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Abstract The Alderney Race is one of the most powerful current in Europe (up to
5 m/s during spring tide). Considering these important currents, this site has been
identified to extract energy from the tide with installation of tidal turbines. However,
this area is facing open sea to the west and thus strong wind can generate significant
wave height interplaying with the tidal currents, which is a critical point for the
dimensioning of the tidal turbines. This chapter deals with in situ measurements of
waves and currents in Alderney Race.
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1 Introduction

The Alderney Race (French Raz Blanchard) current occurring between Normandy
(France) and the Channel Sea Islands (UK) is one of the most powerful current in
Europe (5 m.s−1 during spring tide). This current, give opportunity to extract energy
from the tide with installation of tidal turbines (Bahaj and Myers, 2004). However,
as the Alderney Race area is facing open sea to the west, strong wind can generate
significantwave height (Hs) interplayingwith the tidal currents. TheHYD2Mproject
aims to improve the tidal energy estimation by combining an original dataset of in-
situ measurements with the development of 3D numerical model including wind
and waves effects. We have carried out 5 campaigns in the Alderney Race with
water level, current, waves and wind measurements (from April 2017 to July 2018).
The high temporal resolution of our dataset (up to 2 Hz, for most of the campaigns
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and devices) allows the study of the interactions between waves and tidal currents.
Since measurements are still in progress, this chapter focuses on preliminary results,
including (i) a description of meteorological and dominant waves conditions, (ii) a
description of the tidal currents dynamic, (iii) a study of averaged vertical profiles
variability, and (iv) a preliminary discussion concerning the influence of the waves
on the vertical profiles, mainly dominated by tidal currents.

2 Study Site: Alderney Race

The Alderney Race tidal current is located in the northern part of the Normandy-
Brittany Gulf (France) between the Alderney Island and the La Hague Cape (Fig. 1).

Fig. 1 a Location map with
simulated tidal amplitude
(spring tide), direction of
maximum currents, as well
as current-measurement
locations; b Zoom on the
measurement area showing
the location of 3 ADCP
stations and the
meteorological station
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Currents are related to the tidal wave coming from the Atlantic Ocean. The tidal
wave amplitude increases when it crosses the continental shelf (500 km westward)
and subsequently when this wave is reflected by the Cotentin Peninsula, acting as a
barrier. This creates a significant tidal range (more than 14 m near the Mont Saint
Michel bay) in theNormandy-BrittanyGulf causing strong tidal currents. FromNorth
to South of the La Hague Cape, the maximum tidal range varies from 6 m to 11 m
(5 km apart). This leads to a significant slope of the water (black contours—Fig. 1)
that generates the strong currents. In addition, the shallow depth (<50 m, colors
Fig. 1) and the presence of the Alderney island creates a funnel effect, increasing the
flow (arrows on Fig. 1). Previous studies mainly focus on numerical models (Bailly
du Bois and Dumas 2005; Neill et al. 2011; Coles et al. 2017), validated by local
and punctual measurements using in situ current meters. They have identified an
area with maximum currents velocities (Bailly du Bois et al. 2012), located between
the La Hague Cape and the Alderney Island (red arrows Fig. 1). In this area, the
current magnitude (Umag) can reach 5 m.s−1 during the high spring tides. The tide
is commonly described as an asymmetric tide, dominated by a NNE-directed flow
current, estimated to be 3% stronger than the SSW-directed ebb current (Thiébot
et al. 2015). The current inversion during the transition between the ebb and the
flood is relatively fast, around 15 min. Because of strong in situ technical constrains
for instrumentation (strong currents, short time window with relatively low currents
during the inversion, etc) only few studies have been carried out over long periods.

