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Abstract— A methodology for assessing the tidal flow resource
at two sites along the French coast is presented. The first site,
located in the lIroise sea (W. Brittany), is selected for
demonstration of tidal current conversion technology by Sabella
company. The second site - Strait of Dover in the eastern English
Channel, has been considered till now as promising. The
resource assessment is performed using surface velocity time
series recorded by High Frequency radars (HFR) and ADCP
velocity measurements in the radar coverage zone. Combination
of two sources of data allowed to characterize the current
velocity variation in three spatial dimensions and in time which
increased confidence in hydrokinetic resource assessment from
theradar data. In the Strait of Dover, the most energetic area is
found west of Cape Gris Nez, with flow velocities exceeding 1 m/s
observed more than 50% of time there. The mean power density
attains 0.9 kW/m? in the surface layer. In the bottom layer the
power decreases by the factor of three. Higher resource is
identified at two sitesin the Iroise Sea (Fromveur Strait and NW
of the Ushant Idand) with the mean power density in the surface
layer ranging from 2.7 to 3 kW/m?

Keywords— Tidal stream resource, HF radar, velocity
measur ements, I roise Sea; Strait of Dover

I. INTRODUCTION

Due to the continuous growth of interest for tigdalergy
conversion by in-stream devices, tidal power induist in the
stage of intensive development. Sites with the dsggidal
stream potential are located on the north-westarrofean

Two approaches can be followed to quantify the Itida
stream potential in a most efficient way and tolest the
major metrics: extensive field measurements and emigad
modeling.

The use of a two-dimensional (2D) model to simutatal
currents is the more convenient and less experagpeoach
for assessing the hydrokinetic power variability different
space-time scales. Blunden and Bahgj] used the
TELEMAC-2D modeling system to estimate the avagabl
resource at Portland Bill, UK. The model resultsevesed to
generate the tidal flow velocity time series ovelaaye area
and then to optimize the location of turbine arratshe site.
Xia et al.[5] used a 2D hydrodynamic model to assess the
tidal current energy resource in the Severn Esftubkg.
Nowadays, three-dimensional (3D) models are rolytine
applied for tidal energy site assessment, resource
guantification and studies of the impact of enedgyices on
local circulation and environment. Numerical sintigias by
Regional Ocean Modeling System (ROMS) were used to
examine the tidal asymmetry in a promising siteQukney
Islands[6]. ROMS was also employed for estimating the tidal
stream resource variability in the northwest Eusspshelf
seaq7].

Remotely sensed velocity observations or in sitloaity
measurements at tidal energy sites represent aahlalu
alternative to modeling. The technique of field alat
acquisition is well established and currently ufmdresource
characterization in many coastal ocean regid8§[9].

shelf[1] and some of them (i.g. Fromveur Strait in the BOiSyq, stic Doppler current profiler (ADCP) is ofterhet

Sea, Alderney Race or Dover Strait in the Englistai@el)
are considered as very promising for tidal energgjeets
[1].[2].

Different technologies are operating today at #st sites.
In order to optimize the energy conversion, iteasjuired to
properly characterize the environmental conditiahsites and
thus facilitate the process of selecting tidal powlevices
appropriate for industrial use. The European Makmergy

Centre (EMEC) has proposed a number of metricschwhi

helps to evaluate the potential of tidal flow inetimost

analysis of velocity time series, turbulence antbeiey shear
estimation and a comparison between modeling seanid in
situ measuremenis].

instrument of choice for fixed point or towed swseln the
early studies (e.g10],[11]), while the vessel steamed around
a circuit, velocity profiles were recorded with fcient
frequency allowing to resolve the vertical struetof the tidal
current and its spatial irregularities. More rebgnGoddijn-
Murphy et al.[8] used underway ADCP data to reconstruct
the tidal flow patterns in the Inner Sound (Perdl&irth, UK).
Sentchev and Yaremchuk12] employed the optimal
interpolation technique for reconstructing spaceeti

e o ) _evolution of the velocity field derived from towedDCP
efficient way. The EMEC guidelines include harmoni

Surveys in the Boulogne harbour (English Channel).
But the most frequent are certainly velocity meaments
by bottom mounted ADCPs - routinely used for adsgss



temporal variations of the tidal stream [12] andbtlent
properties of the flow [13]. Turbulent kinetic eggr
dissipation rate, Reynolds stress, and some otimbulent
parameters can be retrieved from ADCP measurerfibtits
In this study, a novel technique of tidal flow rasme
assessment is presented. It is based on the analysurface
current velocity time series recorded by High Featy
Radars (HFR) at two energetic tidal sites along Ehench
coast: in the Dover Strait and off the W. Brittangast.

energy conversion by free-stream tidal turbineshis area.
The site is shallow water with depth less than Sthimughout
the domain. In the middle of the Strait, there saedbanks
oriented in the alongshore direction (Fig. 1). $»el has a
wide range of variations (4 to 9 m in the Frenclt@e,

whereas tidal current velocities have a typical nitagle of 1-
1.5 m/s [19]. Currents are predominantly semi-calinnith a

pronounced fortnightly modulation due to the inteehce of
the M2, S2 and N2 tidal constituents.

