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aMorphodynamique Continentale et Côtière (M2C), CNRS UMR 6143, Univ. Caen Normandie, 14000 Caen, France
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Abstract

Two weeks of high-frequency radar measurements collected at the Alderney Race are compared with the

results of a three-dimensional fully coupled wave current model. Spatial current measurements are rare

in this site, otherwise well investigated through modelling. Thus, the radar measurements offer a unique

opportunity to examine the spatial reliability of numerical results, and can help to improve our understanding

of the complex currents in the area. Comparison of observed and modelled surface current velocities showed

a good agreement between the methods, represented by root mean squared errors ranging from 14 to 40 cm

s−1 and from 18 to 60 cm s−1 during neap and spring tides, respectively. Maximum errors were found in

shallow regions with consistently high current velocities, represented by mean neap and spring magnitudes

of 1.25 m −1 and 2.7 m s−1, respectively. Part of the differences between modelled and observed surface

currents in these areas are thought to derive from limitations in the k-epsilon turbulence model used to

simulate vertical mixing, when the horizontal turbulent transport is high. In addition, radar radial currents

showed increased variance over the same regions, and might also be contributing to the discrepancies found.

Correlation analyses yielded magnitudes above 0.95 over the entire study area, with better agreement during

spring than during neap tides, probably because of an increase in the phase lag between radar and model

velocities during the latter.

Keywords: HF radar, surface current, Alderney Race, MARS 3D, WW3, high-frequency radar

1. Introduction

The Alderney Race is a 15-km-wide strait connecting the Normandy-Brittany Gulf with the central

English Channel (figure 1). The circulation in the area is predominantly driven by tides, with weaker

contributions from wind and wave forcing, and a negligible effect of density gradients. The tidal regime is

a response to the Atlantic semi-diurnal Kelvin wave, which propagates some of its energy into the English

Channel [1]. As such, the tidal wave is dominated by the M2 semi-diurnal constituent [2] and follows a

progressive wave regime, with maximum velocities during high and low water. The resonance generated

when the Kelvin wave encounters the Contentin Peninsula produces large tidal amplitudes throughout the

Normandy-Brittany Gulf. The largest values (approx. 14 m) appear in the Gulf of Mont Saint Michel, and
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decrease towards the north to amplitudes between 6 and 10 m in the Alderney Race. There, the mean tidal

range has been shown to present large horizontal gradients that reach 0.4 m km−1 in front of Cap de La

Hague [3]. Similarly, water levels show large horizontal variations due to the strong gradients generated by

the presence of the Channel Islands, and contribute to accelerating the current [2]. The latter, along with

local bathymetric features [4], result in mean spring tide velocities of 2.5 m s−1, and peak velocities in excess

of 4 m s−1 at the Alderney Race [5]. In addition, the area receives occasional energetic inputs from wind

stress and waves [6], which together with an irregular seabed topography varying between 20 and 90 m in

short distances [4] induce nonlinear interactions generating a highly turbulent and spatially heterogeneous

flow.

Using recent measurements collected with a bottom-mounted current meter deployed at the site, Furgerot

et al. [6] observed that the turbulent kinetic energy was 20% larger during ebb tide, despite the higher current

velocity measured during the flood tide. They suggested that the turbulence measured during the ebb tide

had been generated upstream, and advected southward by the tidal current to their measurement site. In

their work, Sentchev et al. [7] and Thiebaut & Sentchev [8] used a towed Acoustic Doppler Current Profiler

(ADCP) to obtain one of the few spatial datasets measured at the site. Comparison against the results of a

two-dimensional hydrodynamic model evidenced a 20% overestimation in the modelled ebb current speeds

over the area where the highest velocities are attained in the strait. This was attributed to the bathymetry

resolution and the model’s limited ability to reproduce the non-linear effects of tidal wave propagation over

highly irregular seabed [8]. Moreover, Sentchev et al. [7] found a high spatial variability on measured current

velocity profiles, which shifted from nearly homogeneous to highly sheared over a distance of only 2 km,

owing to sharp bathymetric gradients.

Finally, Bennis et al. [9] used a three-dimensional fully coupled hydrodynamic model to simulate the

effect of waves on the vertical current profile. They found that, in general, waves tend to reduce the current

velocity owing to the effect of Stokes drift in the upper water column and an enhancement of friction at

the bottom. Comparing their results with the ADCP measurements of Furgerot et al. [10], they showed

their model was able to reproduce the effect of waves on the vertical current profile, which they found to be

non-negligible even when the currents were strong (2.3 m s−1). However, they reported a phase delay with

respect to measurements that ranged between 0 and 30 min. This was attributed to the effect of bottom

friction-generated turbulence and near-bed wave orbital velocity. As evidenced by the studies reviewed in

the previous paragraph, these processes can be highly heterogeneous throughout the Alderney Race; hence,

it is likely that the results obtained at the ADCP deployment site are not fully representative of the whole

area. Thus, observational data able to capture the variability of the site are required to evaluate the model’s

spatial results and to support further developments in hydrodynamic modelling.

