCTION

1.1
1.2
1.3
1.4

Background of the Study
Scope of the Study
Study Objectives
Structure of the Thesis

Chapter 2 LITERATURE REVIEW

2.1
2.2
23
24

2.5

2.6

Introduction

Classification of Estuaries and Beaches
Hydrodynamic (Tidal and Wave) Processes
Tidal Effects in Estuarine Waters

2.4.1 Field Work

2.4.2 Laboratory Experiments

2.4.3 Theoretical Investigations
Wave Effects in Coastal Waters

2.5.1 Field Work

2.5.2 Laboratory Experiments

2.5.3 Theoretical Investigations

Sediment Transport Processes

2.6.1 Tidal Effects on Sediment Transport Process

iv

..........................................................................................

........................................................................

......................................................................................

..........................................................................................

.................................................................................

...................................................................................

.................................................................................................................

o Wn A

10
11
13
17
18
20
20
22
22
25
27
30
31



2.7

2.8

26.2

Wave and Current Effects on Sediment Transport Process

Numerical Model Studies

2.7.1
272

Modelling Tidal Currents
Modelling Waves

Summary

Chapter 3

3.1
3.2
33

34

3.5

3.6

3.7

GOVERNING EQUATIONS OF FLUID FLOW

Introduction

General Form of Conservation Laws

Hydrodynamic Equations

3.3.1
3.3.2
3.33
334

Conservation of Mass

Conservation of Momentum

Boundary Conditions

Two Dimensional Depth Integrated (Shallow Water) Equations

Governing Equations for Shallow Water Waves

34.1
34.2
343
344
345
346

Boundary Conditions

Solution of Linearized Water Wave Boundary Value Problem
Principles of Wave Transformation

Mild Slope Equation with Parabolic Approximation

Wave Breaking

Calculation of Wave Height and Wave Angle

Stresses Due to Wave Current Interaction

3.5.1
3.5.2
3.5.3

Shear Stresses
Radiation Stresses

Lateral Mixing

Sediment Transport

3.6.1

3.6.2
3.6.3

Two Dimensional Depth Averaged Sediment
Transport Equation
Estuarine Sediment Transport

Nearshore Sediment Transport

Summary

34
37
38
4]
46

47
48
50
50
53
60
61
66
68
69
74
75
80
82
85
85
87
90
92

95
96
100
102



Chapter 4 NUMERICAL MODELLING

4.1
4.2
43
4.4

4.5

4.6
4.7

4.8

Introduction

Finite Difference Method

ADI Finite Difference Scheme
Solution Formulation

4.4.1 General Outline

4.4.2 Solution Procedure

Depth Integrated Finite Difference Equation
4.5.1 Hydrodynamic Equations
4.5.2 Wave-Current Equations
4.5.3 Sediment Transport Equations
Model Stability Criteria

Model Boundary Condition

4.7.1 Initial Condition

4.7.2 Closed Boundary Condition
4.7.3 Open Boundary Condition
Summary

Chapter 5 TIDAL MODEL APPLICATION

5.1
5.2

53
54

Introduction

The Bristol Channel

5.2.1 Location

5.2.2 Estuarine Features

5.2.3 Bathymetric Characteristics
5.2.4 Hydrodynamic and Environmental Regime
5.2.5 Tidal Condition

5.2.6 Sediment Transport Regime
Numerical Model DIVAST

Model Calibration and Verification
5.4.1 Bristol Channel Model Details
5.4.2 Calibration

vi

103
104
107
109
109
110
112
114
117
121
123
125
125
126
127
129

130
131
131
132
132
135
140
141
141
143
144
148



55

5.6

5.4.3 Verification

5.4.4 Application of Model Against 2001 Data
Tidal Velocities and Sediment Transport Processes
5.5.1 Neap Tidal profiles

5.5.2 Spring Tidal Profiles

5.5.3 Residual Velocity and Erosion

Summary

Chapter 6 WAVE MODEL ANALYSIS

6.1
6.2
6.3
6.4

6.5

6.6

Introduction

The Wave Model

Test Case I : Model Application to Sinusoidal Beach

Test Case II : Model Application to Multi-Cusp Beach

6.4.1 UKCRF Multi-Cusp Beach : Physical Setup and
Numerical Model

6.4.2 Experimental and Numerical Results

Test Case III : Model Application to Half-Sinusoidal Beach

6.5.1 Experimental Setup

6.5.2 Numerical Model Setup

6.5.3 Comparison of Model Results with Experimental
Measurements

Summary

Chapter 7 WAVE MODEL APPLICATION

7.1
7.2

7.3
7.4

Introduction

Experimental Set-up

7.2.1 Wave Basin

Numerical Model Set-up

Results

7.4.1 Sensitivity Test for Velocity Field

7.4.2 Sediment Transport and Morphological Model Verification

vii

150
151
175
182
183
185
202

203
205
207
217

219
221
229
230
234

235
249

250
251
253
257
261
263
281



7.4.3 Sediment Transport and Morphological Model Prediction 286
7.5 Summary 297

Chapter 8 CONCLUSIONS AND RECOMMENDATIONS FOR

FURTHER STUDY
8.1 Conclusions of the Research Study 298
8.2 Recommendations for Further Study 303
APPENAIX Aottt ettt s e ettt sene s esa e aa e s ae et e nas 306
REfETENCES. ...ttt e et e e sab e e st s eare e s nbs s areeas 312

viii



Figure 3.2.1
Figure 3.3.1
Figure 3.3.2
Figure 3.3.3
Figure 3.3.4
Figure 3.3.5
Figure 3.4.1
Figure 3.5.1
Figure 3.5.2
Figure 3.5.3
Figure 3.6.1
Figure 4.2.1
Figure 4.4.1
Figure 4.4.2
Figure 4.5.1
Figure 4.7.1
Figure 4.7.2
Figure 5.2.1
Figure 5.2.2
Figure 5.2.3
Figure 5.2.4
Figure 5.2.5
Figure 5.4.1
Figure 5.4.2
Figure 5.4.3
Figure 5.4.4
Figure 5.4.5

Figure 5.4.6

LIST OF FIGURES

Representation of conservation of mass

Cartesian co-ordiante system

Flow into and out of control volume

Forces/stresses acting on a fluid element or control volume
Hydrostatic pressure distribution

Section of definition sketch

Definition sketch for sinusoidal progressve waves
Control volume to which momentum equation is applied
Radiation stresses acting on a small triangular element
Lateral mixing formulation sketch

Shield’s diagram

Comparisons of Finite Difference Approximation
Space staggered grid system

Grid mesh representation

Flow diagram for wave-current model

Wall boundary

Flow boundary

Location of Bristol Channel

Bathymetry of the Bristol Channel

Physiography of the study area

Maximum daily mean river flows

Co-tidal chart

Boundary of the model

Position of the tidal diamond

Water levels at open boundary locations for neap tides
Water levels at open boundary locations for spring tides

Comparison of water elevations for mean neap tides
(Stackpole Quay, Wormshead, Lynmouth)