Although the radar technology has been used in many

oceanographic applications since more than 20 yéars,
[15],[16]), its efficiency for large-scale tidal emgy resource
qguantification was demonstrated only recently [1A4f.each
site, the radar derived surface current velocitiwsere
supplemented by velocity profiles acquired by bwotto
mounted ADCPs in the radar coverage zone. The salkw
continuous acquisition of the surface current vikes over a
large area at high spatial and time resolution. RD@ata
provide information about velocity variation witlegth which
is fundamental for detailed tidal stream resoursgeasment.
The knowledge of the three dimensional structure didal
flow in combination with the temporal variabilityf ourrents
allows to assess the resource variability at lesgge from
direct velocity measurements with a high degreeoofidence.
In this way, a detailed characterization of thaltidtream
potential was performed in a challenging area -Stmit of
Dover, considered as promising for tidal energyveosion.
The tidal stream resource was also estimated argef area
off the W. Brittany coast in the Iroise Sea. Onetaf highly
energetic sites in this area is the Fromveur Stisditch is
being used since one year as demonstrator for I8ab&i0
tidal turbine. The results of our study can be wisdbr
decision makers and stakeholders for future devedop of
renewable energy network at a regional scale.
Il. DATA AND METHODS

A. Study Sites and HF Radar Data
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o

English Channel

France

0° 30 1°E 307 2°E 30

Fig. 1 Study area off the Opal coast in the easknmglish Channel (red
square on the right panel). Radar sites are shgwnlaek dots and the blue
and red triangles denotes the locations of ADCRRiite 2008 and July 2009
respectively. Black crosses show locations A andekcted for a detailed
analysis. The navigation way of vessels travellimagthward is shown by
brown shading. Blue shading matches the main fishiea. Contour interval
of the bathymetry is 10 m (grey solid lines). Blat&shed line indicates the
radar coverage zone. Geographic names used iaxhare also shown.

Site assessment should take into account the eme@otal
constraints relative to local economic activitidhe Dover
Strait is one of the busiest seaways in the wadvldre than
400 commercial vessels cross the strait daily. Tradfic
safety is a critical issue because of high riskafision in the
strait. The navigation way of vessels travellingthaard is
shown by brown shading iRig. 1. The port of Boulogne is

In May-June 2003, two Very High Frequency radat§e biggest fishing port in France. Fishing is amportant

(VHFR) were deployed to monitor surface currentk tbé
French Opal coast for a 35-day period. One radar 8as
located on the Cape Gris Nez (hereafter Cape GN)M4
above the sea level. The other radar was instal2dkm
farther southward, in Wimereux (Fig. 1). The radaperating
at frequencies 45 MHz and 47.8 MHz, measure radiaient
velocities (projection of current vector onto radegams) in
the surface layer (0.15 m thick) over a distancdau@5 km
offshore at high spatial resolution: 600 m alongrheand 10°
azimuthal spacing, with time resolution of 20 masit The
radial velocities measured by the two radars weterpolated
on a regular grid with 1 km spacing by variatiomaéthod
with gap filling capability. As a result, one montbng
velocity vector time series were generated from Mag June
4, 2003. A detailed description of the experimerstttings
and methods of data processing of the radar netwfirihe
northern Opal coast can be found in [18].

Resource assessment in the Strait of Dover wasvatet
by a growing interest from both, French and UK sjde tidal

local economic activity and a large area is extagi
exploited in the vicinity of the BLHHKig. 1, blue shading).
These constraints considerably limit the area blatefor
marine renewable energy conversion.

Two particular locations not affected by constmsint
mentioned above, are chosen for further detailexdyais of
the technically exploitable potential in the studga: northern
and southern sectors of the radar coverage Zeige 1). The
water depth ranges from 25 to 35 m there, whidavsrable
for tidal turbine installatiofi20]

The study site off the western Brittany coast airfée has
larger extension (Fig. 2). The water depth graguddicreases
westward from 50 to 150 m. A group of small islanidtets
and rocks form Moléne archipelago. There is alsoigger
island (8 x 4 km) - Ushant Island, separated froroldvie
Islands by the 2 km wide and 60 m deep FromveuaitStr
Promising sites for tidal energy production areated around
the Ushant Island, representing the second tidedast
potential in France after the region of Alderneyx®&a



Strait, west of the Ushant Island and in the sautlperiphery
of the study site Kig. 2). In these locations, the velocity
profiles were recorded by bottom-mounted broadb&a@
kHz RDI ADCP.

