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1 INTRODUCTION
1.1 Scope of this document

This document describes four different numericableis of sites. The sites are Paimpol-Brehat, the
Alderney Race, and the Pentland Firth. The PairBpehat site has been modeled in 2D and in 3D.
The site selection was made with the PerAWaT cdiusorat the beginning of the PerAWaT project.

This work lays the foundations for the basin soca@eleling, as it will enable the study of the infice
of the presence of tidal farms.

1.2 Purpose of the basin scale modelling

The purpose of the coastal basin modelling is to:

» Develop a numerical model for modelling of tidainfes performance and wake at large scale,
» Assess the large scale effects of tidal energwetem from UK sites,

* Provide results for cross-comparison with anothedeh (WG3 WP6 UoO),

* Provide input data (boundary conditions) to arreales models (WG3 WP2 UoE),

» Provide results for validation of the engineeriaglt{{\WG3 WP4).

1.3 Specific tasks associated with WG3 WP3

» D1 - 2D shallow water equation model(s) of candidstie(s).

» D2 — Code development for 2D shallow water model¢lemac 2D of the Telemac software
suite, in order to allow for the implementationpairametric characterization of arrays.

» D3 - Incorporation of the parametric characteiorabf an axial flow turbine array (obtained
in WG3 WP2) into the 2D basin scale numerical msdel

» D4 — Assessment of the effects of energy extracitovarious UK sites using the 2D model:
Macroscopic, but still reliable, study of the laigmale impact of a tidal farm on the
hydrodynamics of the area, and accurate assessinet site tidal resource.

* D5 - Cross-comparison in terms of energy extractb2D and 3D results for the selected
site.

D1 Content

» 2D shallow water equation models of candidate sit8® modelling of one site.

» Construction of numerical models for the candidsties. This will require accurate digitized
bathymetry and tidal characteristics data for tloeingary conditions. Calibration of the
models will be performed with various data, suchr@asl basin scale data where this is
available (ie ReDAPT for the EMEC site), and chaitserwise.

D1 Deliverables

a) Input files for candidate sites
b) Report: model methodology, performance and vabda{for 2D and 3D: 2D for each of the
different sites and 3D for one site)

1.4 WG3 WP3 D1 Acceptance criteria

¢) Module software code provided in Telemac softwab-and 3D versions — for sites as specified
in WGO0 D2.
d) Report contains the following:
» Description of model methodology, assumptions dgdrahms
» Assessment of model performance and Calibratiod&@bn against measurements from
WG4 WP4 and chart data for the selected sites.
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» Provision of boundary conditions for the array sgabdels (WG3 WP2 UoE).

2 MODELLING SOFTWARE: TELEMAC-2D AND TELEMAC-3D

The TELEMAC-2D and TELEMAC-3D softwares have beerveloped by the LNHE department
(National Hydraulics and Environment Laboratory) EDF R&D. They allow the modelling and
simulation of free surface flows and are basedioitefelement methods. TELEMAC-2D solves the
Saint-Venant equations (or shallow water equatiansa two-dimensional (plane) computational
domain. Its principle variables are the water degttl the vertically averaged velocity componerits, a
every point within the domain. The underlying asptians to the use of TELEMAC-2D are:
hydrostatic pressure (the vertical accelerationseduby the pressure balances gravity), negligible
vertical velocities (this is linked to the hypottsesf hydrostaticity that requires vertical accatern to

be insignificant) and impermeability of the surfeaed of the bottom (no transfer of water either
through the bottom or from the surface, a partdlevater located on one of these two interfaces wil
remain there). TELEMAC-3D software solves the Nex8éokes equations for free surface flows in
three dimensions. It can solve the Navier-Stokesigons with or without the hydrostatic assumption.
TELEMAC-2D and TELEMAC-3D can take into account fbéowing phenomena:

« bed friction,

« impact of the Coriolis effect,

- effects of meteorological phenomena: atmosphessgure and wind,

« turbulence,

« subcritical and supercritical flows,

- tidal flats (sections of the shore exposed duriblg tde that are treated as dry areas in the
computational field), an option that has beenagdiin this study.

These programmes have complete user document&bH(5]. TELEMAC-2D has been available
in Open Source since 2010 (from version 6.0) wieBALEMAC-3D became available in Open
Source in 2011 (from version 6.1).

The TELEMAC-2D software uses a number of input antput files, some of which are optional. The
input files are the following:

- The geometry file (obligatory). This is a binarkefin Selafin format, and can thus be read by
FUDAA-PREPRO software and created either directly MATISSE, JANET or
BLUEKENUE or else by the STBTEL module from theef8) produced by the mesh
generator. The structure of the Selafin formatsadibed in [G3],

- The steering file (obligatory). This is a text fiteeated by a text editor or by the FUDAA-
PREPRO software. In a way, it represents the cbpapel of the computation. It contains a
number of keywords to which values are assigned,

- The boundary conditions file (obligatory). Thisadormatted file generated automatically by
MATISSE, JANET, BLUEKENUE or STBTEL. It can be mddd with a standard text
editor. It describes the contour of the domainomigmetrically, starting from the bottom left-
hand corner (X + Y minimum) and then the islanda itlockwise direction,

- The bottom topography file (optional),

- The FORTRAN file (optional, but very often used),

- The open boundary file (optional),

- The previous computation file (optional),

- The binary data file (optional, but sometimes usext),

- The formatted data file (optional, but used here),

- The reference file (optional).
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The output files are the results file, the listprintout, the formatted data file (optional) ane thinary
data file (optional).

3 THE ALDERNEY RACE

3.1 Introduction

The aim of this study is to provide a precise cbt@rasation of the tidal conditionse. the sea levels
and tidal currents, in the vicinity of Alderney whkestrong tidal currents are experienced. The
TELEMAC-2D software is used to build the free sagdlow numerical model covering the study
area (see Figure Al).

The model is calibrated against ADCP current speeésurements and validated against Vessel
Mounted ADCP (VMADCP) current speed measurementedicted tidal heights for the harbours
of Braye (Alderney) and Goury (France). In addittonbathymetric data provided by oceanographic
services, refined bathymetry data (from multi-besumvey) is locally integrated into the numerical
model.

3.2 Geographic location of the site

The Alderney Race (also known as “Raz BlanchardFriench) is located off the western tip of the
Cotentin peninsula in Normandy, France. Figure Abves that the bathymetric morphology is
complex, with trenches, banks and irregular isohatthe major ports in the study area are Braye on
the island of Alderney and Goury on the French toas
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Figure Al: Left panel: Maximal tidal velocities ove the English Channel during a mean spring tide (in
knots), source [Al]. Right panel: Alderney Race stly area, bathymetry (m MSL) and extent of the
TELEMAC-2D local model, Lambert 1 North coordinate system (m)

3.3 Tidal sea levels
The sea level data, which are characteristic abasimical tides, are provided by the French Marine
Hydrographic and Oceanographic Service (SHOM) afdrenced with respect to Chart Datum for

the two ports: Goury, the major port on the Freoahst in the study area, and Braye on the island of
Alderney (©SHOM-2011).

Table Al gives sea level data for the followingetd

- Highest Astronomical Tide (HAT),
- Mean High Water Springs (MHWS),
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Mean High Water Neaps (MHWN),
Mean Sea Level (MSL),
Mean Low Water Neaps (MLWN),
Mean Low Water Springs (MLWS),
Lowest Astronomical Tide (LAT).

Port Source HAT MHWS MHWN MSL MLWN MLWS LAT
Goury [A2] 8.98mCD | 815mCD | 6.60mCD | 5.06mCD | 3.50mCD | 1.40mCD | 0.29m CD
Braye [A3] X 6.2 mCD 4.7 m CD X 25mCD | 0.9mCD X

Table Al : Sea levels characteristic of astronomdd tides at Goury (French coast) and Braye (Aldemg),
(source [A2]-[A3], ©SHOM-2011)

The following tidal ranges are thus obtained:

Certain meteorological conditions can lead to déifrces between the predicted tide
tide, in particular a combination of a HAT and agau(extreme high water level), or conversely, a

Port Source Mean spring tide - tidal range Mean neap tide - tidal range
Goury [A2] 6.75m 3.10m
Braye [A3] 53m 22m

Table A2: Tidal ranges at Goury (French coast) andraye (Aldermey)

conjunction of a LAT and a receding surge (extréomewater level).

3.4

Multi-beam bathymetry data were provided to EDF AERE. They were collected using a
GeoAcoustic GeoSwath Plus system. The processedlisguspacing of the survey is of 5 m. This
allows a good representation of the local featofdbe sea bed morphology, enhancing the quality of
the numerical modelling along the South South-Ea of Alderney, over the Alderney South Banks.
The ACRE survey area is shown in Figure A4. Figd?eshows the seabed morphology over this area
with sandbank ripples that are likely to changsize and shape with time depending on the long term

Measurement campaign

pattern of sediment transport.

Not to be disclosed other than in line with therteiof the Technology Contract.

and the actual

Page7




o000 TEw T

5 km

45 "

20000 arzem w0 amm

Figure A2: ACRE multi-beam bathymetry data

ACRE also provided EDF with VMADCP continuous ret®rover 40 to 50 minute transects [A5].
Each transect consists of five lines that crossShath Banks survey area for a total distance of
approximately 6.5 km (cf. Figure A3 and Table ASpven transects had been completed on tHe 17
August 2011.

The instrument used was a 600 kHz Teledyne RDI Wande Sentinel vessel-mounted ADCP. The
instrument used single-ping ensembles, and was detecond interval between ensembles. Fifty bins
with a 1 m depth cell size were used as the basddta collection.

Unfortunately, the vessel coordinates of transeatsber 5 and 7 were not available and thus these
transects were not analysed. Besides, the avepage ®f vessel was about 2.5 m/s, which is superior
to the recorded water flow velocities. Due to thebtilent nature of the marine flow, current speed
measurements are usually based on average speeda @eriod of at least 1 minute. At a vessel
speed of 2.5 m/s, a distance of 150 m is coverddnmnute. Flow fluctuations thus vary significantl
because of intrinsic flow turbulence and the spataability of the marine flow.

VMADCP data are therefore not considered as fidliable for validation purposes and will only be
regarded as an indication of the order of magniwidee flow. To this end, data is averaged over th
water column and compared to the TELEMAC-2D results

Start of line End of line
Line Latitude Longitude Latitude Longitude
1 49°40.898526’ 2°10.825458’ 49°42.041065’ 2°10.765214’
2 49°42.041065’ 2°10.765214’ 49°42.194765’ 2°11.478455’
3 49°42.194765’ 2°11.478455’ 49°41.724829’ 2°10.9729971°
4 49°41.724829’ 2°10.9729971° 49°41.278457 2°10.139377
5 49°41.278457 2°10.139377 49°41.583643’ 2°9.815782’

Table A3: Transect lines
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Figure A3: ACRE VMADCP transect measurements and EB DPIH ADCP1 and ADCP2 locations (left
panel) — Focus on ACRE VMADCP transect measurementsver the Alderney South Banks (right panel)

Complementary to ACRE data, two ADCPs were deplayféthe French coast on the®3luly 2009

for around 6.5 months by EDF DPIH (see Table A4)ek tidal cycles were made available in order
to provide calibration data. They correspond toemmneap tide (13/10/2009 — tidal coefficient: 45),
mean spring tide (17/10/2009 — tidal coefficiers) @nd a stronger spring tide (01/02/2010 — tidal

coefficient: 112).

Data collection was performed continuously for AOCG#uring the entire period. However, ADCP2
did not record any data during 15 days at the dnsligust 2009. It has been assumed that the device

moved and flipped upside down.

Note: The tidal coefficient (‘coefficient de marée’ imdach) corresponds to the ratio between the
semi-diurnal tidal range in Brest and the mean tiglage of equinox spring tides, set at 6.1 m iasBr
The tidal coefficient is a dimensionless numbet thaisually expressed by multiplying its value by
100, so that it varies between 20 and 120.

The current velocities were averaged over the acadrin order to fit the TELEMAC-2D model
outputs.

ADCP 1 ADCP 2
Latitude (WGS84) 49°42.508' N 49°43.041' N
Longitude (WGS84) 2°01.163' W 1°59.115' W
Approx. depth (m CD) -34.3 -29.4
Instruments AWAC 600 kHz WPR1287 AWAC 600 kHz WPR 1290
Cell size 1m 1m
Number of layers 50 50
Measurement interval 10 or 20 min 10 min
Averaging interval (sample duration) 60 s 60 s

Table A4: Characteristics of the EDF DPIH measuremet campaign

35 Numerical model construction

All modelled flow velocities shown hereafter ondke into account the astronomic tide. In partigular
no meteorological effects (atmospheric pressuredwisurge/wane) or wave effects have been

considered in the numerical model.
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Moreover, in this section, any reference made ¢éodirrent velocity resulting from the TELEMAC-
2D numerical model or measurement data refersawéhtically averaged velocity. The results given
from TELEMAC-2D are averages in the Reynolds seneeafter smoothing out of the turbulence
effects.

The sea levels are referenced with respect to MSL.

3.5.1 Code version

The TELEMAC-2D software used in this study is vers6.0.

3.5.2 Definition of the domain area

The domain covers an area extending approxima@kna from North to South and 50 km from West
to East. Its extent can be seen in Figure Al. Témain extent of the numerical study is, in the
WGS84 coordinate system, contained between longgtut® 43 and 2° 30" W. The southern

boundary of the domain (segment [E4, E5]) is oldigeo that the tidal current flows perpendicularly
to this segment. The boundary coordinates of tmeaito covered by the study are given in Table A5
and are illustrated in Figure A5.

The domain extent encloses the areas where tidaisflare expected to be the strongest and thus
where tidal turbines would be profitable. The molbelndaries are also defined so that the domain
size maintains computation time of simulations éasonable values (cf. 8 3.7). It is acknowledged
that the integration of an industrial tidal farmtiim the model will disturb the flow and thus will
question the domain extent. The fluid — structateractions due to tidal turbines will be examined
detail in on-coming studies.¢. WG3 WP3 D03). Then, boundaries could be adjustedllow an
accurate assessment of the impacts of the turlmnethe hydrodynamics conditions depending on
fluid — structure interaction conditions.

WGS84 Lambert 1 North
Boundary extents - -
Longitude Latitude E (m) N (m)
El 1°43' W 49°40' N 307575 226413
E2 1°43' W 49°55'N 309070 254176
E3 2°30'WwW 49°55'N 252915 257493
E4 2°30'W 49°39' N 251012 227897
ES 1°50.5'W 49°31.5'N 297693 211175

Table A5: Boundary coordinates of the numerical dorain extent (Figure A5).

The hydrodynamic numerical model was built withhtgizontal geographic coordinates expressed in
the Lambert 1 North projection coordinate systemnfetres, with the point of origin at the Lambert 1
North projection origin).

3.5.3 Bathymetry

In addition to the ACRE multi-beam survey, bathyrneetlata has been purchased from the “Service
Hydrographique et Océanographique de la Marine” 8H- French Navy Hydrographic and
Oceanographic Service) and Seazone. It includes:

- 100 km x 100 km SHOM bathymetric tile “FRA-03-69¢®), covering an area within
300,000 to 400,000 m E and 6,900,000 to 7,000,000(RGF93 — Lambert 93)

- digitalised depth and shoreline data from nautibalrt number 6,966

- 2°x2° Seazone tile “NW24800040", covering an avéhin 4° to 2° W and 48° to 50° N

Figure A4 shows the extent of each data sourcetheestudy area.

Not to be disclosed other than in line with therteiof the Technology Contract. Page27



All bathymetric data were reduced to MSL and almeuical results are therefore referenced with
respect to MSL. Bathymetric data (SHOM and Seazevexg provided in the form of ASCII files.
They required very little conditioning to be conteel into “xyz ASCII file” directly readable by the
mesh generator (Janet v2.7.8) that manages lapge fires (over millions of data points).