Comparison of water elevations for mean neap tides
(Swansea, Port Talbot, Porthcawl)

ix

49
50
52
54
59
60
67
86
88
91
94

105

108

110

113

126

128

132

133

134

138

139

146

147

156

156

157

158



Figure 5.4.7
Figure 5.4.8
Figure 5.4.9
Figure 5.4.10
Figure 5.4.11
Figure 5.4.12
Figure 5.4.13

Figure 5.4.14

Figure 5.4.15
Figure 5.4.16
Figure 5.4.17
Figure 5.4.18
Figure 5.4.19
Figure 5.4.20

Figure 5.4.21
Figure 5.4.22
Figure 5.4.23
Figure 5.4.24
Figure 5.4.25
Figure 5.4.26
Figure 5.4.27
Figure 5.4.28
Figure 5.4.29

Comparison of water elevations for mean neap tides
(Minehead, Barry, Cardiff)

Comparison of water elevations for mean neap tides
(Western Super Meyer, Newport, Port Bury)

Comparison of current velocities and directions at tidal
diamonds for mean neap tides (points B-F)

Comparison of current velocities and directions at tidal
diamonds For mean neap tides (points G-K)

Comparison of current velocities and directions at tidal
diamonds for mean neap tides (points L-P)

Comparison of current velocities and directions at tidal
diamonds for mean neap tides (points Q-T)

Comparison of water elevations for mean spring tides
(Stackpole Quay, Wormshead, Lynmouth)

Comparison of water elevations for mean spring tides
(Swansea, Port Talbot, Porthcawl)

Comparison of water elevations for mean spring tides
(Minehead, Barry, Cardiff)

Comparison of water elevations for mean spring tides
(Western Super Meyer, Newport, Port Bury)

Comparison of current velocities and directions at tidal
diamonds for mean spring tides (points B-F)

Comparison of current velocities and directions at tidal
diamonds For mean spring tides (points G-K)

Comparison of current velocities and directions at tidal
diamonds for mean spring tides (points L-P)

Comparison of current velocities and directions at tidal
diamonds for mean spring tides (points Q-T)

Location of 2001 survey points in Bristol Channel
Comparison of current speed for survey-01 dated 24.07.01
Comparison of current direction for survey-01 dated 24.07.01
Comparison of water levels for survey-01 dated 24.07.01
Comparison of current speed for survey-02 dated 26.07.01
Comparison of current direction for survey-02 dated 26.07.01
Comparison of water levels for survey-02 dated 26.07.01
Comparison of current speed for survey-03 dated 30.07.01

Comparison of current direction for survey-03 dated 30.07.01

159

160

161

162

163

164

165

166

167

168

169

170

171

172
176
177
177
177
178
178
178
179
179



Figure 5.4.30
Figure 5.4.31
Figure 5.4.32
Figure 5.4.33
Figure 5.5.1

Figure 5.5.2

Figure 5.5.3

Figure 5.5.4

Figure 5.5.5

Figure 5.5.6

Figure 5.5.7

Figure 5.5.8

Figure 5.5.9

Figure 5.5.10
Figure 5.5.11
Figure 5.5.12
Figure 5.5.13
Figure 5.5.14
Figure 5.5.15
Figure 5.5.16
Figure 5.5.17
Figure 5.5.18
Figure 5.5.19
Figure 5.5.20
Figure 5.5.21
Figure 5.5.22
Figure 5.5.23
Figure 5.5.24
Figure 5.5.25
Figure 5.5.26
Figure 5.5.27
Figure 5.5.28

Comparison of water levels for survey-03 dated 30.07.01 179
Comparison of current speed for survey-04 dated 01.08.01 180
Comparison of current direction for survey-04 dated 01.08.01 180
Comparison of water levels for survey-04 dated 01.08.01 180
Velocities and wet and dry cell for neap tides (HW+3.10h.) 186
Suspended sediment concentrations for neap tides (HW+3.10h.) 186
Velocities and wet and dry cell for neap tides (HW+4.65h.) 187
Suspended sediment concentrations for neap tides (HW+4.65h.) 187
Velocities and wet and dry cell for neap tides (HW+6.20h.) 188
Suspended sediment concentrations for neap tides (HW+6.20h.) 188
Velocities and wet and dry cell for neap tides (HW+9.20h.) 189

Suspended sediment concentrations for neap tides (HW+9.20h.) 189
Velocities and wet and dry cell for neap tides (HW+10.75h.) 190
Suspended sediment concentrations for neap tides (HW+10.75h.) 190
Velocities and wet and dry cell for neap tides (HW+12.40h.) 191
Suspended sediment concentrations for neap tides (HW+12.40h.) 191

Residual velocities and wet and dry cells after 5 tidal cycle 192
Residual erosion after 5 tidal cycle for neap tides 192
Residual velocities and wet and dry cells after 10 tidal cycle 193
Residual erosion after 10 tidal cycle for neap tides 193
Velocities and wet and dry cell for spring tides (HW+3.10h.) 194

Suspended sediment concentrations for spring tides (HW+3.10h) 194
Velocities and wet and dry cell for spring tides (HW+4.65hrs.) 195
Suspended sediment concentrations for spring tides (HW+4.65h) 195
Velocities and wet and dry cell for spring tides (HW+6.20h.) 196
Suspended sediment concentrations for spring tides (HW+6.20h) 196
Velocities and wet and dry cell for spring tides (HW+9.20h.) 197
Suspended sediment concentrations for spring tides (HW+9.20h.) 197
Velocities and wet and dry cell for spring tides (HW+10.75h.) 198
Suspended sediment concentrations for spring tides (HW+10.7h.) 198
Velocities and wet and dry cell for spring tides (HW+12.4h.) 199
Suspended sediment concentrations for spring tides (HW+12.4h.) 199

xi



Figure 5.5.29
Figure 5.5.30
Figure 5.5.31
Figure 5.5.32
Figure 6.1.1

Figure 6.3.1
Figure 6.3.2
Figure 6.3.3

Figure 6.3.4
Figure 6.3.5
Figure 6.3.6
Figure 6.3.7
Figure 6.3.8

Figure 6.3.9

Figure 6.3.10

Figure 6.4.1

Figure 6.4.2
Figure 6.4.3

Figure 6.4.4
Figure 6.4.5
Figure 6.4.6
Figure 6.4.7

Figure 6.4.8

Residual velocities and wet and dry cells after 5 tidal cycle
Residual erosion after S tidal cycle for spring tides

Residual velocities and wet and dry cells after 10 tidal cycle
Residual erosion after 10 tidal cycle for spring tides

Typical profile for the waves near the coast
(from Chien and Wan, 1998)

Numerical domain of sinusoidal beach
Boundary notation and location for sinusoidal beach

Wave induced velocity profile after 0.5h.
(sinusoidal beach-I, normal wave incidence)

Wave induced velocity profile after 0.5h.
(sinusoidal beach-I, oblique wave incidence)

Wave induced velocity profile after 0.5h.
(sinusoidal beach-II, oblique wave incidence)

Wave induced velocity profile after 0.5h.
(sinusoidal beach-II, normal wave incidence)

Wave induced velocity profile after 0.5h.
(sinusoidal beach-III, oblique wave incidence)

Wave induced velocity profile after 0.5hrs.
(sinusoidal beach-III, oblique wave incidence)