With their ability to generate a spatial snapshot of the surface current with a good compromise between

temporal and spatial resolution, land-based high-frequency (HF) radars can provide that kind of data. This

remote sensing technology can be particularly useful for monitoring complex coastal settings like the Alderney

Race, where the presence of strong currents, an energetic wave climate and a rugged seabed morphology make

the deployment of in situ devices a daunting challenge. Measurements acquired with this technology can

help to resolve the scales needed to understand the dynamics of tidal circulation and support hydrodynamic

modelling, and tidal resource assessments [11, 12].
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Figure 1: (a) Map of the study area geographical setting and (b) HF radar coverage zone. Depicted in (b) are the radar stations

at Goury (Gou) and Jobourg (Job), their maximum coverage for measurements acquired at 24.5 MHz (black arcs) and the

measuring grid (black dots). The model grid points used for comparison are shown with red crosses. Points P1-P4 match four

grid points with latitude, longitude coordinates, respectively: (49.7252◦, -2.0255◦), (49.7117◦, -2.0394◦), (49.6937◦, -2.0533◦),

and (49.7162◦, -1.9907◦). Bathymetric contours (grey lines) are shown and labelled at 10 m intervals.

Here, we explore the combined use of HF radar measurements and the three-dimensional fully coupled

hydrodynamic model of Bennis et al. [9] to draw further insights into their respective results. This work

extends the model validation of [9], based on the comparison against ADCP point measurements, by assessing

the spatial consistency of the results. Furthermore, we evaluate the current computed at the surface-most

layer, where ADCPs are unable to provide reliable measurements because of the effects of side lobes, surface

reflection and waves. In addition, we aim to establish the accuracy of the radar surface currents, which,

owing to the scantiness of concomitant in situ measurements, have only been evaluated over one tidal cycle,

when ADCP measurements were simultaneously available. The results, presented in [13], showed a good

agreement between datasets, quantified by a correlation coefficient of 0.96, 21 cm s−1 root mean squared

error (RMSE) and a slight positive bias that indicated the radar velocities were on average 6 cm s−1 higher

than those of the ADCP.

The article is organised as follows. In the next section we describe the data and methods used to produce

the results shown in this document. In section 3 we present the comparison between radar-measured surface

current velocities and numerical results. The horizontal structure of the tidal current is then examined in

section 4, and the measured and computed residual currents are presented in section 5. Finally, we summarize

the results in section 6, and present the conclusions drawn from them in section 7.

2. Materials and methods

2.1. HF radar

A pair of Wellen Radar (WERA) phased-array radars [14] has been installed on the northwest coast

of France to characterize the temporal and spatial variability of the Alderney Race. Their measurements

constitute the first spatial dataset collected at this site in a continuous fashion, and are aimed at furthering

our understanding of the tidal current structure and helping to improve and validate numerical models.
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The individual stations are located approximately 5 km apart, at Jobourg and Goury (figure 1). Each site

has two four-element transmitting arrays, which operate at 13.5 MHz and 24.5 MHz, respectively, and a

16-element receiving array shared by the two transmitting frequencies. With this arrangement, it is possible

to asynchronously operate the radars at the two different frequencies, given the shared receiving array.

The dual transmitting frequency was initially envisaged to allow the full range of sea states that are

likely to occur at the site to be measured [15]. Owing to the different wave height thresholds of low and

high radio frequencies, the latter is usually only possible using more than one frequency [16]. However, since

this work focuses on surface currents, here we use the high resolution measurements acquired at 24.5 MHz.

At this frequency, the radar estimation of surface radial currents is based on the spectral analysis of the

radio signals scattered off 0.5 Hz ocean waves. These waves (known as Bragg waves) satisfy the condition

λw = 1/2λR, where λw is the ocean wave length and λR is the radio wave length, and generate two strong

peaks (Bragg peaks) in the recorded backscatter spectrum [17], at a relative Doppler frequency determined

by their phase velocity and the underlying current [18]. Because the expected Doppler shift due to the phase

speed of the Bragg waves is readily derived from the wave dispersion relation, any displacement from this

theoretical value is attributed to the surface current.

The dataset used here spans two weeks, from 6 to 22 October 2018. Measurements were collected twice

per hour during 8 min 52 s each time, resulting in time series at 30 minute temporal resolution. Range and

azimuthal resolutions were approximately 750 m and 7◦. In the vertical, the measurements are considered

to be a weighted average over an effective depth of 48 cm [19]. The latter is determined as λB/4π, where

λB is the wavelength of the above-mentioned Bragg ocean waves.

The raw measurements were first sorted in range through fast Fourier transform (FFT) [14], and beam

forming was then used for azimuthal resolution (further details about the radar data processing are given

appendix A). Once the raw signals recorded at each of the two stations were sorted in range and azimuth,

radial velocities were calculated over a regular grid at 0.5 km spacing. These were then quality controlled

using a de-spiking technique based on the concept of a three-dimensional Poincaré map. The method is based

on a graphical representation of the variable and its first and second derivatives. The points located outside

of the ellipsoid in the Poincaré map are excluded, and the method iterates until the number of detected

spikes becomes zero [20]. This process eliminated 10% of the radial current velocities measured at Goury

and 16% of those measured at Jobourg. Then, data gaps were filled using DINEOF (Data INterpolating

Empirical Orthogonal Functions) [21]. The latter, is a statistical method that can reconstruct missing data

without any a priori information, using the spatial and temporal covariances of the variable under analysis.

The method can also be used in a multivariate form, which allows to account for the covariances between

variables. Here, we used the latter approach and complemented the radial velocities of the two radars with

the water level measured at Dielette in order to enrich the statistics determining the empirical orthogonal

functions (EOFs). Before the EOFs were determined, part of the non-missing data were set apart for cross-

validation. By comparing this dataset and the reconstructed data, the optimal number of EOFs used for the

reconstruction was set to 10. The retained modes explained 90% of the total variance. Correlation between

the original and reconstructed velocities was above 0.98 at the four points shown in figure 1, and RMS errors

ranged from 0.08 m s−1 at P3 to 0.2 m s−1 at P2. Finally, the radials of the two stations were combined

using a least-squares method [22] to produce surface current vectors throughout the measurement grid (see

4



appendix A for details).