3 Materials and Methods

Since the 21th April, 2017, we have carried out 5 campaigns on the Thalia and Côtes
de la Manche research vessel (CNRS-INSU, France) that allowed the measurement
of water level and currents along vertical profiles, at three different stations (Fig. 1).
These stations are located along an E-W profile and are named respectively stations
1, 2 and 3 (from West to East). They are located south of the strongest current zone
for technical constraints, particularly the difficulty to find plane areas (rocks with
one meter mean size in the north). We deployed on the bottom (made of boulders
and blocks) one structure for each station, where ADCP (Acoustic Doppler Current
Profiler) have been fixed. These structures have been designed specifically to resist to
strong currents and to protect the sensors from possible impacts of pebbles or other
particles, moving close to the bottom (bottom mainly consists of sand and pebble
(Foveau et al. 2017 confirmed by photos). The maximum immersion depth was
around 40 m. Technical problems occurred related to the recovery of the structures
with an automatized remote buoy. Despite the technical issues, a huge amount of
data has been recorded (up to 240 days of data corresponding to ~20 million entries
in the database). We have also collected meteorological (Goury semaphore, Météo
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Table 1 ADCP configurations for the three measurements station (stations located in Fig. 1)

France) and wave parameters (French buoy network Candhis) in open access sources
in order to complete our database.

Tidal Currents and Elevation
Pressure sensors from the ADCP allow the measurement of the surface variations
above each offshore structure.

Measurements of currents along vertical profiles using ADCP have been carried
out simultaneously for the three structures in the three locations (Fig. 1). During a
typical campaign at sea, we have recovered the structures, collected the data and re-
immersed the structures. During each data recovery, we checked if the ADCPs were
still operating. The measurement cells size is 1 m high and the first cell is located
from 1.5 to 2 m above the sea floor.

We used two different types ofADCPmodels fromRDI®: (i) anADCP-V500 kHz
and (ii) an ADCPWorkhorse 600 kHz. The model of ADCP deployed in each station
and their acquisition frequency varies through time because of one accidental lost
and adjustment of the acquisition frequency according to the batteries and memory
capacity (Table 1).

Because of the lost and other problems in station 3 during the first period, in this
chapter, we present only the data from stations 1 and 2.

Each ADCP measures the current velocity along three axes, directed north-south
(V, positive values northward), east-west (U, positive values eastward) and vertically
(W, positive values upward) for each point, along vertical profiles. The two main
velocity components (U and V ) allow the calculation of the velocity vectors (Umag).
The direction ranges from 0 to 360°, with 0° northward. The data were averaged over
a period of 5 min (Umag) to allow easy viewing and to study the velocity evolution
during tidal cycles (Fig. 3). High-frequency raw data (1 Hz and 2Hz) are presented at
the end of this chapter (Fig. 5). After a general analysis, the vertical velocity profiles
have been compared for eight cases of Umag averaged on the water column to study
the variability of profiles (Lewis et al. 2017). This analysis of profile shape has been
made by using the equation:

V (z) = V0

( z

d

)1/α
(1)
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which allows to analyzed the variability of the α coefficient. V 0 corresponds to the
surface velocity, d represent the depth of the water column and z the distance from
the bottom for each point. The use of this method could be discussed, as the higher
measuring cell of the ADCPs is located at 3 m below the surface. The α coefficient
have been tested for a range of values from1 to 15, for each intervals of 0,1 and the best
coefficient have been estimated from linear regression fit of Log Log representation
of velocity. This analysis takes into account the velocity variations in the boundary
layer for important depths. According to Thiébault and Sentchev (2017) and Soulsby
(1977), the boundary layer may extend over tens of meters in high hydrodynamic
conditions.

Waves Data
For the wave analyses, we have collected open source data from the buoy located
20 km North of Bréhat (Candhis network). The ADCP-V (initially station 1 and 3
and then only station 1—Fig. 1), allowed the calculation of the main waves parame-
ters, using different methods: Hs (significant height), Ts (significant period) and Dp
(main peak direction). We chose the orbital velocities method. According Wiberg
and Sherwood (2008), this method is assumed to be reliable, especially when the free
surface spectral analyses cannot be done, which is the case in the present chapter,
due to pressure sensor problems.

Wind Intensity and Direction
The wind data used in this study are measured by the Météo-France at semaphore
in Goury (Fig. 1). Each data corresponds to an average over a period of 6 min, at an
altitude of 10 m. The wind direction has been measured with a resolution of 10°.

