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Abstract

An extended three-dimensional unstructured ocean model for simulating im-

pacts of tidal stream turbines on tidal current, turbulence and surface waves

has been applied to study the interactions between a tidal turbine farm

and its surrounding environment. The present study aims to reveal three-

dimensional local and regional changes due to the operation of a proposed

turbine farm in natural coastal environment. Fine mesh size is assigned at

the turbine farm location to capture the details of local wake dynamics, hy-

drodynamics and suspended sediment transport. Large geographic coverage

of the model provides details of changes in regional features. Results showed

that the proposed turbine farm comprised of 18 turbines (15-20 m in diam-

eter) with approximately 20% power extraction from the average available

power (averaged over five and half tidal cycles) led to local variation of sur-

face elevation within the range of -10 to 3 mm, flow acceleration on both
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sides of the turbine farm, flow acceleration of ∼ 0.4 m/s near the bed in

the vicinity of the turbine farm which caused bed shear stress to rise up to

2.5 N/m2 (corresponding to the critical stress of a range of fine gravel and

finer sediment particles), locally increased TKE of 0.09 m2/s2, reduced wave

height of 0.01-0.05 m, and upward sediment transport in the water column.

On a regional scale, most of the changes on amplitude and phase of M2 con-

stituent were observed within 10 km (∼ 15 times the array width) from the

centre of the turbine farm, and the wake in terms of 95% flow rate recovery

was found to be 9 km long (∼ 14 times the array width). Noticeable changes

were also found in surface waves, bed shear stress and suspended sediment

transport on regional scale as result of moderation in tidal and flow dynamics,

although much less prominent than the local effects. It is recommended that

consideration during the Environmental Impact Assessment stage of tidal

stream energy projects should be given to an area that extends beyond the

immediate vicinity of the planned turbine farm.

Keywords: Tidal stream energy, Three-dimensional modelling,

Environmental Impact Assessment, Local, Regional

1. Introduction1

Tidal stream energy, as a resource of clean renewable energy, has been2

gaining significant attention due to its predictability and widespread avail-3

ability. According to [1], a total of 20.6 TWh per year could be extracted4

from 30 key tidal stream sites in the UK. Since the commencement of the5

MeyGen project in 2010, the total operational tidal stream energy capacity6

in the UK was 10 MW with 2 MW under construction at the end of 2020. A7
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further 1,000 MW across several sites are also leased for future development8

[2]. Other countries with significant tidal power potential include Australia,9

Canada, China, France, South Korea and New Zealand.10

To better understand their impacts on the surrounding environment, in-11

vestigations have been conducted through laboratory experiments and Com-12

putational Fluid Dynamics (CFD) simulations around individual turbine13

structure on local scale (< 20D). The major impacts on near-field fluid flow14

and sediment transport dynamics have been found in three aspects: firstly,15

flow retardation —water at the immediate downstream region of a turbine16

normally moves at a lower speed than the free stream due to both energy17

lose and blockage effect of the device (e.g. [3, 4]); secondly, enhanced mixing18

—to conserve momentum, the retarded flow expands, causing a cone-shaped19

expanding region downstream of the turbine known as the wake. Turbulent20

mixing level is enhanced in the boundary region between the wake and the21

free stream due to the flow speed gradient and eddy breaking and dissipation22

[5, 6]. Vortices shed from the tip of the rotor (tip vortices) further enhances23

the turbulent level in the wake region [7]; and thirdly intensified sediment24

pick-up —flow features within the near-wake field due to turbine operation25

can have influence on local bed scour, together with the lee-wake behind the26

supporting structures. Further detailed studies have also reported on flow27

acceleration around the energy extraction site [8], velocities below rotor tip28

and boundary layer in the near wake region [9] and local scouring process29

[10], among many others.30

These detailed experimental and numerical studies mostly focused on lo-31

cal changes around individual turbines. When turbine arrays are employed32
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for more effective power generation, the presence of the farm is expected to33

raise the overall influence to the ambient fluid flow, turbulence and sediment34

transport, resulting in much larger scale regional impacts, as revealed by35

enormous sediment plume tails around offshore wind farms [11]. To assess36

these potential regional scale processes, coastal and ocean models have been37

used to simulate the far-field effects of tidal turbine arrays to cover large38

geographic areas as shown in Table 1. However, due to model resolution and39

basic assumptions, the near-field process around individual turbine has to40

be included in these ocean models through certain parameterisations. The41

simple enhanced flow resistance concept cannot provide correct predictions,42

especially in the sediment transport modelling point of view [12]. As shown43

in Table 1, the existing research mostly focused on the potential power gen-44

eration and flow reduction in horizontal planes. The models used in these45

research are either two-dimensional or three-dimensional, and the power ex-46

traction of tidal turbines is often simulated through adding a depth-averaged47

retarding force term to the momentum equations of these models. There48

is a clear lack of understanding of impact of tidal turbine farm on vertical49

variations of flow dynamics, at both local and regional scale. More impor-50

tantly, very few studies that investigated changes caused by turbines to sedi-51

ment transport dynamics took into account the enhanced turbulence mixing52

within the turbine near field wake, whereas it was found in [13] that without53

additional modifications to the turbulent closure the predicted turbulence54

level and bed shear stress are likely to be underestimated.55

Through extending the momentum equations and turbulence closure, the56

individual turbine effects on fluid flow and and sediment suspension have been57
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successfully modelled within the newly developed coastal model of [13, 14].58

The present study aims to implement the extended model for large scale tide59

and wave processes near Irish Sea coast with the presence of turbine array,60

to reveal the combined local and regional effects on fluid flows, turbulence61

and sediment transport. The following contents include: a brief description62

of the the model and setup in section 2; model validation without the turbine63

array in section 3; results in section 4; discussion of the results in section 5;64

and conclusions are presented in section 6.65
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2. Methodology66