Wave induced velocity profile after 0.5hrs.
(sinusoidal beach-III, oblique wave, preset=0.1 m )

Wave induced velocity profile after 0.5hrs.
(sinusoidal beach, oblique wave, preset= 0.4m)

Dependence of current pattern on wave incidence angles
(from Sonu, 1972)

Layout of UKCRF multi-cusp beach

Multi-cusp beach—numerical model set-up
(grid size 0.5mX0.5m)

Predicted velocity field for case A (i.e. regular waves: wave
period 1.0s; wave height = 0.1m; incident wave angle =0°)

Experimental results for case B (interpolated current
vectors and stream contours)

Experimental results for case C (interpolated current
vectors and stream contours)

Predicted velocity field for case B (i.e. regular waves: wave
period 1.0s; wave height = 0.1m; incident wave angle = 0%)

Predicted wave direction for case B

xii

200
200
201

201

205
212
212

213

213

214

214

215

215

216

216

218
222

222

223

225

225

226
226



Figure 6.4.9

Figure 6.4.10
Figure 6.4.11

Figure 6.4.12
Figure 6.5.1

Figure 6.5.2
Figure 6.5.3

Figure 6.5.4
Figure 6.5.5
Figure 6.5.6
Figure 6.5.7
Figure 6.5.8
Figure 6.5.9
Figure 6.5.10
Figure 6.5.11
Figure 6.5.12
Figure 6.5.13
Figure 6.5.14
Figure 6.5.15
Figure 6.5.16

Figure 6.5.17

Figure 6.5.18
Figure 6.5.19
Figure 6.5.20
Figure 6.5.21
Figure 6.5.22
Figure 6.5.23

Predicted velocity field for case C (i.e. wave period 1.2s;

wave height=0.125m; incident wave angle = +20°) 227
Predicted wave direction for incidence wave angle = +20° 227
Predicted velocity field for case C (i.e. wave period 1.2s;

wave height = 0.125m; incident wave angle = -20%) 228
Predicted wave direction for incidence wave angle = -20° 228
Still water depth contour in Lima’s (1981) half-sinusoidal

beach 232
Positions of the Piezometers conduits and grid mesh

utilised in wave basin, Lima (1981) 232
Grid scheme and half-sinusoidal beach applications by

Lima (1981) 233

Wave height profile for line J=2 (expt.) for half-sinusoidal beach 239
Wave height profile for line J=3 (expt.) for half-sinusoidal beach 239
Wave height profile for line J=4 (expt.) for half-sinusoidal beach 239
Wave height profile for line J=5 (expt.)for half-sinusoidal beach 240
Wave height profile for line J=6 (expt.) for half-sinusoidal beach 240
Wave height profile for line J=7 (expt.) for half-sinusoidal beach 240
Wave height profile for line J=8 (expt.) for half-sinusoidal beach 241
Wave height profile for line J=9 (expt.) for half-sinusoidal beach 241
241
Mean water level profile line=2 (expt.) for half-sinusoidal beach 242

Wave height profile at basin centre for periodice beach

Mean water level profile at basin centre for half-sinusoidal beach 242
Mean water level profile line J=9 (expt.)for half-sinusoidal beach 242

Onshore-offshore current distribution at row =14

for half-sinusoidal beach 243
Onshore-offshore current distribution at row I=15
for half-sinusoidal beach 243

Longshore current profile at J=3 (expt.) for half-sinusoidal beach 244
Longshore current profile at J=4 (expt.) for half-sinusoidal beach 244
Longshore current profile at J=5 (expt.)for half-sinusoidal beach 244
Longshore current profile at J=6 (expt.)for half-sinusoidal beach 245
Longshore current profile at J=7 (expt.) for half-sinusoidal beach 245
Longshore current profile at J=8 (expt.) for half-sinusoidal beach 245

Xiii



Figure 6.5.24
Figure 6.5.25
Figure 6.5.26
Figure 6.5.27
Figure 6.5.28
Figure 6.5.29

Figure 7.1.1
Figure 7.1.2
Figure 7.2.1
Figure 7.2.2
Figure 7.2.3
Figure 7.3.1
Figure 7.4.1
Figure 7.4.2
Figure 7.4.3
Figure 7.4.4

Figure 7.4.5

Figure 7.4.6

Figure 7.4.7

Figure 7.4.8

Figure 7.4.9

Figure 7.4.10

Figure 7.4.11

Experimental velocity vectors for half-sinusoidal beach from
Lima (1981). (wave height 6.18cm and period 0.76s.)

Predicted velocity field for half-sinusoidal beach after
180s.

Experimental velocity vectors for half-sinusoidal beach from
Lima (1981) (wave height 4.17cm and period 1.046s.)

Predicted velocity field for half-sinusoidal beach after
180s.

Predicted velocity vectors for half-sinusoidal beach from
Lima (1981). (wave height 6.18cm and period 0.76s.)

Predicted velocity vectors for half-sinusoidal beach from
Lima (1981) (wave height 4.17cm and period 1.046s.)

The wave basin

Bed levels of the model beach

Dimensions of the wave basin

Details of boundary in the rear side of the experimental beach
Details of boundary at side of the experimental beach
Numerical model set up with experimental beach

Model beach orientation and boundary conditions
Bathymetry of the model

Three-dimenional view of the wave model

Cross-shore velocity for test case I, line 2
(ks = 30mm; C;=0.01; v, = 0.78)

Longshore velocity for test case I, line 2
(ks = 30mm; C¢=0.01; y, = 0.78)

Cross-shore velocity for test case I, line 2
(ks = 20mm; C¢=0.01; y, = 0.78)

Longshore velocity for test case I, line 2
(ks =20mm; C¢=0.01; yp, = 0.78)

Cross-shore velocity for test case I, line 2
(ks = 20mm; C¢= 0.06; yp, = 0.78)

Longshore velocity for test case I, line 2
(ks = 20mm; C¢= 0.06; v = 0.78)

Cross-shore velocity for test case I, line 2
(ks = 20mm; C¢= 0.06; v, = 0.64)

Longshore velocity for test case I, line 2
(ks = 20mm; C¢=0.06; v, = 0.64)

Xiv

246

246

247

247

248

248
252
252
254
255
255
258
258
259
260

265

265

266

266

267

267

268

268



Figure 7.4.12
Figure 7.4.13
Figure 7.4.14
Figure 7.4.15
Figure 7.4.16
Figure 7.4.17
Figure 7.4.18
Figure 7.4.19
Figure 7.4.20
Figure 7.4.21
Figure 7.4.22
Figure 7.4.23

Figure 7.4.24
Figure 7.4.25
Figure 7.4.26
Figure 7.4.27
Figure 7.4.28
Figure 7.4.29
Figure 7.4.30
Figure 7.4.31
Figure 7.4.32
Figure 7.4.33
Figure 7.4.34
Figure 7.4.35
Figure 7.4.36

Cross-shore velocity for test case I, line 2
(ks = 20mm; C¢= 0.06; v, = 0.50)

Longshore velocity for test case I, line 2
(ks = 20mm; C¢= 0.06; y, = 0.50)

Cross-shore velocity for test case 1, line 1
(ks =20mm; C¢= 0.06; v, = 0.50)