In the Fromveur Strait, ADCP was deployed duringdass,
from March 19 to April 2, 1993. Velocities were oeded at
0.2 Hz every 4 m, from 6 m to 52 m above the bottdie
deployment depth was 53 n®&iven the strength of tidal
currents in the Fromveur Strait, in situ data asitjoin is very
difficult and hazardous. In this sense, the ADCP
measurements in 1993 represent the unique datas, They
were used for comparison with radar velocity resoré
0 period from September 07, 2007 to September 187 204»

selected for the comparison and joint analysis BICR and
Fig. 2 Study area in the Iroise Sea with radarecaye zone (grey shading),radar data. It is characterized by similar hydrayic
rada( sites (grey c!rcles). The red, blu_e and gre@ngles denotc_—:- the conditions: secondary spring tide and low wind.
locations of ADCPs in the Fromveur Strait, Westdshant Island and in the The ADCP located west of the Ushant Island wasayel

southern periphery of the study domain respectiv@bntour interval of the .
bathymetry is 50 m (black solid lines). Geograptaemes used in the text are@t 110 m depth from June 16 to July 29, 2006. ieéscwere
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also shown.

Two high-frequency Wellen Radars (WERA) operating
12.4 MHz are deployed on the W. Brittany coast eidaly
2006. Individual radar sites are located at Capel@ae (site
G), a seashore flat-ground area, and Cape BrezgliecB),
50 km southward (Fig. 2). In the present study, thdar
network was configured to provide velocity estinsas high

spatial resolution: 1.5 km along beam and 2° azialut

spacing, and temporal resolution of 20 minutes. HlRgadars
measure surface current velocity in a layer of apipnately 1

m thick. Radial velocities measured by two radarsren

interpolated on regular grid of 1 km spacing anthicimed to
form current vectors using 2D variational interpica
technique 2dVar. The accuracy of the radar-derigdcities
has been estimated by SHOM (Oceanographic Divisfdhe
French Navy) through a comparison with surfacetehsfand
ADCP current measurements for a period of 7 morthshe
majority of situations, the discrepancy in velocieasured
by different instruments did not exceed 0.15 m/H.[2n this
study, we used velocity time series for the peiddd2007 -
09/2008. A detailed description of the experimeseittings,

recorded every 3 m starting from 4 m above theobwttThe
DCP velocity profiles for 40-day period (17 Jun@+% July
006) were time averaged within 20 minutes.

The ADCP located in the southern part of the stacha
was deployed at 120 m depth from June 6 to Septefite
2007. Velocities were recorded every 5 m startiregnf 8 m
above the bottom. The velocity values in the s@fa® m
thick layer were removed because of signal contatitn by
surface waves. The ADCP velocity profiles for 3@-geeriod
(17 July - 17 Aug. 2007) were time averaged wit2iD
minutes and synchronized with the radar acquisiperiod.
This period was characterized by low to moderatedwi

C. Data Analysis

Following the guidelines proposed by EMEC [3], thajor
parameters of tidal flow conventionally used fatati energy
site screening were estimated from the HFR velocity
measurements. Current velocity spectrum was alsmaed,
it can help to explain an interaction between ppaktidal
constituents resulting in a strong distortion of thidal
velocity curve.

the methods of radar data processing in the I'8&s can be 1) Current Strength, Direction and Asymmetry

found in [18].
B. ADCP Data

ADCP measurements from two 1.2 Mhz upward-looki
four-beam broadband RDI ADCPs were used to suppiem

surface velocities provided by the radars in thaiSof Dover.
Both instruments were installed approximately 6 west of
the BLH at 18 m mean depth (Fig. 1). The first AD@Bs

deployed from 1 to 4 July 2008, during spring tided the
second one from 9 to 16 June 2009, covering thegeaf

tide evolution from spring to neap. Velocities weseorded at
1 Hz in beam coordinates with 0.5 m vertical resofy

starting from 1 m above the bottom. The data frbendurface
3 m thick layer were not considered in analysisabse of
signal contamination by surface waves.

In the Iroise Sea, ADCP measurements were available

three points within the radar coverage zone: inRtmmveur

Current strength characterization involves an assent of
the maximum, time averaged velocity, and also asgimnof
the tidal flow. The mean velocity is the averagecafrent

"Gelocity magnitudes over a long period includinglues

Ground slack water or over specific stages of ithal ctycle
such as spring and neap tide.

The maximum sustained velocity represents the maxim
current observed. This parameter establishes déségls on
device support structures and foundations.

Tidal flow asymmetry concerns, first, the asymmetdfy
velocity magnitude. An imbalance between the stiteraf
flood and ebb current speeds can exist, generating
considerably more power production during one stafgthe
tide. To determine the asymmetythe following expression
was useda = <V>q00q/ <V>enn Where brackets denote time
averaging of velocity values on flood and ebb flow
respectively, including slack water periods.