4 Preliminary Results

General Meteorological and Waves Climates During Campaigns
Onemainwave regime has been identified frombothBréhat and our data set (Fig. 2a),
with waves coming from the West (N280° to N290°).

A secondary wave regime has been found in the Bréhat data (Fig. 2a), from the
north and on our data (Fig. 2a) coming from the northeast but is negligible compared
to the main regime. The dominant wind comes from the southwest (from N180°
to N270°) and less frequently from the east (Fig. 2a). The waves from the principal
regime come from theAtlanticOceanwhere the fetch length is very large. In the other
directions, the fetch length is not enough important to generatemeasurable significant
swell waves. The directions show a more important dispersion from the southwest to
northwest compared with Bréhat. This could be due to wave refraction on the islands
or due to shallower depth. During the acquisition campaigns, five neap/spring tide
cycles have been recorded. The tidal range fluctuated between 1.8 m and 7.8 m
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Fig. 2 Waves and wind climates during the field works: a waves origin according to the significant
height (Hs) for the Bréhat station (~110 km Southwest of Alderney Race) and for the station 1
(location Fig. 1) and Wind origin from the Météo-France measurements in Goury semaphore;
b times series of the conditions evolution during the field work: top, water level evolution (m.s.l.:
mean sea level); middle, significant wave height (Hs, Bréhat station and ADCP-V data; station 1)
and bottom, wind intensity in Goury

(Fig. 2b), the peak wind reached 23 m.s−1 and the maximumHs was 4.3 m in Bréhat
and 3.5 m in our study area (Fig. 2b).

Current Evolution During a Typical Tidal Cycle
The evolution of current velocities in the Alderney Race area follows a progressive
tidal wave regime. The maximum velocities are recorded during the high and low
tide and not during the flood and ebb (Fig. 3a). One typical tidal cycle is showed in
Fig. 3b.

A first current velocity peak is registered during the high tide with an averaged
direction toward the NNE (~N20°) for the three stations Subsequently, the velocity
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Fig. 3 a Spatial-temporal
diagrams of the Umag (top)
and direction (bottom)
during the first neap/spring
tide (April/May 2017);
b Fishbone diagram of
measured current vectors at
station 2 during two events:
01 and 23 November 2017

decreases during the first half of the ebb until it reaches a value close to 0.1 m.s−1

(Fig. 3b). Current velocities increase again progressively in the opposite direction,
toward the SSW (N190°) until the low tide, when a second velocity peak is recorded.
Then the current velocities decrease until the half flood and a new tidal cycle start.
The current inversions in the tide cycle is characterized by quasi-instantaneous clock-
wise current rotation. The maximal meanUmag recorded are correlated with the tidal
range (Fig. 3a). In the area, the highest measured of mean Umag over the water
column reaches 3 m.s−1 during the high tide with the higher tidal range of 7.8 m
(data averaged for 5 min). In neap tide conditions (tidal range < 1.8 m), the velocities
during the high tide are relatively lower, around 1.8 m.s−1. As shown in Fig. 1, the
measurement site is located to the south of the maximal current zone of Alderney
Race. However, during the acquisition period, and for all winds, waves and tides
conditions, Umag during high and low tide is always higher than 1 m.s−1.

Vertical Profile Variations During Different Tide Phases
Firstly, the α coefficient have been calculated, using five minutes averaged data
windows. However, when Umag is lower than 0.5 m.s−1 for all the water column,
the associated profiles are relatively linear and this induces high values for the α
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Fig. 4 Graph shows seven
vertical profiles
corresponding to mean
velocity (from 0.2 to 3
m.s-1). The blue values
correspond to the estimated
alpha

coefficient (for 0.2 m.s−1 the α coefficient is up to 15, Fig. 4). Therefore, we removed
all the profiles when Umag is lower than 0.5 m.s−1 for the calculation of the average
of the α coefficient. This gives an average value equals to 6.6 ranging from 4 to 12,
as in the study of Gooch et al. (2009).