Longshore velocity for test case I, line 1
(ks = 20mm; C¢= 0.06; v, = 0.50)

Cross-shore velocity for test case I, line 3
(ks = 20mm; C¢= 0.06; y, = 0.50)

Longshore velocity for test case I, line 3
(ks = 20mm; C¢= 0.06; v, = 0.50)

Cross-shore velocity for test case II, line 1
(ks = 20mm; C¢= 0.06; v, = 0.50)

Longshore velocity for test case II, line 1
(ks =20mm; C¢= 0.06; v, = 0.50)

Cross-shore velocity for test case II, line 2
(ks = 20mm; C¢= 0.06; y, = 0.50)

Longshore velocity for test case II, line 2
(ks = 20mm; C¢= 0.06; v, = 0.50)

Cross-shore velocity for test case II, line 3
(ks = 20mm; C¢= 0.06; v, = 0.50)

Longshore velocity for test case II, line 3
(ks = 20mm; C¢= 0.06; v, = 0.50)

Predicted velocity field for test case I (T = 3s)
Predicted wave direction for test case I (T= 3s)
Predicted velocity field for test case II (T = 2s)
Predicted wave field for test case II (T = 2s)
Comparison between sediment transport models
Comparison between sediment transport models

Comparison between sediment transport models

Prediction of bed level changes from Archilla et al, 1994

Sediment transport by waves and current, line 1
Sediment transport by waves and current, line 2
Sediment transport by waves and current, line 3
Sediment transport by waves and current, line 4

Sediment transport by waves and current, line 5

XV

269

269

274

274

275

275

276

276

277

277

278

278
279
279
280
280
284
284
284
286
288
288
288
289
289



Figure 7.4.37
Figure 7.4.38
Figure 7.4.39
Figure 7.4.40
Figure 7.4.41
Figure 7.4.42
Figure 7.4.43
Figure 7.4.44
Figure 7.4.45
Figure 7.4.46
Figure 7.4.47
Figure 7.4.48

Original profile, line 1

Bed profile after simulation for test case I
Bed profile after simulation for test case II
Comparison of bed level changes, line 1
Original profile, line 2

Bed profile after simulation for test case I
Bed profile after simulation for test case II
Comparison of bed level changes, line 2
Original profile, line 3

Bed profile after simulation for test case I
Bed profile after simulation for test case 11

Comparison of bed level changes, line 3

xvi

291
291
291
292
293
293
293
294
295
295
295
296



Table 5.4.1
Table 5.4.2
Table 5.4.3
Table 5.4.4
Table 5.4.5

Table 5.4.6

Table 5.4.7

Table 5.4.8

Table 5.4.9

Table 6.4.1

Table 7.4.1

Table 7.4.2

Table 7.4.3

Table 7.4.4

LIST OF TABLES

Bathymetric information for Bristol Channel

Table for tidal constituents (from Macmillan, 1966)
Water level amplitudes for neap tides

Water level amplitudes for spring tides

Bristol Channel Model: calibration of water levels,
neap tides

Bristol Channel Model: calibration of tidal velocities,
neap tides

Bristol Channel Model: calibration of water levels,
spring tides

Bristol Channel Model: Calibration of Tidal velocities,
spring tides

Timetable for 2001 data set

Different test run for three cusp beach

Test cases run for model simulation

Calculation for RMAE values

Qualification of error ranges of process parameters
(from Van Rijn. Et al., 2003)

Parameters used in calculating sediment transport rate

xvii

145
148
149
151

152

153

154

155

174

221

262

271

272
283



NOTATION

a wave amplitude
ay , ay local fluid acceleration
a,b parameters to find breaker index
C phase velocity or wave celerity
Gy bed load concentration
Cp drag co-efficient
Cr Courant number
C, group velocity
d total depth of water
D+ dimensionless particle parameter
Dso, Do particle size
Dyx, Dyy depth averaged dispersion-diffusion co-efficients in x and y
direction respectively (m /s)
E total energy
e horizontal unit vector
F resultant forces acting on a mass
f Coriolis coefficient
F. entrained function
g gravitational acceleration
h water depth below mean water level
H wave height
Hphyp breaking wave height and breaking water depth
i imaginary operator
i,j grid point location in x,y direction respectively
J Jacobian of transformation
k wave number
ki longitudinal depth average dispersion constant
k¢ depth average turbulent diffusion constant
1x mixing length

Xviil



L wave length

m mass

n time step number

P,p hydrostatic pressure

P’ subsurface pressure under wave

qs sediment flux per unit width

db transport rate of the bed load

R« shear Reynolds number

S depth average suspended sediment concentration (section 3.6)
Sij radiation stress tensor

s sediment specific gravity

T wave period

u,v,w time average velocity in the x,y,z direction respectively
u,v,w instantaneous velocity in the x,y,z direction respectively
u',v',w' fluctuating turbulence part of the instant velocity #,v,w in the x,y,z

direction respectively
Up particle velocity
Up, Vi ,Wy velocity at the free surface

Wy, V. ,W.p  velocity at the bed

Us ¢ critical bed shear velocity

U,V depth average velocity component in X,y drection
W particle settling velocity

w weight of any element

z reference datum

Zy effective roughness height of the surface
Ax, Ay, Az  control volume, unit spacing

At infinitesimal time increment

p fluid density or mass/unit volume of fluid
Pa density of air

Th bed shear stress component

T critical shear stress

XiX



Tyz, Txx shear stress component

Tw surface wind stress
P trace of the stress tensor in a state of motion
c angular frequency of wave
Oxx normal stress component (tensile fluid stress)
p coefficient of viscosity
v kinemetic viscosity
B momentum correction factor
n absolute eddy viscosity
€ kinematic eddy viscosity
£ depth average eddy viscosity
o angular or radian frequency
[0) angular speed of earth’s rotation
Q angle of latitude of domain
(0} velocity potential
n height of water surface above mean water level
K von Karman’s constant (0.4)
Ya air/water resistance coefficient
0 phase angle
Ocr critical mibility parameter
V7 stress function or stream function
¢ a variable coefficient for Helmholtz equation
(OMN N forward and backward scattered waves
Om a variable
A a variable
Yo breaker depth index
tanf, m slope of the bottom
dj Kronekar delta
Ps sediment density
S saltation height

XX



CHAPTER 1

INTRODUCTION

1.1 Background of the Study

Coastal areas and estuaries are constantly exposed to different meteorological and
hydrological conditions. In recent years, these areas have been subjected to serious
development considerations with an increase in population, more use of water
bodies such as rivers, lakes and estuaries in water supply, flood control, irrigation
and navigation systems. Environmental awareness has also risen sharply due to more
and more use of these areas for commercial and recreational purposes. There are
lots of artificial as well as natural changes taking place along the land and sea

interface which effect the ecosystem seriously.

Coastal areas can be characterised by complex flow patterns with tidal effects,
complex bathymetries and continuously changing wind-wave behaviour. All of these
factors can result in significant changes in the sediment transport processes. The
ever changing sediment transport gives rise to one of the most severe problems in
coastal engineering, which is ‘coastal erosion’. In estuarine waters, sediment
transport is a very complicated process as river water meets the ocean water in
regular tidal intervals. These processes become more complicated as the river water
carrying sediment particles, along with its flow, travels through sedimentary land.