Current direction is a principal (dominant) diieat the boundary layer (i.e. free stream velocity) whioften
of the flow. This is a relevant metric for tidatestm energy shows a linear variation with altitude.

conversion as the predominant design concept fdida
energy converter is that of a fixed horizontal axidbine. The

principal component analysis (PCA) [22] techniqueasw

applied to HFR velocity data set in order to detaamthe
principal direction of the flow during the ebb afidod tidal

Ill. RESULTS

A. Tidal Stream Resource in the Strait of Dover

1) Current Velocity and Asymmetry from Radar Data

phase. The direction asymmetty was estimated showing a The parameters of synthesized tidal current elipsed to

deviation of the flow from a straight line (dominalirection).
That metric is defined agtf = | @ poq - @ epp— 180°]| [9]. The
standard deviation of current direction for bottb eimd flood
flow was also established.

2) Hydrokinetic Resources

A simple way to characterize the resource at aisit®
estimate the power density available of the flowr(m2 of
turbine swept area) for different stages of tidd andescribe
its spatial distribution. As the HFR measuremente
particularly efficient for current monitoring, is ipossible to
evaluate the available theoretical power P(t) fr&imetic
energy extraction at different time and space scaging the
conventional formula: P(t)= 0p%(t)%, wherep is the seawater
density, and V(1) is velocity magnitude. To takéimccount
the velocity decrease with depth, a power law i@tatierived
from the best fit of ADCP data was used.

For tidal power projects it is customary to deterenthe
percentage time that a specified current speedkésesled
during a given period of time. In the same way,ilabte

guantify spatial variability of tidal currents degd from PCA
are shown inFig. 3 for 16 May 2003. During this day, the
strongest currents of spring tide were observedipdel
orientation shows that the current is strongly caled by the
topography, producing alignment of the major axes@the
depth contours. Anisotropy in current field withreatively
high ellipticity is observed over the sandbankstha middle
of the study domain.

White and black ellipses iRig. 3 indicate that the current

%re rotating clockwise (cw) and counter-clockwisEw)

respectively. Two distinct zones with opposite sifmotation
of the tidal current vector are clearly identifiethey are
separated by a line roughly following the 30-m Bibb It
suggests that, in this location, tidal motion proski
alternatively divergence or convergent of surfacgrents
during certain periods of the tidal cycle.

The time averaged current velocity distribution whdow
spatial variations with values ranging from 0.51tan/s, with
the highest velocity value observed off the Cape. GNe
maximum surface current speed observed by the gadar

power can be analysed. Resulting power and Velocl’%her than 2 m/s in the entire study area.

occurrence distribution is also a relevant metdc resource
characterization at a site. They provide an indbcabf time
favourable for power generation. For the statistiescription
of surface current velocities measured by HFR abdlki
distribution was used. This helps to evaluate tipgoirtance of
velocity ranges for energy production, and alsadtitrons and

stresses acting on the energy conversion devicém T

cumulative distribution function of current velocitan be
approximated by a Weibull functioE(v)=1 - exg-(v/A),

where 4 > 0 is the scale parameter akd> 0 is the
dimensionless shape parameter [23]. A linear rsgyas
method was used to determine these parameters.

3) Velocity Profile

Generally the maximum velocities are observed ribar
surface and minimum values near the seabed. Tondets a
beneficial hub-height and optimize the turbine desithe
knowledge of velocity profile is required. Tidal roent
velocity profile throughout the water column is aoonly
approximated by the power law(z)=V, (z/d)* [24]. Here,
Vo is the surface velocityd is the bottom depthz is the
distance above the seabed, and an empirical coefficient
estimated from linear regression fit of LogLog reg@ntation
of velocity. This expression allows to account falocity
variation in the boundary layer with reasonableuazcy and
in a large depth range as the tidal boundary ldlyiekness
extends to several dozens of meters [25]. Whenwhter

12
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Fig. 3 Mean surface current velocity during theolghstudy period (color

shading) and during the spring tide period in M&P2 (white contours).

Shown also tidal current ellipses derived from P@AMay 16, 2003 (every
third ellipse is shown). Black ellipses denote dewtlockwise rotating tidal

currents and white ellipses denote clockwise nogatiurrents. Black crosses
show locations selected for detailed analysis.

The current asymmetrg is found higher than 1 in almost
whole study domain Hig. 4), indicating the flood flow
dominance. The only exception is the eastern datiearea
where the asymmetry is slightly less than 1. Thimam
current asymmetrya(= 1.6) is observed 6 km westward of the
Cape GN, indicating the effect of cape on spatistridution
of phase and amplitude of the principal,jMidal constituent

depth exceeds hundred metafgrepresents a velocity outsideand its higher order harmonics (MMS,) [26]. A strong

imbalance between the strength of flood and ebbentr



speeds can cause much larger asymmetry in powercgrn Velocity profiles from bottom mounted ADCP off tB&H
thus reducing the overall energy yield. were analyzed for different stages of the tidalleypeak