Secondly, we have studied the relationships between the shape of the vertical
profiles and the averaged velocity in the water column. We chose eight different
cases for seven different averaged velocities (0.2; 0.5; 1; 1.5; 2; 2.5 and 3 m.s−1,
Fig. 4). The selection criteria in Fig. 4 where the Umag averaged equal to the defined
velocity at more and less 3% (blue envelop). Then, all the profiles have been merged
and the α coefficient have been calculated (Fig. 4). The graph in Fig. 4 shows that for
a given averaged velocity, all the profiles display a relatively similar shape, but the
variability of α is too important to infer a correlation. In addition, there is no direct
apparent relationship between the α coefficient and the increase of Umag (Fig. 4).

Thirdly, we calculated the average for the α coefficient only in windows of 15 min
during the different tide phases and specially around the velocity peak during high
and low tide. This gives a value of 7.4 for the coefficient during high tides and value
of 8.3 for the low tides. This difference between the α values indicates a more bended
profile and a more developed boundary layer for high tides compared with low tides.
Such tendency is corroborated by the analyses of the velocity gradients between
the sea bed and the surface, showing stronger gradient during high tide and more
generally, when the velocity increases.

Preliminary Observations on the Waves/Current Interaction
Two cases are presented here: the 01st and 23rd November 2017 cases showing a
tidal range of 5.5 m and 5 m (see Table 2 and Fig. 2b). These events have been
chosen because their tidal ranges are similar. They occurred close to each other in
time and the difference between theirHs is significant. Other interesting events have
been identified but the associated data are still in processing.

During the first case, the significant wave height reaches only 0.5 m, while Hs
reaches 2.5 m during the second event (Table 2). For these two events, waves are
coming from the northwest (N290°). For each case, we have selected two periods
of 5 min showing two different current velocity situations, with averaged velocities
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Table 2 Characterization of events described and presented Fig. 5

Events (2017) Tidal range
(m)

Hs (m) Waves origin
(°)

Current
velocity Umag

(m.s−1)

Tide phase
(current
direction)

01/11 5.5 0.5 N290 0.36 Flood (NNE)

2.25 Flood (NNE)

23/11 5 2.5 N290 0.36 Inversion
(SSE)

2.25 Flood (NNE)

Umag of 0.36 m.s−1 and 2.25 m.s−1. Three chosen events correspond to high tide
phases with a main current direction toward the NNE (between N20° and N42° in
average) and one event during the current inversion with a mean current direction
toward the SE (case 23/11 with Umag of 0.36 m.s−1). This selection of four events
allows the comparison of different wave heights (0.5 m and 2.5 m) for the same
current situation (for 0.36 m.s−1 or for 2.25 m.s−1) (Table 2). Figure 5 summarizes
theUmag and direction evolutions using spatial-temporal diagrams (during 5min) for
the four selected events. The velocity distribution using histograms at four selected
depth (33 m, 23 m, 13 m and 3 m above the sea floor) is also represented for each
event, the blue and red histograms correspond to low (0.5 m) and high (2.5 m) Hs,
respectively.

For the low current velocity events (Umag = 0.36m.s−1), the mean velocity
profiles at 0.2 and 0.5 m.s−1 (Fig. 4) shows that Umag only slightly varies in the
water column. However, in details, the wave effect is clearly highlighted by Umag

