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Abstract— This paper deals with in situ measurements of waves
and currents in Alderney Race. This site is one of the most
energetic tidal site in Western Europe with current values up to
5 m.s”l. 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. We present our field measurements and our
original database. Then, we discuss the preliminary results about
the interactions between tidal currents and ocean waves.
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L 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™' during
spring tide). This current, give opportunity to extract energy
from the tide with installation of tidal turbines [1]. However, as
the Alderney Race area is facing open sea to the west, strong
wind can generate significant wave height (Hs) interplaying
with the tidal currents. The HYD2M project 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 and devices) allows the study of the interplay
between waves and tidal currents. Since measurements are still
in progress, this paper focuses on preliminary results, including
i) a description of meteorological and dominant waves
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conditions, ii) a description of the tidal currents dynamic, iii) a
study of averaged vertical profiles variability, iv) a preliminary
discussion concerning the influence of the waves on the vertical
profiles, mainly dominated by tidal currents.

II. 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 A). 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 the Normandy-Brittany Gulf causing
strong tidal currents. The maximum tidal range varies from 6 m
to 11 m, from North to South of the La Hague Cape (5 km
apart). This leads to a significant slope of the water (black
contours — Fig. 1A) that generates the strong currents. In
addition, the shallow depth (< 50 m, colors Fig. 1A&B) and the
presence of the island creates a funnel effect, increasing the
flow (arrows on the Fig. 1A). Previous studies mainly focus on
numerical models [2] [3] [4]), validated by local and punctual
measurements using in situ current meters. They have identified
an area with maximum currents velocities [5], 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’!
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
[6] that are located a bit more to the north. The current direction



is relatively homogeneous in the areas dominated by NNE and
SSW directed currents. The current inversion during the
transition between tides is relatively fast, around 15 minutes.
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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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Since the 21th April, 2017, we have carried out 5 campaigns on
the Thalia and Cdétes 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). We deployed on the
bottom (made of boulders and blocks) one structure for each
station, where ADCP (Accoustic 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
[7]. The maximum immersion depth was around 40 m.
Technical problems occurred related to the recovery of the
structures with an automatized remote buoy and the huge
amount of data recorded (up to 107 days of data corresponding
to ~20 million entries in the database). Since the last campaign
took place from mid-October 2017 to February 2018, these last
data are still in processing. We have also collected
meteorological (Goury semaphore, Météo France) and wave
parameters (French buoy network Candhis) in open access
sources in order to complete our database.

MATERIALS AND METHODS

A. 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 of ADCP models from RDI®: 1)
an ADCP-V 500 kHz and ii) an ADCP Workhorse 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). The
station 1 has been equipped with an ADCP-V. In station 2, an
ADCP Workhorse has been used. In station 3, an ADCP-V has
been initially installed from April to June 2017. This sensor has
been lost and replaced from September to October 2017 by an
ADCP Workhorse.



TABLE 1: ADCP CONFIGURATIONS FOR THE THREE MEASUREMENTS STATION
DURING THE YEAR 2017 (STATION LOCATED IN FIG. 1)

April June  September October
Station 1 ADCP-V ADCP-V |7 777mmmmmT
ation 2Hz (burst 20min every hour) & Same configuration | In progress...

1Hz (burst Imin every Smin) |[.__{ | ________1

Station 2 ADCP Workhorse 1 ADCP Workhorse |~ I_n_ _;o_ - _e:v; i
Average data 1Hz over Smin | 1Hz continuously | _I_) _ _g_r_ N

. A ADCP Workhorse [~~~ "7
Station3 | Notrecovereddatas | 1Hz continvously | 777708755

The ADCP-V (station 1) were configured to take two
measurements per second (2 Hz) during 20 minutes every hour
for wave analysis, and one measurement per second (1 Hz)
during one minute every five minutes (Table 1). During the first
acquisition period from April to June 2017, the ADCP
Workhorse in the station 2 have first been configured to
calculate the average current over periods of five minutes with
one measurement per second (Table 1). During the second
acquisition period from September to October 2017, the both
ADCP Workhorse have been configured to take one
measurement per second (station 2 and 3). Because of the lost
in station 3 during the first period, in this paper, we present only
the data from stations 1 and 2.

Each ADCP measures the current velocity along three axes,
directed north-south (¥, 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
minutes (Uy,qg) to allow easy viewing and to study the velocity
evolution during tidal cycles (Fig. 3, Fig. 4 and Fig. 5). The
high-frequency raw data (1 Hz and 2 Hz) are presented at the
end of this paper (Fig. 6).