The ever changing tidal flow pattern changes the sediment motion, which gives a
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new complicated flow pattern within the estuary. To understand this estuarine flow
system, different scientists have undertaken various studies. However, there is no

unique solution to describe estuarine sediment transport processes completely.

The sediment particles are in constant change, both in size and shape, in estuarine
waters. These changes occur due to natural causes, changes due to hydrodynamic
condition and also due to human activities. Among all other factors (like tidal
variation, salinity and river flow) the main factors are the upstream river sediment
capacity, sea-level change and the different seasons of the year. The construction of
coastal structures, resulting in changes in the flow characteristics, also leads to
changes in sediment transport processes and in the long term the hydrodynamic
characteristics of the estuary. The problems associated with estuarine erosion and
deposition are one of the main challenges for engineers and scientists to address for
the benefit of mankind. To find out the long term erosional and depositional
characteristics of the flow pattern in an estuary, the sediment transport and tidal

influence has to be well understood to make accurate future predictions.

Another important coastal areas are the beaches, which is the line of division
between land and sea. The beaches are in a constant state of change due to the
supply of sediment and natural forces of erosion due to wave attack. An
understanding of the nearshore processes, such as wave-climate, interaction of
waves with shallow water, wind induced shear stresses, nearshore circulation of
refracted and reflected waves are all very important to visualise the changes in

shorelines and beach profiles with time.

The nearshore circulation due to wave induced forces result from complex processes
based on gravity water waves. While approaching the coastline or coastal structures,
waves undergoes shoaling, reflection, refraction, diffraction, dissipation and wave-
current interaction; after these processes have occurred, nearshore currents are
produced by the excess momentum flux due to the breaking of waves, with thus is
called the radiation stresses. In this highly dynamic system the nearshore currents
are then modified by the bottom friction and mixing processes in the surf zone. The

mean water level will also change due to the presence of waves. The numerical
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model developed during this study is capable of computing the wave field resulting
from the transformation of an incident, linear, monochromatic wave over a region of
arbitrary extent and bathymetry. The solution technique described herein uses the
finite difference technique so that the wave climate, in terms of wave height, period

and direction, can be specified at every single computational point.

During the last three decades extensive analyse have been undertaken to characterise
the sediment transport process in the estuarine waters and nearshore regions and
numerical models have become a popular tool to do so. The rapid developments in
numerical modelling have enabled researchers to pursue research in a cost effective
way and in a relatively short time, which is not generally possible using physical
models. A standard numerical model can simulate different physical problems by
changing the hydrodynamic and physical variables. Numerical models are flexible,
transportable and economical and fast computers are cheap nowadays. The estuarine
and nearshore region processes can be accurately predicted using well-developed

numerical models.

The difficulty of the prediction of sediment transport by numerical model (resulting
in erosion and deposition) in estuaries and nearshore coastal zones is mainly the lack
of understanding of the physical processes involved, although many researchers
have devoted much time establishing exact solutions. There is no exact set of
solutions up to the present time to describe sediment transport process perfectly as
there are so many parameters affecting the processes, which are also often difficult
to measure. Still upto now researches have always depended upon empirical
formulae that have to be adopted for different situations based on the specific

assumptions.

The study of estuarine sediment transport processes resulting in erosion and
deposition are long term processes. By using numerical models for estuarine
transport, the governing processes are described mathematically via a set of
differential equations. For the case of nearshore processes, sediment transport
primarily occurs due to wave induced currents in nearshore zones. The current

system arises for either normal or oblique incident waves. It is very important to
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observe and describe the nearshore flow due to breaking, resulting in nearshore
sediment transport. In this study a mathematical model has been developed which
can simulate estuarine sediment transport processes and as well as the characteristics

of nearshore circulation processes.

1.2 Scope of the Study

Coastal engineering is a part of Water Resources Engineering and is a vast field of
academic and practical research. It is still a field of considerable uncertainty, with a
lot of unanswered questions. The basic scope of this research work was to study
sediment transport process in estuarine waters effected by tidal fluctuations and
using a numerical modelling approach. The same numerical model with the addition
of wave sub-model has been applied to predict the nearshore velocity due to
breaking waves and the corresponding sediment transport rates in the nearshore
zone. In both cases the major factors influencing the sediment transport processes

have been highlighted.

It is very important to understand the hydraulic behaviour of the estuaries and
nearshore coastal zones (or surf zones) before undertaking any numerical modelling
process. In the area of shallow water (or estuarine area where horizontal flow is
dominant), there is a significant tidal fluctuation, it can often be assumed that the
flow is well mixed vertically (Falconer and Owens, 1990). Based on this assumption
the flow and sediment transport processes in shallow water can be accurately
predicted by two-dimensional models. The two-dimensional model DIVAST (Depth
Integrated Velocities And Solute Transport) was chosen for refinement and for
predicting the shallow water flows by numerical predictions. The hydrodynamic part
of the model was developed by solving the three dimensional mass and momentum
equations and integrating them vertically to obtain the depth averaged flow
parameters. The accuracy of prediction of the long-term sediment transport

processes mainly depends nearly upon solving these basic governing equations as
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accurately as possible. In DIVAST, the advection-diffusion equation has been
solved using the highly accurate ULTIMATE QUICKEST scheme.

The breaking of waves is one of the dominant forces for nearshore circulation,
which results in increase in turbulence level and sediment suspension. Over the past
three decades there have been considerable developments in the understanding of
nearshore circulation induced by waves. Several wave models have been developed,
which include more physical parameters like bottom friction, lateral mixing and
mixing processes. The recently developed models have the ability to predict many of
the nearshore processes, but a comprehensive model which can take care of all of

physical conditions in the nearshore zone could not yet be developed.

A numerical model for wave simulation or nearshore wave circulation should be
able to predict:- (i) the nearshore velocity component, (ii) the location and
magnitude of breaking waves, (iii) the longshore and cross shore sediment rate, (iv)
the areas of erosion and accretion due to wave attack, (v) the effects of any new
constructed coastal structures on the nearshore zone, (vi) the flood inundation levels
due to extreme events such as tides, surges, cyclones etc. The wave model in this
study has been established from a parabolic mild slope equation and based on the
theory of Booij (1981). The model has been be calibrated against different sets of

laboratory results to test its applicability for nearshore circulation predictions.

1.3 Study Objectives

The fundamental need for any research work arises due to various reasons such as
academic interests, practical conditions, theoretical enhancement of social and
cultural circumstances, human development and so on. The objective of this research
study is to observe and understand the estuarine sediment transport patterns due to
tidal effects and also the nearshore flow and velocity field due to normal and oblique
wave attack. The need is particularly relevant in countries such as Bangladesh,

where coastal areas are exposed to extreme hydrological (i.e. cyclones, tidal surges,
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coastal erosion etc.) conditions. The proper fulfilment of the objectives of this
research work will enhance the understanding of the natural forces that shape the
physical properties of the coastal areas for countries such as Bangladesh, which

largely determine the potential for human settlement and development.