2.1. Modelling system67

This research is based on a three-dimensional wave-current-sediment fully68

coupled oceanographic model — the Unstructured Grid Finite Volume Com-69

munity Ocean Model (FVCOM) [21], and extensions by the authors to repre-70

sent the interactions between tidal turbine operation and their surrounding71

environments [13, 14]. For the reason of simplicity, the governing equations72

of FVCOM are not included here.73

In the extended model, the turbine rotation and energy extraction are74

represented by an additional body force term added to the momentum equa-75

tions at the computational cells where individual turbines are allocated [13]:76

Fu = −Cext ·
1

2
· ρ0 · u

∣∣∣−→V ∣∣∣ (1)
77

Fv = −Cext ·
1

2
· ρ0 · v

∣∣∣−→V ∣∣∣ (2)

where Fu and Fv are the additional body force terms; Cext is a depth-78

dependent coefficient that resolves the varying turbine configuration and79

operation across the water column; ρ0 is water density; u and v are local80

velocity components in the x and y directions respectively;
−→
V is the local81

velocity vector and
∣∣∣−→V ∣∣∣ is the magnitude of the local velocity.82

Three turbulence perturbation terms are added to the three-dimensional83

MY-2.5 turbulence closure to simulate turbine-induced turbulence genera-84

tion, dissipation and interference for turbulence length-scale [13, 22]:85

Ptp = Ctp ·
u3

∆x
(3)
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86

Ptd = Ctd ·
u · k
∆x

(4)
87

Pl = Cl · Ps (5)

where Ptp is turbine-induced turbulence generation; Ptd is turbine-induced88

turbulence dissipation; Pl is turbine-induced interference for turbulence length-89

scale; k is turbulent kinetic energy; Ctp, Ctd and Cl are coefficients; Ps is shear90

production terms of turbulent kinetic energy. Note that horizontal diffusion91

is calculated using the Smagorinsky’s parameterization method.92

The wave energy attenuation effects from the array is represented as93

porous media within SWAN at turbine locations [14]. The porous media94

absorbs wave energy along a finite line and dissipates it according to a trans-95

mission coefficient Kt, hence reduces wave height.96

Note that because the values of the coefficients mentioned above are de-97

cided empirically through parameter studies, blockage effects are included in98

the coefficient Cext, instead of being accounted for explicitly in the controlling99

equations of the model. These coefficients were previously validated against100

small scale laboratory data [13, 14].101

In addition to the above-mentioned modifications, particularly fine grid102

cells were used around each individual turbine to describe sufficiently the103

near-field processes, including the change of flow pattern around the struc-104

ture and associated turbulence characteristics. The model system has been105

successfully applied to study tidal flow around an individual turbine and the106

impacts of a single turbine on the local turbulent sediment suspension in107

the immediate vicinity of the turbine [12]. The present study focuses on the108

impact of a turbine array to the regional scale hydrodynamics and sediment109

8



transport dynamics. For a detailed introduction of the model, one may refer110

to [21, 13, 14].111

2.2. Study site112

In this research, the model domain covers a region of the Irish Sea (be-113

tween 52.808◦N and 53.842◦N, see Figure 1) to study the potential environ-114

mental impact of a tidal turbine array. The Irish Sea is a generally shallow115

(< 50 m), high-energy shelf sea region, with a central deep trough running116

north to south [23] (see Figure 2). Within this area, the Anglesey coast in117

Northwest Wales (red box in Figure 1) features high tidal ranges and large118

current velocities (> 2.5 m/s during spring tide) as the tidal current here is119

constricted between the mainland and a group of small rocky islands known120

as the Skerries [24, 20]. This coastal sea region, therefore, is of high potential121

to be converted into a tidal stream energy extraction site. In fact, this area122

has been identified as one of the seven sites of interest for tidal current energy123

exploitation in the UK [25]. The area around the promontory of Holy Island,124

known as the West Anglesey Tidal Demonstration Zone (WADZ, Morlais),125

is planned to host device developers and to provide a maximum of 240MW126

to the grid [26, 27]. The Holyhead Deep which is approximately 1 km to127

the west of the WADZ is also of interest to device developers [28]. In this128

research, the water between the Skerries (see inset of Figure 1) and mainland129

Anglesey, where the water depth is approximately 20 to 40 m, is selected to130

implement a turbine farm comprised of 18 turbines (15-20 m in diameter).131

Direction of sediment transport around the British Isles was found to be132

largely determined by the interaction of M2 and M4 tides [29]. It was found133

in ref. [29, 30] that a sediment separation point is located at the south edge134

9



Figure 1: Location of the Anglesey Coast and the study domain of the model. The

Anglesey Coast is depicted by the red box and the study domain is enclosed by the blue

lines (open boundaries) and two natural coasts. The inset shows the location of the

Skerries.

of the study area from where sediments are transported eastward along the135

Welsh coast to Liverpool Bay and southward to Cardigan Bay, due to tidal136

asymmetries caused by M4 constituent. The interaction between M2 and M4137

tides also leads to strong tidal asymmetry (a strong flood and weaker ebb138

flow of longer duration) along the Anglesey coast [29], which once perturbed139

can cause significant changes in sediment transport dynamics (e.g. [31]).140

Despite the predominant seabed material off the north coast of Anglesey141

being recorded as gravel and sand [32], a turbidity maximum with particle142

size always smaller than 300 µm persisting all year around is observed in this143

region [33, 34, 35]. Together with the fact that there are no significant river144

discharges in this area, the source providing fine particles for the Anglesey145

10



Figure 2: Water depth of the model and locations of validation datasets. Circles are loca-

tions of tide gauges; Diamonds are where tidal current data was collected; Star denotes the

location of the WaveNet Buoy; Cross indicates where suspended sediment concentration

was measured.

