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Comparison of Currents derived from X-band Radar and collected
In-situ Data in Ameland Inlet

Abstract: Velocities derived from X-band radar were compared to depth-averaged ADCP
measurements in a complex tidal inlet system at Ameland, the Netherlands. Inclusion of
depth-assimilation and ensemble-averaging in radar calculations led to smaller differences between
ADCP and radar. The observed differences were clustered and related to water level elevations, wind
velocities, wave periods, wave heights, spatial coherence in radar output and error metrics of the radar
fitting procedure. Larger waves and higher wind velocities were observed to benefit radar agreement
with ADCP results. Rising water levels benefitted agreement in east-west direction. Falling water levels
benefitted agreement in north-south direction. Confidence intervals of the fitting procedure were
observed to coincide with differences between ADCP and radar and potential for filtering based on them
was shown. Nevertheless, an unclarified tendency towards northwestern bias, which may be specific to
the comparison locations, remains. The radar at Ameland monitors the whole inlet system and provides
current velocities everywhere in its range. This study shows that its currents are in good agreement with
ADCP depth-averaged currents throughout most of the tidal cycle. Furthermore, it stresses radar’s
potential for better monitoring of the coast and for cost-effective coastal field measurements to obtain
large datasets, even in hydrodynamically very complex regions.

Keywords: Remote Sensing, Coastal Field Measurements, Current Monitoring, Depth Inversion,
X-Band Radar, SEAWAD, Kustgenese 2.0, XMFit

1 Introduction

The magnitude and direction of currents play an integral role in sediment dynamics and coastal
morphology. To understand local morphodynamics, it is therefore valuable to measure currents. This
can be done with in-situ or remote sensing techniques. In-situ measurements are costly due to the
required man hours and equipment. Also, and despite their accuracy, common problems include the
influence of carrying structures (Mueller, 2015) and the limited spatial coverage. Remotely-sensed
current measurements are generally coarser than in-situ measurements but offer several advantages
(Holman and Haller, 2013, Gangeskar, 2018): The equipment does not need to resist violent wave action
in the surf zone; there is no danger to operators installing, repairing or retrieving equipment; and the
equipment is not affected by scouring, burying or fouling. Moreover, remote sensing has the potential
to provide measurements over larger areas at high temporal resolution and low cost.

In recent years, the interest for remote sensing in coastal engineering has been growing. Systems
were developed to measure wave characteristics, wave dissipation, bathymetry and current vectors
(Holman and Haller, 2013). A particular example, based on RAdio Detection And Ranging (RADAR),
is the X-band MATLAB® Fitting (XMFit) algorithm (Friedman, 2014). It was developed at TU Delft
and Deltares and it is a 3D-Fourier based method as proposed by Young et al. (1985a). It estimates both
bathymetry and near-surface currents. Currently, it is used to monitor the morphodynamics of the
Ameland ebb-tidal delta in the Netherlands for the Dutch coastal research project Coastal Genesis 2.0
(Gawehn et al., 2019 in prep.).

Remote sensing of currents via radar initially focused on High Frequency (HF) radar (Crombie,
1955). It is based on Bragg resonance of water waves with radio waves of similar wavelength
(Valenzuela, 1978 and Nieto Borge et al., 2004). Even though HF radar is used operationally in the US
(Terrill et al., 2006), the highest achievable current resolutions are O(1-6 km). X-band radar allows
higher resolutions and the simultaneous estimation of depth. It is based on a broadband
wavenumber-Doppler shift relationship instead of direct radio wave Doppler shifts, as HF radar is
(Campana et al., 2016). Composite surface scattering theory (Bass et al., 1968) and Wright, 1968)
confirmed that (in X-band radar) the emitted electromagnetic waves are being scattered by centimeter
scale capillary waves riding on the water surface of large scale (longer) water waves. Subsequent
research showed that the longer waves, on which capillary waves are riding, are modulating the
backscattering characteristics of Bragg resonance from capillary waves (Plant and Keller, 1990, Wetzel,
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1990, Lee et al., 1995). Therefore, the long waves become visible via their modulation of the signals
that capillary waves scatter. Nieto Borge et al. (2004) identified three distinct processes of modulation.