Figure 2: Rotary power spectra calculated from the surface current velocities measured between 6 and 22 October 2018 at (a)

P2 and (b) P1. Clockwise (CW) and counter-clockwise (CCW) components are shown in grey and black, respectively. The

spectra were estimated using four segments 149 h long with 50% overlap and a Hanning window. The effective degrees of

freedom are estimated to be 7. These were calculated as (8/3)(N/M), where M is the length of the time series and N is the

length of the window used. The error bar shown in both panels corresponds to the 95% confidence interval.

Figure 2a,b shows the rotary power spectrum of the radar-measured velocities at P1 and P2. The results

show the clear dominance of the semi-diurnal tidal constituents, which account for 90% of the variance.

Furthermore, the M2 harmonics (M4, M6, M8) dominate the super-inertial band (f = 1.52 cpd) above

the semi-diurnal frequency, evidencing the importance of non-linearity in the area. The rotary asymmetry

is generally low, with predominance of counter-clockwise energy over all frequency bands. The diurnal

constituents are weak, and together with the the rest of the sub-inertial band account for less than 0.5% of

the variance. Differences in the clockwise components calculated at the two points shown are observed at

the low frequencies. These can however be derived from the short period used to calculate the spectra. In

addition, the spectral density of semi-diurnal constituents is slightly higher at P2, owing to a bathymetry-

induced flow acceleration over a shallow (less than 30 m) rocky plateau located at the centre of the domain.

2.2. Hydrodynamic model

Numerical simulations were performed with a three-dimensional fully coupled wave-current numerical

model that combines the three-dimensional hydrodynamic model Model for Applications at Regional Scales

(MARS 3D) [23], and the spectral wave model WAVEWATCH-III v4.18 [24]. The flow was simulated for

the period 6-22 October 2018, on a grid covering the radar field of view.

MARS 3D solves the hydrostatic primitive equations under the Boussinesq assumption and following

the terrain coordinate. WAVEWATCH-III computes the propagation of ocean waves by solving the wave
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action conservation equation. Wave forcing is taken into account in the hydrodynamic model with the vortex

force method [25, 26] allowing the wave effects on the entire water column to be represented (e.g. Stokes

drift effects, enhancement of the bottom friction, changes in vertical mixing). For a wave-forced, three-

dimensional, incompressible, unsteady, hydrostatic, constant-density flow, the generic momentum equation

is:

DÛq
Dt

= SEPGrad + SVMix + SHMix + SWPres + SBAcc + SBBLay + SVForc, (1)

where Ûq = (Ûq, V̂q, Ŵq) is the three-dimensional quasi-Eulerian velocity that is equal to the Lagrangian

velocity minus the Stokes drift. The source terms SEPGrad, SVMix, SHMix, SBAcc, SBBLay, SVForc, SWPres

are for the external pressure gradient, the vertical mixing, the horizontal mixing, the breaking acceleration,

the streaming, the vortex force and the wave-induced pressure gradient, respectively. The coupled model

has been largely validated for nearshore cases in the past [27, 28, 29], and recently for the Alderney Race

[30, 9]. All simulations were two-way with exchanges between both models every coupling time step: MARS

3D sends surface velocities and sea surface height to WAVEWATCH-III, which then sends the wave forcing

terms to MARS 3D, and so on. Exchanges were managed by the automatic coupler OASIS [31]. The coupling

time steps were different from the model time steps.

Simulations were carried out with the same numerical configuration described in [9], and a bathymetry at

500 m spatial resolution. Two embedded grids with horizontal resolution of 600 and 120 m were used for the

parent and the child grids, respectively. The water column was discretized into 15 and 12 vertical levels in

the case of parent and child grids, respectively. Both models used the same horizontal resolution. All MARS

simulations were three-dimensional, whereas wave simulations were bi-dimensional. MARS 3D was forced

at the boundaries by the tidal level of CST France [32]. Sea states were constrained by wave spectra from

HOMERE database [33] applied to the boundaries of the WAVEWATCH-III domain. Flow and sea states

computed on the child grid have benefited at boundaries from the flow velocity, sea level and wave spectra

computed on the parent grid. Wind effects were included via the boundary conditions, but the influence

of local wind was not taken into account. This is because the computational domain of the child grid is

small enough (47.9011153◦N to 50.4583453◦N, -0.7272105◦W to -6.0596025◦W), and the wind intensity was

weak during most of the study period, especially over the 3 day time series used here to study spring (811

October) and neap (1720 October) tide conditions. During these 6 days, the wind at 10 m height above the

ground recorded at the Goury radar site was below 10 m s −1. Wave effects are included in the surface and

bottom boundary conditions. Horizontal mixing is modelled with the Okubo [34] parametrization, whereas

the turbulent closure k − ε, modified according to [35] to represent wave effects, was used to simulate the

vertical mixing.

The time-dependent surface-most level from the modelled water column was selected for the comparisons

hereby presented. The latter was extracted from the model grid cells closest to the radars grid cells (figure

1).