20000 20000
It I

SHOM data /
nautical chart

|| sHoMdaa/

| tile FRA-03-
69-2009

ACRE data

214000

Figure A4: Aldemey Race study area, bathymetry ded (m MSL)

3.5.4 Mesh
The finite element mesh, built with Janet v2.7s88composed of 29,304 nodes and 58,074 triangular

elements. The mesh size varies progressively 0nm, at the shoreline and within the areas of
interest, to 2 km offshore (western and eastertoseof the model) (see figure below).
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Figure A5: Model mesh (Lambert 1 North coordinatesystem)

3.5.5 Boundary conditions

The boundary conditions are derived from the NEAortN East Atlantic) model processed by
NOVELTIS/LEGOS in the frame of the COMAPI projeétinded by CNES [A6]-[A7]. The atlas
covers the North East part of the Atlantic, fromuvitania to the South of Norway (see Figure A6).
The model gives amplitudes and phases for the ¢igéaition and for the two horizontal components
of the current. The latest version (Spring 20103 W& harmonic constituents. The resolution is
roughly 20-25 km in the ocean and 4 km closer &sttore.

In this study, real tide cases were recomposed fhenNEA forcing.

Water depths or velocities on the boundary are segausing Thompson-type boundary conditions
[GT7].
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Figure A6: Extent of the NEA model, processed by N@GELTIS/LEGOS in the frame of the COMAPI
project, funded by CNES

3.5.6 Modification of standard sources

In order to take into account the modification ofne of the subroutine arguments, the TELEMAC--
2D routine was amended accordingly.

As discussed previously, tidal signals for the loarg conditions at the liquid border are recontddu
from the NEA model [A6]-[A7] comprising 47 harmorgonstituents (including Z0). A velocity ramp
(i.e. a linear increase of the velocity intensity) igpmsed at the beginning of each simulation, during
the first half hour of physical simulation, so thlaé simulation does not freeze or crash during thi
period. These modifications are found in the sutmes TIDAL _MODEL T2D, BORD,
BORD_TIDE_LEGOS, NODALF_SCHUREMAN, and NODALUPV_SCRREMAN which isolate
the treatment of the tide on the liquid boundaaes will be integrated into version 6.2 of the
TELEMAC-2D software.

A calibration parameter was used to correctly rdpoe the tidal current speeds. This parameter is
called CTIDEV. It is a multiplier coefficient whichcts on the amplitude of the tidal signal (sum of
sinusoids of the harmonic constituents for the twarizontal velocity components). It is set at
CTIDEV = 0.8 to keep results consistent when ushgg LNHE 4-harmonic constituents numerical
model forcing with the same bottom friction chaesistation. This parameter modulates the tidal
current imposed at the boundary condition of thelehdt is a correction parameter of the tidal eatr
intensity provided by the NEA model.

The subroutine STRCHE was edited in order to imppspatially varying bed friction coefficient
over the study domain (cf. § 3.5.9).

3.5.7 Parameters

An example of the parameter files (taken from A@YO0 tide cycles) is reproduced in Appendix Al.
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Real tide cycles are modelled, with a varying daratfor the physical computation (keyword
NUMBER OF TIME STEPS associated with the keywortMEISTEP).

The initial condition chosen is a free-surface at®n that is constant over the entire domain éxten
(keyword INITIAL CONDITIONS assigned to the valu€EONSTANT ELEVATION’), taken as
equal to the water level (in MSL) at the port of uBp (value of the keyword °‘INITIAL
ELEVATION).

The graphic outputs (variables and variable namésea parameter file), routinely viewed for thipgy
of hydrodynamic study, are: the horizontal veloabgmponents U and V (averaged over the vertical)
and the free-surface elevation S.

For this numerical model and for every real tideleythe chosen time step (keyword TIME STEP)
was 5 s.

In order to capture the tidal wave characterisitd to optimise the output file size, the compatei
results are written to the output file every 1(baninutes (real time) = 120 x 5 s or 60 x 5 s (kesdv
GRAPHIC PRINTOUT PERIOD = 120 or 60 according te tihosen time step).

3.5.7.1 Physical parameters

Dissipation through bed friction was modelled usin§trickler coefficient Ks, spatially varying over
the study domain split into two parts (LAW OF BOTWMQFRICTION = 3, default value — see map
§ 3.5.9).

The Coriolis force was taken into account (keywG@RIOLIS = YES) with the value of the Coriolis
coefficient equal to 1.11x10 (= 2wsin() value obtained for a latitudeequal to 49.75°N, withwo =
21T, T = 86,164 s, duration of a sidereal day. This vauius assigned to the keyword CORIOLIS
COEFFICIENT).

Meteorological effects (wind and atmospheric presswere not taken into account in the numerical
simulations (keywords WIND and AIR PRESSURE = N@fadilt values).

No specific turbulence model was employed (valdiede 1 by default for keyword TURBULENCE
MODEL). Therefore, a constant coefficient of vistpgqual to the default value of 10s applied
over the whole domain (keyword VELOCITY DIFFUSIVIJYo model the Reynolds stress terms by
using the gradient diffusion hypothesis.

3.5.7.2 Numerical parameters

The boundary conditions for the open liquid boumstaat which the tidal conditions (depth and/or
velocity) were imposed, were treated using the Tpson method [G7] with calculation of
characteristics (keyword OPTION FOR LIQUID BOUNDAES = 2).

The discretisation uses linear triangular elemé¢tSCRETIZATION IN SPACE = 11; 11 default
values) with matrix storage by segments to optiraaéeulation times (keyword MATRIX STORAGE
= 3, default value). For the suppression of fredase parasite oscillations, the keyword FREE
SURFACE GRADIENT COMPATIBILITY was taken equal toQrecommended value).

Equations were solved in the wave equation formywlked TREATMENT OF THE LINEAR
SYSTEM = 2).

The numerical schemes used were: the method ohctesistics for the advection of velocities and,
for the water depth, a conservative scheme (keywdidE OF ADVECTION = 1; 5 default values).
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For solving the propagation step, the conjugateligra method was the chosen solver (keyword
SOLVER = 1), with an accuracy of @vhich is the default value (keyword SOLVER ACCURXG

a maximum number of 500 iterations (keyword MAXIMUMUMBER OF ITERATIONS FOR
SOLVER) and a diagonal preconditioning (keyword BREDITIONING = 2, default value).

3.5.8 Treatment of tidal flats

The tidal flats (keyword TIDAL FLATS = YES, defaulalue) were treated using the first treatment
option, which consists of the correction of theefseirface computations by elements, to take account
of the tidal flats (keyword OPTION FOR THE TREATMENDF TIDAL FLATS = 1, default value).
More information can be found in [G2] p. 41.

In order to ensure that water depths remain pesiiver the entire study domain (particularly given
the presence of tidal flats), an innovation, intrceld from TELEMAC version 6.0 and above, was
used. This consists of taking the combination ef fillowing four keywords: no upwind for SUPG
(SUPG OPTION = 0; 0), total mass-lumping for degteyword MASS-LUMPING ON H =1.),
correction of velocities at the points with imposkepth where the continuity equation has not been
solved (keyword CONTINUITY CORRECTION = YES) andraatment to suppress negative depths
by a limitation of fluxes (keyword TREATMENT OF NEEJIVE DEPTHS = 2).

3.5.9 Calibration / Validation

The calibration parameter is the Strickler coeditiKs (nt'%s), representing the energy dissipation by
bottom friction. The best fit is obtained for ;= 35 nm'¥s over the western part of the domain area
and Ksasi= 30 m¥s over the eastern part. Comparisons of tidaleargl tidal current are presented
below.

The domain separation for bottom friction is basadpast experience of comparison between model
simulation and measurements available in the Hmgliaters. Unfortunately, measurements are not
available for the present study but the proposedaiio separation for bottom friction is thoughtlas t
best option.

Given the complex feature of the bathymetry and dhelogy with strong and irregular spatial
variations over the whole domain, the variationtiogé bottom friction is not based on seabed
properties. That is why the eastern / western sdiparis rather schematic without accounting for
seabed characteristics. It is acknowledged thatould be further refined with complementary
measurement data over various locations.

Kswest = 35 mt¥s Ksgas = 30 mt?/s

Figure A7: Spatial variation of the Strickler coefficient over the study area
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3.5.9.1 Model calibration - Tidal current

First, model results are compared to EDF DPIH AD@Pasurements to set the most appropriate
Strickler coefficient Ks to represent bed frictiomer the eastern part of the domain area. Bodi tid
flow intensity and direction are examined. The bigsts obtained for Ks,si = 30 m'%¥s over the
eastern part of the domain area.

As stated in § 3.4, two ADCPs were deployed offfhench coast on the 3Iuly 2009 for around 6.5
months by EDF DPIH (see Table A4). Three tidal egcwvere made available in order to provide
calibration data for the purpose of the presertystlihey correspond to a mean neap tide (13/10/2009
— tidal coefficient: 45), a mean spring tide (172009 — tidal coefficient: 95) and a stronger sprin
tide (01/02/2010 - tidal coefficient: 112). The ranmal model simulated these three periods starting
with an initial 2-day spin-up period to set up thedel.

At ADCP1 location, the combination of §s:= 35 nm’¥s and Kg.s:= 30 m'¥s leads to excellent
agreement between simulation and measuremenigdébspeed intensities and directions. At ADCP 2
location, we can observe a slight overestimatiothan numerical model, especially during ebb tide.
Indeed, the ebb / flood dissymmetry is clearly obalele from ADCP2 measurement with a peak
current speed reduction of roughly 25% from floocbb tide. At both ADCP locations, there is good
agreement concerning the direction. Flood and ielatb directions are diametrically opposed along the
North - South axis. During slack tide, measuredreantr directions are changing very quickly and
rather chaotically (high variations of current difens over the water column). Due to the quality o
the bathymetric data (lead sounding-weight measemésnrealised in 1922) and the more complex
features of the sea bed in the ADCP2 zone, itesgpable that model calibration be based on ADCP1.
Consequently, only comparisons to ADCP1 measuresnemtl be quantified and ADCP2
measurement will be analysed qualitatively.

The ADCP measurements and modelled current speed@®anin out of phase at both locations. This
phase shift has not been observed for tidal sudmeation. An error in the time reference for ADCP
measurements or a phase shift in the tidal cufoeoing may lead to such differences.

Apart from the phase shift, quality indices (theref calculated from synchronized time-series: the
modelled velocity time-series were shifted so thay are in phase with the measurements to allow an
appropriate quantification of error estimates) sh@my good agreement between model outputs and
measurements with a mean error below 5% (see App&idfor more information about calculated
guality indices).

The non dimensional bias of current speeds var@s £0.03 to 0.00 for the three study tide cycles
when the modelled bed friction is set toes= 30 mt'¥s, i. e. over the eastern part of the domain area.
The RMS error of current speeds remains relatiiigh (up to 0.31 m/s for Ksg= 30 nt'¥s), but this
can be explained by the nature of the measuredl dmkeds. The signal is rather noisy due to the
turbulent nature of the flow. Besides, the moddl@atcounts for the tidal forcing, whereas on-site
measurements capture wind, wave and atmosphessyyeeeffects on currents.

For Ksast= 30 n¥s at ADCP1 location, the non dimensional biasdzltdirections varies from -0.03
to 0.01 (.e. below 5%) for the three study tide cycles. Thaegponding non dimensional RMS error
of tidal directions appears to be high with valuasging from 0.10 to 0.26. However eliminating the
turn of the tide periods (when measured currenéctivns are changing very quickly and rather
chaotically) from the analysis reduces the non dsianal RMS error to values ranging from 0.04 to
0.06 for the three study tide cycles. The non dsmeral bias then equals -0.01 for the three tide
cycles.

For Ksast = 25 nmt¥s, velocities are constantly underestimated coetpéan ADCP1 measurements

with a negative bias of approximately 10%. At ADUBcations, peak velocities during the flood are
still underestimated but there is a good agreemvéhtmeasurements during the ebb tide.

Not to be disclosed other than in line with therteiof the Technology Contract. Page27



For Ksast= 35 nt’¥s, velocities are constantly overestimated. At AQocation, the bias is always
positive and at ADCP2 location, peak velocitieseextthe measurements by, at least, 0.5 m/s during
spring tides (see Figure A12 and Figure A13).

Quality indice Kseast = 25 m¥%/s Kseast = 30 m¥%/s Kseast = 35 m¥%/s

Kswest = 35 m*3is Kswest = 35 m*3/s Kswest = 35 m*3is
Bias or mean error -0.12 -0.02 0.06
Non dimensional bias -0.09 -0.01 0.04
RMS error 0.26 0.16 0.15
Non dimensional RMS error 0.19 0.11 0.11
Pearson correlation coefficient 0.95 0.98 0.99

Table A6: Quality indices of computed tidal velociy intensities compared to ADCP1 raw measurements
during a mean neap tide (13/10/2009) for Kss; = 25, 30 and 35 ¥s and Ksyes; = 35 m’¥/s

Quality indice Kseast = 25 m¥%/s Kseast = 30 m¥%/s Kseast = 35 m¥%/s

Kswest = 35 m*3is Kswest = 35 m*3is Kswest = 35 m*3/s
Bias or mean error -0.22 0.00 0.18
Non dimensional bias -0.10 0.00 0.08
RMS error 0.35 0.19 0.29
Non dimensional RMS error 0.15 0.08 0.12
Pearson correlation coefficient 0.98 0.98 0.98

Table A7: Quality indices of computed tidal velociy intensities compared to ADCP1 raw measurements
during a mean spring tide (17/10/2009) for K. = 25, 30 and 35 M¥s and Ksyes; = 35 m’¥/s

Quality indice Kseast = 25 m¥%/s Kseast = 30 m¥%/s Kseast = 35 m¥%/s

Kswest = 35 m*3is Kswest = 35 m*3is Kswest = 35 m*3/s
Bias or mean error -0.32 -0.08 0.10
Non dimensional bias -0.13 -0.03 0.04
RMS error 0.50 0.31 0.31
Non dimensional RMS error 0.20 0.12 0.12
Pearson correlation coefficient 0.95 0.97 0.97

Table A8: Quality indices of computed tidal velociy intensities compared to ADCP1 raw measurements
during a stronger spring tide (01/02/2009) for Kg.s: = 25, 30 and 35 M¥s and Ksyes; = 35 m’¥/s

From Figure A9 to Figure A13, model outputs fofeliént values of Ks and ADCP measurements are
compared during tides representative of a mean tidapa mean spring tide and a stronger mean
spring tide (tidal coefficient of 112):

e in blue: ADCP measurements,

« in green: model outputs for Kg;= 25 m'¥s & Ksyest= 35 mt'¥s,
« in red: model outputs for g:= 30 mM¥s & Kswest= 35 nt'7s,

« in purple: model outputs for ikg:= 35 M'¥/s & Ksyes;= 35 mt'¥s.
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Figure A8: Upper panel: Depth averaged tidal curret speed (m/s); Lower panel: Depth averaged tidal
current direction (degrees, from North, clockwise)Tide representative of a mean neap tide at ADCP1
location.
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Figure A9: Upper panel: Depth averaged tidal curret speed (m/s); Lower panel: Depth averaged tidal
current direction (degrees, from North, clockwise)Tide representative of a mean spring tide at ADCP1
location.
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Figure A10: Upper panel: Depth averaged tidal curret speed (m/s); Lower panel: Depth averaged tidal
current direction (degrees, from North, clockwise)Tide representative of a spring tide (tidal coeffiient of
112) at ADCPL1 location.
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location.
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Figure A13: Upper panel: Depth averaged tidal curret speed (m/s); Lower panel: Depth averaged tidal
current direction (degrees, from North, clockwise)Tide representative of a spring tide (tidal coeftiient of
112) at ADCP2 location.

3.5.9.2 Model validation - tidal range

The tidal range is simulated at the reference pafrtSoury and Braye. The Telemac-2D results are
compared to the SHOM data throughout the monthugf 2010 (see Figure Al4 to Figure Al7).

Model outputs are extracted every 10 min fors= 35 nt’¥/s over the western part of the domain
area and Kss = 30 nt'¥s over the eastern part. SHOM free surface etmvatference values are

extracted from the SHOM website (www.shom.fr). Thayrespond to hourly predictions from

harmonic analysis of tidal gauge measurementshabthey are not influenced by meteorological
conditions.
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The computed surface elevation compares well wHO B tidal gauges in terms of tidal range. At
Goury, the mean error (bias) is of 0.02 m, the R&fr equals to 0.18 m and the correlation
coefficient is of 0.995. At Braye, quality indicgst slightly better with a mean error equals t®0r)

a RMS error of 0.12 m and a correlation coefficieh0.998.