Turbidity Maximum (ATM) is unknown. A research investigating the self-146

maintaining mechanism of the ATM suggested that a closed cycle of large147

flocs break up into small particles at the core of the maximum where the tidal148

dissipation is intense and the small particles then re-aggregate into large flocs149

in the surrounding water where tidal mixing is weaker could be a possible150

explanation [36]. In which case, disturbance to the local flow and turbulent151

mixing regimes could potentially break this balance.152

As reviewed above, the waters around the Anglesey coast demonstrate153

interesting flow and sediment transport patterns that may be of importance154

in relation to water quality, ecological systems and coastal morphology in the155

local as well as regional areas. Consequently, the Anglesey coast represents an156

exemplar coastal headland with which to explore the potential environmental157

impacts of tidal stream energy extraction.158
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2.3. Model setup159

The model domain, enclosed by two natural coasts, East coast of Ireland160

and the West coast of England, and two open boundaries (blue lines in Figure161

1) is discretized into 67,066 triangle elements. The mesh (Figure 3) is refined162

to a spatial resolution of 100 m around the Anglesey coast and it is further163

refined to 15-20 m in the Sound between the Skerries and mainland Anglesey164

to allow turbines to be presented individually. Mesh size increases gradually165

towards the open boundaries to a resolution of 1600 m. In the vertical di-166

rection, the water column is divided into 50 sigma layers with identical layer167

thickness. Vertical mesh resolution in the region close to the turbine farm,168

therefore, is approximately 0.4 to 0.8 m. Such high vertical resolution is169

selected to better resolve the varying turbine configuration. Similar settings170

have been successfully applied to study the impacts of a single turbine on171

the local flow field and sediment suspension in the immediate vicinity of the172

turbine [13, 14, 12].173

The bathymetry of the model is extracted from a previous model that174

covers the West Coast of the United Kingdom [37]. Figure 2 demonstrates the175

bathymetry of the model with locations of tidal level, tidal current, surface176

wave and sediment concentration validation data-set imposed.177

The model is driven by tidal elevations obtained from harmonic analysis178

of 15 tidal constituents (M2 Q1 O1 P1 S1 K1 2N2 MU2 N2 NU2 L2 T2 S2179

K2 M4) extracted from the High Resolution UK Continental Shelf Model180

(CS20-15HC3) and wave conditions provided by the ECMWF (European181

Centre for Medium-Range Weather Forecast) ‘ERA-Interim’ dataset. A time182

varying uniform wind field based on data measured at the Hilbre Island183

12



(a) Mesh of the entire domain.

(b) Mesh of the Skerries area.

Figure 3: Mesh of the model. The spatial resolution is 15-20 m in the Sound between

the Skerries and mainland Anglesey and 100 m around the Anglesey coast. It increases

gradually towards the open boundaries to a resolution of 1600 m.
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weather station is used to drive the wave climate. The sediment particle size184

is specified as D50 of 0.22 mm across the entire study domain.185

The model is run twice to include a baseline case, i.e. without turbines,186

and a case incorporating the above-mentioned turbine farm. For the baseline187

case, the model is run over a month, covering the period from 28/04/2006188

00:00:00am to 01/06/2006 00:00:00am. For the case with turbines, the model189

is run from 17/05/2006 07:00:00am to 20/05/2006 05:00:00am which includes190

five and a half tidal cycles between Spring and Neap tides. During this time191

period, wave height peaks at 3.62 m at the selected turbine farm location192

(Figure 4), representing moderate wave to stormy wave conditions.193

Figure 4: Model calculated free surface elevation, depth-averaged velocity and wave height

at the turbine farm location from 17/05/2006 07:00:00am to 20/05/2006 05:00:00am.

Figure 5 shows the tidal ellipses between north-west Anglesey and the194

Skerries based on depth-averaged velocity, with depth-averaged flow rate at195

a flood maximum imposed and locations of the tidal turbines highlighted.196

Location of the device farm is selected based on three factors, i.e. acceptable197

water depth, large flow rate and high current rectilinearity. The turbine198
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farm is located in the middle of the waterway to minimise its impacts on199

local shores. The farm consists of 18 turbines, with each represented by an200

individual mesh cell of 15-20 m in size. Vertically, the turbines are located at201

the mid-depth. The under keel clearance is 4 m (the difference between the202

blade tip of the shallowest rotor to lowest astronomical tide). The turbines203

in the farm are aligned in a staggered manner. They are separated from each204

other by 8D laterally and 15D in the up/downstream flow direction. Power205

extraction is estimated to be ∼ 20% of the average available power (averaged206

over five and half tidal cycles, see Figure 4).207

3. Model validation208

To validate the model, the model predicted tidal elevation, tidal current209

and surface waves are compared with measurements at two gauges (LLA210

and LIV in Figure 2) provided by the UK Tide Gauge Network, current211

meter data at four locations (HR1, HR5, BODC1 and BODC2 in Figure 2)212

downloaded from the British Oceanographic Data Centre (BODC), and data213

collected by a WaveNet buoy (Wave Buoy in Figure 2), respectively. For the214

reason of simplicity, one may refer to ref. [38] for an in-depth validation of215

hydrodynamics.216

The predicted sediment concentrations at various phases over two tidal217

processes, spring tide and neap tide, are compared with measurements from a218

Mersey barrage feasibility study carried out in year 1990 by HR Wallingford219

[39]. Suspended sediment concentrations were collected at point HRA in220

Figure 2. The measurements were taken over a spring tide as well as a neap221

tide at several heights above the seabed.222
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Figure 6 and Figure 7 present the model predicted and measured flow ve-223

locity and suspended sediment concentration at point HRA across the water224

depth, over tidal cycles of a spring tide and a neap tide. The model results225

demonstrate a good agreement over the tidal cycles in terms of predicting226

flow velocity. There are discrepancies in the computed suspended sediment227

concentration in the region close to the bed surface, which could be attributed228

to the uncertainties in the local bathymetry and measurements. The mea-229

surements were collected sequentially which may lead to imprecision in the230

timing of the data. In addition, the model used a uniform grain size which231

may be different from the local sediment size distribution. Further, cohesive232

sediment is not considered in the present study. Nevertheless, the overall233

performance of the model in predicting suspended sediment concentration is234

considered to be good. Root mean square error percentage (%RMSE) calcu-235

lated based on Equation 6 for velocity and suspended sediment concentration236

at each moment is listed in Table 2.237

%RMSE =

√
1
n

∑n
i=1(qi − qiest)2

qmax − qmin

× 100 (6)

where n is the number of records in the validation data; qi is the validation238

data; qiest is the calculated result; qmax and qmin are the maximum and239

minimum records in the calculated result respectively.240

4. Results241

Through comparing the results of the cases with and without turbines,242

this section aims to explore the interactions between the turbine farm and243

its surrounding environment.244
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Table 2: %RMSE for velocity and suspended sediment concentration of the model results

against field measurements.

