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Surface hydrodynamics of the Alderney Race
from HF radar measurements
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Louis Marié, Alexei Sentchev, and Lucy R. Wyatt

Abstract—A pair of HF radars has been installed on
the north-west coast of France to characterize the temporal
and spatial variability of surface dynamics at the highly
energetic Alderney Race. Radar measurements collected at
two different transmitting frequencies are evaluated by
comparison against in situ and modelled data. Agreement
between the radar and in situ measurements, quantified
by a Pearson correlation of 0.96, and 21 cm s~! RMSE is
deemed satisfactory. When compared to the modelled data,
the agreement varies depending both on the radar transmit-
ting frequency, and the location within the measuring grid.
The highest differences are found in the area of strongest
currents, where the radar-measured current magnitudes are
generally lower. The latter is represented by a bias that
can reach 0.8 m s~ !. On the same area, and throughout a
3-day period of exceptionally high tidal ranges, not only
the radar and model current magnitudes differ, but also the
flow asymmetry calculated with each of the two datasets
does. Whereas the radar measurements show a positive
flow asymmetry, with higher velocities measured at the
peak of the flood, the analysis of the modelled data resulted
in the opposite outcome.

Index Terms—Alderney Race, HF radar, waves, surface
current.

I. INTRODUCTION

ITES with high tidal stream potential are often

located in coastal environments where the inter-
action between numerous physical processes results
in complex hydrodynamics. Consequently, an accurate
quantification of the tidal stream energy requires at the
very least, an understanding of not only the current
itself, but the wave field and the interactions between
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the two [1], [2]. In addition, the appropriate charac-
terisation of the resource, as well as the optimisation
of site siting requires an understanding of the spatial
variability of the tidal current [3].

With their ability to provide a spatial snapshot of the
surface current as well as the wave field with a good
compromise between temporal and spatial resolution,
HF radars can represent an efficient tool for the char-
acterisation of tidal resources when used along with
in situ devices and numerical models. With this aim,
a pair of HF radars has been recently installed at the
Contentin peninsula, in the north-west coast of France
to monitor the Alderney Race, a tidal current flowing
between Cap de La Hague (France) and the island of
Alderney (UK), which due to the constraints exerted
by the aforementioned land boundaries is amongst the
strongest tidal currents in Europe.

HF radars transmit an electromagnetic (EM) signal at
a frequency within the HF band (3-30 MHz), and record
the backscatter that results from its interaction with the
sea surface. Spectral analysis of this backscatter results
in what is known as the Doppler spectrum, which is
characterized by two prominent peaks resulting from
the coherent backscatter of the EM signal off first-order
linear waves of half the transmitted wavelength, trav-
elling toward or away the radar stations. The position
of these peaks, known as first-order or Bragg peaks,
allows resolving for the speed of the current, as well as
its direction if the data from the two radars are com-
bined. In addition, higher order waves with half the
radio wavelength may also contribute to the measured
signal, appearing on the sides of the first-order peaks
mentioned above. This part of the spectrum, commonly
referred to as the second-order energy, can be used to
retrieve the directional spectrum of waves (e.g. [4], [5],
[6]) or some of its summary parameters (e.g. [7], [8]).

Since they are deployed at the coastline, HF radars
are not directly subjected to the marine conditions in
the same way in situ devices are, and this constitutes a
clear advantage in harsh environments like the Alder-
ney Race. Nonetheless, given the complexity and the
extreme oceanographic conditions that can occur in the
area, challenges to the technique and the processing
algorithms still arise.

This study shows the first results derived from the
measurements of the Alderney Race HF radar. By
comparing the results against in situ measurements
and modelled results, we expect to identify the factors
affecting their quality to be able to design specific treat-
ments for their improvement. The paper is organised as
follows. In the next section we describe the study site
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and the data used here. In section III we summarise
the methods used to process the data. In section IV we
present the results, which are discussed in section V.

II. MATERIALS AND METHODS

The Alderney Race refers to the current flowing
through the strait located between Cap de La Hague,
in the north-west coast of France, and the Island of
Alderney (UK). The site is characterised by a mean
spring tidal range between 6 and 10 m, water depths
between 25 and 65 m, and current speeds that can
reach the 5 m s™! as a result of the flow acceleration
between Cap de La Hague and the Channel Islands.
The prevailing wind directions are between the south-
west and west, and can exceed the 16 m s~! more than
half of the time during winter [9], giving rise to quite
energetic wind seas. In addition, although to some
extend shielded by Alderney, the area is also exposed
to the Atlantic swell, which is an important component
of the wave climate at the Alderney Race.