variations in the almost whole water column (Fig. 5a) for the event with high Hs
(2.5 m). In this case, Umag vary from 0.01 to 1.5 m.s−1 within a few seconds in the
upper part of water column. The increase of Umag (> 1 m.s−1) in this part is related
to the wave propagation. The direction variations (Fig. 5a) are very significant for
this case with an evolution from N50° (NE), followed by a current directed to N180°
(S) up to N300° (NW) between profiles separated by few seconds. These oscillations
reach the bottom. The mean flow direction is toward the SSE but some local and
brutal changes related with the waves occur. A period of 6–6.5 s can be calculated
and the structures related with the waves are well defined. In these environmental
conditions, waves have an important impact on the current. For the event with small
Hs (0.5 m), theUmag variation is lower with recorded variations of about 0.5 m.s−1 in
a few seconds. However, some oscillation structures are still visible in the first meters
below the surface, meaning that the impact of waves in the water column for Hs of
0.5 m is not negligible when the mean tidal current is low (0.2 m.s−1) in the upper
part of water column. These observations are confirmed by the distribution of current
velocity on the histogram (Fig. 5a). The histogram distribution near surface 33 m
above the bottom is wider than at 23, 13 and 3 m above the bottom (blue curve forHs
= 0.5 m). For the event with high Hs (red curve) the distribution near surface is very
spread out compared with lowHs (from 0 to 2 m.s−1). This spreading decreases with
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Fig. 5 Data for the four studied cases: two events with different current velocity situations are
selected during 5 min: a Umag = 0.36 and b 2.25 m.s−1. For each case, two moderates waves
climate (Hs = 0.5 m and Hs = 2.5 m) are presented. The spatio-temporal diagrams on the top of
Fig. 5a, b are the Umag and the direction on the sea bottom. On the right, histograms with velocity
distribution at 33, 23, 13 and 3 m above the sea bed (hmeas)

depth and the distribution becomes more focused on the mean velocity. This mean
velocity evolves in the water column from 0.3 m.s−1 at 23 m to 0.15 m.s−1 near the
bottom, while it is expected to be centered on 0.36 m.s−1. It may be explained by the
fact that the mean velocity calculated at 0.36 m.s−1 take account the high velocity
variation for waves propagation in the upper part of water column (Groeneweg and
Klopman 1998).

For the high current velocities events (Fig. 5b Umag = 2.25m.s−1), the structures
related with the waves propagation are relatively well defined whenHs is high (2.5 m
case) in the upper part of water column and are absent when Hs is low (0.5 m case).
For the low Hs (0.5 m), the current direction displays any dispersion compared with
the events with low current velocities (0.36 m.s−1 events), with only a direction
variation of 15° (N15°–N30°, toward the NNE). When Hs is high, Umag vary from
0 to 1 m.s−1 in few seconds in the upper part of water column. These variations are
lower than the low current case. The period of the oscillations has been estimated at
6 s. The direction slightly varies between NNW (N350°) and NNE (N40°). In both



Velocity Profile Variabilities at a Tidal-Stream Energy … 159

cases with low (0.5 m) and high (2.5 m) Hs, the low direction variation means that
the current directions mainly reflect the tidal influence and not the wave effects, as
the tidal currents during the high tide are focused toward the NNE. In addition, the
histogramdistributions are centered onmeanvelocity values that decreasewith depth,
following a power law, as shown in Fig. 4 in both cases. The histogram distribution
of the upper measuring ADCP cell, near the surface is relatively wider (red curve)
when Hs is high compared with the case of low Hs. This shows that waves with a
height of 2.5 m are able to affected the upper water column, even when the tidal
current are high (2.25 m.s−1).

5 Conclusion and Perspectives

Three ADCP have been deployed in the Alderney Race area during thirteen
neap/spring tide cycles. These data, which cover a long-time period allow the study of
the current evolution at 1 or 2Hz for several cycles. This chapter describes preliminary
results concerning:

(i) An estimation of the α coefficient of 6.6 for all periods of measurement with
a difference between the high and low tide phases. This value is close to the α

coefficient recommended in the literature (Frost et al. 2014).
(ii) An important variability for the average velocity along vertical profiles (vari-

ations of Umag from 0.7 to 2.1 m.s−1 in few seconds) that may be attributed
to the tidal range, to the stage of tide, to the roughness of the sea floor, to the
wind or the waves.

(iii) A preliminary description of four events showing two different types of struc-
tures: an oscillation of the water particles linked with the waves in the upper
part of the water column (but sometimes reaching the bottom) and turbulent
structures probably linked with the roughness of the sea floor.

In a future work, we will quantify the influence of the waves on the tidal currents
and the influence of the tidal currents on the orbital velocity of waves mainly in the
cases of high currents and high waves. The important database collected allows us to
study these processes for many events that will be presented in the future. In addition,
the influence of the wind intensity and direction on the current characteristics will
be also developed in future studies.
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