Spring tide Neap tide

Time 10:27 11:30 16:37 18:43 7:01 8:57 14:01 16:13

Velocity 38 12 32 35 23 123 10 74

Sediment concentration 87 18 85 51 113 17 21 17

4.1. Surface elevation245

The results in this section show free surface elevation changes in the An-246

glesey coast area caused by the inclusion of the turbine farm at two moments:247

High Water (HW) and Low Water (LW) indicated in Figure 4. It can be seen248

from Figure 8a that at HW, the current flows towards the south-west, and249

the surface elevation around the farm site reduces by up to ∼ 10 mm. The250

reduction continues to be observed west of the Skerries. Elevation decrease251

is seen at the centres of two eddies, one slightly south-west of the farm and252

another one off the west coast of Holy island, that exist prior to the inclu-253

sion of turbines. Increase of elevation can be seen downstream and further254

upstream of the device farm, as well as within the Cymyran strait separating255

Holy island from Anglesey. At LW, when the tidal current flows towards256

north-east, surface elevation around the turbine farm is increased by up to 3257

mm, with a small area of reduction (up to 2 mm) immediately downstream258

of the turbine farm, where the flow separates as the north-directed flow along259

the land boundary enters an open area. Changes in surface elevation for the260

larger area show a similar pattern to the changes at HW, i.e. reduction and261

increase is observed west and east of the Skerries respectively. These changes,262
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however, are likely to be caused by phase shift of the tide, instead of absolute263

changes caused by the turbines (see below).264

Figure 9 shows the percentage change in the amplitude and phase coef-265

ficients of six tidal constituents as a function of distance from the centre of266

the turbine farm for locations in the area of Figure 8. It can be seen from267

Figure 9 that for the two dominant tides, M2 and K1, changes in amplitude268

and phase caused by the inclusion of the turbine farm are within 0.5% (i.e. <269

12.5 mm for M2 and < 1.0 mm for K1) and 0.1% (i.e. < 0.8 min for M2 and <270

1.5 min for K1) respectively. Percentage change in both amplitude and phase271

increases as the frequency of the tidal constituent increases. However, be-272

cause the mean amplitudes of the tidal constituents with higher frequencies273

are small, large percentage changes of these constituents are not expected to274

cause significant impact on surface elevation. Impact of the turbine farm on275

both amplitude and phase is also found to decrease as the distance from the276

centre of the turbine farm increases. Most of the large changes are observed277

within 10 km (∼ 16 times the array width) from the centre of the turbine278

farm.279

Figure 10a shows surface elevation with and without the device farm280

along slice 1 in Figure 5 which is parallel to the flow at HW and LW. The281

black dotted lines indicate locations where turbines are present. At HW,282

when flow direction is from 800 m to 0 m, elevation around locations 2 and283

3 where turbine is present undergoes a slight increase (∼ 2 mm) followed by284

a substantial decrease (∼ 8 mm) then an increase back to the undisturbed285

level. This agrees with the observations of [40]. Similar disturbance to the286

elevation is also observed at location 1. However, elevation around location 1287
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is overall smaller than that of the case without turbines, which is attributable288

to the surface elevation reduction at the downstream end of the farm. Similar289

influence of turbines on local surface elevation is also observed at LW, when290

water flows from 0 m to 800 m.291

Figure 10b shows surface elevation with and without the device farm292

along slice 2 in Figure 5 which is perpendicular to the flow at HW and293

LW. The black dotted lines indicate locations 3D downstream of the five294

turbines on the second row of array counting from the right-hand side of295

Figure 5. Therefore, Figure 10b at HW shows influence of the five turbines296

on surface elevation in the near wake, i.e. an overall reduction in surface297

elevation. On the other hand, the comparison at LW demonstrates changes298

surface elevation undergoes at 12D downstream of the second row of devices299

counting from the left-hand side of Figure 5. It can be seen from the figure300

that at 12D downstream, fluctuation in surface elevation is very small (<301

3 mm), indicating that influence of the upstream devices on elevation has302

diminished to a negligible level.303

4.2. Flow field304

Figures 11 and 12 show changes caused by the turbine farm in flow fields at305

the surface, the mid-layer and the bottom as well as depth-averaged flow fields306

at HW and LW. At both moments, wake with decelerated flow is observed307

at the surface layer. Flow acceleration is observed on both sides of the wake,308

suggesting that the flow is diverted due to the blockage effect of the farm. The309

accelerated flow jets are also observed in the depth-averaged flow field. They310

are however much less visible at the mid-layer and the bottom. In comparison311

with that at the surface, the mid-layer shows the maximum decrease of water312
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velocity because the turbines are located at mid-depth, hence the maximum313

energy loss. Water at the bottom in the vicinity of the farm is accelerated314

at both phases of the tide, indicating that the decelerated flow due to the315

blockage effect of the turbines also navigates its way through the bottom316

layers. The affected area in terms of water velocity is consistent throughout317

the water depth and, unlike surface elevation, it mainly follows the flow318

direction. The magenta lines in Figures 11d and 12d delineate boundaries319

beyond which velocity recovery is larger than 95%, hence the limit of the320

wake. The length of the wake is ∼ 9.0 km (∼ 450D, i.e. ∼ 14 times the321

width of the turbine farm) at HW and ∼ 6.8 km (∼ 340D, i.e. ∼ 11 times322

the width of the turbine farm) at LW. The shorter wake length at LW is323

caused by a weaker flow.324

Figure 13a shows velocity changes through the water depth along slice325

1 at HW and LW. Strong flow deceleration is observed at locations where326

turbines are present at both HW and LW. Wake expansion along the vertical327

direction is observed within the first 2D (∼ 40 m) of the wake. In this region,328

flow acceleration occurs below (∼ 0.4 m/s) the wake. After 2D, the size of329

the wake stays relatively constant until ∼ 10D (∼ 200 m) downstream where330

the wake is mixed from below with the accelerated flow (see region between331

locations 1 and 2 in Figure 13a at HW). This mixing, however, is not seen at332

LW, indicating that the individual wakes at LW require a longer distance to333

recover, potentially due to reduced water depth, hence larger blockage effect.334