2.3. Methods

The agreement between the radar and model-derived velocity fields was investigated using the method

of [36], which provides a correlation magnitude equivalent to the determination coefficient, and the angle of
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the rotation between the two vectors needed to obtain the highest correlation. In terms of the zonal (u) and

meridional (v) current components, the complex correlation is expressed as

ρ =
〈u1u2 + v1v2〉

〈u12 + v12〉
1
2 〈u22 + v22〉

1
2

+ i
〈u1v2 + u2v1〉

〈u12 + v12〉
1
2 〈u22 + v22〉

1
2

(2)

where u1 v1 and u2 v2 are the modelled and radar-measured current components, respectively. The average

angle between current vectors is then obtained as

α = tan−1 〈u1v2 − v1u2〉
〈u1u2 + v1v2〉

(3)

The calculated angles indicate the counter-clockwise (CCW) rotation of the first dataset from the second.

Thus, positive angles mean a CCW rotation of the modelled vector respect to the radar, and vice versa.

In addition, the discrepancies between datasets were also quantified through their RMSE.

RMSE =

√√√√ 1

n

n∑
i=1

[yi − xi]2 (4)

where y corresponds to the modelled value, x is the radar measurement and n is the number of records.

Harmonic analyses of the current were performed with the least-squares method implemented on the

t tide Matlab toolbox [37]. Owing to the short length of the dataset, the tidal analysis presented in this

document is mainly based on the dominant semi-diurnal tidal component (M2). However, in order to

calculate the current residual, we performed a second tidal reconstruction based on all tidal constituents

with signal-to-noise ratios higher than 1. This included 13 constituents, which explained 98.9% of the

total measured variance. The coherence between modelled and radar-measured current velocities at the

semi-diurnal frequency was calculated following the method described in [38]

γ12
2(fk) =

|G12(fk)|2

G11(fk)G22(fk)
(5)

where G11 and G22 correspond to the one-sided spectrum of each of the two datasets, G12(fk) is the one-

sided cross-spectrum, and fk is the frequency of the semidiurnal M2 tidal component. The results were

calculated for two separated periods, covering neap and spring tidal conditions, respectively. In both cases

three half-overlapping segments of 24 h were used. The results of the cross-spectral analysis were then used

to describe the phase lag between datasets. To characterise the flow kinematics, we calculated the vorticity

(∂v/∂x− ∂u/∂y) by differentiating the gridded current components using centred differences.

3. Radar - MARS3D velocity comparisons

To examine the concordance between modelled and radar-measured current velocities, the two were

compared during a spring and a neap tide, respectively. The statistics of these comparisons are shown in

figure 3. During the spring tide (figure 3a-c), complex correlation magnitudes around 0.98 show an almost

perfect agreement throughout most of the grid. The lowest values, which are still above 0.97, are found in

the centre of the domain, and towards the west. Angular differences are low and negative throughout the

radar footprint, indicating a cyclonic rotation of the radar vectors compared to the model. This is inverted in

the eastern part of the domain, where there is an average 5◦ anticyclonic veering of the radar current vectors

relative to the model. Finally, the RMSE results show the same pattern of the correlation magnitude (figure
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Figure 3: Comparison of model and radar surface current velocity. The first row (a-c) corresponds to spring tide conditions

measured between 8 and 11 October 2018. The bottom row (d-f) shows neap tide conditions measured between 17 and 20

October 2018. The first column (a,d) and the second (b,e) are the magnitude and phase of the complex correlation between

datasets, and the third column (c,f) is the RMSE. Bathymetric contours (grey lines) and labels (in a, c, d and f) are shown at

10, 30, 50 and 70 m.

3a). That is, the highest errors are found in the areas of lowest correlation, including the area surrounded

by the 30-m isobath in the central part of the domain.

During neap tide (figure 3d-f), the correlation magnitude decreased to a minimum value of 0.95 in the

northern part of the grid. Otherwise, the distribution of RMSE and veering between modelled and measured

current vectors appear to be largely consistent over the fortnightly tidal cycle, and the main difference is a

reduction on their magnitudes, which in the case of the RMSE may be due to the weaker current velocities

involved in the comparison.

The temporal evolution of the agreement between model and radar current velocity was evaluated at

four points within the grid (see figure 1 for their locations). The time series of the spring surface current

velocities are shown in figure 4 a-d. There is excellent agreement between datasets at the northern- and

southern-most locations (figure 4 a,c) in terms of current velocity magnitude. The phasing between model

and radar is low, but there is evidence of a delayed flood reversal in the modelled velocities. At the centre of

the domain (P2), the current velocity increases, and so do the differences between radar and model. Notably,

the modelled peak ebb velocities attain magnitudes in excess of 0.5 m s−1 respect to the radar (figure 4b).

Finally, the comparison at the eastern-most point (P4) revealed the highest discrepancies between methods.

There, the modelled current velocities exhibit higher asymmetry, with peak flood velocities that exceed the

radar measurements in 1 m s−1. This difference reduced to about 0.5 m s−1 during the peak of the ebb tide.

The results obtained during the neap tide of 17-20 October 2018 are shown in figure 5. Differences
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Figure 4: Surface current velocity computed with MARS 3D (red), and measured by the radar (black) during a spring tide over

the period 8-11 October 2018. Panels (a-d) correspond to the positions 1-4 shown in 1. The label ’flood’ in (a) indicates the

peak of the flood tide.