Current direction is another relevant metric folatistream velocity period (PV), flood and ebb flow period pegling and
energy conversion as the predominant design confmpt following the peak velocity. The time interval usddr
energy converter is that of a fixed horizontal axigbine. In analysis was set to one hour for each tidal stébe.velocity
the Dover Strait, the asymmetrf between the principal profiles recorded during multiple 1-hour intervaisere
direction of ebb and flood flows varies from 2°16°. The considered for each of the three tidal stages erniedng the
minimum asymmetry is observed in the southern pathe peak velocityFig. 6 shows the time averaged velocity profiles
domain.46 gradually increases until 10° in the northern pambserved during flood and ebb tidal flow. Basedtiom data
where the maximum current occurs. acquired in 2008 and 2009, the vertical profile wasnd
following the 1/8' law on flood tide and the 1/7aw on ebb
tide. The analysis also shows that lower value isfachieved
one hour before the peak velocity. Then, it gralguatreases
— until the maximum value, reached one hour after ghak
e 14 velocity (Table J). Moreover,a shows larger variation on ebb
L\ tide than on flood tide with values ranging fronto67.5 and

\ 5.5 to 6.5 respectivelyT@ble ). The mean error ofx
- estimation (standard deviatiagw) for each 1 hour long period

of tidal flow was found close to 1.
1-4 July 2008
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Fig. 4 Current velocity asymmetaydistribution.
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In tidal energy projects, it is customary to estinghe
occurrence of different velocity values observedirdy a 9405 08 07 08 08 1 14 970
given period. Velocity histograms provide a simplay to currentveloctty (m/s)
evaluate the available resource at any point oitea $hey Fig. 6 Current velocity profiles during flood aetb tide flow derived from
indicate what percentage of time could be usedpim,ver ADCP measurements in 2008 (a) an_d in 2009 (b). Mem_]city proflles
generation Fig. 5 shows the cumulated occurtence of tid4J 1 peak curent e shiun 1 1ed (one rumragig per <
current velocity observed in two locations seledteddetailed hour pefore and one hour after the peak velociygaven in green and blue
analysis: poinfA located westward of the Cape GN and poiméspectively. Velocity profiles provided by ADCPOgnin averaged) are
B ocated westward of the BLH (o6, 1o locations). The §sn s Ony s i deph sarsgaoy -4 i .
strongest currents are observedinvhereasB is located not modeled velbcity profiles. IIDrofiIe extrapolationsiorface is shown in grey.
far from the ADCP deployments.

The velocity of 1 m/s is exceeded 50 % of timedoation ~ Following the same methodology, velocity profilesrh a
A and 25 % of time in locatioB. The current speed of 1.5 m/degional, extensively validated numerical model][27ere
is exceeded 3 times more ofterArihan inB (respectively 18 analyzed and compared with profiles from ADCP
% and 6 % of time). The mean current velocity isnid to be measurements in June 2009. The model simulatesitielo
1 m/s inA and 0.75 m/s iB. This difference results from thedistribution in the whole water column, includintgetsurface
change in flow regime. The strait narrowing and phesence layer. There, ADCP does not provide reliable vejoci
of Cape GN cause flow acceleration and provideshippest measurements. Only extrapolation allows approxingathe
tidal current velocity there. velocity distribution in the uppermost surface layeg. 6cd

shows high degree of consistency between velodityiles
obtained from the model and from the ADCP measuntsne

5 06 07 08 09 1 141

2) Velocity Profiles



Power law parametes is in a very good agreement formean available power is much lower and varies énrdinge
modeled and observed profiles with relative errast n0.1 - 0.6 kW/mz2. In the bottom layer, the maximuaiue of
exceeding 7%. The shape of velocity profiles geteerby the the mean power (0.3 kW/m?) is also found west gbeC&N.
model for different stage of tidal cycle shows leariation On average, the kinetic power available in thedrottayer is
with the standard deviatiako = 0.3 on averagel@ble . 3 times lower than that available in the surfagedaDuring
spring tide, the power in the tidal flow increasessiderably

POWER COEFFICIENTO OFTHEIQLBOLCIIETIY PROFILES APPROXIMATED BY A and attains 2.2 kW/m2 and 0.7 kW/mz in the Surfam
POWER LAW FOR THREE SPECIFIC PERIODS OF TIDAL FLOW EVOTION bottom layers respectively, in the northeastermbosec
AROUND THE PEAK VELOCITY(PV), FOR FLOOD AND EBB TIDE Fig. 7 represents time series of hourly and daily mean
power density estimates for two geographic locatiselected
Pv-1h | PV | PV+lh | <a> | Aa | gbove: west of Cape GN (A) and west of Boulogne (@&
Fig. 1 for location). At time scale of a dayi(). 79, a semi-
Flood ADCP 5.6 6.1 6.5 6 1.1 diurnal variability and a pronounced inequality kihetic
MODEL 56 6.2 6.7 6.1 0.3| Power are observed in the surface and bottom. Igﬁne
latter is caused by current asymmetry — strongésdation A
Ebb | ADCP 6.0 7.1 7.5 6.9 1| (a=1.6) than in locatioB (a = 1.1). Peak power during flood
MODEL 6.2 7.4 7.6 7 0.2| tide in locationA and B, is respectively 3 and 2 times higher

than that during ebb tide. For a month long peraértnight
Histograms of cumulative occurrence of velocitynodulation of power is observeéif .7b). On average, the
magnitude derived from the model and from obseowatinot mean power available in locati@nexceeds that in locatids
shown) revealed that the model velocities are 8iigh by a factor of two.
overestimated (by 5%) with the exception of verywlo
velocities (< 0.35 m/s). For this range, the modelelocities ‘@
are lower than observed velocities. ’