Figure 13b demonstrates velocity changes across the water depth along335

slice 2 at HW and LW. The contour at HW shows the wake at 3D downstream336

of the five turbines on the second row of array counting from the right-hand337
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side of Figure 5. The five turbines are clearly reflected in the figure with338

decelerated flow centres. Flow rate between two adjacent turbines is also339

reduced, instead of increased, under the current lateral spacing, therefore340

leading to strong flow acceleration at the bottom one-third of the water341

column. The contour at LW shows changes in velocity at 12D downstream342

of the second row of devices counting from the left-hand side of Figure 5. It343

can be seen from the figure that velocity reduction after 12D is reduced to ∼344

0.1 m/s (∼ 5% deficit), i.e. the five turbines on the third row are no longer345

operating in the wake of the upstream turbines. However, flow acceleration346

greater than 0.1 m/s is observed at the bottom one-third of the water column,347

implying that the influence of the turbines could reach to 3D upstream or348

further beyond.349

4.3. Turbulence kinetic energy350

Figures 14 and 15 show changes in TKE at the surface, the mid-layer351

and the bottom at HW and LW. It can be seen from the figures that the352

impact of the turbines on TKE is restricted to the local area of the device353

farm. The wake of each turbine in terms of TKE change stretches up to a354

distance of approximately 15D and the farm as a whole does not extend the355

length any longer. As the TKE introduced by the turbines being advected356

downstream it spreads laterally, forming a cone-shaped highly turbulent area357

of a maximum width of ∼ 8D. The presence of the turbine farm increases358

local TKE around the devices from nearly 0 to 0.09 m2/s2 at the mid-layer.359

Compared with the mid-layer, TKE enhancement at the other two layers is360

less significant, but noticeable.361

Figure 16a shows TKE changes across the depth along slice 1 at HW and362
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LW. The inclusion of turbines, as expected, increases TKE in the downstream363

areas. It is observed that there are two TKE peaks throughout the depth,364

one above and one below the hub of the turbines. This is because the vortex365

shed from the tip of the blades is being represented by three turbulence366

modification terms added to the model. Similar behaviour is reported in [41].367

The peaks however almost always occur at ∼ 1D (∼ 20 m) downstream of the368

turbines. This is because even though the three additional turbulence terms369

are activated at the turbine locations, the velocities at the turbine locations370

are substantially smaller than those at a certain distance downstream of371

the turbines, resulting in a rather lower TKE production. The longitudinal372

stretch of the wake in terms of TKE is in general longer during HW when373

compared with that during LW. However, it is likely that the wake of most374

of the turbines has recovered to a very low turbulent level after a distance of375

15D (∼ 300 m).376

Figure 16b shows TKE changes across the depth along slice 2 at HW377

and LW. Again, the five turbines on the second row of devices counting378

from the right-hand side of Figure 5 are clearly shown in the contour at379

HW. Gaps where TKE is not significantly affected by the presence of the380

turbines are observed between adjacent devices. At LW, slight increase of381

TKE is detected in front of the 5 turbines on the second row of devices.382

TKE between the neighbouring turbines is also slightly increased, indicating383

that turbulence caused by the turbines on the third row of devices is not384

yet completely dissipated after a distance of 12D. However, overall, a lateral385

and longitudinal spacing of 8D and 15D for the current case is sufficient for386

preventing turbines operating in highly turbulent flows. Note that there is387
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a slight asymmetry in TKE distribution with respect to turbine locations388

at both HW and LW. This is because Figure 16b shows TKE distribution389

at a distance downstream of the turbines where the wakes have expanded390

asymmetrically due to complex local water depth. Because TKE is sensitive391

to velocity (TKE ∝ U2), even though the asymmetry is not obvious in flow392

field (Figure 13b), TKE distribution can be noticeably asymmetrical.393

4.4. Surface waves394

Figure 17 shows changes in significant wave height of surface waves at395

HW and LW. It is observed that at both moments, wave height reduces396

by a very small amount (0.01-0.05 m, 0.3%-3%) immediately behind the397

turbines. However, wave height further downstream of the farm is affected398

by the turbines in opposite ways at HW and LW. During HW, wave height399

downstream of the farm is reduced by 0.02-0.09 m (< 7%). On the contrary,400

during LW, wave height downstream of the turbine farm is increased by 0.02-401

0.13 m (< 5%). Changes in significant wave height are likely to result from402

a combination of direct impact from the turbine farm and turbine-induced403

moderation in flow dynamics. In this respect, it is observed that the more404

significant changes in wave height are along the flow directions and in the405

downstream of the turbine farm.406

4.5. Bed shear stress407

Figure 18 shows changes in bed shear stress at HW and LW. It can be408

seen from the figure that the impact of the turbine farm on bed shear stress409

is wider than the farm scale. This is because bottom shear stress depends410

highly on flow velocity and wave height, both of which experience regional411

23



changes due to the implementation of the turbine farm. Bed shear stress412

in the vicinity of the turbine farm is enhanced by up to 2.5 N/m2, due to413

the accelerated flow near the bed in the wake. This result agrees with both414

observations obtained in the laboratory [10, 42, 43, 44] and predictions of415

three-dimensional CFD simulations [45]. Bed shear stress outside the turbine416

farm in the wake region, on the other hand, is reduced by ∼ 0.3 N/m2, which417

agrees with the pattern of the flow field.418

Figure 19a shows bed shear stress with and without the turbine farm along419

slice 1 at HW and LW. It can be seen from the figure that the undisturbed420

bed shear stress is higher at LW as a result of shallower water depth. Bed421

shear stress is enhanced by the inclusion of turbines at both moments, and422

the increase is likely to last longer than the longitudinal spacing (15D, ∼ 300423