The development of two-dimensional parabolic wave equations has been outlined
and applied to nearshore field studies to observe the velocity field. The wave model
has been incorporated in a widely used shallow water model, namely DIVAST, to
predict the nearshore flow due to breaking waves. The model was also refined to
establish the characteristics of sediment movement under normal and oblique
incident waves. DIVAST is a two dimensional depth integrated numerical model,
originally developed by Falconer (1980) and then modified for sediment transport
by Owens (1986) and Lin and Falconer (1997) for shallow water flows in estuaries.
Until recent times DIVAST has been modified by several researchers (Kashefipour
et al., 2002) for introducing new techniques (for water quality, mangrove estuarine
flow pattern etc.) so the model was appropriate for application to natural shallow

flow domains for large estuarine areas.

The purpose of any numerical model to predict sediment transport rate in estuarine
and nearshore waters is to obtain the closest possible solution to the governing
equations, which can represent the hydrodynamic part accurately. The governing
equations for estuarine shallow water flows are based on flow variables, tidal
simulation and sediment transport parameters. At the time, when the wave part was
included in the shallow water model, there was another set of variables mainly the
wave parameters to be included. So the shallow water model reported herein
comprises three sub-models namely: the hydrodynamic, the sediment transport and

the wave sub-models.

The basic governing equations for the hydrodynamic sub-model were derived from
the shallow water flow three-dimensional form of the equations. The two-
dimensional depth integrated form of the equations was adapted for the numerical
model to represent the shallow water flows. The sediment transport sub-model is

included through the advective-diffusion equation to determine the depth integrated
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two dimensional sediment load fluxes. The wave sub-model comprises the two-
dimensional parabolic mild slope equations. The governing equation have been
discretised to calculate or predict the wave height (H), wave period (7) and wave
angle (@) after any simulation time. So the three sub-models were connected
together to set up a network for the two-dimensional depth integrated numerical
model for predicting sediment transport processes in shallow waters (or estuaries)
and nearshore flow fields or wave climates in the surf zone. The finite difference
method has been used here to discretise the governing differential equations with a
Cartesian co-ordinate system. The Alternating Direction Implicit (ADI) scheme was
used to solve the hydrodynamic equations. The advective-diffusion equation was
used to discretise solute transport with the highly accurate ULTIMATE QUICKEST
scheme being used for the advective terms. The parabolic mild slope wave equations
were set up for large angles according to Berkhoff (1972), Noda (1974), Radder
(1979) and Booij (1981).

The shallow water model DIVAST, including the new wave model, needed to be
verified and validated, like any other numerical model. Some field data and
laboratory experimental results, together with some test cases which has already
been in established literature, have been chosen for model verification. The models
(i.e. for shallow water estuarine flow, due to tidal effects and nearshore circulation
due to wave effects) has been tested against field (data from Bristol Channel to
validate the tidal model) and laboratory data (data from Lima, 1981 for test case Il in
Chapter 6 and Antoniadis, 2003 for the comparison in Chapter 7 to validate wave

model) to ascertain its accuracy and efficiency.

The principle objectives of this research study have therefore been to:

) develop an integral wave-current model,
(i1) validate the DIVAST model against field data,
(iii)  extend and incorporate the wave model into DIVAST, and

(iv)  verify and validate the new integrated model against comprehensive data.
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1.4 Structure of the Thesis

The study undertaken in this research thesis includes eight chapters (including this
one), which can be summarised as follows:

Chapter 1 represents the basis against which the need for this study arises. The
fundamental scope and objectives to undertake this study has been defined. Also the
structure of the thesis has been laid out.

Chapter 2 deals with reviewing the vast field of estuarine processes and nearshore
wave circulation processes. In this chapter the main aim has been to review recent
developments in two broad divisions of estuary and wave processes and modelling.
The study of previous works already undertaken in both fields was categorised as:
field studies, laboratory experiments, theoretical studies, sediment transport
processes and numerical modelling techniques. These reviews could give an overall
idea of the research done in this field and also outline the basis for the current

research work.

Chapter 3 consists of the derivation of the governing equations for shallow water
flow processes, which includes the equations for the hydrodynamic part, the
sediment transport processes and the parabolic wave generation processes. The
different assumptions and conditions applied in deriving the two-dimensional depth
integrated shallow water flow equations were also described, thereby enabling an

understanding of the methodology adopted in this research work.

Chapter 4 provides a brief description of the fundamentals of the finite difference
method, which have been used by outlining the discretisation of the different
components of the shallow water and wave models. The solution procedure and the
stability criteria for the numerical scheme have been discussed. The different

boundary conditions were also outlined which were applied in the model.

Chapter 5 describes the application of tidal model DIVAST to a physical estuary,
namely the Bristol Channel. A detailed analysis has been undertaken. The model has
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been calibrated and verified against two different sets of field data. Also the model
has been applied against a new set of field data from 2001. The sediment transport
phenomena with tidal cycle and the residual erosion and deposition after different

tidal cycle were also discussed.

Chapter 6 evolved with the application of the wave model to published experimental
work. The wave model was applied to laboratory data. Three test cases were
discussed and the results were plotted and compared for the predicted and measured
data. For test case III, the predicted velocity field, wave height and water levels were

compared with the laboratory data.

Chapter 7 presents the details of the validation of the numerical wave model
predictions against the laboratory data. These extensive experimental data were
compared with the wave model predictions and helped to show the establishment of
the wave model. Sediment transport rate and bed level changes were also predicted

by the model and compared with laboratory data.

Chapter 8 provides the conclusion of the findings from the research work, and
concluding remarks on the tidal model and the wave model. This was followed

citing some recommendations from this study for further study to follow on.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

The success of any research study depends on the true identification of the problem
for any research field. The procedure of problem identification is very delicate and
time consuming process. To find out about a new topic or a gap in previous
scientific research, the best way is to perform a rigorous scrutinisation of the work
already undertaken in the field. The different exposures of problems and the view
expressed by the respective researchers provide the basis for new questions which
need to be answered and thus initiate the scope of new horizons for exploration. The
research interest for this study focused on estuarine sediment transport due to tidal
currents and nearshore circulation processes due to wave-current interaction. Both of
these processes are mainly based on shallow water hydrodynamics. Estuarine
sediment transport arises due to tidal asymmetry and the tidal influence on the
estuary determines the magnitude and direction of the sediment movement. Whereas
in the case of nearshore processes waves are the dominating factor. The wave height,
wave period and incident wave angle, together with the bed slope and bottom
friction, create an environment for wave breaking and the resulting nearshore

transport process.

This chapter has been organised to underline the necessity for the current research.

Section 2.2 will illustrate the definition and classification of estuaries and beaches

10
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based on different geological, hydrodynamic and environmental factors. The
different hydrodynamic processes taking place in the estuaries and beaches are
described in section 2.3, which provides a foundation of the underlying problems in
the field. While searching for previous scientific work in the field, the basic work
has been divided into two categories namely: estuary and nearshore zone. To
distinguish between the respective problems, each category has been divided into
sub categories as field work, laboratory experiments, theoretical investigations,
sediment transport (as sediment transport is one of the focus of this study for coastal
and estuarine flow) and numerical modelling. The division of categories has been
done to focus on the different aspect of the problems and their corresponding

solutions.