Figure 5: (a-d) Same as in figure 4 but for the measurements collected during the neap tide on 17-20 October 2018. The label

’ebb’ in (a) indicates the peak of the ebb tide

between model and radar current magnitudes are variable across the grid. The radar measured slightly

higher ebb peak current velocities in the deeper locations at the northern- and southern-most points (figure

5a,c). The differences attain a maximum 0.25 m s−1 around the 18 October, when the tidal range was at

its minimum (approx. 2 m). The results reverse at the shallower points (P2 and P4), located along the axis

of maximum current speeds. There, the modelled peak flood velocity exceeds the radar measurement by a

maximum 0.4 m s−1 at the point located closest to the headland. Nevertheless, the most evident discrepancy

between modelled and measured time series is their phase difference, which probably accounts for the slightly

lower correlation values observed in figure 3d during neap tide conditions. Although the value of the delay

seems to vary both temporally and spatially, the results indicate that in general, the modelled currents lag

the radar measurements. The greatest differences are observed during the flood reversal, which is delayed

by 30 minutes respect to the radar results. To examine the spatial distribution of the phase lag, this was

calculated at the semi-diurnal frequency as described in the Methods. The results are shown in figure 6. As
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already observed in the current velocity time series, the spatial results confirm that higher phase lags occur

during the period of lower tidal range (figure 6b) throughout the radar footprint. In addition, the figure

shows phase differences that are minimal in front of the headland, and increase offshore to average values of

16◦ (approx. 30 min) north and south of the 30 m isobath located in the centre of the domain.

(a) (b)

Figure 6: Phase differences (degrees) between modelled and radar-measured currents. Results were calculated for (a) a period

covering a spring tide during 8-11 October 2018 and (b) a neap tide from 17 to 20 October 2018.

4. Tidal flow structure

Maps of the measured and modelled M2 major axis amplitudes and phases are depicted in figure 7. The

results evidence good agreement between modelled and measured tidal amplitude patterns (figure 7a-b).

Both present higher values in regions where the flow is accelerated owing to bathymetric effects, such as the

eastern part of the domain and over the 30 m isobath at its centre. Nonetheless, there is a region within

these shallow areas where the model M2 amplitudes are about 0.5 m s−1 higher than the radar’s. The ratio

of the semi-minor to semi-major axes (not shown) was low throughout the radar coverage, suggesting a

close to rectilinear current with semi-minor axes that remain very close to zero but positive, indicating an

anticlockwise sense of rotation. The radar’s M2 phase lag with respect to Greenwich varies from 195◦ in

front of the headland to 210◦ on the western end of the domain, whereas the model phases lag the radar by

10◦ on average.

The ellipse parameters obtained at the four points depicted in figure 1 are summarized in table 1. There

is an excellent agreement between radar and model ellipses at P1 and P3, both in terms of amplitude and

inclination. In contrast, the major axis of the modelled ellipse at P4, in front of the headland, exceeds the

radar’s by 0.6 m s−1. Additionally, whereas the modelled ellipse is mostly rectilinear, the radar M2 rotation

is considerably larger at that point. At P2, the model amplitude is 0.3 m s−1 higher, but both ellipses show

similar eccentricity.

The spatio-temporal distribution of the surface current was further examined by producing maps at

different stages of the tide. These are shown in figure 8, where the surface currents measured on 10 October

are depicted at four times, separated by 3 h from each other. During the peak ebb tide (figure 8a,e) the

current is directed towards the southwest and the vorticity shows high positive values in front of the headland
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(a) (b)

(c) (d)

Figure 7: Amplitude (a,b) and phase (c-d) of the M2 tidal constituent extracted from the the harmonic analysis of (a,c) the

radar and (b,d) model datasets.

Table 1: Amplitude (u, v), inclination (θ◦), and phase (φ◦) of the M2 tidal component derived from the modelled and radar-

measured surface currents over the period 6 - 22 October 2018. Results are shown for the points P1-P4 depicted in figure 1.

All parameters are shown with the value of the 95 % confidence interval. The last column corresponds to the percentage of the

variance explained by the M2 constituent.

Point u (m s−1) v (m s−1) θ(◦) φ(◦) σ2
M2

(%)

P1

Model 2.20 ±0.11 0.10 ±0.07 60.9 ±2.16 212.5 ±2.64 88.6

Radar 2.20±0.06 0.09±0.05 56.31±1.33 203.8±1.6 86.8

P2

Model 3.19±0.15 0.09±0.1 64.4±2.24 212.8 ±2.75 89.5

Radar 2.89±0.09 0.09±0.08 63.51±1.5 203.2±1.89 86.0

P3

Model 2.46±0.14 0.07±0.09 69.2±1.79 213.2±3.11 90

Radar 2.43±0.11 0.08±0.05 71.65±1.07 203.6±2.04 86.2

P4

Model 3.23±0.19 0.003±0.03 85.9±0.45 206±3.52 88.1

Radar 2.63±0.17 0.09±0.05 76.05±1.26 199.6±3.67 88.1

owing to friction. Three hours later, during the ebb slack (figure 8b,f), the modelled flow is still flowing

southward over most of the domain, but shows signs of a developing eddy located in front of Goury. The
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radar map is similar, but the eddy that was starting to develop in the modelled flow seems to have been

advected westward. During the peak flood tide (figure 8c,g) the current direction is northeast, and the flow

is mostly uniform throughout the domain. Interestingly, there is patch of positive vorticity in the radar

map which does not appear in the modelled flow. The location of this patch coincides with a very steep

gradient in the bathymetry. To reach that point, the current flowing from the southwest has to cross the 30

m isobath to then enter a deep canyon of about 80 m depth, in only few hundreds of meters. The stretching

of the water column as the flow crosses the depth contours is probably generating the positive vorticity due

to Earth’s rotation. The early development of this vorticity appeared 1 h before maximum flood, and it

persisted 2.5 h after. The same vorticity patch is not observed in the model results, perhaps because of a

smoother representation of the bathymetric step and/or inaccurate modelling of vertical mixing in the area.