m) between two adjacent turbines at both HW and LW. Both accelerated424

velocities and enhanced TKE near the bottom contribute to increased bed425

shear stress [13]. However, changes in TKE at the bottom, as seen in Figure426

16a, persist shorter than 15D while increase in velocities near the bottom,427

as observed in Figure 13a, is still significant after 400 m (20D). Therefore,428

bed shear stress enhancement in the far field beyond the longitudinal spacing429

(15D) is likely to be caused solely by flow acceleration.430

Figure 19b shows bed shear stress along slice 2 at HW and LW. Again the431

turbine-induced bed shear stress enhancement is clearly seen at HW, which432

reflects the near wake impact of the turbines on the second row of devices433

counting from the right-hand side of Figure 5. Further, it is observed that434

shear stress in the area between two neighbouring turbines is also enhanced,435

agreeing with the pattern shown in Figure 13b. Similarly, bed shear stress436
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enhancement seen at LW corresponds to flow dynamics at the same moment437

and it is likely to reflect the impact of the second row of devices on the shear438

stress in the upstream area.439

4.6. Suspended sediment transport440

Figures 20 and 21 show changes caused by the turbine farm in suspended441

sediment concentration at the surface, the mid-layer and the bottom at HW442

and LW. At both moments, sediment concentration near the bottom in the443

vicinity of the turbine farm is reduced (by ∼ 4 g/m3 at HW and ∼ 9 g/m3 at444

LW, that is ∼ 28% at HW and ∼ 50% at LW) whereas it is increased in the445

upper part of the water, especially close to the free surface (by ∼ 4 g/m3 at446

both moments, that is ∼ 146% at HW and ∼ 324% at LW). This agrees with447

a previous research [12] which studied suspended sediment transport in the448

wake of a standalone turbine. It was found in [12] that the impact of turbine449

on suspended sediment transport depends highly on sediment grain size, and450

when the grain size is 0.22 mm (used in this research) more sediment is mixed451

from the lower to the upper part of the water column as a result of increased452

vertical mixing caused by the turbine than that is entrained from the seabed,453

leading to the reduction of sediment concentration near the bottom.454

The wake of the turbine farm in terms of changes in suspended sediment455

concentration forms an eddy-like pattern off the west coast of Anglesey at456

HW. A jet of increased suspended sediment concentration, sandwiched by457

decreased sediment concentration, is clearly observed along the eddy at the458

surface. A similar pattern is observed at the mid-layer, with the changes459

being less significant. Sediment concentration in the wake is again decreased460

near the bottom, although it is increased at the downstream of the eddy.461
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This eddy-like pattern is not seen at LW. Changes outside the turbine farm462

are in general one order of magnitude smaller than the changes within the463

turbine farm.464

4.7. Residual sediment transport465

This section looks at the impacts of the turbine farm on regional resid-466

ual sediment transport pathways. Figure 22a shows the residual sediment467

transport pathways of the baseline case (no turbine farm) around the An-468

glesey coast, based on calculations of suspended sediment and velocity fields469

over one tidal cycle from High Water at 19/05/2006 03:00 to the next High470

Water as shown in Figure 4. One dominant feature of the residual sediment471

transport observed from the figure is the strong residual sediment transport472

directed eastwards off the north coast of Anglesey. Similar residual sediment473

transport within this region are documented in earlier researches [29, 30].474

Also, an anti-clockwise eddy-like residual sediment transport is observed in475

front of the turbine farm location, which is likely caused by the blockage476

effect of the headland opposite the Skerries on the current.477

Figure 22b shows the changes in residual sediment transport caused by478

the turbine farm. The impact of the farm is far-reaching. The strong residual479

sediment transport off the north coast of Anglesey observed in the baseline480

case is reduced by ∼ 2.3 kg/m/s (∼ 3%). The sediment transport is reduced481

by a larger extent just off the coast, east of the headland opposite the Skerries,482

and the largest reduction in this area is 17.1 kg/m/s (∼ 11%). Further along483

the coast towards the east, the residual sediment transport which is weak484

under natural conditions, on the other hand, is increased by ∼ 1.6 kg/m/s485

(∼ 30%). The residual sediment transport rate west of the turbine farm is486
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also enhanced by 8.8 kg/m/s (10%). This could be attributed to the blockage487

effect caused by the turbine farm.488

5. Discussions489

5.1. Impacts of tidal turbines490

Recent research have shown that impacts of tidal stream energy extraction491

on coastal environment, marine life, benthic ecology, etc. are evident (e.g.492

[46]). It is clear that the technological innovations such as tidal turbines493

need to provide the required energy supply in a manner that protects our494

invaluable yet fragile environment and ecosystems to safeguard sustainable495

development.496

As a result of high spatial resolution being used and model concept ex-497

tension, local effects of the turbine farm were revealed by the model. These498

include variation of surface elevation within the range of -10 to 3 mm, flow499

acceleration on both sides of the turbine farm, flow acceleration (∼ 0.4 m/s)500

near the bed in the vicinity of the turbine farm which led to enhanced bed501

shear stress (up to 2.5 N/m2), locally increased TKE (0.09 m2/s2), locally502

reduced wave height (0.01-0.05 m), and upward sediment transport in the503

water column.504

Apart from the above-mentioned strong local effects, the turbine farm505

was also found to have impact on regional hydrodynamics, surface waves and506

sediment transport dynamics. Most of the changes on the amplitude (< 12.5507

mm) and phase (< 0.8 min) of the most dominant tide, M2, were observed508

within 10 km (∼ 15 times the array width) from the centre of the turbine509

farm. With a definition of wake edge as 95% flow rate recovery, our results510
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indicate that there are slight wake effects for a distance of around 9 km (∼511