The standard non dimensional bias and scatter iadexot used as the average of measured values
tends to 0. The non dimensionalisation of the bras the RMS error are done by dividing their value

by the tidal range during a mean spring tide atesponding harbours (cf. Table A2). Resulting non
dimensional indicators are as follows:

Quality indice At Goury | At Braye
Non dimensional bias 0.00 0.00
Non dimensional RMS error 0.03 0.02

Table A9: Non dimensional bias and RMS error of thecomputed sea surface elevation compared to
SHOM data

It should be noted that the numerical model leadspatial variations of the MSL. Its major featige

an important decrease in the water level off G@aeyeral decimetres). Figure A18 shows the spatial
variation of the computed MSL, calculated as therage of modelled free surface elevations over
July 2010, from the initial bathymetry referencedthhe MSL. At Braye the computed MSL is 1 cm
below the initial MSL whereas at Goury the comput#sL decreases to 28 cm below the initial MSL.

In order to compare the tidal range, from Figured Ad@ Figure Al7 the free surface elevation is
referenced to the computed MSiLe(the average of modelled free surface elevatiors duly 2010
at Goury and Braye harbours) for the numericalltesund to the initial MSL for SHOM data.
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Figure Al4: Free surface elevation (m MSL) at Gouryblack crosses: SHOM predictions, red curve:
numerical results)
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Figure A15: Free surface elevation (m MSL) at Gouryblack crosses: SHOM predictions, red curve:
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Figure A16: Free surface elevation (m MSL) at Brayéblack crosses: SHOM predictions, red curve:
numerical results)
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Figure A18: Variation of MSL (m) over the study domain
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3.5.9.3 Model validation - ACRE VMADCP measurements

As discussed in § 3.4, VMADCP data are taken ictmant only to give an order of magnitude of the
flow velocities (no quality indices are thus caltet). To this end, ACRE data are averaged over the
water column and compared to the TELEMAC-2D results

Graphical outputs of the model are recorded evemid in order to provide sufficient data for
gualitative validation (see Figure A19 to Figure3j2

Overall, a good visual agreement is observed betwaedel and measurements. Differences are
specifically observed during the third and fourdnsects. Slight errors in phase can lead in tsg c

to significant discrepancies, in addition to thesipaints of the measurement campaign (vessel speed
higher than recorded current speeds, complex batryntidal flow highly variable in space).

WMALLP W10

200 - i e, F Ty E ¥ ot by e T S

eatspeed (mys)

100

e pth aueragrd thiz| curn
(]

Figure A19: Depth averaged current speeds (m/s) frn ACRE VMADCP measurements (red crosses) and
model results (green squares) throughout the firsACRE transect.
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Figure A20: Depth averaged current speeds (m/s) frn ACRE VMADCP measurements (red crosses) and
model results (green squares) throughout the seco®CRE transect.
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Figure A21: Depth averaged current speeds (m/s) frm ACRE VMADCP measurements (red crosses) and
model results (green squares) throughout the thirdACRE transect.
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Figure A22: Depth averaged current speeds (m/s) frm ACRE VMADCP measurements (red crosses) and
model results (green squares) throughout the fourtM\CRE transect.
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Figure A23: Depth averaged current speeds (m/s) frm ACRE VMADCP measurements (red crosses) and
model results (green squares) throughout the sixtACRE transect.
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3.5.10 Analysis

The tidal flow conditions are examined in detaifidg the mean spring tide of 1 2uly 2009. The
figures below show hourly tidal flow patterns wiildal current speeds (m/s) and directions (black
vectors on a regular grid) from low water (at 00dr® 17/10/2009) to next low water (at 12:30 on

17/10/2009):
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The speed peaks occur close to high waters anaviers, which is characteristic of the progressive
tidal wave that occurs in the English Channel. @Vehe flood current flows towards North East and
the ebb current flows towards the South West. Tlumgest tidal currents are observed on the east of
Alderney during ebb tide, with tidal speeds reaghiaughly 4.5 m/s. During flood tide, maximal
speeds can locally exceed 3.5 m/s.

The tidal flow around Alderney is strongly variakite space with a complex flow pattern. The
bathymetry in this area is indeed rather irreguhth rocky prominences, banks and fissures (see
Figure A24). For example, sharp and high promingroceate local obstacles to the flow (as it can be
observed during ebb tide on the eastern side ofrAlel) or the complex morphology of the
bathymetry generates recirculation patterns ardlddrney (as it is also mentioned in nautical cérart
see Figure A25). Besides, the height of the promiee can be over-estimated because of the use of
bathymetric data extracted from nautical chartg thrdginally aim at providing information for
navigational safety.
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Figure A24: Local bathymetric features around Aldemney
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Figure A25: Tidal current fields during the ebb tide given at an hourly time step (time reference: hiy
water at Dover), source: SHOM [A3]

3.6 Uncertainties

The main source of uncertainties regarding thegmtes! results is due to the bathymetric data fer th
study zone. Apart from the ACRE multi-beam survéyey were obtained from commercially
available SHOM or Seazone data (digital bathymegrids, DTMs, charts). The sounding density of
such data is in the order of 20 m to 200 m. SHQM &eazone charts provide data mainly for
navigational safety and can hence display conseevapundingsi(e. the sea bed can be over-
estimated). Therefore, it does not accurately ssprethe local features of the sea bed morphology
that strongly influence the tidal current patterideasurement campaigns for the SHOM digital
bathymetric grids were undertaken from 1922 to 1988h a wide range of devices (from lead
sounding-weights to single-beam soundings or evereimes “unknown”).

The numerical errors which are propagated withenTELEMAC-2D model are not quantified at this

stage. This extremely complex topic is currentigeminvestigation outside of the PerAWaT project,
and may not be available before the end of 2013.

In addition, this study used the TELEMAC-2D modullisoftware, which solves the Saint-Venant

two-dimensional equations based on the shallow+vessumption (shallow waters being, in principle,
satisfactory for tide representation).

3.7 Computation time

The TELEMAC-2D computations were carried out onracpssor running at 2.33 GHz. The CPU
time required for a simulation of 1 day is approaiety 1 hour.

3.8 Conclusion

The present study enabled the characterisatiomalfftow conditions in the Alderney Race zone. It
was based on numerical modelling at local scale. Aimerical model was built with the TELEMAC-
2D hydro-informatics software developed at EDF R&D.

Overall, good agreement is found between measursneerd simulation results. Calibration was
performed against ADCP measurements during thdeédicles (real tide cycles, tides representative
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of a mean neap tide, mean spring tide and a straspgang tide of tide coefficient of 112). At ADP1
location, the best agreement between model ougndsmeasurements is found forglgs= 30 m'%s
over the eastern part of the domain area. The mee@m for tidal current speeds and directions
remains below 5% (see § 3.5.9.1). The modelled tatege was validated throughout the month of
July 2010 (making a 31-day validation period) auGoand Braye harbours. Model outputs match the
SHOM predictions with a non dimensional bias equal®.00 and a non dimensional RMS error
below 5% (see § 3.5.9.2). A qualitative validatafrthe tidal speeds was performed using ACRE data.
A good visual agreement is observed between modtlngeasurements (see § 3.5.9.3). Finally, the
tidal flow conditions are examined in detail duritiee mean spring tide of %7July 2009 off
Alderney. Hourly tidal flow patterns with tidal a@nt speeds and directions are provided (see
§ 3.5.10).

3.9 References

[A1] Simon B. (2007). La marée océanique cotiémstitut océanographique éditeur, p. 280.

[A2] SHOM (2011). Références altimétriques marittimePorts de France métropolitaine et d’outre-
mer. Cotes du zéro hydrographique et niveaux canstitjues de la marée. Edition 2011. Site Internet
SHOM: www.shom.fr [Marine altimetric references (Chart Datums) -CB#H2011].

[A3] SHOM (2007). Alderney (Aurigny) et le Casqueiautical chart n°6934

[A4] SHOM (2006). Des Héaux-de-Bréhat au Cap LBlutical chart n°6966

[A5] Confidential information disclosure and limitaise agreement between EDF and ACRE — May
2012.

[A6] Pairaud I.L., Lyard F., Auclair F., Letellief., Marsaleix P. (2008). Dynamics of the semi-
diurnal and quarter-diurnal internal tides in thayBf Biscay. Part 1: Barotropic tides. Continental
Shelf Research 28 (2008) 1294— 1315.

[A7] Pairaud I.L., Auclair F., Marsaleix P., LyaFd, Pichon A., (2010). Dynamics of the semi-diurnal

and quarter-diurnal internal tides in the Bay ofdaly. Part 1: Baroclinic tides. Continental Shelf
Research 30 (2010) 253 269.

Not to be disclosed other than in line with therteiof the Technology Contract. Page27



4 THE PENTLAND FIRTH

The aim of this study is to provide a precise ctigrésation of the tidal conditions,e. the sea levels
and tidal currents, in the vicinity of the Pentldfidh where the strongest tidal currents in Eurape
found. The TELEMAC-2D software is used to build free surface flow numerical model covering
the study area (see Figure B26 — Geographic latatithe Pentland Firth).

The mesh comes from the Tidal Resource Modellirggget, which is also commissioned and funded
by the Energy Technologies Institute. The boundemyditions come from TPXO data. The
bathymetric data come from Seazone and Gebco. Dielns calibrated against tidal diamonds from
gardline surveys at three different locations ia Bentland Firth.

4.1 Geographic location of the site

The Pentland Firth is located off the north codssaotland, in the United Kingdom. The site is well
known for its high current velocities.

Norway

Leegmr:

N ey
e T, M e 99915 P BT (G, Tl ok e Ly ac L el

Figure B26 — Geographic location of the Pentland kh (Google maps).

4.2 Numerical model construction

All modelled flow velocities shown hereafter ondke into account the astronomic tide. In partigular
no meteorological effects (atmospheric pressuredwisurge/wane) or wave effects have been
considered in the numerical model.

Moreover, in this section, any reference made ¢éodirrent velocity resulting from the TELEMAC-
2D numerical model or measurements data refetsetoértically averaged velocity. The TELEMAC-
2D results given are averages in the Reynolds sersafter smoothing out of the turbulence effects.

The sea levels are referenced with respect to Nidag Sea Level).

4.2.1 Code version

The TELEMAC-2D version used in this study is verst2, which will be available in open source in
August 2012.
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4.2.2 Definition of the domain area

The domain covers an area extending approxima@ km from North to South and 1000 km from
West to East. Its extent can be seen below. Mdoenration can be found in [B1].

[BOTTOM |
30
50
00
{10

Figure B27 — Model coverage and bathymetric data (Ercator-Telemac projection, MSL).

The hydrodynamic numerical model was built withhtgizontal geographic coordinates expressed in
Telemac-Mercator projection coordinates.

4.2.3 Bathymetry

The GEBCO_08 Grid (General Bathymetric Chart of @means) freely available data are used for
most of the model. They are in MSL.

The GEBCO_08 Grid is a continuous terrain modeloioean and land with a spatial resolution of 30
arc-seconds. The bathymetric portion of the grigl lasgely been generated from a database of ship-
track soundings with interpolation between sounslirgmided by satellite-derived gravity data.
However, in areas where they improve on the exjsBiEBCO_08 grid, data sets generated by other
methods have been included. [B2]
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Figure B28 — GEBCO data coverage (Lat Long coordirnas)

Locally, around the Pentland Firth, several Seaatata sets were used. These data are subject to a
licence bought by the University of Oxford in tharhework of the PerAWaT project for both the
Oxford and the EDF use (www.seazone.com). These skt were provided in the form of ASCII
files. They were converted into xyz-ASCI| files atige header characters were removed in order for
the file to be readable by the mesh generator (J&he).

First, the Seazone charted grids [B3] help refime hathymetry. These data are referenced to chart
datum. However, the comparison of these refined ttathe Gebco MSL data shows that there is no
correction required to use the Seazone CD data.

1l GEBCO_MSL [= (@ [ 2| | SEAZONE CHARTED_GRIDS CD

Figure B29 — Comparison between Gebco MSL data arfSeazone charted grid CD data. — Mercator-
Telemac coordinates.

Second, the higher-resolution Seazone survey {BRlsallow an extremely detailed description of the
bathymetry, as shown on the figure below.

Not to be disclosed other than in line with thereiof the Technology Contract. Page27



B 20 View (1) (=@ =] | Bl viev @)

MNyY55900035

Figure B30 — Comparisons between Seazone survey M8ata and Gebco MSL data. Mercator-Telemac
coordinates.

The final bathymetry for the model can be seenigufe B27.
4.2.4 Mesh

The finite element mesh is derived from the Tidak&urce Modelling Coarse CSM model [B1]. It
was refined in the area of interest, as shown heldwe refinement was performed with Janet v2.7.8.
The final model is made up of 457 771 nodes and483Btriangular elements. The mesh size varies
progressively from 200 m to 20 km offshore (searfghereafter).

The strong benefit from using the already existiogrse CSM model mesh was to use the TPXO
boundary conditions. HR Wallingford developed amgpliemented a routine which enables the TPXO
boundary conditions to be used for the model. Thigine will be freely available in August 2012 in
Telemac2D v6p2.
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Figure B31 - Model mesh (Mercator projection)
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Figure B32 - Model mesh, refined down to 200 m indé¢ the Pentland Firth area (Mercator projection)
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4.2.5 Boundary conditions
As written in the previous paragraph, the boundarnditions come from the TPXO database.

TPXO is the current version of a global model oéarc tides, which best-fits, in a least-squaresesens
the Laplace Tidal Equations and along track averadma from TOPEX/Poseidon and Jason (on
TOPEX/POSEIDON tracks since 2002). The methods tisetbmpute the model are described in
detail by Egbert, Bennett, and Foreman,1994 arttiduby Egbert and Erofeeva, 2002 [B4].

The tides are provided as complex amplitudes dheatative sea-surface elevation for eight primary
(M2, S2, N2, K2, K1, 01, P1, Q1), two long periddf{ Mm) and 3 non-linear (M4, MS4, MN4)
harmonic constituents, on a 1440x721, 1/4 degs&ugon grid (for versions 6.* and later). [B5]

4.2.6 Parameters
An example of the parameter files is reproduceippendix B1.

Real tide cycles are modelled, with a varying daratfor the physical computation (keyword
NUMBER OF TIME STEPS associated with the keyworMEISTEP). For this numerical model, the
chosen time step was 60 s. In order to perform-da88simulation, 40320 time steps were required.

The chosen initial conditions are the TPXO satelddtimetry over the domain (keyword TPXO
SATELLITE ALTIMETRY).

The graphic outputs routinely viewed for this tygfehydrodynamic study are: the horizontal velocity
components U and V (averaged over the vertical) attie free-surface elevation, S, and the water
height H.

In order to obtain the tidal wave characteristied & optimise the output file size, the computaio
results are added to the output file every 15 mal(time) (keyword GRAPHIC PRINTOUT
PERIOD = 15).

4.2.6.1 Physical parameters

Dissipation through bed-friction was modelled usinGhézy coefficient C.

The roughness appears in the Chézy coefficientilzaion, via the Manning-Strickler formula:

C = I x Rl ' - | o , "
Where K is the Strickler coefficient, and Rh is thalraulic radius. The value of the Chézy coeffitie
was set during the calibration of the model (pleaser to § 4.2.7).

The Coriolis force was taken into account (keywG@RIOLIS = YES) with the value of the Coriolis
coefficient equal to 1 10 This value is thus assigned to the keyword CORBOCOEFFICIENT). It
appears that this value is erroneous, as it casnelspto a Coriolis force which is lower than the
existing one under these latitudes. This does albtlee model into question, as it has been cédldora
against measurements with that value, howevellithave to be modified in the next deliverable (and
the calibration will be modified accordingly, if cessary).

Meteorological effects (wind or atmospheric presywrere not taken into account in the numerical
simulations.

No specific turbulence model was used (value lgftdefault at 1 for keyword TURBULENCE

MODEL). A constant coefficient of viscosity equal the value of 1®was applied over the whole
domain (keyword VELOCITY DIFFUSIVITY).
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4.2.6.2 Numerical parameters

For the suppression of free-surface parasite asoitls, the keyword FREE SURFACE GRADIENT
COMPATIBILITY was taken equal to 0.9 (recommendedire).