The current asymmetry has been also studied using the
asymmetry coefficient according to the following equation [8]:
a = 24T (1)

ULt

with Upr, the mean U,qe during the high tide phase defined on
the Fig. 3C and Uy r, the mean of U,ue on the low tide phase. On
the same phases, the direction asymmetry has been also
calculated with [9]:

A8 = |0y — 6,7 — 180° (2)
with Oy the mean direction during the high tide phase and 6, ;
the mean direction during the low tide phase.
After this general analysis, the vertical velocity profiles have
been compared for eight cases of U, averaged on the water
column to study the variability of profiles [10]. This analysis of
profile shape has been made by using the equation:

1/a
v(z) =V, (%) (3)
which allows to analyzed the variability of the a coefficient and
where V) 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 above

the surface. The a coefficient have been tested for a range of
values from 1 to 15, for each intervals of 0,1 and the best
coefficient have been estimated from linear regression fit of
Loglog representation of velocity. This analysis takes into
account the velocity variations in the boundary layer accurately
for important depths. According to [8] and [11], the boundary
layer may extend over tens of meters in high hydrodynamic
conditions.

B. 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 parameters,
using different methods: Hs (significant height), 7’s (significant
period) and Dp (main peak direction). We chose the orbital
velocities method. According [12], this method is assumed to
be reliable, especially when the free surface spectral analyses
cannot be done, which is the case in the present paper, due to
pressure sensor problems.

C. Wind intensity and direction

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

L PRELIMINARY RESULTS

A. General meteorological and waves climates during
campaigns

One main wave regime has been identified from both Bréhat
and our data set (Fig. 2A&B.), with waves coming from the
West (N280°-N290°).

A secondary wave regime has been found in the Bréhat data
(Fig. 2A), from the north and on our data (Fig. 2B) 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. 2C). The waves
from the principal regime come from the Atlantic Ocean where
the fetch length is very large. In the other directions, the fetch
length is not enough important to generate a significant 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
to 7.8 m (Fig. 3A), the averaged speed wind reached 16 m.s™
and the maximum Hs was 4.3 m at Bréhat and 3.5 m at our study
area (Fig. 3A).

A. Current evolution during a typical tide 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. 3B.). One typical tidal cycle is
showed in Fig. 3C.



A. Bréhat station N(0°) C. Wind speed (m/s) (Goury located fig.1A&B)
1 28%

. Ws > 4.5
N 4<Ws<4.5
B 3.5<Ws<5
13<Ws<3.5
2.5<Ws<3 N(0°)
[ 2<Ws<2.5 /’_'_\
—15<Ws<2 \
. 1<Ws<1.5
- 0.5<Ws<1 4.8
. 0<Ws<0.5

16.8%

[ M 5.6% \
W(270°) |E(90°)

5(180°)
B. station 1 (Fig1B.)  N(0%)

2% W(270°) E(90°)

1.8%

Hs (m)
S >

. 3.5<Hs<4
B 3<Ws<3.5

2.5<Ws<3
T 2<Ws<2.5
N 1.5<Ws<2
B 1<Ws<1.5
. 0.5<Ws<1 S(180°)
. 0<Ws<0.5

/ 0.6%
W(270°)|

5(180°)

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 B. station 1 (location Fig.1); C. Wind origin from the Météo-France measurements in Goury semaphore.
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Fig. 3: A. Times series of the conditions evolution during the field work: top, water level evolution; middle, significant wave height (Hs, Bréhat station and
ADCP-V data; station 1) and bottom, wind intensity. B. Spatial-temporal diagrams of the U, (top) and direction (bottom) during the first neap/spring tide
(April/May 2017); C. Fishbone diagram of measured current vectors at station 2 during two events: 27 and 30 September.



A first current velocity peak is registred during the high tide
with an averaged direction toward the NNE (~N20°) for the
three stations Subsequently, the velocity decreases during the
first half of the ebb until it reaches a value close to 0.1 m.s!
(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
mean Uyq recorded are correlated with the tidal range
(Fig. 3B.). In the area, the highest measured of mean U,z over
the water column reaches 3 m.s! during the high tide with the
higher tidal range of 7.8 m (data averaged for 5 minutes). In
neap tide conditions (tidal range < 1.8 m), the velocities during
the high tide are relatively lower, around 1.8 m.s™!. 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, Upae during high and low tide is always higher than
1 ms'.