14 times the array width downstream of the device farm). As a consequence512

of regional scale changes in tidal and flow dynamics, surface waves, bed shear513

stress and suspended sediment concentration also experienced regional scale514

modifications, although these regional scale impacts are much less prominent515

than the local effects (e.g. bed shear stress reduction of ∼ 0.3 N/m2 outside516

the turbine farm, in contrast to bed shear stress enhancement of 2.5 N/m2 in517

the vicinity of the turbine farm). Regional scale impact on residual sediment518

transport was also observed, with the nature of the impact varying spatially.519

The changes in hydrodynamics and sediment transport can cause alter-520

ations in light transmission, oxygen supply, waste removal and food avail-521

ability which once reaching certain thresholds can affect the health of the522

benthic communities. Therefore, sensitivity of benthic species to both local523

and regional changes remain an interesting avenue of research, and proper524

assessment of these impacts are clearly necesseray for each designated site.525

5.2. Suspended sediment transport526

The Anglesey Turbidity Maximum (ATM) is reported to self-sustain sed-527

iment concentrations of 10-15 g/m3 in winter and ∼ 5 g/m3 in the summer528

[34]. Compared with this baseline condition, ∼ 4 g/m3 increase in suspended529

sediment concentration in the upper part of the water attributable to turbine530

implementation shown in our results is significant. This result, however, is531

obtained under single particle size (D50 = 0.22 mm) settings, whereas the532

particle size in the ATM ranges from 0 to 0.3 mm. Our result, therefore, can533

be further refined with a wider distribution of particle sizes.534

Note that the area where net sediment transport is affected (Figure 22)535
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is seemingly larger than the area where suspended sediment transport ex-536

periences changes (Figures 20 and 21), especially along the north coast of537

Anglesey. This is because the two moments, i.e. HW and LW, selected to538

explore the spatial changes caused by the turbine farm may not represent the539

most significant changes. For instance, when wave height is high, changes in540

suspended sediment concentration at the three sampling locations are notice-541

ably larger (see Figure 23). It can be observed from Figure 23b that changes542

in wave height as a result of the implementation of turbines are not cyclic543

as those in flow velocity (Figure 23a). This is because external influence on544

waves can be affected by wave direction itself which changes constantly. Two545

periods of relatively large changes in wave height are observed in Figure 23b546

outside the HW and LW investigated. These two periods are marked as I and547

II in Figure 23b and have a duration of around 20 and 10 hours respectively.548

Maximum percentage changes for periods I and II at three sampling points,549

intersect of the two slices in Figure 5, P1 in Figure 22B and BODC2, are550

-34.9%, -32.0%, -25.9% and 11.8%, 10.8%, 6.7%, respectively. Average per-551

centage changes at the three sampling points across the entire period I are552

-11.0%, -8.9%, -6.2% and 1.0%, 0.7%, 0.6% for period II. The model contains553

5 HW and 5 LW events. An average percentage change in wave height is also554

calculated at the three sampling points for the HW and LW events, and they555

are -3.4%, -3.3%, -3.1% at HW and -1.1%, 0.1%, 0.01% at LW. These values556

are also listed in Table 3. Further, as mentioned in Section 4.1, impact of557

the turbine farm on tidal conditions can reach as far as 10 km which can558

contribute to the observed regional scale changes on net sediment transport.559

The balance between the strong mixing in the ATM and the weaker mix-560
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Table 3: Maximum and average percentage changes in wave height at three sampling

points for different time periods. The three sampling points are intersect of the two slices

in Figure 5 (abbreviated as I in the table), P1 in Figure 22B and BODC2. Time periods

include periods I and II in Figure 23b and HW and LW events in Figure 4.

Period I Period II HW LW

I P1 BODC2 I P1 BODC2 I P1 BODC2 I P1 BODC2

Max -34.9% -32.0% -25.9% 11.8% 10.8% 6.7% - - - - - -

Mean -11.0% -8.9% -6.2% 1.0% 0.7% 0.6% -3.4% -3.3% -3.1% -1.1% 0.1% 0.01%

ing in the surrounding waters has been proposed to be the mechanism behind561

the self-sustained ATM [36]. This hypothesis was supported by observations562

of fluxes of particles in the range 0-0.08 mm to diffuse out of the ATM and563

fluxes of particles in the range 0.08-0.25 mm to diffuse into the ATM. As an564

endeavour to explore the capabilities of the model in use to simulate these565

phenomena and hence the consequences of turbine-induced disturbances to566

flow field and mixing on the ATM, an additional test case was carried out567

in which the particle size was set to 0.04 mm to represent the finer sedi-568

ment group (i.e. particles in the range 0-0.08 mm). Net fluxes calculated569

at the location indicated in Fig.2 of [34], however, suggested outward sedi-570

ment transport from the ATM for both sediment groups (0-0.08 and 0.08-0.25571

mm). This is likely to be caused by the discrepancies between the processes572

the model considers and the dominant processes that govern the local recycle573

of sediment. In particular, the local recycle of sediment is mainly driven by574

advection and diffusion, whereas the model also takes erosion into consider-575

ation.576
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5.3. Limitation of the model577

Uncertainties are expected in the results from the modelling simulations578

in the present study. First of all, due to data availability, the model is val-579

idated against measurements collected at a limited number of locations. In580

particular, LIV, HR1, HR5 and HRA are at sheltered locations while the tidal581

stream energy site is more remote and exposed. It is, therefore, a reasonable582

concern whether the model is producing accurate results at the farm site,583

even though three of the data collection sites, LLA, BODC1 and BODC2,584

are close to the turbine farm. This is because current and waves are largely585

affected by local bathymetry, coastline shape, and so on. Current and waves,586

on the other hand, drive sediment transport which shows some discrepancies587

against measurements (see Figures 6 and 7). As mentioned above, apart from588

hydrodynamics, this could be caused by the fact that a uniform grain size589

is used in the model while local sediment is a mix of particles with different590

sizes. However, despite the shortcomings, the model predicted sediment con-591

centration profiles show good agreement with the measurements according to592

the %RMSE values in Table 2, especially considering that, instead of averaged593

over time, the measurements are collected instantly which can cause timing594

errors.595

Further, due to lack of data, the ambient turbulence is not validated596

against measurements. Indeed, tidal stream energy sites often feature high597

turbulence and the characterization of which is critical for the design of in-598