Equations were solved in the wave equation formywlked TREATMENT OF THE LINEAR
SYSTEM = 2).

The numerical schemes used were: the method ohatesistics for the advection of velocities and,
for the water depth, a conservative scheme (keywdidE OF ADVECTION = 1; 5 default values).

For solving the propagation step, the conjugateligra method was the chosen solver (keyword
SOLVER : 1) with an accuracy of f0which is the default value (keyword SOLVER ACCUBYX)
and a diagonal preconditioning (keyword PRECONDINING = 2, default value).

4.2.7 Calibration

The calibration parameter is the Chézy coeffic@rfin”¥s), which is high when the roughness is low.
Because the interest lies in the spatially resdicPentland Firth region, one single roughness
coefficient was chosen for the entire domain, wrattbws a good estimation of the tidal currents in
the area of interest.

Identifying different roughness coefficients forffdrent areas of the model would involve an
extremely complex inverse problem, and is outdi@estope of this study.

The best fit is obtained for C = 80Y#s over the entire domain. In the literature, th@ue
corresponds to a silt seabed. However, this pamneetused over such a large area that it does not
reflect the state of the seabed itself but ratherequivalent friction force which is applied ome fifow

by the seabed, with all its unevenness.

Three moored ADCPs were deployed for a month, betwie! September 2001 and 1 ®ctober
2001 by the Oceanography Department of Gardlineeysr[B6]. The ADCPs were placed in the
middle of the Pentland Firth. The exact locatiords C2 and C3 are provided in the table below, and
are shown on the following figure.

Latitude Longitude

58.7180555555 | -3.2333333333
C1

58°43'34”"N 3°14'11"W

58.7166666666 | -3.0841666666
Cc2

58°43'01"N 3°05'09"W

58.6522222222 | -2.9675000000
C3

58°40'13"N 2°58'35"W

Table B10 — ADCP Latitude / Longitude coordinates
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Figure B33 — ADCP locations.

The measurement campaign report provides thedidadonds for the mean spring tide and the mean
neap tide, in hours, referenced to high water isrdleen. The Aberdeen tide tables were obtained for
that period, and the interesting periods of timeendentified.

The comparison between measurements and simularerovided in the following figures. The
calibration was performed on th& 2DCP (called C2) which is located in the middleRentland

Firth. After that calibration, comparisons werefpened for C1 and C3 which, although showing less
good agreement than for C2, still give acceptaddeilts.

Not to be disclosed other than in line with therteiof the Technology Contract. Page27



M

(=)

n Spring Rate

—&— Measurements

3
q

V(m/s)

== Simulations

S.U
[en]
(5]

[\)
[en]
(5]

U (m/s)

3.50 4.50

S.U
[en]
(5]

IS
[w}
[w)

IS
[en}
D

Mean Neap Rate

=&—Measurements

== Simulations

S.U
D
D

V(m/s)

[\)
[en]
(5]

[EEY
for)
D

-4.00 -2.00

U(m/s)

.00 2.00

4.00

=
©
o

[\J
D
D

S.U
D
D

IS
[ew}
[w)

Figure B34 - Tidal diamonds for C1.
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Figure B35 - Tidal diamonds for C2.
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Figure B36 - Tidal diamonds for C3.
The measurements and the model show excellentragreen terms of directions, for both the mean
spring and mean neap tides, and at the three dosati

The current velocity amplitudes are more diffidoltreproduce in the case of the mean neap tide than
in the case of the mean spring tide, for all tHomations, and this may be partially explained Hg t
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fact that low velocities are reproduced with lessuaacy than high velocities. The amplitude is
underestimated for the mean neap tide, and overastil for the mean spring tide in location C1.

The ability to say that there is or is not a gogdeament between measured and simulated data is
based on:

. The resolution of the numerical model, and isoagted uncertainties

. The quality of the bathymetry data

. The quality of the boundary conditions

. The content of the measurement data (how muchrrdtion? )

. The quality of the measurements and their aswatiancertainties (acquisition frequency,

average data, experimental uncertainties, etc...)
. The site hydrodynamic complexity
. The ability to reach better agreement when turnixgpus parameters

In the present case, at location C1, there areasypects which could explain why the comparison
between measured and simulated velocities is ngbad as expected. These are the resolution of the
model and the site hydrodynamic complexity.

* The bathymetry data around C1 come from Seazongegwrids (25 m resolution), however
since the model resolution at this location is 20@rs impossible for the model to take into
account the unevenness of the detailed bathymtyeover, as seen on Figure B37 — Zoom
on the C1 location (red cross) with bathymetry dataetres.Figure B37 and Figure B38, C1
is located in a region where the bathymetry gradieme more pronounced than in the C2
region, and therefore discrepancies between maasute and simulations at C1 may be
greater than those at C2.

* The hydrodynamic complexity of the area around Cdhiserved in § 4.2.8.

Figure B37 — Zoom on the C1 location (red cross) thi bathymetry data in metres.
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Figure B38 — Zoom on the C2 location (red cross) thi bathymetry data in metres.

Given the complexity of the channel, and the modsblution which was chosen (a refined resolution
would have been more expensive in terms of CPU)tinte conclusion is that the comparison
between tidal diamonds is acceptable, and enalbitreef studies with tidal farms.

The mean spring tide simulation is in better age@nwith the measurements than the mean neap
tide. This is acceptable since the priority isé¢produce high velocities.

Because the only measurement data available comdsp six hours before high water in Aberdeen
to six hours after high water in Aberdeen, therevéy little information on phase in the
measurements. Figure B39, Figure B40 and Figudedw that the simulated velocities match the
experiments for C2, as expected since this is dibration point, and are in less good agreemetit wi
C1 and C3. Apart from C1, for which there are digant differences between simulations and
measurements, the numerical model captures theityetrends.
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Figure B39 — Velocity time series at C1.
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Figure B40 — Velocity time series at C2.
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Figure B41 — Velocity time series at C3.

The modelled velocity time-series were then shiftedrder to be in phase with the measurements.
That operation enables the estimation of qualityidges which reflect the ability of the model to
reproduce the velocity amplitudes (please see Agige®1 for more information about quality
indices). Results can be observed in Table B1l1lvh€elde non-dimensional error in C2 confirms that
the calibration operation enables simulations am@sarements to match at this location. The other
errors (at C1 and C3) are 12% and 25%, and thdgesvdlustrate how complex the site is, and how
difficult obtaining agreement simultaneously afeliént locations can be.

Quality indice C1 Cc2 c3
Mean error or bias 0,36 m/s 0,04 m/s 0,24 m/s
Root mean square error 0,57 m/s 0,94 m/s 0,4 m/s
Non dimensional bias 25 % 2% 12%
Non dimensional RMS error or scatter index 39% 41% 20%
Pearson linear correlation coefficient 0,92 0,94 0,95

Table B11 - Quality indices of computed tidal veloty intensities compared to ADCP raw measurements
at C1, C2 and C3 on 18 September 2001 (spring tide).

4.2.8 Analysis

The tidal flow conditions during the mean sprirdgtiof 19" September 2001 are detailed below. The
figures show the hourly evolution of the tidal @nts in the Pentland Firth.
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Figure B42 — Current speed evolution between 4h2%d 19h29, on 19 September 2001.

The figures above show all the complexity of trgaliflow in the Pentland Firth area. For example,
very important recirculations are observed on tiel tand on the fifteenth graphs (in the red cskle
These rotating flows are not local phenomena, &ke place over the entire Firth. They occur at the
change between the East to West flow and the Wdsagt flow.

The velocity, which is obtained with this humericabdel, goes up to 5 meters/second, when the
water flows from West to East. This value is extenhigh and, even if it may overestimate the real
velocity values, as seen in the previous paragrapieveals that the currents in this region can be
really important, and it therefore confirrms thegudial of the site for the installation of a tidatm.

4.3 Uncertainties

Uncertainties have been discussed and quantifigiancalibration paragraph. As explained in that
paragraph, it is believed that there are two magpects which can explain why the comparison
between measured and simulated velocities is ngbad as expected. These are the resolution of the
model and the site hydrodynamic complexity.

It is also important to underline the fact that Zeee charts data are mainly for navigation safety a
can hence display conservative soundings the sea bed can be over-estimated). Therefordatae
may not accurately represent the local featureth@fseabed morphology which strongly influences
the tidal current patterns. This means that the paison between single point location ADCP
measurements and simulation results which come fsoom an extensive model with bathymetry
uncertainties has its limitations.
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The numerical errors which are propagated withenEELEMAC-2D model are not quantified at this
stage. This extremely complex topic is currentlgeminvestigation outside of the PerAWaT project,
and may not be available before the end of 2013.

The uncertainties associated to the current measumes are not provided in the available
measurement report. However, the data come fromredoADCPs, which are much more reliable

than data obtained with transect profiling operaioTherefore, it is believed that these measuremen
uncertainties must not be significant.

4.4 Computation time

The TELEMAC-2D computations were carried out onr8gessors running at 2.40 GHz. The CPU
time required for a simulation of 28 days is apjprately five and a half hours.

4.5 Conclusion

The present study enabled the characterisationafftow conditions on the Pentland Firth areaeTh
numerical model was built with the TELEMAC-2D hydirdormatics software developed at EDF
R&D.

Calibration results were given in terms of tidahrdonds for the current speed for two different
periods (a mean spring tide and a mean neap tdéhree different locations in the Pentland Firth.

These simulations were compared to measurementsaandnalysis of these comparisons was
performed.
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5 PAIMPOL-BREHAT
5.1 Introduction

The aim of this study is to provide a precise ctigrésation of the tidal conditions,e. the sea levels
and tidal currents, in the Paimpol-Bréhat zoner{Enedepartment of Cotes-d'Armor in Brittany) using
numerical modelling at local scale.

Various measurement campaigns were carried obeilBtéhat zone between 2005 and 2008:

- amarine current measurement campaign, carriedyolXSURVEY, over a period of 17 days
from the &' to the 2 of April 2005 [C1],

- athree-month campaign of marine current and was@sorements performed by IXSURVEY
over the period from March 230 June 282008 [C2],

- a bathymetric measurement campaign conducted byYDCHRFAN in April 2008 [C3].

5.2 Geographical location of the site

The Bréhat zone, also known as Paimpol regionpgatéd in the Normandy-Brittany Gulf to the
north-west of the Saint-Brieuc Gulf, in the Fremigpartment of Cotes-d’Armor (22) in Brittany. The
major port in the zone is Paimpol. Also locatedha sector are Port Clos and Men Joliguet ports on
the Isle of Bréhat and the ports of Loguivy, Lesatdéde-Bréhat and Roches Douvres. In the Bréhat
zone, there is a crustacean reserve, in whichygeydf fishing other than line fishing is forbidden

5.3 Tidal sea levels

The sea level data, which are characteristic abasimical tides, are provided by the French Marine
Hydrographic and Oceanographic Service (SHOM) afdrenced with respect to Chart Datum for
the two ports: Paimpol, the major port near the ¢glBréhat and Men Joliguet, the reference paitt th
is closest to the site and located on the Isleréh8t (©OSHOM-2010).

Table C1 gives sea level data for the followingsid

- Highest Astronomical Tide (HAT),

- Mean High Water Springs (MHWS),
- Mean High Water Neaps (MHWN),
- Mean Sea Level (MSL),

- Mean Low Water Neaps (MLWN),

- Mean Low Water Springs (MLWS),
- Lowest Astronomical Tide (LAT).

Port (m CD)
HAT | MHWS | MHWN | MSL | MLWN | MLWS | LAT
Paimpol 1192 | 1080 | 83 | 600 | 385 135 | 011
Men Joliguet | 1768 | 1055 | 815 5,05 3,75 130 | 010
(Isle of Bréhat)

Table C1: Sea levels characteristic of astronomicéldes at Paimpol and Men Joliguet (Isle of Bréhat)
(source [C4], ©SHOM-2010).

The following tidal ranges are thus obtained:
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(m)

Port Exceptional Spring Tide Mean Spring Tide Mean Neap Tide
(ES) (MS) (MN)
Paimpol 11,81 945 4,50
Men Joliguet
(Isle of Bréhat) 11,58 9.25 4,40

Table C2: Tidal ranges at Paimpol and Men Joligueflsle of Bréhat).

Certain meteorological conditions can lead to déiees between the predicted tide and the actual
tide, in particular a combination of a High Astromical Tide and a surge (extreme high water level),
or conversely, a conjunction of a Low Astronomi¢ale and a receding surge (extreme low water
level).

5.4 Measurement campaigns

Over the course of the IXSURVEY measurement canmpaigrried out on the Les Héaux-de-Bréhat
zone from the Bto the 23 April 2005 [C1], two measurement sampling pointevstudied (points 1
2005 and 2 2005, illustrated on Figure C1). Poi20@5 is located in the crustacean reserve to the
north of La Horaine plateau, while point 2 2005itsiated to the North of Les Héaux-de-Bréhat. The
coordinates of these two points (geographic refer@oordinate systems WGS84 and NTF Lambert 1
North), as well as the bottom depth, are givenablé C3.

Measurements of flow velocity (magnitude + directaf the velocity) were taken over the full water
column at each of the sampling points by two ADCP.

During this first measurement campaign, a fairkgéarange of French tidal coefficients [C5] were
recorded (coefficients 24 to 104, from neap tidespring tides). During this period in 2005, the
ADCP at the point inside the reserve recorded maminsurface velocities in the order of 2.6 m/s at
flood tide and 2 m/s at ebb tide, whereas to théhmaf Les Héaux-de-Bréhat, maximum flows of 2.4
m/s at flood tide and 1.8 m/s at ebb were reached.

WGS84 NTF Lambert1 North Depth
Points| degrees and decimal minutes metres (m CD)
Longitude West| Latitude North East North
1 2°54.,6 48°55,4 215851 149264 -46
2 3°5' 48°57" 20334 153120 -58

Table C3: Coordinates of the two measurement sampfgoints of the April 2005 campaign [C1].

A second measurement campaign was carried out BYRVEY from March 25 to June 28 2008
[C2]. Two measurement points were instrumentednfpal 2008 and 2 2008 as illustrated on Figure
C1, within the vicinity of point 1 2005 of the ApA005 current measurement campaign, to the south-
east). These two points are located in the cruataceserve. Their coordinates (geographic systems
WGS84, and NTF Lambert 1 North), as well as thédmotdepth, are listed in Table C4.

Measurements recorded at the first point includeiti bidal flows (by two ADCP) and waves (a wave
monitoring buoy and an ADCP of the AWAC type), was only tidal flow measurements were
recorded at the second point, with the aid of alCRD

The chosen sampling period enabled coverage ofa fange of French tidal coefficients (from 25 to
109, from neap tides to spring tides) includingparticular, the April 2008 equinox tide and a egyri
of sea states (calm to stormy).

In comparison to the 2005 measurement campaignmegesurement sampling period was greatly
extended, which enabled the characterisation ositeeunder diverse marine conditions (four spring
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tides and six neap tides over the three month$) egually varied sea states (end of winter stommads a
calm periods in the spring).

In general, maximum velocities are greater at fldde than at ebb tide, and this is especiallynstne
case of a spring tide. The maximum surface velaogasured during this campaign was 3.05 m/s, at
flood tide (compared to about 2.3 m/s at ebb tilewever, 75% of the velocities measured over the
course of the measurement campaign fell withinrédmge of 0.2 to 1.8 m/s, whichever the sector of
the water column being considered. Velocities wesmogenous over the vertical, although with a
slight increase near the surface (a classic prafile to bed friction and to wind effects at thefaste).

The flow is bidirectional with two orientations bei clearly predominant (towards 120° and 320°
clockwise relative to North). The current has arsetowards 120° at flood tide and towards 320° at
ebb tide. There is very little directional sheatlo# current over the vertical. The flow velocigases
and the flow direction changes after the slack vgaté high and low water (around 30 minutes to 2
hours thereafter). This change takes place edoliespring tides than for neap tides. The tidarent
turns through North in general.

Tidal durations are reasonably stable: betweerafch6 h 30 min. They are a little longer in theecas
of neap tides.