B. Tide asymmetry

The spatial-temporal diagram Fig. 3B and the graph Fig. 5A,
clearly show an asymmetric tide, with higher velocities during
the high tide compared with the velocities during low tide. The
asymmetry coefficient a defined by (1) ranges from 0.9 to 1.2,
between high and low tide phases (Fig. 4A). When this
coefficient is lower than 1, the mean intensity of U, is higher
during low tide relatively to the high tide. In opposite, when this
coefficient is higher than 1, the intensity of U, is higher
during high tide relatively to the low tide. In some cases, for
tide range less than 5 m, the intensity of U, is higher during
low tide relatively to the high tide.

A.

Current asymetry
*~
05
-
<
=
.
v
-
S

o

2 3 4 5 6 7 8

Tidal range (m)
Fig. 4: A. Current asymmetry coefficient (with red line a = 1); B. Direction
asymmetry

In most of the other cases and for tidal ranges higher than 5 m,
the high tide mean velocity is higher than for the low tide, as
shown by the asymmetry. For higher tidal ranges, the
asymmetry increases as the tidal range increase.

Concerning the direction (asymmetry defined by (3)), the flow
is not bidirectional and the result shows a significant angle
between the high and low tides current directions (Fig. 4B). The
mean deviation equals 25° but it may increase to 50° for low
tidal ranges (below 3 m).

C. Vertical profile variations during different tide
phases

Firstly, the a coefficient have been calculated, using five
minutes averaged data windows. However, when U, is lower
than 0,5 m.s™! for all the water column, the associated profiles
are relatively linear and this induces high values for the a
coefficient (for 0.2 m.s™! the o coefficient is up to 15, Fig. 5).
Therefore, we removed all the profiles when U, is lower than
0,5 m.s™! for the calculation of the average of the a coefficient.
This gives an average value equals to 6.6 ranging from 4 to 12,
as in the study of [9].

In a second step, 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 eight different
averaged velocities (0.2; 0.5; 1; 1.3; 1.5; 2; 2.5 and 3 m.s’!,
Fig. 5). The selection criteria in Fig. 5 where the U, averaged
equal to the defined velocity at more and less 3 % (gray
envelop). Then, all the profiles have been merged and the «
coefficient have been calculated (table Fig. 5). The graph in
Fig. 5 shows that for a given averaged velocity, all the profiles
display a relatively similar shape, but the variability of a is too
important to infer a correlation. In addition, there is no direct
apparent relationship between the a coefficient and the increase
of Unag (Fig. 5).

During a third step, we calculated the average for the a
coefficient only in windows of 15 minutes 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 a 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.
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D. Preliminary observations on the waves/current
interaction

During the acquisition period of September to October 2017,
our data from the ADCP configured to 1 Hz frequency for
acquisition, allows the visualization of the waves influence in
the water column (Fig. 6). Two cases are presented here: the
27" and 30" September cases showing a tidal range of 3.4 m
and 2.6 m (see Table 2 and Fig. 3).

TABLE 2: CHARACTERIZATION OF EVENTS DESCRIBED AND PRESENTED FIG. 6

. Current .
Events Tidal Hs (m) Wa\fe velocity Upag Tidep h ase.
range (m) origin (current direction)
(m.st)
0,2 Ebb (SSW)
27/09 34 0,5 N290°
1,3 Ebb (SSW)
0,2 Flood E
30/09 2,6 1,5 N290° (NNE)
1.3 Ebb (SSW)

During the first case, the significant wave heights reaches only
0.5 m, while Hs reaches 1.5 m, during the second event
(Table 2). For these events, waves are coming from the
northwest (N290°). For each case, we have selected two periods
of 5 minutes showing two different current velocity situations,
with averaged velocities Uppqz0f 1.3 m.s™ and 0.2 m.s. This
selection of four events allows the comparison of different wave
heights (0.5 m and 1.5 m) for the same current situation (for
1.3m.s! or for 0.2 m.s"") and the comparison of different
current velocities (1.3 m.s! and 0.2 m.s™") for the same wave
height (for 0.5 m and for 1.5 m) (Table 2). Three chosen events
correspond to low tide phases with a main current direction
toward the SSW and one event to high tide phase with a main
current direction toward the NNE (case 30/09 with Uy, of
0.2 m.s™).

Fig. 6 summarizes the U, and direction evolutions using
spatial-temporal diagrams (during 5 minutes) 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 red and blue
histograms correspond to high (1.5 m) and low (0.5 m) Hs,
respectively. Different color scale for current velocities are used

for the event with a low Upyq, (0.2 m.s) and for the event with
a high Uy,q4 (1.3 m.s™).