3) Tidal Stream Potential

The kinetic power density is the primary metric dide
characterize the theoretical potential and itsatam at a site.
The radar observations provide information abouatiapand
temporal variability of surface currents. It isaBssumed that
the ADCP derived velocity profiles are represemtafor ebb .
and flood flow at each grid point within the studgmain. By o oes O o o0 2508 2008
merg'”g these two SOUI‘C?S of d,ata’ It Is possv_inlesltlmate Fig. 7 Hourly (a) and daily (b) values of powenslity in the surface layer in
the available power density at different space tame scales locationA (grey) andB (black).
and at vertical levels directly from velocity obgations. Most
of the tidal turbines are designed for deploymemttiee sea
floor (e.g. Open Hydro, Sabella) but some of theem.( g Tidal Stream Resource in the Iroise Sea
Hydro-Gen, Evopod by Oceanflow) are installed ire th
surface layer to take advantage of the highestentrr
velocities. For this reason, the power density &hoboe
gstlmated for different altitudes according to deis Iroise Sea, with emphasis put on the region ardhaedJshant

eployment level.

Combining ADCP derived profiles and HF radar sw!faéSIand'
velocity measurements available during one montfogethe 1) Current Velocity and Asymmetry

power density time series in the surface and bottayers Spatial and temporal variability of tidal currentwe

(upper and lower half of the water column) wereeayated g aniified by estimating the parameters of synereesitidal
and then time averaged. In this calculation, it wasumed ¢, rent ellipses derived from the principal comparanalysis
tha'E1 the vertical variation of the current velocfollows the (PCA) of 4-day long spring tide velocity time seieThe
1/6" and the 1/7 power law on flood and ebb flow ength of ellipse's semi-axis provides informatiabout the
respectively. _ _ _ tidal current strength and indicates regions wite tmost
As the only variable parameter governing the powwehe powerful flow (Fig. 8). The maximum and time averaged
current velocity, it is not surprising to find siam spatial - rent velocity distribution shows  significant tph
patterns for both mean tidal current velocity aneamkinetic 4 iations and ranges from 0.75 to 4 m/s for theimam
power density distribution (not shown). In the e layer, ye|acity (Fig. 8 colour shading) and from 0.5 to 2 mis for the
the mean power density attains its maximum valu® (Q,,aan spring tide velocity F{g. 8 black contours).The

KW/m2 ) in the northeastern sector — west of Capg Bith  gyongest current are identified in two areas: wastthe
peak value of 5 kW/m2. For the rest of the studypndm, the

20

10 15
Hour (16 Mai, 2003)

Power density (kW/m?)

Using the same approach of data analysis (year long
velocity time series were analysed), we summaraedfter
the main features of tidal flow and resource valighin the



Ushant Island and in the Fromveur Strait. Bathygnet
gradients and the presence of islands cause floeleation,
tend to tighten the streamlines and provide the immam
velocities there. In these two sectors, the mealocitg
exceeds 1.5 m/s and the maximum attains 4 m/s.

Fig. 8 Tidal current ellipses during spring tid®ery sixth ellipse is shown.
Black ellipses denote counter-clockwise rotatindalticurrents and white
ellipses denote clockwise rotating currents. Theximam surface velocity

during the study period (color shading) and spritg average velocity

(black contours). Letter& and B mark location of grid points where the
highest velocities are observed

The orientation of the principal current clearlyosls that
the tidal wave arrives from the Gulf of Biscay amdvels
northeastward toward the English Channel. In thgritg of
the domain, the tidal current direction is paraitebathymetry
contours indicating that the bathymetry guides fluav.
However, in the eastern and southern sectors olUtteant
Island, a significant misalignment in current dtrea during
flood and ebb tide is observed. Such a deviatiothefflow
during both tidal phases is known as direction asgtny. It
creates difficulties for turbine models designed foi-
directional tides.

Distribution of46 within the study area reveals high values

(up to 90°). The highest misalignment of tidal emts is
observed along the southern extremity of the isl&@=htchev
et al. [18] documented the presence of transiediesdin
these areas which might explain such a large diffeg in the
direction of the dominant current between ebb dmaldf flow.
In the north-western sector of the domaid,ranges from 0°
to 10°, indicating that ebb and flood flows are thoaligned.
Although ellipse orientation, current
polarization are similar in the NW of the Usharaigl and in
the Fromveur Strait, a noticeable difference betwbese two
areas was documented for the current velocity asstnya.
The asymmetry varies in a wide range, from 0.5.59 &nd
shows spatial pattern witlh> 1 in the west and < 1 in the
South Fig. 9. The strongest variation of asymmetry
observed in the Fromveur Strait. Here, the asymmettues
reach 2.5 in the onshore (north-eastern) sectdigating that
flood flow velocities are by far higher than ebbwl velocities.

exit of the Strait. Here, and within an extendedezsouth of
the Ushant Island, the asymmetry values decreaBeét-ig.
9) indicating that the flow regime is ebb dominated.
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Fig. 9 Spatial distribution of current velocityyasmetrya.