Significant wave heights fall within the range o2@ 3.5 m, but are generally below 2 m. Waves
arrive from two principal directions: the North-Wesector (about 75% of the time) and the East (at
about 15% of the time). Waves coming from the NaMbst sector have higher associated peak
periods and significant wave heights than thosiiag from the East sector. All episodes of waves
above 2 m occurred in the north-west propagatioaction, except for one wave event. The wave
periods ranged between 1.5 and 18.2 s.

WGS84 NTF Lambert1 North Depth
Points| degrees and decimal minutes metres (m CD)
Longitude West| Latitude North East North
1 2°53,169' 48°54,746' 217510 147934 -44,1
2 2°51,988' 48°54496' 218918 147372 43,7

Table C4: Coordinates of the two measurement point®r the Spring 2008 campaign [C2].

These two measurement campaigns permitted theraidib of the TELEMAC-2D and TELEMAC-
3D numerical models.

5.5 2D numerical model

All flow velocities shown hereafter only take inaxcount the astronomic tide. In particular, no
meteorological effects (atmospheric pressure, wsndge/wane) or wave effects have been considered
in the numerical model.

Moreover, in this section, any reference made ¢odirrent velocity resulting from the TELEMAC-
2D numerical model refers to the vertically averhgelocity. The results given are averages in the
Reynolds sensg,e. after smoothing out of the turbulence effects.

The sea levels are referenced with respect to Cradum.

55.1 Code version

The TELEMAC-2D edition used in this study is vers@&0.
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5.5.2 Definition of the domain area / justification

The domain covers an area that is almost squatending approximately 60 km from North to South
and from West to East. Its extent can be seengur&iC1. The domain extent of the numerical study
is, in the WGS84 coordinate system, contained batwhe coast and 49° 20’ N in latitude and, in
longitude, between longitudes 2° 30’ and 3° 20’ W.addition, the South-East boundary of the
domain (segment [E1, E2]) is oblique (with regatdsthe North-South and East-West directional
axes), as can be seen from Figure C1. The orientafithis boundary is thus roughly perpendicutar t
the flow direction of the marine currents (at teedl of La Mauve). The boundary coordinates of the
domain covered by the study are given in Table C5.

Outer boundary WGS84 NTF Lambert 1 North
points of the degrees and decimal minutes metres
numerical domain| Longitude West | Latitude North East North
El 2°53.4' 48°42' 215591 124387
E2 2°30' 48°48,6 245020 134678
E3 2°30' 49°20' 248753 192754
E4 3°20' 49°20' 188339 196973
E5 3°20' 48°49,75 184123 141068

Table C5: Boundary coordinates of the numerical dorain extent (Figure C1).

All hydrodynamic numerical models were built witketr horizontal geographic coordinates expressed
in the Lambert 1 North projection coordinate sys{@mmetres, with the point of origin at the Lamtber
1 North projection origin).

5.5.3 Bathymetry
The bathymetry data used in the numerical moditisrzed from, amongst other sources:

- bathymetric grids # 14582 and 14583 — geographiemage provided in one degree square
blocks without overlap (metropolitan coastal aredhipmetry composed of a selection of
soundings with a minimum sampling interval of 25tmeg, created in February 2006) —
provided commercially by the SHOM, covering the emontained between 2° and 4° W and
between 48° and 49° N (WGS84 system),

- a 500 metre grid Digital Terrain Model (DTM) cowegi the English Channel and Atlantic
Ocean metropolitan coasts (October 2006), also cencially available from the SHOM,

- a digitalisation, with the aid of the SINUSX datgut tool, of the 0 m CD isobaths of the
coastline of charts # 7152 L and # 6966 L,

- a bathymetry measurement campaign (single and-bwdiin) carried out in April 2008 [C3].
Grid resolution for the bathymetric soundings opo#ential site for installing tidal turbines
reaches 10 m.

Figure C1 represents the numerical model bathynuetey the entire study domain.

55.4 Mesh

The mesh (see Figure C2) used for this numericalehis a finite element mesh generated with the
aid of the MATISSE v1.0 grid-generation softwartecansists of 14,129 nodes and 27,425 triangular
elements. The mesh size varies from 300 m at thstdo approximately 1.6 km in the zones of the
greatest depths (to the West and North of the mwodbe mesh was progressively refined to 50 m,
specifically at potential installation sites faddl turbines.
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5.5.5 Boundary conditions

The boundary conditions are derived from an extéridéHE model covering the near Atlantic, the
English Channel and the southern part of the N&#a, from which the following harmonic
constituents [G6] were extracted:

- M2, principal lunar semidiurnal constituent, witiperiod of 44,714 s (12 h 25 min 14 s),

- S2, principal solar semidiurnal constituent, withesiod of 43,200 s (12 h),

- N2, larger elliptical lunar semidiurnal constituemtith a period of 45,570 s (12 h 39 min
30 ),

- M4, first harmonic of M2, quarter-diurnal constitdevith a period of 22,357 s (6 h 12 min
37 9).

In this study, schematic tides including the meaamtides, mean spring tides and exceptional spring
tides were simulated, as well as real tide cagesnistructed from the four harmonic constituertesici
above.

Water depths and velocities at the boundary ar@s®g using Thompson-type boundary conditions
[G7].

5.5.6 Modifications of standard sources

The bottom elevation of the numerical model is nefieed to Chart Datum whereas tide elevation is
referenced to the Mean Sea Level (MSL) on open @aues. Moreover, if no modifications are done,
the sea levels for different ports over the areanat well reproduced simultaneously. For the seal
calibration, it was then found to be necessaryntooduce a non-constant mean sea level over the
extent of the domain, in order to correctly caltbrthe sea levels at the ports on the zone. Thame
sea level is subtracted from the bottom elevatieierenced to Chart Datum so that the bottom
elevation is finally referenced to Mean Sea LeVélus, a “pseudo” mean level was generated based
on the LNHE 4-constituent numerical model that gsstbe near Atlantic Ocean, the English Channel
and the southern part of the North Sea. This datead from a binary data file in Serafin format.

In practice, at the beginning of the computatidhs, frame of reference of the bottom elevation and
free surface elevation is changed (passing fronfrmae of reference linked to Chart Datum to that
linked to the mean sea level in the CORFON submejitand all elevations are expressed relative to
the Mean Sea Level (MSL). In order to post-treattbsults correctly with reference to Chart Datum

(the original frame of reference), new post-treatineariables were created (including the original

bathymetry of the model and the free surface dlewaklative to Chart Datum) in the sub-routines

preres_telemac2d and nomvar_telemac2d.

In addition, where the seabed elevation of the saitethe open liquid boundary — on which tidal
conditions are imposed — is liable to be above LIANT§ modified so that these nodes will always be
wet (these modifications are again made in the GQ@RBubroutine. In practice, the nodal bathymetry
is clipped to the elevation corresponding to CBatum).

Finally, in order to take into account the modifica of some of the subroutine arguments, the
telemac2d routine was consequently modified.

As discussed in 8§ 5.5.5, tidal signals for the lotaup conditions at the liquid border are recontddu
from the extended LNHE model [G6] comprising fowartmonic constituents (M2, S2, N2 and M4).
The water depths and velocities are reconstitutedrding to the methodology described in [G6]. In
the case of the numerical simulation of schemuat&st a phase shift is applied in relation to apon
the liquid boundary on which the tidal conditione @amposed (in this case, the"Bode) such that
the simulation starts at a time of high water ie #tone. A velocity rampi.(e. an increase of the
velocity in time over the 30 min of the simulatiois)imposed at the beginning of the simulation,
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during the first half hour of physical simulatiosg that the simulation does not freeze or crasmgur
this period. These modifications are found in thewn subroutines BORDTIDE and
TIDAL_MODEL_T2D, which isolate the treatment of thde at the liquid boundaries and have been
integrated into version 6.1 of the TELEMAC-2D sadir.

A calibration parameter was used in order to ctlgr@eproduce the tidal range at the different port
on the zone. It is called CTIDE (for versions éntlabove) based on the end users. This parameter is
a multiplier coefficient that acts on the amplitudethe tidal signal (sum of the sinusoids of four
harmonic constituents for the water depth and e horizontal velocity components). It varies
according to the type of schematic tide being medelHowever, this calibration parameter is not
used here for simulations of real tides.

5.5.7 Parameters
An example of the parameter files (those of a nspaimg tide) is reproduced in Appendix C1.

Two tidal cycles (as a minimum) are modelled, vaturation for the physical computation (keyword
NUMBER OF TIME STEPS associated with the keywortMEISTEP) of 90,000 s = 25 h (93,000 s
in the case of a mean neap tide).

The initial condition chosen is a free-surface at@mn that is constant over the entire domain éxten
(keyword INITIAL CONDITIONS assigned to the valu®©GISTANT ELEVATION), taken as equal

to the high water at the port of Men Joliguet (eabf the keyword INITIAL ELEVATION) in the
chosen frame of reference (in this case relativthéomean sea level). As boundary conditions are
treated for open liquid boundaries, in particutagyt are non reflecting conditions (see subsubgestio
5.5.5 and 5.5.7.2), the water can come in or contdreely. The influence of the choice for theiatit
conditions disappears after around one tidal cyfteere is only a transient period of time when the
modelling of tides is not well reproduced, in partar water balances are not good inside the egtent
the domain, but after one tidal cycle, it is OK.

The graphic outputs (variable and variable nantbeeparameter file) routinely viewed for this typfe
hydrodynamic study are: the water depth H; thezoortal velocity components U and V (averaged
over the vertical); scalar velocity (magnitude lo¢ wertically-averaged velocity vector) M; elevatio
of the seabed, B in general, O in this case (d-saction 5.5.6); free-surface elevation, S in gane
but N here (cf. sub-section 5.5.6) and the Counantber L.

For this numerical model and for a mean spring tdea mean neap tide, the chosen time step
(keyword TIME STEP) was 20 s, whereas for an exocept spring tide it was 6 s.

In order to determine the maximum velocities, tbeputational results are written to the output file
every 5 minutes (real time) = 15 x 20 s = 50 x(Beyword GRAPHIC PRINTOUT PERIOD = 15 or
50 according to the chosen time step).

5.5.7.1 Physical parameters

Dissipation through bed friction was modelled usingniform Strickler coefficienK over the entire
study domain (LAW OF BOTTOM FRICTION = 3 and FRICQMN COEFFICIENT VARIABLE IN
SPACE = NO, default value).

The Coriolis effect was taken into account (keywG@RIOLIS = YES) with the value of the Coriolis
coefficient equal to 1.10x10 (= 2wsin() value obtained for a latitudeequal to 49°N, withw = 2r/T,

T = 86,164 s, the duration of a sidereal day. Thisie is thus assigned to the keyword CORIOLIS
COEFFICIENT).
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Meteorological effects (wind or atmospheric presywrere not taken into account in the numerical
simulations (keywords WIND and AIR PRESSURE = N@fadilt values).

No specific turbulence model was employed (valdeae 1l by default for keyword TURBULENCE
MODEL). Therefore, a constant coefficient of visitp®qual to the default value of 10s applied
over the whole domain (keyword VELOCITY DIFFUSIVITY

5.5.7.2 Numerical parameters

The boundary conditions for the open liquid boumstaat which the tidal conditions (depth and/or
velocity) were imposed, were treated using the Tpson method [G7] with calculation of
characteristics (keyword OPTION FOR LIQUID BOUNDAES = 2).

The discretisation uses linear triangular elemébtSCRETIZATION IN SPACE = 11; 11 default
values) with matrix storage by segments to optiraaéeulation times (keyword MATRIX STORAGE
= 3, default value). For the suppression of fredase parasite oscillations, the keyword FREE
SURFACE GRADIENT COMPATIBILITY was taken to equaBdrecommended value).

Equations were solved in the wave equation formywlked TREATMENT OF THE LINEAR
SYSTEM = 2).

The numerical schemes used were: the method ohctesistics for the advection of velocities and,
for the water depth, a conservative scheme (keywdidlE OF ADVECTION = 1; 5 default values).

For solving the propagation step, the conjugateligra method was the chosen solver (keyword
SOLVER = 1), with an accuracy of @vhich is the default value (keyword SOLVER ACCURXG

a maximum number of 500 iterations (keyword MAXIMUMUMBER OF ITERATIONS FOR
SOLVER) and a diagonal preconditioning (keyword BRENDITIONING = 2, default value).

5.5.8 Treatment of tidal flats

The tidal flats (keyword TIDAL FLATS = YES, defaulalue) were treated using the first treatment
option, which consists of the correction of theefeeirface computations by elements, to take account
of the tidal flats (keyword OPTION FOR THE TREATMENDF TIDAL FLATS = 1, default value).

In order to ensure that water depths remain pestiver the entire study domain (particularly given
the presence of tidal flats), an innovation, intrced from TELEMAC version 6.0 onward, was used.
This consists of taking the combination of thedwiing four keywords: no upwind for SUPG (SUPG
OPTION = 0; 0), total mass-lumping for depth (keydd®MASS-LUMPING ON H = 1.), correction of
velocities at the points with imposed depth whdre tontinuity equation has not been solved
(keyword CONTINUITY CORRECTION = YES) and a treatméo suppress negative depths by a
limitation of fluxes (keyword TREATMENT OF NEGATIVIDEPTHS = 2).

5.5.9 Calibration

To test the validity of the model, various companis were made between the model results and the
sea level data or velocity measurements.

5.5.9.1 Sea levels

The levels calculated with TELEMAC-2D were compartd the sea levels characteristic of
astronomical tides for Paimpol, the Isle of BréfMén Joliguet), Roches Douvres and Les Héaux-de-
Bréhat, as indicated by the SHOM data (source fC&SHOM-2010 » for the three first ports). In
particular, the TELEMAC-2D model has been calibdatégth the data of the Isle of Bréhat for sea
levels. The other ports are used to validate thédeho
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Table C6 gives a quantification of the varianceseen the TELEMAC-2D numerical model results
and the SHOM data.

The following abbreviations are used in Table C6:
- HW: high water (in m CD),

- LW: low water (in m CD),

- ES: exceptional spring tide,

- MS: mean spring tide,

- MN: mean neap tide.

ES HW (m CD) LW (m CD) Tidal range (m)
SHOM|TEL2D| Var. |[SHOM|TEL2D| Var. | SHOM|TEL2D| Var.
Paimpal 11,921 11,79 | 0,13 011 | 0,13 | -0,02 | 11,81 | 1166 | 0,15
Isle of Bréhat 11,68] 11,66 | 0,02 0,10 | 0,08 0,02 | 11,58 |11158]| 0,00

Les Héaux-de-Bréhat| 10,95| 10,84| 0,11 | 0,10 | 0,08 | 0,02 | 10,85 | 10,76 | 0,09
Roches Douvres 10,80} 10,71 009 | 003 | 0,24 | 0,11 | 10,77 | 1057 ] 0,20

MS HW (m CD) LW (m CD) Tidal range (m)
SHOM|TEL2D| Var. [SHOM|TEL2D| Var. | SHOM|TEL2D| Var.
Paimpol 10,80| 1065 015 | 135 | 1,33} 0,02 | 945 | 9,32 | 0,13
Isle of Bréhat 10,55] 1052 003 | 130 | 1,27 ] 0,03 | 925 | 9,25 | 0,00

Les Héaux-de-Bréhat| 9,80 | 9,78 | 0,02 | 120 | 1,22 | -0,02 | 860 | 8,5 | 004
Roches Douvres 980 | 965 015 | 130 | 1,25 ] 0,05 | 8§50 | 8,40 | 0,10

MN HW (m CD) LW (m CD) Tidal range (m)
SHOM|TEL2D| Var. |SHOM|TEL2D| Var.  SHOM|TEL2D| Var.
Paimpoal 8,35 | 8,25 0,10 385 | 3,81 0,04 | 450 | 4,44 0,06
Isle of Bréhat 8,15 | 8,14 0,01 3,75 | 3,74 0,01 4,40 | 4,40 0,00

Les Héaux-de-Bréhat| 7,60 [ 7,60 | 0,00 | 355 | 3,55 | 0,00 | 405 | 4,05 | 0,00
Roches Douvres 760 | 751 | 009 | 355 | 354 | 001 405 )| 3,97 | 008

Table C6: Comparison of tide levels provided by SH®! (source [C4] « ©SHOM-2010 ») with levels
simulated in TELEMAC-2D, for various tide conditions and ports within the study zone.