2.2 Classification of Estuaries and Beaches

Estuaries are areas of interaction between fresh and salt water. Among many
different definitions one of the most widely cited was given by Pritchard (1967) as
“An estuary is a semi-enclosed coastal body which has free connection to the open
sea, extending into the river as far as the limit of tidal influence and within which
sea water is measurably diluted with fresh water derived from land discharge”.
Topography, river flow and tidal action are the most important factors that influence
the rate and extent of the mixing of the salt and fresh water. Pritchard (1967) has
divided estuaries into two groups; a positive estuary is one where the fresh water
flow derived from river discharge and precipitation exceeds the evaporation, and a

negative estuary is the one where evaporation exceeds river flow plus precipitation.

Davies (1964) classified estuaries in the tidal context and described them by their
tidal range (TR), which are: (a) Microtidal estuary, TR < 2m (b) Mesotidal estuary,
2m < TR < 4m (c) Macrotidal estuary, 4m < TR< 6m and (d) Hypertidal estuary,
TR > 6m. Depending on the convergence of the estuary sides and the friction in the
shallower waters three types of estuary may be found including: (a)

Hypersynchronous estuaries where convergence exceeds friction mainly due to the

11
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funnel shaped of the estuary, (b) Synchronous estuaries where convergence and
friction have roughly equal and opposite effects on the tide, and (c)
Hyposynchronous estuaries where friction exceeds convergence and the tidal range

diminishes throughout the estuary.

Based on topography there are three types of estuaries: (a) Coastal plain estuaries,
formed by the floods of previously incised valleys, (b) Fjords, which were formed in
areas covered by pliestones ice sheets, and (c) Bar-built estuaries, or the drowned
river valleys. Based on the interplay between the river, waves and tidal currents
there are two types of estuaries: (a) Wave dominated estuaries where waves are
significant at the mouth and sediments eroded from the coastline are transported
alongshore to form a spit, and (b) Tide dominated estuaries, where the tidal currents
are large relative to the wave effects. The mouth area generally contains sandbanks

which are aligned with the current flow and around which sediments circulate.

Based on the salinity distribution estuaries may be classified into: (a) a highly
stratified estuary of the salt wedge type, (b) a highly stratified Fjord type estuary,
and (c) a partially mixed estuary. Based on the fact that the tidal range may be large
relative to the water depth and the turbulence produced by the velocity shear on the
bottom may be large enough to mix the water column completely and make the
estuary vertically homogeneous, there are two types of estuaries in another context,

i.e.: (a) laterally inhomogeneous, and (b) laterally homogeneous.

Natural beaches and the shoreline are the line of demarcation between land and
water. Beach and shallow water sediments are continuously responding to direct
wave action, wave-induced littoral currents, wind and tidal currents. The stability of
a section of sedimentary shoreline depends on the balance between the volume of
sediment available over the section and the net onshore-offshore and alongshore
sediment transport capacity of waves, wind and currents along the section
(Sorenson, 1978). The shoreline may thus be eroding, accreting or remain in

equilibrium.

12
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Based on the sediment composition of the beach material the beaches may be
classified as: (a) muddy coasts (5-10% of the world’s coast) where the coast consists
of predominantly inorganic sediment of median size less than 63 micron (0.063mm)
and are known as chenier or chenier plain coasts, (b) sandy coasts (10-15% of
world’s coast) where wave dominated depositional materials is deposited i.e.
sediment grains range from 0.063 to 2mm, the sand accumulated is generally
deposited through processes of wave action and wave induced currents, rather than
through tide or wind induced currents, (c) gravel/shingle coasts, which consist of
gravel (2 to 64 mm), pebbles and cobbles (64 to 256 mm) and are generally known
as coarse clastic beaches, and (d) rock and cliff coasts (75-85%) which are high and
steep faced coasts without a noticeable beach, granite and basalt to sandstone and

mudstone are the materials of these type of coasts.

Based on typical coastal features (phenomenological or morphological) six types of
beaches may exists including: (a) barrier island coasts, (b) delta coasts, (c) dune
coasts, (d) coral reef coasts, (¢) mangrove coasts, and (f) marsh grass coasts. Based
on the river-sediment discharge (water and sediment, wave climate and relative
strength of tide-induced forces (tidal range, TR) and wave-induced forces (H=annual
mean nearshore wave height), the following classification can also be given: (a)
riverine dominated coast, (b) wave energy-dominated coast (TR/H = 0.5-1.0), (c)
mixed energy coast (TR/H = 1.0-3.0), and (d) tide energy-dominated coast (TR/H >
3.0). According to genetic controls as given by genetic classification methods,
beaches are effected by: land configuration, relative vertical movement of land and
sea (emergence or submergence with time) and physical processes modifying the
coast line (erosion and deposition with time in relation to emergence or

submergence).

2.3 Hydrodynamic (Tidal and Wave) Processes

In the shallower water of estuaries two main processes affect the tidal wave. The
first is that even in a frictionless estuary, when the tidal variation relative to the

water depth is large, the wave crest will move more quickly than the trough (Dyer,

13
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1997). The crest of the tide may partially overtake the trough, resulting in a shorter
flood and longer ebb. The second is the effect of bottom friction, which is non-linear
process and depends on the square of the current to produce greater friction in
shallow water. The combined effects of these two processes produce a short duration
of flood phase of tide called flood dominance. Ebb dominance can be produced
within estuaries essentially by interactions between the deep channel and the shallow

water areas and the varying distribution of friction during the tide.

Mixing in an estuary is a combination of internally generated and boundary
generated turbulence, which varies in relative magnitude in space and time.
Turbulence is difficult to measure and explains why a means of parameterizing can
be more easily measured. The coefficients are eddy diffusion coefficients and eddy
viscosity. Dispersion is considered as a gradient process like diffusion and its
magnitude depends on the shear in the horizontal velocity, combined with the
vertical turbulent diffusion. The physical processes active in the coastal zone are: (a)
aerodynamic such as air-sea interaction, aeolian transport, (b) hydrodynamic
processes such as waves, currents and water levels, (¢) morphodynamic, such as
sediment transport and bed evaluation, (d) geodynamic, such as subsidence, uplift,
earth-quakes, sliding, and (e) eco-dynamic such as organisms, plants, nutrients,

chemical reactions etc.

Coastal evolution is a highly non-linear, three dimensional and time dependent
product of morphodynamic processes that occur in response to the external (partly
stochastic) hydrodynamic and aerodynamic (wind blown sand) conditions. The most
basic hydrodynamic forces in the coastal zone are: (a) breaking waves and wave-
induced currents in the surf zone and varying over the seasons, under calm
conditions the surf zone may be reduced to a narrow swash zone, but under storm
conditions it may extend offshore to depths of 8 to 10 m, where the waves first begin
to break, and (b) non-breaking irregular waves combined with tide, density and

wind-induced currents in the shoreface zone, seawards of the surf zone.