A. HFR data

A pair of WERA phased-array radars [10] has been
installed on the north-west coast of France to monitor
the surface current and waves of the Alderney Race.
The individual stations are located at Jobourg and
Goury, approximately 5 km apart (Fig. 1). Each site
has two square 4-element transmitting arrays, which
operate at 13.5 MHz and 24.5 MHz, respectively, and
a l6-element receiving array shared by the two trans-
mitting frequencies.

Data used for this work were collected during two
days of a neap tide at the end of January 2018, and
5 days covering a spring tide at the beginning of
October 2018. The first dataset extends through the 24
and 25 January 2018, and was chosen to coincide with
a period when ADCP measurements were simultane-
ously available. With the exception of the first hours
of the 25 January, when the Goury radar operated
at 245 MHz, both radars transmitted at 13.5 MHz.
At the latter frequency, radars acquired measurements
during 17 min 45 s, every 30 minutes at approximately
1.5 km range resolution and 14° azimuthal resolution.
The second dataset spans 5 days of a spring tide and
was collected alternating the two available frequencies.
Measurements at 13.5 MHz were collected twice per
hour during 17 min 45 s each time, and recorded
to files of coherent data that were stored every 128
samples (about 33 s). These data were later combined
to obtain time series of approximately 8 min length.
Transmission at 24.5 MHz was also performed twice
per hour, during 8 min 52 s each time. Similarly to the
low transmitting frequency, data were stored every 33
s, and then combined to ~8 min time series. Range and
azimuthal resolution at 13.5 MHz are the same as in the
first period, while the range and azimuthal resolutions
at 24.5 MHz are 750 m and 7°, respectively. As for the
depth of the measurements, it is well accepted that HF
radar samples the current velocity integrated over a
depth that depends on the transmitted frequency [11].
Such depth is about 88 cm at 13.5 MHz, and 48 cm for
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Fig. 1. Map showing the radar stations at Goury (Gou), and Jobourg
(Job), their maximum coverage for wave measurement (black arcs),
and measuring grid (black dots). The model grid points used for
comparison are shown with red crosses. The black triangle indicates
the position where the ADCP was deployed. The black pentagon
and circle show two grid points that will be commented further in
the text.

the 24.5 MHz. Finally, in all cases data were set onto a
regular grid at 0.5 km spacing (Fig. 1).

The radial data acquired by each of the two stations
were posteriorly combined to produce surface current
vectors over the measurement grid. Radar directional
ocean wave spectra were derived from the recorded
backscatter using the Seaview algorithm [12], which
solves the equations that describe the second-order
scatter from ocean waves [13]. The result is a wave
number directional spectrum with a variable amount
of wave numbers, and 30 directions at 12° resolution.
This was subsequently converted into the directional
frequency spectra using the wave dispersion relation.

B. ADCP

The ADCP data used in this work were collected
with a bottom-mounted 500 kHz Teledyne RDI Sentinel
V50 that was deployed within the radar’s coverage
area from 15 October 2017 to 9 July 2018 at about
37 m depth (Fig. 1). The instrument recorded current
velocities every 5 minutes in bursts of 1 minute at
1 Hz, with a vertical resolution of 1 m [14]. Waves
were sampled during 20 min at 2 Hz, every hour. Raw
measurements were processed using RDI’s software
in order to obtain current velocities over the water
column. Because the data are intended for comparison
against the radar’s measurement of the surface current,
only the uppermost bin was kept for further analysis.
However, bins located close to the surface are affected
by sidelobe reflection and wave contamination, hence
the first 30% of the water column below the surface
level determined by the ADCP’s surface track was dis-
carded, and only data from the bin directly underneath
were used for subsequent analysis. The average depth
of this bin was 25 m, approximately 10 m below the
surface. These data were further averaged to match the
radar’s 30 min time resolution.
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The ADCP orbital velocities were processed into
directional spectra using RDI’s software. The iterative
maximum likelihood method (IMLM; [15]) was applied
to compute directional spectra at 0.0156 Hz frequency
resolution, and 90 directions at 5° resolution.