To adapt the tidal range, the coefficient CTIDE @%.5.6) is modified (to the values 1.164, 1.048 a
1.022 respectively for an exceptional spring tilean spring tide and mean neap tide).

The tidal ranges, as well as the High Water (HW)l &low Water (LW) levels were very well
replicated by the model for an exceptional spridg (ES), a mean spring tide (MS) and mean neap
tide (MN). In general, the variance is less tharcriOat Les Héaux-de-Bréhat and at Men Joliguet, the
closest port to the potential installation sitetba Isle of Bréhat. For the port of Paimpol andghme
three types of tides, the variances are slightiatgr (generally less than 15 cm), whereas for &och
Douvres the tidal ranges are worse replicated.

5.5.9.2 Current velocities

The current measurements resulting from the twopeégns carried out in April 2005 [C1] and in the
spring of 2008 [C2] were used in this study to loaie and validate the model to the best level
possible. The locations of the measurement samplaigts are indicated on Figure C1. The model
has been visually calibrated with ADCP measuremaint®o locations during a four-day period from
June %'to 6" 2008 that corresponds to spring tides.

Dissipation by bed friction is modelled by a StteskcoefficientK that is uniform over the whole
study domain and set at 27/ffs. The choice of a Strickler coefficient valuet (rather than 25 or
30) was validated by the comparison of the numksiraulations of current velocities performed in
TELEMAC-2D with the ADCP measurements of currenibegies during periods of spring tides and
neap tides. Several exact tide dates were isolatedesponding to periods of spring tide$ (@ 11"
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April 2005, 8"to 9" April 2008, 4" to 8" May 2008 and "$to 6" June 2008). For each of the above
periods, a comparison was then made of the evolaticer time of the magnitude of the vertically-
averaged velocity vector of the ADCP measuremeameid ¢rosses) with the simulations obtained by
the TELEMAC-2D numerical model (blue, sky blue dadk lines) in Figures C3 to C10. Moreovetr,
Figures C11 to C18 show same comparisons duringidakcycle — flood/ebb — with a zoom oft 8
April 2005, 8" April 2008, " May 2008 and A June 2008 afternoons. Further comparison was made
of the point cloud of ADCP-provided measurementsthef vertically averaged velocity with the
current roses obtained in the TELEMAC-2D numerinaldel (Figures C19 to C26).

The qualitative agreement between velocities sitedldy the model and the measurements is quite
satisfactory with regard to measurement pointsd. 2wof the April 2005 and spring 2008 campaigns
(in particular for direction). Nevertheless, whaplicating maximum velocity during flood tide, the
maximum velocity is not well replicated during efaimdvice versa).

Tables C 7 to C 9 show quality indices (see Apper@ll for more information about calculated
guality indices) at ADCP location 2 for ADCP duritige single tidal cycle shown on Figures C11 to
C16 in 2008. Only this location has been chosemlsz ADCP 1 missed one velocity measurement
every hour (while measuring wave parameters). Samast one phase shift may appear (10 or 20
min), but no correction has been done to improwe dalculated quality indices. The comparison
shows medium agreement between model outputs aradumegnents. The RMS error of current
speeds remains relatively high (from 0.2 to 0.3 gefserally), but this can be partly explained by th
nature of the measured tidal speeds. The sigmather noisy due to the turbulent nature of thevflo
Besides, the model only accounts open boundary imomsl to force tide, whereas on-site
measurements capture wind, wave and atmosphergsyree effects on currents. As it is difficult to
replicate maximum velocity during flood and ebbhatthe same friction coefficient, it is then difflcu

to conclude correctly when considering bias.

Quality indice Strickler = 25 mY®s | Strickler =27 m¥¥/s | Strickler =30 m¥%/s
Bias or mean error -0.03 0.02 0.08
Non dimensional bias -0.02 0.01 0.06
RMS error 0.20 0.21 0.23
Non dimensional RMS error 0.15 0.15 0.17
Pearson correlation coefficient 0.95 0.94 0.94

Table C7: Quality indices of computed tidal veloci intensities compared to ADCP location 2 raw
measurements during one tidal cycle (April & 2008) for Strickler coefficient = 25, 27 and 30 Hi/s.

Quality indice Strickler = 25 mY%s | Strickler =27 m¥¥/s | Strickler =30 m*%/s
Bias or mean error 0.03 0.07 0.14
Non dimensional bias 0.02 0.05 0.10
RMS error 0.18 0.20 0.24
Non dimensional RMS error 0.14 0.15 0.18
Pearson correlation coefficient 0.95 0.95 0.95

Table C8: Quality indices of computed tidal veloci intensities compared to ADCP location 2 raw
measurements during one tidal cycle (May® 2008) for Strickler coefficient = 25, 27 and 30 H¥/s.

Quality indice Strickler = 25 mY%s | Strickler =27 m¥¥/s | Strickler =30 m*%/s
Bias or mean error 0.18 0.23 0.30
Non dimensional bias 0.15 0.19 0.25
RMS error 0.27 0.31 0.38
Non dimensional RMS error 0.23 0.26 0.32
Pearson correlation coefficient 0.95 0.95 0.95
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Table C9: Quality indices of computed tidal veloci intensities compared to ADCP location 2 raw
measurements during one tidal cycle (June"2008) for Strickler coefficient = 25, 27 and 30 H¥/s.

5.5.10 Analysis

Various characteristic tidal conditions were sinteda
- an exceptional spring tide,
- a mean spring tide,
- amean neap tide.

Two locations (A and B, see Figure C1) are intr@dlit give results for some locations other than
the four ADCP locations.

WGS84 NTF Lambert 1 North Depth
Points| degrees and decimal minutes metres (m CD)
Longitude West | Latitude North East North
A 2°53.411 48°54.532' 217188 147558 -35
B 2°53.376' 48°54.547 217232 147584 -37,5

Table C10: Coordinates of the two locations A and B

Current fields for the study zone are presented-hgthour in Figures C27 to C32: for an exceptional
spring tide (Figures C27 and C28); a mean sprig ({Figures C29 and C30) and a mean neap tide
(Figures C31 and C32). High water at Paimpol wassickered as the reference.

For three ADCP locations and locations A and B, rtiean direction of the current flows along the
NW-SE axis; the ebb current flows towards the Naktbst and the flood current to the South-East,
with the passage from South-East to North-Westwrmuthrough the North.

Maximum current fields, during the flood and ebies (defined with reference to the instants of
occurrence of high and low waters on the zone)rgpeesented in Figures C33 to C35 for the three
schematic tide conditions (an exceptional spridg,ta mean spring tide and a mean neap tide). These
fields do not correspond to an instantaneous flamaton; they are constituted from the maximum
velocities. Velocities are generally higher durihg flood than during the ebb.

Figures C36 to C38 illustrate the time series efrttagnitude of velocity, at six locations in thedst
zone (the four ADCP locations and two locationsselto a potential site of installation in the seuth
west quarter of the crustacean reserve), for ttypes of tides (an exceptional spring tide, a mean
spring tide and a mean neap tide).

Figures C39 to C41 illustrate current roses, atasiations in the study zone (the four ADCP loaadio
and two locations in the south-west quarter of chestacean reserve), for three types of tides (an
exceptional spring tide, a mean spring tide anceammeap tide).

Table C11 gives the maximum velocities (averageer dlre vertical), during a tide cycle at the six

locations, for the three types of schematic tideditions — exceptional spring tide, mean spring tid
and mean neap tide.
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Exceptional Spring Mean Spring Mean Neap
Location (ES) MS) (MN)
(m/s)
Flood Ebb Flood Ebb Flood Ebb
1in 2008 2,7 2,5 2,3 21 12 1.1
2in 2008 2,5 2,2 2,2 19 1.1 0,9
1in 2005 2,3 2,3 2,0 20 1,0 1,0
2in 2005 2,0 1,8 1,7 15 0.8 0,7
A 3,0 2,5 2,6 2.2 13 1,1
B 2,9 2,4 2,5 21 13 1.1

Table C11: Magnitude of maximum flow velocities (agraged over the vertical), during flood and ebb, at
six locations in the study zone tested for threedal conditions.

5.5.11 Uncertainties
In this section, account is given of the main sesiraf uncertainties concerning the results predente

Bathymetric data for the study zone was obtainechftwo principal sources: commercially available
SHOM data (digital bathymetric grids, DTMs, charisjth regard to Chart Datum, and measurements
carried out by CREOCEAN for EDF that were first segsed relative to NGF-IGN69 zero, then
reduced to Chart Datum taking Paimpol as the rater@ort (translation of +6.65 m). The coherence
or continuity (in position and level) of the dasaniot always perfectly correct. Moreover, thererare
SHOM probes in some relatively large areas of théhat zone (areas that can reach a fef) km

A second limitation is that the model takes intoaamt only four harmonic constituents (M2, S2, N2
and M4) to represent the tide: this representationld be enhanced by taking account of other
components of the tidal signal.

In addition, this study used the TELEMAC-2D modullisoftware, which solves the Saint-Venant
two-dimensional equations based on the shallow+vessumption (shallow waters being, in principle,
satisfactory for tide representation) [C9]. In arttemore closely represent flow velocities in fome,
three-dimensional modelling is performed with thELEMAC-3D software (see subsection 5.6),
which solves the Navier-Stokes equations.

5.5.12 Computation time

The TELEMAC-2D computations were carried out on Ei2F R&D IBM Debian “lvanoé” cluster
(200 TFlops). The processor specifications areobsws: 24 GB RAM per node (1 node = 2 hexa-
core processors, running at 2.93 GHz). The CPU tiegiired for a 4 or 5 day simulation was
approximately 2 hours for a 1-processor run.

5.5.13 Conclusion

The present study enabled the characterisatioialf ftow conditions in the Paimpol-Bréhat zone. It
was based on numerical modelling at local scalee Tilamerical models were built with the
TELEMAC-2D hydro-informatics software developedtst LNHE.

Calibration results were given in terms of tidahtge, sea level and current velocities. For differen
types of schematic tide (an exceptional spring, ttdenean spring tide and a mean neap tide), various
results were also given: current fields hour-bytheoaximum current fields during flood and ebb
across the area; time series of magnitude of wglomirrent roses and maximum velocities during
flood and ebb for specific locations in the area.
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5.5.14 Figures
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Figure C1: Bathymetry of Paimpol-Bréhat model and dcation of ADCP deployment.
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Figure C3: Magnitude of (vertically averaged) current velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results frompkil 5™ to 9" 2008 at location 1.
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Figure C4: Magnitude of (vertically averaged) current velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results frompkil 5™ to 9" 2008 at location 2.
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Figure C5: Magnitude of (vertically averaged) current velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results from & 4" to §" 2008 at location 1.
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Figure C6: Magnitude of (vertically averaged) current velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results from & 4" to §" 2008 at location 2.
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Figure C9: Magnitude of (vertically averaged) current velocity time series. Comparison between ADCP
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Figure C10: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results frompkil 7™ to 11" 2005 at location 2.
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Figure C11: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on Ap6™ 2008 afternoon at location 1.
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Figure C12: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on Ap6™ 2008 afternoon at location 2.
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Figure C13: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on M&}' 2008 afternoon at location 1.
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Figure C14: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on M&}' 2008 afternoon at location 2.
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Figure C15: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on Jerf" 2008 aftemoon at location 1.
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Figure C16: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on Jarf" 2008 aftemoon at location 2.
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Figure C17: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on ApB™ 2005 afternoon at location 1.
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Figure C18: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on ApB8™ 2005 afternoon at location 2.
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Figure C19: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-2D results from
April 5™ to 9" 2008 at location 1.
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Figure C20: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-2D results from
April 5™ to 9" 2008 at location 2.
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Figure C21: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-2D results from
May 4™ to 8" 2008 at location 1.
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Figure C22: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-2D results from
May 4™ to 8" 2008 at location 2.
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Figure C23: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-2D results from
June 3% to 6" 2008 at location 1.
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Figure C24: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-2D results from
June 3° to 6" 2008 at location 2.
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Figure C25: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-2D results from
April 7™ to 11" 2005 at location 1.
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Figure C26: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-2D results from
April 7™ to 11" 2005 at location 2.
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Figure C27: Current fields during an exceptional sping tide.
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Figure C28: Current fields during an exceptional sping tide.
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Figure C29: Current fields during a mean spring tice.
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Figure C30: Current fields during a mean spring tice.
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Figure C31: Current fields during a mean neap tide.
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Figure C32: Current fields during a mean neap tide.
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Figure C33: Maximum current fields during flood (left) and ebb (right) of an exceptional spring tide.
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Figure C34: Maximum current fields during flood (left) and ebb (right) of a mean spring tide.
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Figure C35: Maximum current fields during flood (left) and ebb (right) of a mean neap tide.
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Figure C36: Magnitude of (vertically averaged) curent velocity time series during an exceptional spng
tide, for six locations.
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Figure C37: Magnitude of (vertically averaged) curent velocity time series during a mean spring tidefpr

six locations.
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Figure C38: Magnitude of (vertically averaged) curent velocity time series during a mean neap tideof
six locations.
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Figure C39: Tidal rose during an exceptional springide, for six locations.
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Figure C40: Tidal rose during a mean spring tide, ér six locations.
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Figure C41: Tidal rose during a mean neap tide, fosix locations.
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5.6 3D numerical model

All flow velocities shown hereafter only take inaxcount the astronomic tide. In particular, no
meteorological effects (atmospheric pressure, wand surge/wane) or wave effects have been
considered in the numerical model.

Moreover, in this section, any reference made ¢odirrent velocity resulting from the TELEMAC-
3D numerical model does not always refer to thdicadly averaged velocity. In particular, the 3D
velocity component can be expressed (&\).:The results given are averages in the Reynadses

i. e. after smoothing out of the turbulence effects.

The sea levels are referenced with respect to Cradum.

5.6.1 Code version

The TELEMAC-3D edition used in this study is vers@1.

5.6.2 Definition of the domain area / justification

The domain area of the 3D model is the same as#atkia the 2D (see 5.5.2).

5.6.3 Bathymetry

The bathymetry used for the 3D model is the santetsled in the 2D (see 5.5.3).

5.6.4 Mesh

The 3D mesh is made of a stack of the same 2D messel for Telemac-2D (see 5.5.4). Elements are
thus prisms with triangular elements for bases. ZDemesh (see Figure C2) used for this 3D
numerical model is the same as for TELEMAC-2Dsitifinite element mesh generated with the aid
of the MATISSE v1.0 grid-generation software. Insts of 14,129 nodes and 27,425 triangular
elements. The mesh size varies from 300 m at thst¢o approximately 1.6 km at the greatest depths
(to the West and North of the model). The mesh pragressively refined to 50 m, specifically at
potential installation sites for tidal turbineset#no-layers are used in this model [G1].

5.6.5 Boundary conditions

The boundary conditions are still derived from ateeded LNHE model covering the near Atlantic,
the English Channel and the southern part of thehN®ea, from which the harmonic constituents of
four harmonic constituents [G6] — M2, S2, N2 and-Méee 5.5.5) were extracted.

In this study, schematic tides including the meaamtides, mean spring tides and exceptional spring
tides were simulated, as well as real-case tidesnistructed from the four harmonic constituents
cited above.

Contrary to the 2D model, Thompson-type boundamnditmns [G7] are not used here because they
had not yet been implemented in Telemac-3D v6.106fes are imposed on the two edges parallel
to the North-South direction (longitude 2° 30" WdaB’® 20° W), whereas water depths are imposed on
the edge parallel to the West-East direction (det49° 30’ N). Thus, the boundary condition fde i
slightly different (codes 4 6 6 or 5 4 4, rathearttb 6 6 for each liquid nodie e. velocity exclusive or
water depth is imposed on the boundary, rather iodim velocity and water depth are imposed on the
boundary [G3] or [G5]).
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5.6.6 Modifications of standard sources

As was the case in the 2D model, the bottom elenaif the numerical model is referenced to Chart
Datum whereas tide elevation is referenced to tlearMSea Level (MSL) on open boundaries.
Moreover, if no modifications are done, the sealevor different ports over the area are not well
reproduced simultaneously. For the sea level cldm, it was then found to be necessary to
introduce a non-constant mean sea level over ttemesf the domain, in order to correctly calibrate
the sea levels at the ports on the zone. This mearievel is subtracted from the bottom elevation
referenced to Chart Datum so that the bottom atmvad finally referenced to Mean Sea Level. Thus,
a “pseudo” mean level was generated based on th¢ELMNconstituent numerical model that covers
the near Atlantic Ocean, the English Channel aedstiuthern part of the North Sea. This data is read
from a binary data file in Serafin format. The sditeeas for 2D is used.