Mass transport in the near water surface region is considerably enhanced in breaking

wave conditions. When oblique incident waves break in the nearshore zone, a

14
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complicated current pattern is generated in the surf zone, which consists of
longshore currents and offshore return currents the near bed region (undertow). The
mean currents interact with the instantaneous wave orbital motions, yielding a
complicated time dependent 3-D pattern. The generation of the longshore and cross-
shore mean currents can be explained by the radiation stress concept (Longuet-
Higgins and Stewart, 1962) which describes the momentum flux associated with
waves. The gradient of the onshore radiation stress component is balanced by the
pressure gradient related to the water surface set up in the surf zone. As a result of
the onshore mass transport in the near surface region and the mean water surface set

up, an offshore return current is generated below the trough level.

The longshore current is largely confined to the surf zone [Longuet-Higgins (1970),
Komar (1971), Sonu (1972), Noda (1972)] and rapidly decreases in velocity
seawards of the breaker line. The longshore velocity is found to be strongly related
to the wave height decay in the surf zone and the orientation of the wave crests. The
beach slope appears to be of less importance. In nature wave induced longshore
currents are often enhanced by wind induced currents. Analysis of fluid data has
shown that (Church and Thornton, 1992) the cross-shore distribution of the
longshore currents is rather insignificant to the contributions of individual waves in
a random wave field. Reasonable agreement between measured and computed
longshore velocities can only be obtained (Van Rijn and Wijnberg, 1994) by

introducing a longshore water surface gradient in the inner surf zone.
The main hydrodynamic parameters in the coastal zone are: (a) wind induced waves,
(b) tide induced waves and currents, (c) wind induced currents, (d) density induced

currents and (e) wave induced currents.

(a) Wind induced waves: Wind induced waves with typical wave periods of 5 to 15

seconds propagate into shallow water and are affected by reflection, refraction,
bottom friction and shoaling phenomena and finally by wave breaking in the surf
zone. The wave climate factor is expressed by: (i) low wave energy [Hs<0.6m], (ii)
moderate wave energy [Hs=0.6-1.5 m], and (iii) high wave energy [Hs>1.5m],

where Hs is the annual mean significant wave height at the edge of the surf zone.
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Low frequency wave motions with periods of 15 to 100sec are present inside and
outside the surf zone, especially during rough weather conditions. Incident waves
coming from the sea to the shore line can be categorised as wind waves and swell,
bound long waves, which travel with a group velocity of wind waves, and free long
waves. Waves moving in a wind field will be propagated in the main wind direction
and may move out of the wind field to become more regular and symmetric, with

long crests and swell waves.

(b) Tide induced waves and currents: The generation of the astronomical tide is the

result of the gravitational interaction between the sun, the earth and the moon. The
tidal range is a maximum (spring tide) when the sun and the moon are in a line, and
a minimum (neap tide) when the sun and the moon are at right angles. Tidal waves
have typical periods in the range of 12 to 24 hours. The propagation of tidal waves is
affected due to geometrical effects of the nearshore area, by damping due to bottom
friction, by reflection against boundaries and by deformation due to differences of
propagation velocities under wave crests and wave troughs. The rotation of the Earth
introduces an apparent force (Coriolis force) acting on the fluid which is directed
perpendicular to the direction of the fluid where (h>20m). Tidal currents are
controlled by pressure gradients (mean surface slope, fluid density variation),

bottom friction (dominant in depths smaller than 10m) and Coriolis forces.

(c) Wind induced currents: There are two types of wind induced currents, one is

wind drift currents of relatively short duration generated by local storm winds and
the other is large scale circulation systems generated by long duration effects, such
as zonal winds and atmospheric pressure systems. When the wind is blowing in a
certain direction in deep water, current velocities will be induced in that direction
and due to Coriolis forces also in various other directions. In shallower water near
the coast (h<10m) the current responds rapidly to wind stresses and the surface
current tends to be aligned with the wind direction. Storm surges of several metres
high in the neashore zone can be generated by the direct effect of onshore wind
forces, the action of Coriolis forces and by inverted barometric effects of low

atmospheric pressure.
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(d) Density induced currents: Density induced currents are related to spatial density

gradients of the fluid sediment mixture due to variations of temperature, salinity and
sediment concentration. The density gradient effect is most pronounced in the near
bed region yielding relative large on-shore near bed velocities during flood tides and
relatively small offshore velocities during ebb tide. As a result a near bed residual
current is generated, which may cause a net landward transport of sediments, with
the process being reversed and yielding a residual seaward flow near the water

surface.

(e) Wave induced currents: The wave and current fields interact mutually through a

number of mechanisms which are: (i) refraction of waves by horizontal currents, (ii)
generation of near bed streaming by waves, (iii) generation of longshore currents by
breaking waves, (iv) modification of wave kinematics by the currents, (v)
enhancement of the bottom friction experienced by the currents due to interaction
with the wave boundary layer, and (vi) enhancement of the bed shear stresses and

energy dissipation of the waves due to interaction with the current boundary layer.

There has been much research undertaken in both estuarine and nearshore dynamics
and the rest of this chapter will focus on previous investigations undertaken by
several researchers. The studies on estuarine and nearshore hydrodynamics will be
categorised into different sections as field work, laboratory experiments, theoretical
investigations, sediment transport and numerical modelling. The intention is to
provide a clear picture of the nature and complexity of the coastal zone and the

diversity of the research in each of the individual fields described above.

2.4 Tidal Effects in Estuarine Waters

In recent years there has been an increasing interest in understanding the flow
mechanisms associated with tidal fluctuations, river discharges, pollutant
distributions, water quality monitoring and seasonal effects, particularly since the
prediction of flow fields and transport processes in coastal and offshore waters are

being increasingly determined by numerical model solutions. There have been
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numerous field studies undertaken to understand the mechanisms of shallow water
flows, which in turn helps to solve environmental and civil engineering problems. It
is very difficult to study an estuary using physical models due to scale problems
with such large domains. However, some work has been done which focuses on
specific parameters in laboratory model investigations. Also there has been much
research undertaken on developing different theoretical formulations for estuarine
hydrodynamics. The different studies undertaken for the above three categories will

be reviewed in the following sections.

2.4.1 Field Work

A semi-enclosed water body located at the Gulf of Kutch was numerically modelled
with the help of information on tides and currents by Unnikrishnan et al. (1999).
There were regular tidal measurements at different locations and the important tidal
constituents were developed for documentation, which showed that the semidiurnal
tides were amplified more than the diurnal tides. Jones (2000) examined wave
observations at two shallow water sites in the UK, which showed significant
variations at semi-diurnal frequencies, period, amplitude and direction for semi-
diurnal tides. The interaction between tides and waves was studied using linear wave
theory refraction, with emphasis being focussed on slowly varying currents and
depths. A study of tidal mixing through two constrictions at the entrance of an
estuary in Canada undertaken by Isachsen and Pond (2000). Observations were
taken during spring tides with small floods bringing external water into the basin,
and with large flood resulting in intrusions of highly mixed water, of lower density.
During neap tides the density decreased slowly and turbulent vertical diffusion was

the dominant process along the estuary.

A field study was undertaken by Wolanski et al. (1984) in Australia to observe the
large-scale eddy structure in the lee of Rattray Island. Separation occurred at the tip
of the headland. A detailed field study was undertaken using current meters and they
showed the positive effect of using Landsat imagery and aerial photographs for
visual observations, which helps researchers a lot. Lessa (2000) measured the

monthly tide and current velocities in two shallow macrotidal estuaries in Australia
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