Fig. 10 shows the probability density and cumulated
occurrence of tidal current velocity in two gridipis where
the highest potential is expected (locations A Brid Fig. 8).

........... @ |

Probability density

1

Cumulated occurrence (%)

2
Velocity (m/s)

Fig. 10 Probability density in location A (a) aledation B (b), and
cumulated occurrence of velocity values in A (ckilull distribution for
cumulated occurrence of velocity is shown by colimes for A and B. Shape
and scale parameters (k ajdbf Weibull law are given in the text. Dashed
line in (a) represents Weibull approximation ofogity probability density.

In point A, the probability density roughly followthe
Weibull distribution with maximum probability (50%)
achieved for the velocity of 0.6 m/s, and then gedly
decreases in the range from 1 to 4 m/s (Fig. 1ba}he

strength  andromveur Strait (point B), the probability densitgoks

different (Fig. 10b). The maximum probability ismer (45%)
for the same velocity value (0.6 m/s). A clear lueal
distribution cannot be identified, but the disttiba flattening
within the velocity range between 0.6 and 2.5 is/sbserved.
‘Cumulated occurrence distribution (Fig. 10c) is riyedhe
ISame in both locations. It perfectly reproducedhsyWeibull
law with the same scale parameter 1.5 in each location and
a shape parametdr = 1.6 and 1.7 in locations A and B
respectively.

The asymmetry decreases toward the centre of that,St

where the tidal flow reaches a balanee= 1). However,
another distortion of velocity curve appears sedwan the



2) Velocity Profiles

The ADCP data collected in the Fromveur Strait w2be
min averaged and then combined together withinerbffit
periods (one hour long) of the tidal cycle: pealoeiy period
and periods either side of peak velocity. The tesutime-
average profiles were considered and their shape
approximated by a power low for the spring/neap a
ebb/flood stages of the tidal cycle (Fig. 11). Tiesults
presented here concern the data acquired in thenvenr
Strait. ADCP measurements available in two otheations
within the radar coverage zone were processednitasiway
and the results occurred not very different. Thédoacity
profiles were found following the power law with= 7.5 on
average. Very low variations of the power coeffitia:
between the different tidal stages are identifiede highest
value is reached when the peak current occurs €T3bl

Time series of the depth averaged velocity derifredh
ADCP and surface velocities provided by the radarshe
nearest grid point were compared. The comparisawsia
good overall agreement with zero phase lag, higirege of
correlation (0.82), and revealed that the radaerastimate
the depth average velocity by approximately 20%.

Fromveur Strait
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Spring tide Flood tide
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Fig. 11 Current velocity profiles from ADCP measments in the Fromveur
Strait during spring/neap tide (a,b) and flood/¢iole (c,d). Mean velocity

profiles during the peak current are shown in f@de hour averaged profiles
either side of peak velocity are given in greergtdolid lines for peak-1h/+1h
respectively. Modelled profiles are shown by dasliee. 20-min averaged
velocity profiles provided by ADCP are given in ple. Profile extrapolation

to surface is shown in grey.

3) Tidal Stream Potential

Using velocity time series provided by the radais
power law expression for velocity profiles derivdcbm

asymmetry in B is close to 1. Very strong fortnight
modulation of power density is revealed in bothalims.

The overall mean values of power density are sgntile
same in both locations and attain 2.7 kWi/m the surface
layer. In the bottom layer (15 m thick) the powenslty is

Velpse to 1 kW/rh During spring tide, the power density was
geund higher NW of the Ushant Island (4.8 kW)raompared

to the corresponding value in the Fromveur St@aif KW/nf).
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Fig. 12 Time series of hourly mean (a,c) and daigan (b,d) power density
in locations A and B, in the surface (grey) anddmot(black) layer.

TABLE Il
POWER COEFFICIENTO OF THE VELOCITY PROFILES APPROXIMATED BY A

moored ADCP data, and the layer extension, the powe power LAW FOR THREE SPECIFIC PERIODS OF TIDAL FLOW EVOTION

density time series in the surface and bottom Eyeere
generated and then averaged at different scales.