In practice, at the beginning of the computatidhs,frames of reference of the bottom elevation and
free surface elevation are changed (passing frenréme of reference linked to Chart Datum to that
linked to the mean sea level in the CORFON submejitand all elevations are expressed relative to
the Mean Sea Level (MSL). No special post-treatmentione to convert the results back to
correspond with Chart Datum (the original frameeference)j. e. no new post-treatment variables
were created as they were in the 2D case.

In addition, where the seabed elevation of the saitethe open liquid boundary — on which tidal
conditions are imposed — is susceptible to be altowd AT, it is modified so that these nodes will

always be wet (these modifications are again madkd CORFON subroutine. In practice, the nodal
bathymetry is clipped to the elevation correspogdonChart Datum).

As discussed in § 5.5.5 and 8§ 5.6.5, tidal sigi@midhe boundary conditions at the liquid bordes ar
reconstituted from the extended LNHE model [G6] poising four harmonic constituents (M2, S2,
N2 and M4). The water depths and velocities areonstituted according to the methodology
described in [G6]. In the case of the numericaldation of schematic tides, a phase shift is apple
relation to a point on the liquid boundary on whtble tidal conditions are imposed (in this case, th
22"%node), such that the simulation starts at a tifrfeigh water on the zone. A velocity ramipé an
increase of the velocity in time over the 30 minthod simulation) is imposed at the beginning of the
simulation, during the first half hour of physichulation, so that the simulation does not fremze
crash during this period. These modifications arentl in the new subroutines BORDTIDE and
TIDAL_MODEL_T3D, which isolate the treatment of thide on the liquid boundaries and will be
integrated into version 6.2 of the TELEMAC-3D sodis.

A calibration parameter was used in order to ctlgreeproduce the tidal range at the different port
in the zone. It is called CTIDE (for versions 6ridaabove), based on the end users. This pararseter i
a multiplier coefficient that acts on the amplitudethe tidal signal (sum of the sinusoids of four
harmonic constituents for the water depth and e horizontal velocity components). It varies
according to the type of schematic tide being mledelHowever, this calibration parameter is not
used here for simulations of real tides.

5.6.7 Parameters

An example of the parameter files (those of a ngpaimg tide) is reproduced in Appendix C2.

Two tidal cycles (as a minimum) are modelled, vaturation for the physical computation (keyword
NUMBER OF TIME STEPS associated with the keywortMEISTEP) of 90,000 s = 25 h (93,000 s
in the case of a mean neap tide).

The initial condition chosen is a free-surface at®mn that is constant over the entire domain éxten

(keyword INITIAL CONDITIONS assigned to the valu€EONSTANT ELEVATION’), taken as
equal to the high water at the port of Men Joligwetue of the keyword INITIAL ELEVATION’) in
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the chosen frame of reference (in this case reldtvthe mean sea level). As boundary conditioas ar
treated for open liquid boundaries, in particutegyt are non reflecting conditions (see subsubsectio
5.6.5), the water can come in or come out freehe hfluence of the choice for the initial condit®
disappears after around one tidal cycle. Theralg @ transient period of time when the modellirfig 0
tides is not well reproduced, in particular watalances are not good inside the extent of the dgmai
but after one tidal cycle, it is OK.

The graphic outputs (variable and variable namtenparameter file) routinely viewed in 2D for this
type of hydrodynamic study are: the water depththg; horizontal velocity components U and V
(averaged over the vertical); scalar velocity (miagie of the vertically-averaged velocity vector) M
elevation of the seabed B (with respect to meanlesed); free-surface elevation S (with respect to
mean sea level) and the Courant number L.

The graphic outputs (variable and variable nambenparameter file) routinely viewed in 3D for this
type of hydrodynamic study are: the 3D velocity poments U, V and W and the elevation of each
node, Z.

For this numerical model and for all types of tidése chosen time step (keyword TIME STEP) was
20 s.

In order to determine the maximum velocities, tbeputational results are written to the output file
every 5 minutes (real time) = 15 x 20 s (keywordXBRIIC PRINTOUT PERIOD = 15).

5.6.7.1 Physical parameters

Dissipation through bed friction was modelled usingniform Strickler coefficienK over the entire
study domain (LAW OF BOTTOM FRICTION = 3).

The Coriolis effect was taken into account (keywG@RIOLIS = YES) with the value of the Coriolis
coefficient equal to 1.10x10 (= 2wsin() value obtained for a latitudeequal to 49°N, withw = 2r/T,

T = 86,164 s, the duration of a sidereal day. Thise is thus assigned to the keyword CORIOLIS
COEFFICIENT).

Meteorological effects (wind or atmospheric presywrere not taken into account in the numerical
simulations (keywords WIND and AIR PRESSURE = N@fadilt values).

No specific turbulence model was employed on thizbotal (value left at 1 by default for keyword
HORIZONTAL TURBULENCE MODEL). Therefore, a constardefficient of viscosity, equal to the
default value of 168, is applied over the whole domain (keyword COERENT FOR
HORIZONTAL DIFFUSION OF VELOCITIES). A mixing lengt model (keyword VERTICAL
TURBULENCE MODEL = 2) using Nezu Nakagawa’'s mod@lLQ] (keyword MIXING LENGTH
MODEL = 3) is used on the vertical.

5.6.7.2 Numerical parameters

A o transformation of the mesh is used (keyword MESRANSFORMATION = 1, default value)
with the number of horizontal levels equal to 1&yilkkord NUMBER OF HORIZONTAL LEVELS).

Matrix storage by segments is used to optimiseutation times (keyword MATRIX STORAGE = 3).

For the suppression of free-surface parasite asoitls, the keyword FREE SURFACE GRADIENT
COMPATIBILITY was taken to equal 0.9 (recommendedire).
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The non-hydrostatic version of TELEMAC-3D is recosmded to better model the vertical veloeity
(keyword NON-HYDROSTATIC VERSION = YES). Hydrostatstep is solved using in the wave
equation option (keyword OPTION FOR THE HYDROSTATSIEP = 2, which is the only option
presently available).

The numerical schemes used were: the method ofatesistics for the advection of velocities and,
for the water depth, a conservative scheme (keysvoOB®CHEME FOR ADVECTION OF
VELOCITIES = 1 and SCHEME FOR ADVECTION OF DEPTHb=default values).

For solving the propagation step, the conjugatedues method was the chosen solver (keyword
SOLVER FOR PROPAGATION = 2), whereas the conjuggidient method was chosen for the
other steps, each with an accuracy of® 1keywords ACCURACY FOR DIFFUSION OF
VELOCITIES, ACCURACY FOR PROPAGATION and ACCURACYCOR PPE), a maximum
number of 500 iterations (keywords MAXIMUM NUMBERFOTERATIONS FOR DIFFUSION OF
VELOCITIES, MAXIMUM NUMBER OF ITERATIONS FOR PROPAGTION and MAXIMUM
NUMBER OF |ITERATIONS FOR PPE) and various precaodings: (keywords
PRECONDITIONING FOR DIFFUSION OF VELOCITIES = 34,e. diagonal and direct solver on
the vertical, PRECONDITIONING FOR PROPAGATION =i2ge. diagonal, PRECONDITIONING
FOR PPE = 17, e. direct solver on the vertical).

Full implicitations are used for the different etjaas (keywords IMPLICITATION FOR DEPTH,
IMPLICITATION FOR VELOCITIES and IMPLICITATION FORDIFFUSION equal to 1.) and total
mass-lumping for depth, velocities and diffusiore arsed (keywords MASS-LUMPING FOR
DEPTH, MASS-LUMPING FOR VELOCITIES and MASS-LUMPINGOR DIFFUSION equal
to 1.).

5.6.8 Treatment of tidal flats

The tidal flats (keyword TIDAL FLATS = YES, defaulalue) were treated using the first treatment
option, which consists of the correction of theefeeirface computations by elements, to take account
of the tidal flats (keyword OPTION FOR THE TREATMENDF TIDAL FLATS = 1, default value).

In order to ensure that water depths remain pestiver the entire study domain (particularly given
the presence of tidal flats), an innovation, intrced from TELEMAC version 6.0 onward, was used.
This consists of taking the combination of thedwiing four keywords: no upwind for SUPG (SUPG
OPTION = 0; 0), total mass-lumping for depth (keydd®MASS-LUMPING FOR DEPTH =1.), and a
treatment to suppress negative depths by a limitatf fluxes (keyword TREATMENT OF
NEGATIVE DEPTHS = 2).

5.6.9 Calibration

To test the validity of the model, various companis were made between the model results and the
sea level data or velocity measurements.

5.6.9.1 Sea levels

The levels calculated with TELEMAC-3D were compartd the sea levels characteristic of
astronomical tides for Paimpol, the Isle of BréfMén Joliguet), Roches Douvres and Les Héaux-de-
Bréhat, as indicated by the SHOM data (source fC&SHOM-2010 » for the three first ports). In
particular, the TELEMAC-3D model has been calibdatégth the data of the Isle of Bréhat for sea
levels. The other ports are used to validate thédeho

Table C12 gives a quantification of the varianceveen the TELEMAC-3D numerical model results
and the SHOM data.
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The following abbreviations are used in Table C12:
- HW: high water (in m CD),

- LW: low water (in m CD),

- ES: exceptional spring tide,

- MS: mean spring tide,

- MN: mean neap tide.

ES HW (m CD) LW (m CD) Tidal range (m)
SHOM|TEL3D| Var. |[SHOM|TEL3D| Var. | SHOM|TEL3D| Var.
Paimpal 11,921 11,79 | 0,13 011 | 0,13 | 0,02 | 11,81 ]| 1166 | 0,15
Isle of Bréhat 11,68] 11,65| 0,03 0,10 | 0,07 0,03 | 1158|1158 0,00

Les Héaux-de-Bréhat| 10,95| 10,80 0,25 | 0,10 | 0,11 | -0,01 | 10,85 | 10,69 | 0,16
Roches Douvres 10,80} 1066 014 | 003 | 0,21 | 0,18 | 10,77 | 1045] 0,32

MS HW (m CD) LW (m CD) Tidal range (m)
SHOM|TEL3D| Var. [SHOM|TEL3D| Var. | SHOM|TEL3D| Var.
Paimpol 10,80| 1065 0,15 | 135 | 1,32} 0,03 | 945 | 9,33 | 0,12
Isle of Bréhat 10,55] 1052 | 003 | 130 | 1,27 ] 0,03 | 925 | 9,25 | 0,00

Les Héaux-de-Bréhat{ 9,80 | 9,76 | 004 | 120 | 1,26 | -0,06 | 860 | 8,50 | 0,10
Roches Douvres 980 | 962 || 018 | 130 | 1,31 | -0,01 | 8§50 | 8,31 | 0,19

MN HW (m CD) LW (m CD) Tidal range (m)
SHOM|TEL3D| Var. |SHOM|TEL3D| Var.  SHOM|TEL3D| Var.
Paimpol 8,35 | 8,23 0,12 385 | 3,79 0,06 450 | 4,44 0,06
Isle of Bréhat 8,15 | 8,12 0,03 3,75 | 3,72 0,03 4,40 | 4,40 0,00

Les Héaux-de-Bréhat| 7,60 [ 7,57 | 0,03 | 355 | 3,54 | 0,01 @ 405 | 4,03 | 0,02
Roches Douvres 760 | 747 | 013 | 355 | 356 ] -001 405 ] 391 { 014

Table C12: Comparison of tide levels provided by SBIM (source [C4] « ©SHOM-2010 ») with levels
simulated with TELEMAC-3D, for various tide conditions and ports within the study zone.

To adapt the tidal range, the coefficient CTIDE &%.5.6 or §85.6.6) is modified (to the values 0,12
1.005 and 0.971 respectively for an exceptionahggide, mean spring tide and mean neap tide).

The tidal ranges, as well as the High Water (HW)l &low Water (LW) levels were very well
replicated by the model for an exceptional spridg (ES), a mean spring tide (MS) and mean neap
tide (MN). In general, the variance is less thancdDat Les Héaux-de-Bréhat and at Men Joliguet,
which is on the Isle of Bréhat, the closest pothi® potential installation site. For the port @irRpol

and the same three types of tides, the variancesslghtly greater (generally less than 15 cm),
whereas for Roches Douvres the tidal ranges arseveplicated.

5.6.9.2 Current velocities

The current measurements resulting from the twopeégns carried out in April 2005 [C1] and in the
spring of 2008 [C2] were used in this study to loaie and validate the model to the best level
possible. The locations of the measurement samploigts are indicated on Figure C1. The model
has been visually calibrated with ADCP measuremaintao locations during a four-day period from
June %'to 6" 2008 that corresponds to spring tides.

Dissipation by bed friction is modelled by a SttekcoefficientK that is uniform over the whole
study domain and set at 27Hs, as it was for the 2D numerical model. The chait a Strickler
coefficient value of 27 (rather than 25 or 30) wadidated by the comparison of the numerical
simulations of current velocities performed in THBUEC-3D with the ADCP measurements of
current velocities during periods of spring tidesl ameap tides. This choice was also made to compare
the 2D and the 3D numerical model with the sam#éedion coefficient. Several exact tide dates
were isolated, corresponding to periods of spridgst (from ¥ to 11" April 2005, %" to 9" April
2008, 4' to 8" May 2008 and "3 to 6" June 2008). For each of the above periods, a casopawvas
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then made of the evolution over time of the magtatof the vertically-averaged velocity vector of th
ADCP measurements (red crosses) with the simuktabtained by the TELEMAC-3D numerical
model (blue, sky blue or black lines) in Figures2@d C49. Moreover, Figures C50 to C57 show
same comparisons during one tidal cycle — flood/elwith a zoom on '8 April 2005, 6" April 2008,

5" May 2008 and 4 June 2008 afternoons. Further comparison was rmédke point cloud of
ADCP-provided measurements of the vertically avedagelocity with the current roses obtained with
the TELEMAC-3D numerical model (Figures C58 to C65)

The qualitative agreement between velocities sitedldy the model and the measurements is quite
correct with regard to measurement points 1 and the April 2005 and spring 2008 campaigns.
Nevertheless, when predicting maximum velocity dgflood tide, the maximum velocity during ebb
can be underestimated or overestimated by 20%\{aadersa).

Tables C 13 to C 15 show quality indices (see AppeA2 for more information about calculated
guality indices) at ADCP location 2 for ADCP durittge single tidal cycle shown on Figures C50 to
C57 in 2008. Only this location has been chosemlsz ADCP 1 missed one velocity measurement
every hour (while measuring wave parameters). Samast one phase shift may appear (10 or 20
min), but no correction has been done to improwe dalculated quality indices. The comparison
shows medium agreement between model outputs aradumenents. The RMS error of current
speeds remains relatively high (from 0.2 to 0.4)nidat this can be partly explained by the natdre o
the measured tidal speeds. The signal is rathaymhie to the turbulent nature of the flow. Besides
the model only accounts open boundary conditiondotoe tide, whereas on-site measurements
capture wind, wave and atmospheric pressure effectcurrents. As it is difficult to replicate
maximum velocity during flood and ebb with the safmetion coefficient, it is then difficult to
conclude correctly when considering bias.

Quality indice Strickler = 25 mY®s | Strickler =27 m¥¥/s | Strickler =30 m¥%/s
Bias or mean error 0.04 0.07 0.09
Non dimensional bias 0.03 0.05 0.07
RMS error 0.23 0.24 0.25
Non dimensional RMS error 0.17 0.17 0.18
Pearson correlation coefficient 0.94 0.93 0.93

Table C13: Quality indices of computed tidal veloc¢y intensities compared to ADCP location 2 raw
measurements during one tidal cycle (April & 2008) for Strickler coefficient = 25, 27 and 30 Hi/s.