Finally, during the high tide slack (figure 8d,h) the radar flow has already veered southwest throughout most

of the domain, except in the northwest corner. On the other hand, the calculated flow has only begun to

turn. An exception to the latter can be observed at a few points close to Goury, where the current is already

directed south-westward. This is in accordance to what was shown in figure 6, where the lowest phase lags

between model and radar were found in the eastern part of the domain, close to the headland.

Vorticity / f

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 8: Maps of the surface current vectors overlaid on the relative vorticity field normalized by the Coriolis parameter (f ).

Results are shown for 10 October, at four stages of the tide: maximum ebb (a,e), low water slack (b,f), maximum flood (c,g) and

high water slack (d,h). Results derived from radar measurements (a-d) and the modelled flow (e-h) are shown. The reference

arrow shown corresponds to the median current velocity over the domain. Bathymetric contours (grey lines) and labels are

shown at 10, 30, 40, 50 and 70 m.

5. Residual flow

The residual components of the surface current depicted in figure 9 evidence a weak residual current,

compared with the strong tidal flow. Although the magnitudes of modelled and measured current residual

vectors are in close agreement, there is a counter-clockwise rotation of the latter with respect to the former,
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at the northern end of the domain. Maximum residual velocities occur in the vicinity of the headland, where

there is a north-westward residual flow of about 0.4 m s−1. As observed in the previous section (figure

8), the high topographic gradients in that area induce the production of instantaneous vorticity that is

then transferred the residual flow field. Otherwise, measured and modelled residual currents and vorticity

show similar patterns, which in turn appear consistent with the circulation associated to the residual eddies

generated in the vicinity of the headland, and north and south of the island of Alderney.

(a) (b)

Figure 9: Residual current vectors (m s−1) overlaid on the temporally averaged relative vorticity field normalized by theCoriolis

parameter (f ). The results are shown for (a) the radar measurements, and (b) the modelled results. The reference arrow shown

is the median residual current velocity. Bathymetric contours (grey lines) and labels are shown at 10, 30, 40,50 and 70 m.

Time series of residual velocities measured at P4 and P2 are shown in figure 10. There is evidence of

larger residual flows generated by winds blowing from the north and northeast, which were generally in line

with the current and waves during the study period. Under these wind regimes, both the magnitude and

modulation of residual velocities increase with respect to south and southwest-blowing winds. Modelled and

measured residual velocities show better agreement at P2, whereas the modelled values are generally higher

than the observations at P4. There, the modelled zonal component shows sharp peaks of residual velocity

approximately 1 h before low water. It seems that modelled nonlinearities generated when the water level

is low result in a transfer of energy to the residual flow. On the other hand, the time of meridional peak

velocities varies over the two weeks, depending on wind-wave-current directions.

The largest discrepancy between radar and model was observed during the highest wind event registered

over the studied period, on the evening of 6 October. At P2 (figure 10d,e), the radar meridional residual

current measured before the peak ebb tide, when wind, waves and current were all directed in the same

direction (less than 20◦ apart), was three times larger than the modelled velocity. The effect of the approx-

imately 18 m s−1 northerly wind and approximately 2 m waves propagating from the north appears even

stronger at P4, where the radar meridional residual current component during flood, when the tidal current

opposed wind and waves, was opposite in sign to the modelled result.
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Figure 10: (a) Wind speed (black line and dots) and direction (cyan dashed line and crosses) measured by a LiDAR station

located at Goury, and residual current velocity components (m s−1) measured at P4 (b-c), and P2 (d-e). In panels b-e, the

blue line with dots is the radar velocity, and the black line is the model. The label ’flood’ in (e) indicates the peak of the flood

tide. The grey-shaded areas correspond to periods of north and northeast-blowing winds.

6. Summary

The HF radar data collected at the Alderney Race provide a valuable addition to the scarce measurements

available at the site, and offer a new opportunity to examine the spatial reliability of numerical simulations.

Comparison of the measurements against the results of a three-dimensional fully coupled wave-current model

resulted in a good agreement between methods, represented by RMSE ranging from 14 to 40 cm s−1, and from

18 to 60 cm s−1 during neap and spring tides, respectively. Maximum errors were found in shallow regions

with consistently high current velocities, represented by mean neap and spring values of 1.25 m s−1 and 2.7

m s−1, respectively. The hydrodynamic conditions reigning in these areas are challenging for both model and

radar. As shown in Appendix A (figure A.11), the radar radial velocities displayed larger variance in areas of

steep bathymetric gradients than elsewhere in the radar domain. In these regions, the short ocean waves that

scatter the radar-transmitted radio signal are likely to suffer spatial and/or temporal variations during the

radar measuring period. This is due to several mechanisms, including shear and fast-varying currents, and

will result in the broadening of the radar spectrum [39, 40, 41]. Since the accurate identification of the Bragg

peak frequency is central to the determination of radial current velocities, this broadening is associated with
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a reduced accuracy. In spite of the latter, the total current vectors were inferred with an average accuracy

of 6 cm s−1 in these areas (appendix A). Similarly, the model may be limited in its description of the

current in areas of high turbulence, owing to an inaccurate representation of turbulence diffusion and related

three-dimensional effects during spring tide conditions, when tidal range and current velocity are at their

maximum. This might be related to the k-epsilon turbulence model implemented in MARS to simulate

vertical mixing, which does not include horizontal advective terms for the turbulent kinetic energy and

dissipation (see eqns (2) and (3) of [9]). When the flow velocity is weak (up to 2 m s−1), bottom-induced

turbulence is less energetic than for large flow velocities (up to 3-4 m s−1) and is weakly diffused. In this

situation, the turbulent horizontal transport is weak, and the above-mentioned lack of horizontal advective

terms for the turbulent kinetic energy and dissipation constitutes a good approximation. However, when the

transport becomes strong during spring tides, it can result in strange behaviours. Given that this horizontal

transport is induced by the angle between the tidal current and the bathymetry, spurious results might

appear during ebb or flood tides, as observed in the results obtained during spring tide conditions at P2 and

P4, respectively.