C. Hydrodynamic model

The three-dimensional hydrodynamic model MARS
3D [16], coupled to the spectral wave model
WAVEWATCH-III [17] was used to compute the flow
over a grid covering the radar’s field of view, with
a spatial resolution of 120 m. Selected points, which
were the closest to a radar grid point were kept for
the comparisons hereby presented (Fig. 1). MARS 3D
solves the hydrostatic primitive equations under the
Boussinesq assumption and following the terrain coor-
dinate. WAVEWATCH III computes the propagation of
ocean waves by solving the wave action conservation
equation. Wave forcing is taken into account in the
coastal ocean model via the vortex force method (
[18], [19], [20]) allowing to reproduce wave effects
on the entire water column (e.g. Stokes drift effects,
enhancement of the bottom friction, changes in vertical
mixing). The coupled model has been largely validated
for nearshore cases in the past ( [21], [22] and recently
for the Alderney Race [23]. Exchanges are two-way
and occur every 20 seconds: MARS 3D sends surface
velocities and sea surface height to WAVEWATCH 1II,
which then sends the wave forcing terms to MARS
3D. The surface-most level from the water column
modelled with MARS 3D was selected for comparison
against the radar’s results.

D. Methods

Comparisons between radar, ADCP and model
were performed calculating basic descriptive statis-
tics. Namely, the Pearson correlation coefficient, the
root-mean-squared-error (RMSE) and the difference be-
tween the means of pairs of datasets (bias) were cal-
culated. In addition to the comparison against ADCP
measurements and modelled results, the radar surface
currents were used to describe the general hydrody-
namics of the Alderney Race. For that, we calculated
the mean current over the measurement grid, and the
current flow characteristics in terms of tidal ellipses.
The parameters that determine the latter were obtained
applying a principal component analysis to the radar
current vectors. Finally, the tidal flow asymmetry was
calculated as the ratio between the mean flood and ebb
velocities (U f100a/Tets) at each grid point.

III. RESULTS
E. Alderney Race hydrodynamics

The radar dataset collected in October 2018 is used
here to study the general circulation during a spring
tide at the Alderney Race. The tidal ellipses shown
in Fig. 2 suggest a tidal flow that arrives from the
South and bends towards the NE as a response to the
bathymetry. The ellipses resulting from the analysis
of the two radar frequencies are similar, although
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Fig. 2. Tidal ellipses calculated from the currents vectors measured
at 13.5 MHz (black) and 24.5 MHz (red).

the results obtained at 24.5 MHz indicate a slightly
higher current magnitude measured at that frequency,
especially in the region of maximum current velocity,
approximately in front of Goury. The eccentricity of the
ellipses, defined as the quotient between their major
and minor axes, is maximal at the middle of the strait,
where the current flows backwards and forwards, and
increases near the coast and at the southern part of the
grid, where the behaviour is closer to a vector rotating
about a point.

The time averaged current magnitude measured
over the 3-day period of maximum tidal ranges is
shown in Fig. 3. Both frequencies show significant
spatial variations on the surface current velocity, which
attains its maximum values at the NE corner of the field
of view and across the strait, over the 30 m isobath. The
values of average current velocities range between 1.4
and 2.6 m s~! and are generally higher at 24.5 MHz,
especially in the areas where the current reaches its
maximum values. There, the results obtained at 24.5
MHz are on average 20 cm s~!' higher than those
measured at 13 MHz.
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Fig. 3. Mean current magnitude (m s~!) measured between 8 and
11 October 2018 at (a) 13.5 MHz and (b) 24.5 MHz.

F. Radar - ADCP comparisons

Radar surface velocities collected between 24 and 25
January 2018 are hereby compared against the ADCP
velocity time series extracted from the first usable bin
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below the surface. The dataset covers one half tidal
cycle characterized by a tidal range of about 4 m, and
a surface current that exceeded the 2 m s~! around
high tide. Over this period the wind was blowing from
the south-west, with speeds between 8 and 10 m s~ L
The comparison of the current magnitude revealed a
good agreement between the two devices, represented
by Pearson correlation coefficient of 0.96, 21 cm s~ *
RMSE, and a slight positive bias that indicates the
radar velocities are on average 6 cm s~! higher that
the ADCP’s. As shown in Fig. 4, the highest differences
appear at the times of maximum velocity, when the
radar-derived current velocity surpasses that of the
ADCP. Regarding the direction of the flow, the highest
discrepancies between methods appear around slack
tide, when the tide is turning. The ADCP measure-
ments indicate that the current veers towards the NE
later than the radar measurement, whereas the turn
towards the opposite direction seems to occur at the
same time in both datasets. On average, the radar-
derived directions differ in about 17° from the ADCP’s.