Quality indice Strickler = 25 mY®s | Strickler =27 m¥¥/s | Strickler =30 m*%/s
Bias or mean error 0.10 0.12 0.15
Non dimensional bias 0.08 0.09 0.11
RMS error 0.23 0.24 0.26
Non dimensional RMS error 0.18 0.18 0.20
Pearson correlation coefficient 0.95 0.95 0.95

Table C14: Quality indices of computed tidal veloc¢y intensities compared to ADCP location 2 raw
measurements during one tidal cycle (May8 2008) for Strickler coefficient = 25, 27 and 30 H¥/s.

Quality indice Strickler = 25 mY®s | Strickler =27 m¥¥/s | Strickler =30 m*%/s
Bias or mean error 0.27 0.29 0.32
Non dimensional bias 0.22 0.24 0.27
RMS error 0.36 0.38 0.41
Non dimensional RMS error 0.30 0.32 0.34
Pearson correlation coefficient 0.94 0.94 0.94

Table C15: Quality indices of computed tidal veloc¢y intensities compared to ADCP location 2 raw
measurements during one tidal cycle (June'2008) for Strickler coefficient = 25, 27 and 30 H¥/s.
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5.6.10 Analysis

Various characteristic tidal conditions were sinteda
- an exceptional spring tide,
- a mean spring tide,
- amean neap tide.

Current fields for the study zone are presentea-hgthour in Figures C66 to C71: for an exceptional
spring tide (Figures C66 and C67); a mean sprig (Figures C68 and C69) and a mean neap tide
(Figures C70 and C71). High water at Paimpol wassiciered as the reference.

For three ADCP locations and locations A and B, rtiean direction of the current flows along the
NW-SE axis; the ebb current flows towards the Naktbst and the flood current to the South-East,
with the passage from South-East to North-Westmitmuthrough the North.

Maximum current fields, during the flood and ebies (defined with reference to the instants of
occurrence of high and low waters on the zone)rgpeesented in Figures C72 to C74 for the three
schematic tide conditions (an exceptional spridg,ta mean spring tide and a mean neap tide). These
fields do not correspond to an instantaneous flimaton; they are constituted from the maximum
velocities. Velocities are generally higher durihg flood than during the ebb.

Figures C75 to C77 illustrate the time series efrimagnitude of velocity at six locations in thedstu
zone (the four ADCP locations and two locationsselto a potential site of installation in the seuth
west quarter of the crustacean reserve), for ttypes of tides (an exceptional spring tide, a mean
spring tide and a mean neap tide).

Figures C78 to C80 illustrate current roses ataiations in the study zone (the four ADCP locadion
and two locations in the south-west quarter of chestacean reserve), for three types of tides (an
exceptional spring tide, a mean spring tide anceammeap tide).

Table C16 gives the maximum velocities (averageer dlre vertical), during a tide cycle at the six
locations, for the three types of schematic tideditions — exceptional spring tide, mean spring tid
and mean neap tide.

Exceptional Spring Mean Spring Mean Neap
Location (ES) MS) (MN)
(m/s)
Flood Ebb Flood Ebb Flood Ebb
1in 2008 2,8 2,6 2,3 2.2 11 1,0
2in 2008 2,6 2,4 2,2 20 1,0 0,9
1in 2005 2,4 2,3 2,0 20 1,0 1,0
2in 2005 2,1 1,8 1,8 16 0.8 0,7
A 3,0 2,6 2,6 2.2 1.2 1,1
B 2,9 2,6 2,5 2.2 12 1.1

Table C16: Magnitude of maximum flow velocities (agraged over the vertical), during flood and ebb, at
six locations in the study zone tested for threedal conditions.

Figures C81 to C92 illustrate velocity profiles rdpthe vertical direction at six different instants
(flood and ebb during April, May and June 2008jhat two ADCP locations of the 2008 measurement
campaign. In addition to perform a detailed sevigitianalysis of the Strickler coefficient, three
simulations were performed with TELEMAC-3D usindfelient values of Strickler coefficients (25,
27 and 30 M¥s). As for calibration subsection 5.6.9.2, wheplicating maximum velocity during
flood, the maximum velocity is not well replicateldiring ebb (andice versa), whatever friction
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coefficient is used. New developments to enableuthe of two other sets of harmonic constants to
calculate boundary conditions for tides in TELEMAZD or 3D) have been integrated in version 6.2
during Summer 2012. On the Paimpol-Bréhat zonis, shown that the modelling of tides is better
replicated when using these two other sets of haienconstants [C11]. Thus, the results of the
present studies must be improved by using suchhvaemonic constants databases.

5.6.11 Comparison of the 2D and 3D studies

As discussed in subsection 5.6.9.2, the final tegal 3D studies use the same friction coefficasmt
for 2D studies to compare 2D and 3D results. Ydtemnvmodelling schematic tides the parameter
CTIDE, which enables adaptation of tidal range, riéfer. Besides, the pseudo mean sea level file
used for the 3D study is the same as for 2D, ealhecalibrated for 2D.

Sea levels are generally better replicated in 2i ih 3D for schematic tides (see subsections.8.5.9
and 5.6.9.1). Absolute differences can reach 12beri¢ompared to relative differences, they arg onl
a few percents. Nevertheless, one main reasonpiaiexvhy the 2D models better replicate SHOM
data may be that these data are generated fronleend@2D model that solves the shallow water
equations, along the French coasts [C12]. Moredlieraccuracy of the data for sea levels (for mean
spring or mean neap tides) is between 5 and 10~gures for the hour-by-hour velocity fields, the
maximum current fields during flood or ebb tideg times series of magnitude of current velocity and
tidal roses during a tide at specific locations approximately the same for 2D and 3D studies.
Differences in magnitudes of maximum flow velodtieluring flood and ebb at various locations, are
mostly less than 0.1 m/s between the 2D and 3Destud

5.6.12 Uncertainties
In this section account is given of the main sosiafeuncertainties concerning the results presented

Bathymetric data for the study zone was obtainechftwo principal sources: commercially available
SHOM data (digital bathymetric grids, DTMs, charisjth regard to Chart Datum, and measurements
carried out by CREOCEAN for EDF that were first segsed relative to NGF-IGN69 zero, then
reduced to Chart Datum taking Paimpol as the rafer@ort (translation of +6.65 m). The coherence
or continuity (in position and level) of the dasaniot always perfectly correct. Moreover, thererare
SHOM probes in some relatively large areas of théhat zone (area that can reach a fev) km

A second limitation is that the model takes intoaamt only four harmonic constituents (M2, S2, N2
and M4) to represent the tide: this representationld be enhanced by taking account of other
components of the tidal signal.

5.6.13 Computation time

The TELEMAC-3D computations were carried out on Ei2F R&D IBM Debian “lvanoé” cluster
(200 TFlops). The processor specifications areobsws: 24 GB RAM per node (1 node = 2 hexa-
core processors, running at 2.93 GHz). The CPU tiegiired for a 4 or 5 day simulation was
approximately 7 min for a 96-processor run (optisyaded-up of the 3D model with 11 planes was
found for this number of processors).

5.6.14 Conclusion

The present study enabled the characterisatioialf ftow conditions in the Paimpol-Bréhat zone. It
was based on numerical modelling at local scalee Tilamerical models were built with the
TELEMAC-3D hydro-informatics software developedtst LNHE.

Calibration results were given in terms of tidatge, sea level and current velocities. For differen
types of schematic tide (an exceptional spring, ttdenean spring tide and a mean neap tide), various
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results were also given: current fields hour-by+hooaximum current fields during flood and ebb
across the area; time series of magnitude of \glomirrent roses and maximum velocities during
flood and ebb for specific locations in the areardbver, for velocity profiles along the vertical
direction comparisons are given between ADCP measents and the TELEMAC-3D model.

5.6.15 Figures
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Figure C42: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-3D results frompkil 5™ to 9" 2008 at location 1.
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Figure C43: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-3D results from kil 5™ to 9" 2008 at location 2.
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Figure C44: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-3D results from & 4" to §" 2008 at location 1.
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Figure C45: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-3D results from & 4" to §" 2008 at location 2.
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Figure C46: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-3D results fromuhe 39 to 6™ 2008 at location 1.
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Figure C47: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-3D results fromuhe 39 to 6™ 2008 at location 2.
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Figure C48: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-3D results frompkil 7™ to 11" 2005 at location 1.
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Figure C49: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-3D results frompkil 7™ to 11" 2005 at location 2.

Not to be disclosed other than in line with thereiof the Technology Contract. Page27



3

Velocity
(m/s)
25
2
\
15 f \
1 {
% \ "“
§ § \ i
05\ A
\ \ s
0 T T T
130000 140000 150000 160000 170000 Time (s) 180000
Strickler = 25 Strickler = 27 6th April 2008 ADCP measurements
Spring tide
Strickler = 30 Point 1

Figure C50: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on Ap6™ 2008 afternoon at location 1.
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Figure C51: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on Ap6™ 2008 afternoon at location 2.
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Figure C52: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on M&}' 2008 afternoon at location 1.
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Figure C53: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on M} 2008 afternoon at location 2.
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Figure C54: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on Jer#" 2008 aftemoon at location 1.
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Figure C55: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on Jerf" 2008 aftemoon at location 2.
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Figure C56: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on ApB8™ 2005 afternoon at location 1.
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Figure C57: Magnitude of (vertically averaged) curent velocity time series. Comparison between ADCP
measurements (in red) and Telemac-2D results on ApB8™ 2005 afternoon at location 2.
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Figure C58: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-3D results from
April 5™ to 9" 2008 at location 1.
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Figure C59: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-3D results from
April 5™ to 9" 2008 at location 2.
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Figure C60: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-3D results from
May 4™ to 8" 2008 at location 1.
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Figure C61: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-3D results from
May 4™ to 8" 2008 at location 2.
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Figure C62: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-3D results from
June 3% to 6" 2008 at location 1.

£

Poini2

W (i)

Ra
3]
,L,‘.
<]

=253

ADCP meaurements

Ard-&th June 2008
Stickler= 27

Spring dde

Figure C63: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-3D results from
June 3% to 6" 2008 at location 2.
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Figure C64: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-3D results from
April 7™ to 11" 2005 at location 1.
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Figure C65: Tidal roses. Comparison between ADCP nasurements (in red) and Telemac-3D results from
April 7™ to 11" 2005 at location 2.

Not to be disclosed other than in line with thereiof the Technology Contract. Page127



Velocity (m/s)
26100
W 5404 360
Wsa0a 340
3004320
2804 3.00
2604 2.80
2404 260
2204 240
2004 220
W 180 200
200000 208000 216000 224000 200000 208000 216000 224000 200000 208000 216000 224000 I 1604 1.80
ia0a 160
[Ht20a 140
o0& 120
I 0.0 1.00
W 060a 080
| REIEWEI]
W ozoa 040
W ooz 020

200000 208000 216000 224000 200000 208000 216000 224000 200000 208000 216000 224000

Figure C66: Current fields during an exceptional sping tide.
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Figure C67: Current fields during an exceptional sping tide.
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Figure C68: Current fields during a mean spring tice.
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Figure C69: Current fields during a mean spring tice.
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Figure C70: Current fields during a mean neap tide.
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Figure C71: Current fields during a mean neap tide.
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Figure C72: Maximum current fields during flood (left) and ebb (right) of an exceptional spring tide.
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Figure C73: Maximum current fields during flood (left) and ebb (right) of a mean spring tide.
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Figure C74: Maximum current fields during flood (left) and ebb (right) of a mean neap tide.
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Figure C75: Magnitude of (vertically averaged) curent velocity time series during an exceptional spng
tide, for six locations.
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Figure C76: Magnitude of (vertically averaged) curent velocity time series during a mean spring tidefpr

six locations.
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Figure C77: Magnitude of (vertically averaged) curent velocity time series during a mean neap tideof
six locations.
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Figure C78: Tidal rose during an exceptional springide, for six locations.
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Figure C79: Tidal rose during a mean spring tide, ér six locations.
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Figure C80: Tidal rose during a mean neap tide, fosix locations.
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Figure C81: Velocity profile along the vertical duiing flood (April 7™ 2008) at location 1. Comparison
between ADCP measurements (in red) and Telemac-3Bsults.
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Figure C82: Velocity profile along the vertical duiing ebb (April 7" 2008) at location 1. Comparison
between ADCP measurements (in red) and Telemac-3@Bsults.
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Figure C83: Velocity profile along the vertical duiing flood (April 6™ 2008) at location 2. Comparison
between ADCP measurements (in red) and Telemac-3Bsults.
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Figure C84: Velocity profile along the vertical duiing ebb (April 6 2008) at location 2. Comparison
between ADCP measurements (in red) and Telemac-3@Bsults.
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Figure C85: Velocity profile along the vertical duting flood (May 6™ 2008) at location 1. Comparison
between ADCP measurements (in red) and Telemac-3Bsults.
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Figure C86: Velocity profile along the vertical duting ebb (May 6" 2008) at location 1. Comparison
between ADCP measurements (in red) and Telemac-3Bsults.
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Figure C87: Velocity profile along the vertical duting flood (May 6™ 2008) at location 2. Comparison
between ADCP measurements (in red) and Telemac-3Bsults.
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Figure C88: Velocity profile along the vertical duting ebb (May 6" 2008) at location 2. Comparison
between ADCP measurements (in red) and Telemac-3Bsults.
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Figure C89: Velocity profile along the vertical duiing flood (June 8" 2008) at location 1. Comparison
between ADCP measurements (in red) and Telemac-3@Bsults.
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Figure C90: Velocity profile along the vertical duiing ebb (June %' 2008) at location 1. Comparison
between ADCP measurements (in red) and Telemac-3Bsults.
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Figure C91: Velocity profile along the vertical duiing flood (June 8" 2008) at location 2. Comparison
between ADCP measurements (in red) and Telemac-3@Bsults.
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Figure C92: Velocity profile along the vertical duiing ebb (June %' 2008) at location 2. Comparison
between ADCP measurements (in red) and Telemac-3Bsults.
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7 CONCLUSIONS / NEXT STEPS

7.1 Conclusions

The selected sites have been modelled, and thelsnoaee been calibrated against available data. A
considerable amount of work has been produced deroto build the different models, find the
suitable boundary conditions, and find the appedgprcalibration data.

The Alderney Race and the Pentland Firth have beatelled in 2D, while the Paimpol-Brehat area
has been modelled in both 2D and 3D. The compahstneen 2D and 3D will be detailed in another
deliverable of the present work package.

7.2 Next deliverables

* D2 - Code development for 2D shallow water model@emac 2D of the Telemac software
suite, in order to allow for the implementationpaframetric characterization of arrays.

* D3 - Incorporation of parametric characterizatidraio axial flow turbine array (obtained in
WG3 WP2) into the 2D basin scale numerical models.

» D4 - Assessment of the effects of energy extractibmarious UK sites with the 2D model:
Macroscopic, but still reliable, study of the largeale impact of a tidal farm on the
hydrodynamics of the area, and accurate assessinet site tidal resource.

» D5 - Cross-comparison of 2D and 3D results, in geohenergy extraction, for the selected
site.
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8 APPENDIX Al

Only available to PerAWaT participants.
9 APPENDIX B1
Only available to PerAWaT participants.
10 APPENDIX C1

Only available to PerAWaT participants.

11 APPENDIX C2
Only available to PerAWaT participants.
12 APPENDIX G1

Be x the measured values aydthe modelled values, the quality indices usedhis study are
calculated as follows:

Standard quality indice Expression
Mean error or bias 1
_Z(Yi = Xj)
n n
1
Root Mean Square error 1
Z L —x:)2
- Z(yl X;)
1
Non dimensional bias Yilyi —xp)
2i(xi)
Non dimensional RMS 1 5
error or scatter index n 2i(yi —xi)
1
ﬁZi(Xi)
Pearson linear correlation 1 1
coefficient Li (Xi ~ 02 (Xl)) (Yi “nli (y,-))
1 2 1 2
\/Zi (Xi - HZ]'(X]')) i (Yi - HZ]'(Y]'))
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