Not surprisingly, the agreement between observed and modelled surface currents improved in areas of

smooth topography. Very close to P3, at the point where the ADCP used for validation in [9] was deployed,

we obtained NRMSEs (RMSE normalized by the range of measured current velocities) of 0.15 and 0.08 for

neap and spring tides, respectively. This compares well with the value of 0.11 found by [9] for a 5 day period

of ADCP measurements, characterized by a maximum current velocity of 3 m s−1.

Temporally, the correlation between datasets was better during spring than neap tides. This was due to

a phase lag between radar and model velocities. The latter were found to lag the radar, especially during

the flood reversal, which was delayed with respect to the measurements. This difference, which was also

confirmed when examining snapshots of the current field, has been previously observed when comparing the

model results against ADCP measurements, and has been attributed to the underestimation of the effects

of wave turbulence in the bottom boundary layer [9]. Bailly et al. [42], who also observed similar phase lags

in the results of a two-dimensional hydrodynamic model, stated that the larger discrepancies during neap

tides were related to the greater influence of the high-frequency tidal components relative to the semi-diurnal

M2-S2 constituents, which during neap tides are out of phase and tend to cancel each other. Our results also

point to the latter as the main driver behind the phase differences, which are found to be greater during neap

than spring tide conditions, independent of sea state. Nonetheless, within periods of equal tidal range, the

lag was also found to vary spatially. In front of the headland, the differences during spring tide conditions

were negligible, and increased to about 9 min during the neap tide. The lag increased from this region

towards the west, reaching a maximum 30 min during the neap tide. Bennis et al. found [9] that adding

local winds in the simulations reduced the discrepancies. The modelled results used here, that included the

effect of waves but not that of the local wind, showed the highest phase differences in exposed areas outside

the shelter of Alderney. Thus, the spatial pattern of the phase differences can be attributed to the wind

and wave bottom stress effects suggested in [9]. In front of the headland, where topographic effects and

headland eddy dynamics during tide reversal are important, the relative contribution of wind and waves

through bottom stress decrease, and this might result in a corresponding reduction in the delay. However,

although we observed increased phase lags during high-wind events (not shown), we did not find a consistent
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reduction during calm conditions. Thus, it is not possible to confirm whether the spatial variation in phase

lag is due to the model’s underestimation of wave-induced bottom turbulence. Furthermore, bearing errors

in the radar radial velocities cannot be ruled out.

The semi-diurnal M2 tide was found to flow through the strait in an almost rectilinear fashion, following

its alongshore axis. In shallow areas close to the coast, the modelled M2 amplitudes exceeded those of the

radar, with maximum differences of 0.6 m s−1. Elsewhere, modelled and radar-measured M2 amplitudes

were in good agreement. As opposed to the spatially varying phase differences observed when comparing

the measured and computed flows at the semi- diurnal frequency, phase differences in the model and radar

harmonic fit of the M2 constituent were homogeneous throughout the domain, and showed that the model

lagged the radar measurements by 10◦ on average.

The analysis of synoptic maps of the spatial tidal current for different stages of the tide revealed a

structure consistent with previous observations of flows near headlands (e.g. [43, 44]), with acceleration

of the current in front of the headland, and frictional vorticity generated as the current flows along depth

contours with different depths each side. Although vorticity generation in front of the tip of the headland

was found to be high during most stages of the tide, the highest values were found during ebb, probably

because of a higher effect of bottom friction during times of low water level. Interestingly, during the spring

flood tide, the radar current field showed a localized positive vorticity patch in an area characterized by a

very steep topographic feature that did not appear in the modelled results. This may be related to either the

limitations in turbulence modelling referred to above or an underestimation of the bathymetric step effect

in the modelled flow. In this same region, Sentchev et al. [7] found strong gradients on measured current

velocity profiles, which shifted from highly sheared over the 30 m plateau located in the centre of our domain

to nearly homogeneous at the point where the radar measured a sudden change in the sign of vorticity.

Similar to the tidal current, its residual was found to be representative of analogous geographical settings,

characterized by the presence of a headland on one side and an island on the other, and agreed qualitatively

well with previous results in the area (e.g. [2, 45]). As such, the two counter-rotating residual eddies generated

north and south of Alderney as a result of ebb and flood dynamics were found to meet the residuals associated

with the headland at a point located in the western part of the radar domain, where the residual current was

found to be negligible. Differences between radar and model residual fields were found in the north part of

the domain, and might be associated with radar bearing errors. Close to the headland, the modelled zonal

residual component shows evidence of a large amount of energy transferred to the residual flow during ebb.

Together with the latter, the tidal origin of the residual flow was evidenced by the modulation of residual

velocities over the tidal cycle. Nevertheless, larger residual velocities observed during periods of north and

northeastern blowing winds showed an increased influence of wind-driven residual velocities when the angle

between current and wind vectors was small. This situation was observed during storm conditions (2 m

wave height and 20 m s−1 wind speed), which strongly modified the radar residual velocities in front of the

headland. At the same location, there were concomitant reductions in peak flood velocities (not shown) that

resulted in differences of up to 2 m s−1 with respect to the model. Throughout the rest of the domain, wind

and waves opposing the current reduced radar peak flood velocities to magnitudes of 0.6 m s−1 below the

modelled results. Although the modification of current velocity due to waves propagating at low angles from

the tidal current has previously been reported (e.g. [46]), the large reduction in current velocity measured
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in front of the headland merits further research that is beyond the scope of this paper.