dividual turbines and turbine farms [47]. In particular, higher turbulence599

intensity leads to faster wake recovery [48]. However, the turbulence closure600

in use is a widely-used model which can produce accurate turbulent mix-601
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ing if the flow field (which is validated) and density field (beyond the remit602

of this paper) are accurate. Further, the turbine induced perturbation on603

turbulence is very large compared to the background turbulence. For exam-604

ple, the data of [49] indicates that turbulence in the near wake is ∼ 600%605

larger than the baseline turbulence. Therefore, turbulence transported and606

dissipated in the wake is mainly turbulence caused by the turbines which is607

accurately simulated by the three additional turbulence perturbation terms,608

and errors in the background turbulence plays a small role. Nevertheless,609

in-situ surveys of ambient turbulence characteristics and validation of mod-610

elled ambient turbulence are recommended as an important and interesting611

avenue of investigation in future research.612

Finally, a particular turbine design in one array layout is examined in613

the present study. The focus is to explore the combined local and regional614

impacts from a typical tidal array deployment in coastal environment. The615

qualitative assessments, however, are clearly indicative to the more general616

practice in other sites with different hydro- and morphodynamic conditions.617

Further, the model is able to simulate other turbine designs, array layouts618

and locations. For instance, ref. [50] applied the model to study the environ-619

mental impact of different array layouts and turbulence levels in the Pentland620

Firth. Nevertheless, case studies that focus on the impact of different tur-621

bines and array layouts on the wake and subsequently the environment can622

be explore further in future research.623
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6. Conclusions624

A three-dimensional unstructured ocean model with additional terms for625

simulating impacts of tidal turbines on current, turbulence and surface waves626

has been applied to study the interactions between a tidal turbine farm and627

the surrounding environment. Using a region of the Irish Sea as a case study628

with a turbine farm implemented in high resolution in the water between the629

Skerries and mainland Anglesey, the results revealed:630

1) local impact of the turbine farm including variation of surface elevation,631

flow acceleration on both sides of the turbine farm, flow acceleration near632

the bed in the vicinity of the turbine farm which leads to enhanced bed633

shear stress, locally increased TKE, locally reduced wave height and upward634

sediment transport in the water column. It is, however, important to assess635

the significance of these changes relative to natural variability;636

2) the turbine farm can have impact on regional hydrodynamics, surface637

waves and suspended sediment transport, although these regional scale im-638

pacts are much less prominent than the local effects. Therefore, consideration639

should be given to an area that extends beyond the immediate vicinity of640

the planned turbine farm. In addition, it can also lead to enhanced sediment641

deposition along the local shorelines.642

3) the model in use can reveal wake dynamics of turbines, including wake643

expansion along the vertical direction as well as the length and horizontal ex-644

panse of wakes, which can support decision-making related to array planning,645

although the precision requires further validations.646

4) simulation of suspended sediment transport with multiple grain size647

and sensitivity of benthic species to both local and regional changes would648
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be interesting topics for future research.649
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Figure 5: Tidal ellipses between north-west Anglesey and the Skerries imposed on depth-

averaged velocity at a flood maximum. Locations of turbines are depicted by filled circles.

They are separated from each other by 8D laterally and 15D in the up/downstream flow

direction. The two black solid lines indicate locations at which trend lines of free surface

elevation and bed shear stress, and vertical contours of velocity and TKE are drawn in

Section 4.
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Figure 6: Comparison of model predicted and measured flow velocity and suspended

sediment concentration at different height above the bed at point HRA over a spring tide.

Four panels on the left-hand side are flow velocity profiles and the other four panels on

the right-hand side are suspended sediment concentration profiles. The solid lines denote

model calculated values and the symbols are for the measured results.
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Figure 7: Comparison of model predicted and measured flow velocity and suspended

sediment concentration at different height above the bed at point HRA over a neap tide.

Four panels on the left-hand side are flow velocity profiles and the other four panels on

the right-hand side are suspended sediment concentration profiles. The solid lines denote

model calculated values and the symbols are for the measured results.
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(a) HW

(b) LW

Figure 8: Surface elevation change. Arrows are imposed to indicate flow directions.
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(a) K1. Mean amplitude is 0.203 m. (b) M2. Mean amplitude is 2.459 m.

(c) M3. Mean amplitude is 0.049 m. (d) M4. Mean amplitude is 0.087 m.

(e) 2MK5. Mean amplitude is 0.011 m. (f) M6. Mean amplitude is 0.019 m.

Figure 9: Percentage change in the amplitude and phase coefficients of six tidal con-

stituents.
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(a) Slice 1

(b) Slice 2

Figure 10: Surface elevation with and without turbine farm along slices 1 and 2 in Figure

5 at HW and LW.
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Figure 11: Changes of flow fields at HW.
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Figure 12: Changes of flow fields at LW.
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(a) Slice 1

(b) Slice 2

Figure 13: Changes of velocity along slices 1 and 2 in Figure 5 at HW and LW.
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Figure 14: Changes of TKE at HW.
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Figure 15: Changes of TKE at LW.
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(a) Slice 1

(b) Slice 2

Figure 16: Changes of TKE along slices 1 and 2 in Figure 5 at HW and LW.
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(a) HW

(b) LW

Figure 17: Changes of significant wave height of surface waves. Arrows are imposed to

indicate undisturbed wave directions.

54



(a) HW

(b) LW

Figure 18: Changes of bed shear stress.
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(a) Slice 1

(b) Slice 2

Figure 19: Bed shear stress with and without turbine farm along slices 1 and 2 in Figure

5 at HW and LW.
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Figure 20: Changes of suspended sediment concentration at HW.
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Figure 21: Changes of suspended sediment concentration at LW.

58



(a) Baseline condition (no turbine)

(b) Differences caused by the turbine array

Figure 22: Residual sediment transport pathways around the Anglesey coast.
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(a) Velocity

(b) Wave height

(c) Suspended sediment concentration

Figure 23: Velocity, wave height and suspended sediment concentration with and without

the turbine farm and the differences caused by the turbines at the intersect of the two

slices in Figure 5, BODC2 in Figure 2 and halfway between these two points, i.e. P1 in

Figure 22B, over time.
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