Comparison of the radar’s wave results obtained
during the same two days analysed above were pre-
sented in [24]. The results at and around slack tide
showed radar wave spectra that were accurate both
in shape and energy content, as compared to the
ADCP results. This was translated into wave height
differences between 3 and 16 cm. On the other hand,
during high tide the radar overestimated the energy
density, showing a difference of about 2 m*Hz™! at
the spectral peak compared to the ADCP. Similarly to
the quality, the spatial extent of the results was reduced
during the times of maximum current.

2.54 (@)
2 .

r 39

(ms™

1.5 1

\ 38
37

Water level (m)

o
g 17 »
0.5 1 36

(b)

0 f

24/01/18 7PM 25/01/18 2 AM 25/01/18 9 AM

Fig. 4. Time series of (a) ADCP (black) and radar surface velocities
(red), and (b) ADCP (black) and radar (red) current direction. The
latter follows the oceanographic convention, that is the direction to
which the currents are going, measured clockwise from North.

G. Radar - MARS 3D comparisons

The radar’s spatial measurements collected from 5
to 11 October 2018 were compared to the outputs of
the model described in Section II. During the first
part of the studied period (from 6 to 7 October) a
strong wind was blowing from the North, reaching
the 20 m s™' on the night of 6 October. The wind
then turned west, and its speed fell to an average 3
m s~! during 8 to 10 October, to then start turning

toward the East, increasing again until reaching 9 m
s7! on the 11 October. Following the wind, waves
propagated from the North during 6 and 7 October,
reaching a significant wave height of 2 m ~! on the
night of 6 October. Accordingly, they then veered west
and decreased to significant wave heights below 1 m.

During this period, the highest discrepancies be-
tween model and radar mean spring current magni-
tude (Fig. 5) are concentrated over the area of maxi-
mum velocities shown in Fig. 3 for both radar frequen-
cies. However, the maximum difference between the
model and the radar’s 24.5 MHz measurements was
20 cm s~! lower than that obtained for the 13.5 MHz
comparison.

»(b)
213 207 5oy, 1.93 187

2.13 2.07 2°W 1.93 1.87

(ms™)
-0.8 -06 -04 -02 0 02 04 06 0.8
Fig. 5. Bias between radar and model surface current magnitudes
over the period 8 to 11 October 2018 at (a) 13.5 MHz, and (b) 24.5
MHz.
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Fig. 6. Current velocity asymmetry calculated from radar mea-
surements at 13.5 MHz (upper panels) and modelled results (lower
panels) collected between (a, c) 5 and 7 October 2018, (b, d) 8 and
11 October 2018. Colour scale indicates the ratio between flood and
ebb velocities. A ratio greater than one means the flood current is
stronger than the ebb, and vice versa.

Fig. 6 shows the ratio between the current magni-
tude during the rising and falling phases of the tide,
calculated for two periods with an average difference
of 2 m in tidal range. A ratio greater than one means
the flood current is stronger than the ebb, and vice
versa. During the period of lower tidal range, and
with the exception of a strip in the north-western part
of the radar’s coverage, both radar and model show
an overall dominance of the ebb velocities over the
study area. On the other hand, throughout the three
days when the tidal range reaches its maximum values
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Fig. 7. Surface current velocity computed with MARS 3D (red), and radar-measured (black) at 24.5 MHz (a - ¢), and 13.5 MHz (d - f). For
each frequency, measurements at three grid points are shown, (a, d) is the ADCP position shown in Fig.1, (b, e) 49.71°N, 2.03°W and (c, f)
49.75°N, 2.05°W. The last two grid points are shown in Fig. 1 with an black circle and pentagon, respectively. The grey line in panel (a) is

the water level (not at scale).

(up to 9 m at some parts of the field of view), the
radar flow asymmetry shows flood dominance across
a diagonal line connecting the Jobourg headland with
the island of Alderney. This is the opposite to what was
obtained with the modelled data, whose flow asym-
metry values remain similar during the two studied
periods. The asymmetry calculated with the 24.5 MHz
measurements (not shown) follows the same pattern
than the 13.5 MHz results shown in Fig.6.

The differences between model and radar current
magnitudes during flood and ebb suggested by the
above-discussed flow asymmetry values can be clearly
seen in Fig. 7. Time series obtained at three different
grid points are shown. At the northern-most point (Fig.
7 c and f), radar and model current magnitudes are in
good agreement, both showing lower peak velocities
during ebb than flood. On the other hand, at a point
located at the boundary between a region of 30 m
depth to the south, and the deep region known as La
Hague deep toward the north, the differences between
radar and model increase, especially at the time of
ebb peak magnitude, when the radar current velocity
is well below the modelled result. In addition, while
the differences between radar and model are observed
for both radar frequencies, the lowest magnitudes are
attained by the 13.5 MHz radar measurements, which
are lower than both the model and the 24.5 MHz radar
results over the studied period. Finally, at the location
where the ADCP had been deployed the comparison
between model and radar measurements at 13.5 MHz
gives similar results to the ADCP-radar comparison
shown in Fig. 4, namely, a good agreement between
measurements, with slightly higher values measured

by the radar at the times of maximum current velocity.
The 24.5 MHz comparison alternates between a very
good agreement with the model magnitudes and big
overestimations during low-water.