7. Conclusion

We compared HF radar-measured surface currents against the results of a three-dimensional hydrody-

namic model with fully coupled wavecurrent interactions. The agreement was found to be very good over

most of the domain, and the differences between datasets agreed quantitatively with previous results, ob-

tained by comparing the modelled current against ADCP measurements. Nonetheless, the modelled flood

reversal was found to be delayed with respect to the radar. The larger phase lag found during neap tide

conditions suggests that its main driver is the higher uncertainty on the source terms during the times of

low tidal range.

In spite of overall good results, both datasets used in this study have limitations in regions of large

bathymetric gradients and high turbulence. In these areas, the variance of the radial surface currents showed

larger values than elsewhere in the radar domain. Similarly, the k-epsilon turbulence scheme implemented

in MARS 3D may be limited in its description of the turbulent horizontal transport during periods of strong

currents.
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Appendix A. HF radar data processing

The radar sites at Goury and Jobourg were synchronously operated in masterslave mode, twice per hour

for 8 min 52 s each time. Both transmitted a frequency-modulated continuous wave (FCMW) with 200 kHz

bandwidth centred at 24.5 MHz, yielding a range resolution of 750 m. The receiving arrays of both sites

were formed by 16 antennas at 6 km spacing (0.495λ), yielding an azimuthal resolution of approximately

7◦. However, during this experiment the Goury site was operated with 15 receiving elements due to the

malfunction of one antenna. Although this meant an increased sensitivity to side lobes, the defective antenna
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was located at the edge of the array; therefore, its exclusion is not expected to significantly affect the quality

of the beam forming.

The measurements were processed with the in-house software available with WERA radars as follows.

The raw measurements were first sorted in range through FFT. Thereafter, the power spectra of the complex

signal were obtained at each antenna. A beam forming technique was then applied for azimuthal resolution,

yielding one Doppler spectrum every 1◦ at each radial ring covering an angular extent of ±50 ◦ from boresight

(direction normal to the receiving array). These spectra were then interpolated onto a Cartesian grid at 0.5

km spacing. For that, the four spectra closest to a grid point were used to obtain the final interpolated result.

In the next step, the two strongest peaks (positive and negative) of each Doppler spectrum were identified,

in order to infer radial current velocities. The latter were calculated from the power of the spectral lines

within an interval of K = ±Nfft/64 lines around the two first order peaks (with Nfft = 512), and their

signal-to-noise ratio (S/N) as

ur =

∑K
i=1 ur(i)S/N(i)∑K

i=1 S/N(i)
(A.1)

where ur(i) is the Doppler shift of the spectral lines around the first order peak, and S/N(i) is their signal-to-

noise ratio. The resolution of these radial velocities is 4.6 cm s−1. This value was obtained as δvr = λRδf/2,

where δf = 7.5∗10−3 Hz is the spectral resolution, and λR = 12.25 m is the radio wavelength.

The variance of the radial current velocity, which is related to the width of the first order region, was

calculated as

σ2
r =

∑K
i=1 ur(i)

2S/N(i)∑K
i=1 S/N(i)

− u2r (A.2)

and, from the above, the accuracy of the radial current velocity was obtained as

Accr =
σr√
K

(A.3)

(a) (b)

Figure A.11: Time-averaged accuracy (m s−1) of the radial current velocity measured at (a) Goury, and (b) Jobourg during

the period 06 - 22 October 2018.

The results of equation A.3 are shown in figure A.11a,b. At Goury (figure A.11a), the radial currents

were measured with an average accuracy of approximately 2.5 cm s−1. This value deteriorated to 3.5 m
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s−1 at a strip following the northern boundary of the 30 m depth plateau, found at the centre of the map.

At Jobourg (figure A.11b), the radial current was measured with an average accuracy of approximately 2

cm s−1 over most of the domain. Similar to the other site, there is an area of reduced accuracy (3.5-3.7

cm s−1), at the eastern-most part of the domain. In both cases, reduced accuracy appears in areas of high

bathymetric gradients, where the spatio-temporal variability of the current is expected to be high. This

results in the broadening of the Doppler spectral peaks used to infer the radial current velocity, which, as

seen in equation A.2, has an effect in the calculation of the radial current variance.

In the last step, the radial current velocities from the two sites were combined to obtain the total current

vector. Using the radial current variances calculated with equation A.2, the total surface current was obtained

solving equation B5 in [47]

(ATA)u = AT b (A.4)

where

A =

 cosθ1
σr1

sinθ1
σr1

cosθ2
σr2

sinθ2
σr2

 b =

ur1

σr1

ur2

σr2

 (A.5)

Then, the variances of zonal and meridional current components were obtained from the diagonal elements

of the covariance matrix C

C = (ATA)−1 (A.6)

The results of the above expression include the effects of the Geometric Dilution of Precision (GDOP)

(figure A.12a), which ranged between 1.5 and 4 over the domain. The surface current accuracy was found

to vary from 5 cm s−1 close to the coast, to 12 cm s−1 at few grid points in the western end of the domain.

(a) (b)

Figure A.12: (a) Geometric dilution of precision. (b) Time-averaged accuracy of the two-dimensional surface currents measured

over the period 6-20 October 2018.
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