For the low current velocity events (m =0.2m.s™"), the mean
velocity profiles (Fig. 5) shows that % only slightly varies
in the water column. However, in details, the wave effect is
clearly highlighted by U, variations in the upper part of the
water column (Fig. 6A) for the event with relatively high Hs
(1.5 m). In this case, Uyg recorded between two profiles at 1 Hz
vary from 0 to 0.8 m.s™. Increasing Unqe (> 0.5 m.s') in the
upper water column corresponds to the wave propagation. The
direction variations (Fig. 6A) are very significant for this case
with an angle up to 100° between two profiles separated by few
seconds. The flow direction is mainly striking toward the SSW
but some local and brutal changes related with the waves occur,
toward the SSE. A period of 8.5 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), the Ug
variation is lower with recorded variations of about 0.5 m.s™!
between two profiles (in a few seconds). However, oscillation
structures are still visible in the spatial-temporal diagram,
meaning that the impact of waves in the water column for
significant height of 0.5 m is not negligible when the mean tidal
current is low (0.2 m.s™). These observations are confirmed by
the distribution of current velocity on the histogram (Fig. 6).
The histogram distribution near surface at 23 and 33 m above
the bottom is wider for the event with high Hs compared with
low Hs. This spreading decreases with depth and the
distribution becomes more focused on the mean velocity. This
mean velocity is centered on 0.1 m.s™!, while it is expected to be
centered on 0.2 m.s”'. It may be explained by the fact that the
mean velocity calculated at 0.2 m.s! take account the low
acceleration for waves propagation [13].

For the high current velocities events (Fig. 6B), the upper water
column displays several structures related with rapid variations
of current velocities. These structures are well defined when Hs
is high (1.5 m case) and less defined when Hs is low (0.5 m
case). For these events, Uuqe recorded between two profiles at
1 Hz vary from 0 to 0.9 m.s! occurring in few seconds. For the
high current velocity event with low Hs (Upq, = 1.3 m.s™ and
with Hs = 0.5 m), the current direction displays less dispersion



compared with the events with low current velocities (0.2 m.s™!
events), with only a direction variation of 30° (N180 — N210,
toward the SSW). This means that the current directions mainly
reflect the tidal influence and not the wave effects, as the tidal
currents during the low tide are focused toward the SSW. In the
case of high Hs (1.5 m), homogeneous oscillations appear and
affect the entire water column up to the deepest ADCP
measuring cell. The period of these oscillations has been
calculated and equals 6.6 s. At surface, U,uq recorded between
two profiles at 1 Hz vary from 0.7 to 2.1 m.s™. In both cases,
with low (0.5 m) and high (1.5 m) Hs, the histogram distribution
are centered on mean velocity values that decrease with depth,
following a power law, as shown in Fig. 5. 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 1.5
m are able to affected the upper water column, even when the
tidal current are relatively high (1.3 m.s™).

Other structures are found at depth (arrow on the Fig. 6B) and
probably initiated on the sea floor and thus may be assumed as
turbulent structures associated with the bottom roughness. The
clearer example of turbulent structures is found the 27"
September for high Uy, (1.3 m.s™"), during the first minute of
acquisition (arrows on the Fig. 6B). This structure may be up to
20 m in width, with an irregular shape and possibly affects up
to 30 % of the lower water column.
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Fig. 6: Data for the four studied cases: two events with different current velocity situations are selected during 5 minutes: A. Up,qy = 0.2 and B. 1.3 m.s”

!. For each

case, two moderates waves climate (Hs = 0.5 m and Hs = 1.5 m) are presented. The spatio-temporal diagrams on the top of Fig. 6A&B are the U, and the
direction on the sea bottom. On the right, histograms with velocity distribution at 33 m, 23 m, 13 m and 3 m above the sea bed (Aucas)



II. CONCLUSION AND PERSPECTIVES

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

i) The evolution of the asymmetry coefficient according to the
tidal range and an inverse asymmetry during specific events.
ii) A significant deviation of current directions occurs between
the high and low tides phases (up to 60° during low tidal range)
at our measurement site. According to [13], a current deviation
between 10 to 30° can affect the efficiency of tidal turbines.
iii) An estimation of the a 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 a coefficient recommended in
the literature [14].

iv) An important variability for the average velocity along
vertical profiles (variations of Uy from 0.7 to 2.1 m.s' 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.

v) A preliminary description of four events showing two
different types of structures: 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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