IV. DisCcussiON

The radar measurements collected during the end of
January 2018 compared well with the ADCP measure-
ments. With an average current magnitude of 1.31 m
s~! measured by the acoustic device, the 21 cm s~!
RMS difference between the latter and the radar can
probably be attributed to the measurement techniques
themselves, which differ in their sampling volume, as
well as in the depth of their measurements in the water
column.

Comparison against modelled results yielded a max-
imum bias of 0.8 m s™' across the area where the
maximum current magnitudes are attained. Otherwise,
the bias was found to be around 0.2 m s~! over the
rest of the coverage area. The most striking feature of
the observed differences between radar and model is
the opposite flow asymmetry found over the region
of maximum current velocities and during two days
of exceptionally high tidal ranges. While the radar’s
flow asymmetry resulted in flood dominance during
the period of highest tidal ranges, the model showed
ebb dominance during the whole period covered by the
dataset collected during October 2018. With no other in
situ measurements to verify this finding, it is difficult to
know whether it is the radar or the model which is not
accurately capturing the current magnitude during ebb
in this area. Given the number of tidal constituents and
the 500 m resolution bathymetry included in the model,
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we expect it to be able to reproduce an asymmetry
inversion such as that observed on the radar results
during the period of high tidal ranges. However, given
the abrupt change in the topography, there is always
certain degree of smoothing. This might result in an
underestimation of the effect exerted by this bathymet-
ric step on the flow during low water. On the other
hand, the surface current at this site reaches values
exceeding the maximum radial velocity that can be
accurately measured with HF radars operating at the
frequencies transmitted by our systems, which is 4.16
m s~ ! at 13.5 MHz, and 3.13 m s~ ! at 24.5 MHz. Errors
derived from this limitation could explain the lower
current velocities measured by the radar as compared
to the model in the area where the maximum current
velocities are attained. However, the results obtained
at the lower frequency, which has a higher velocity
threshold, are generally smaller than those collected
at 24.5 MHz. Hence, this limitation does not appear
to be the source of the differences found. The lower
spatial resolution of the 13.5 MHz measurements can,
however, explain the lower results obtained at this
frequency as compared to the 24.5 MHz measurements
and the model results. Taking the grid point of Fig. 7
(b, e), located in the area of maximum current velocity
about 7 km away from the radar sites, the sea patch
affecting the measurements at 24.5 MHz is approxi-
mately 0.85 x 1.5 km after window weighting, while
the 13.5 MHz measurements represent an integration
of the scatter off waves present in a 1.5 x 3 km sea
patch. At this location, close to an edge where the
sea floor topography varies abruptly from 30 to 80 m,
the Bragg waves reflecting the radar signal within the
aforementioned sea patch can be under the influence
of non-uniform sheared current fields. This results in
the broadening of the measured radar Doppler spectra
[25], which no longer have a clear distinctive peak
(used to calculate current velocity), and this may be
the source of the lower measured values.
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Fig. 8. Surface current velocity computed with MARS 3D (black), and
radar-measured at 13.5 MHz and calculated with the beam-forming
technique (grey), and the direction finding technique (red). The time
series corresponds to the grid point at 49.71°N, 2.03°W (black circle
in Fig. 1).

In order to verify whether the relatively coarse res-
olution is the source of these differences, the radar
raw data are currently being reprocessed using the
Multiple Signal Classification (MUSIC) direction find-
ing algorithm (see [26] for further details). The results
obtained at the same grid point discussed above are
shown in Fig. 8, and indicate that higher velocities
can be achieved when the radar signals are processed

with this method. However, the fine tuning essential
to ensure the best performance of the algorithm is a
work in progress. Thus, these results must be regarded
with caution. Hence, although more research is needed
to understand the discrepancies found between radar
measurements and modelled currents, it is clear that
the former bring the opportunity to question and verify
the modelled spatial outputs, otherwise difficult to
validate in complex areas such as the Alderney Race,
where long-term spatial measurements are scarce.
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