Hourly mean and daily mean time series of kinetiever
density for two locations (A and B) around the Ushisland
are shown in Fig. 12. Strong variability is obserumth at
daily and monthly scales. For hourly average potiee
series (Fig. 12ac), a quarter-diurnal variabilgyciearly seen
with peak power density occurring every six houkssemi-
diurnal inequality is also observed. It is morermonced for
location A (NW Ushant) and caused by tidal flow rasyetry
there. In the centre of the Fromveur Strait, ddistribution of
power density show more

AROUND THE PEAK VELOCITY(PV), FOR FLOOD AND EBB NEAP AND SPRING
TIDE IN THE FROMVEUR STRAIT

PV-1h PV PV+lh | <a>
Flood 7.6 7.8 7.7 7.7
Ebb 7.3 7.3 7.5 7.5
Spring 7.7 7.9 7.8 7.8
Neap 7.0 7.0 7.3 7.1

regular cycle. The current



[V. DISCUSSION ANDCONCLUSIONS The vertical profile of power density was reconstea and

Assessment of the available tidal stream resouscani Used for quantifying the amount of power availalrlethe

essential first step toward successful site selectevice Pottom and surface layers at different time anccepsrales.

However site selection is not simply a case of iifging Dover Strait is I_oca_ted west of the C.apg Gris Ne#side th(.a.
regions with large tidal currents. Instead, reselassessment Northward - navigation way and fishing area. Velesiti
and site selection should consider a wide rangéaciors, €xceeding 1 m/s are observed more than 50% of tiveee
including temporal and spatial variability of thesource and @nd the spring tide velocity is of the order of I¥s. This
tidal flow parameters, such as current asymmetngnge in Provides the temporal mean power density of 0.9 rk¥\ih
phase, velocity profile, ... (e.g6]). Detailed observational the surface layer and 0.3 kW/m? in the bottom layée level
campaigns are not sufficient (or too much expensatethe of energy available in the fI(_)W is a_ssumed suffitidor
scale required for detailed resource charactevisafiherefore, Potential future technology testing in this area.
tidal-stream resource assessments typically makensive  The analysis of HF radar data in the Iroise Seaaled two
use of validated hydrodynamic models (2§]). areas with high energy potential and thus morealslgtfor
In our study, we present a novel approach for nespy tidal stream device deployment: the Fromveur Saail the

assessment based on observations of tidal flowrdigsaby area NW of the Ushant Island. The maximum curreftaity
oceanographic radars in combination with ADCAains 4 s there., and the velocity of. 1/$n_s exceeded (_50%
measurements. The method can be applied sepaatety of time at_both sites. The mean spring tide curreiocity
conjunction with numerical modelling for analysi§ tidal ©Observed in the surface layer attains 1.6 mnd 1.7 s
stream potential at different sites. It was regentsed for respectively. The map of maximum and mean veldgity. 8)
resource quantification at a highly energetic sit¢he Iroise indicates that spatial extension of the former ageanuch
Seal[17], where the French turbine Sabella D10 is deployd¥gger, while the area in the Fromveur Strait vettiremely
since 2015. And it is extended to tidal flow resmur high velocity values does not exceed 6 x 2 km.
assessment in the Dover Strait, which has beeridemesl as 1€ hydrokinetic resources at both sites aroundJsteant
promising site. Island were estimated in the surface and bottomrayNW of
Using the advantages of radar technology (spatia@ge, the Ushant Isla_nd _and in the Fr(_)m\_/eur Strait, Mted
high resolution, continuous data acquisition, ..8 tamotely annual mean kinetic power density in the surfagerlas of
sensed velocities are used to make large scaldificaion the order of 2.7 kW/m?. The power available in twtom
of tidal stream resource, of the major metricsiadltflow and layer is 3 times lower. Considerable resource iiia on
their space and time variation. A significant feéiof ADCP hourly and daily time-scale has been diagnosed.tréng
point measurements is their inability to providerext of the Variation of current asymmetry occurring at shdstahce in
complex spatial variability of tidal currents thae so often a the Fromver Strait enables to provide a balancedepo
feature of potential marine renewable energy sifée. use of generation there by aggregating marine turbinepace.
underway ADCP measurements for tidal energy site
screening, an approach developed recently in [],Has also
many limitations. The presented novel technique sié ACKNOWLEDGMENT
assessment enables to avoid this weakness. The study was supported by the project PRO-TIDEhef
Two sites located along the French coast of La Mar{the Interreg VB NW Europe program and represents a
Iroise Sea is not far from the entrance to La Ma,),phcontribution to this project. The authors acknowledunding
considered in this study, have benefit from HF raddocity Support by the Pdle Metropolitain de la Cote d'@p&DCP
measurements at different periods. Both sites ansidered data were provided by the Oceanographic Centre hef t
as promising for marine renewable energy converdioboth French Navy (SHOM). The HFR data were provided by
sites, the HF radar observations revealed a lapgéias and ACTIMAR Company with the authorisation of (SHOM)h&
temporal variability of tidal stream and power dgnsan authors thank Philippe Forget, Yves Barbin (MIO,ulbm)
important asymmetry of tidal currents which canseaa large and Max Yaremchuk (NRL, Stennis Space Centre) fieirt
imbalance of power production during ebb and fldmv. Contribution to radar data processing.
High current velocity asymmetry as was discovered a
mapped around the Ushant Island, to the best of our
knowledge, has never been documented before.
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