Modulation of Ocean Modulation of Radar Wave Tmme Sernes of Radar

Wave Spectrum by Capillary Waves by Resonance with Tmage Intensity (input
Effective Velocity Ocean Waves Capillary Waves mto XMFif)

Figure 1 Flow chart describing the flow of information from effective velocity to input into XMFit as radar images.

Current estimation from radar, whether HF radar (e.g. Teague et al., 2001 and Trizna and Xu 2006) or
X-band radar (e.g. Young et al., 1985b, Senet et al., 2008 and Hessner and Bell, 2009), commonly relies
on the Doppler shift that currents apply to the ocean wave spectrum (Stewart and Joy, 1974). Stewart
and Joy (1974) derived, under assumption of infinite depth, a relation between the Doppler shift-causing
effective velocity uefi(k) and the velocity profile u(z). Kirby and Chen (1989) extended their relation to
finite depths (assuming profile shapes a priori):

Uepr(k) = u (z) cosh[2k(h + 2)]dz (1)

2k 0
sinh(2kh) fh
Ha (1979), on the other hand, developed a method to estimate u(z) from Stewart and Joys’ (1974)
equation without a priori profile assumptions, recently implemented with success in X-band radar
calculations of current shear (Campana et al., 2017).

Note that there is confusion over the physical significance of the effective velocity ues(k). Stewart
and Joy (1974) stress that radar measures ”...the weighted average of the current with depth,... ““. Young
et al. (1985b) highlight that the in-situ current profile originates from a superposition of tidal currents,
ocean circulation currents, wind drift currents and wave-induced currents (including Stokes drift),
acknowledging the complexity in calculating values for ues(k) and in comparing them to in-situ
measurements. Senet et al. (2001) refer to uer(k) as the velocity of encounter, stressing that it is a
near-surface current and noting that the vertical dimension of Doppler shifts originating from currents
is limited to the penetration depth of ocean waves, being approximately half the waves’ wavelengths.
Campana et al. (2016) refer to uerf(k) as “... a weighted depth-average effect currents have on the
wavefield.”, leaving room for interpretation which current the radar actually measures. Nevertheless,
Young et al. (1985b), Senet et al. (2001) and Campana et al. (2016) inherently adopt Stewart and Joys’
(1974) definition of effective velocity.

Equation (1) indicates that radar’s depth-average is weighted according to wavenumber k and radar
should measure currents up to a depth of (2k)2, equaling 8 % of the ocean wavelength (Figure 16). This
was partly confirmed (Teague et al., 2001) but there is confusion over the in-situ validation of radar
currents. Ludeno et al. (2016), Hessner et al. (2015) and Lund et al. (2015) compare X-band radar
estimates to Lagrangian drifters, Acoustic Doppler Current Profiler (ADCP) depth-averages over the
near-surface region and single ADCP bins at larger depth. Furthermore, radar currents represent large
areas whereas ADCPs represent single locations and Lagrangian drifters represent single paths.

So far, the validation of XMFit has mainly focused on bathymetry. Only Weijenborg (2015) focused
on XMFit radar currents but stresses the confusion over their physical meaning (and whether they
include Stokes Drift or not). Thus, there is a need to determine what the relation of XMFit currents to
in-situ currents is and how useful they can be in coastal monitoring applications. Furthermore, the
reasons for observed differences between XMFit and in-situ currents must be identified and methods
for reducing the differences must be developed.

To do so, depth-averaged currents from in-situ measurements are compared to XMFit currents under
different calculation settings. It is observed how difference characteristics are related to the settings,
environmental conditions and statistics of the fitting procedure to draw conclusions on their influence.
Finally, the potential for output filtering and practical application of XMFit in coastal monitoring is
tested.
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2 Methodology

Results from a field campaign, conducted in September 2017, offered the opportunity to compare
remote sensing-derived current estimates (from X-band radar) with in-situ data (from ADCP
measurement frames) at the northern edge of Ameland inlet’s Ebb Tidal Delta (ETD, Figure 2). In this
study, environmental data, measured at nearby stations or estimated from numerical models, spatial
coherence in radar output and error metrics of the radar method’s fitting procedure are related to
observed differences between ADCPs and radar. September 2017 was characterized by a combination
of calm conditions and storm events (notably storm Sebastian peaking on September 13™).
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Figure 2 Satellite image of Ameland inlet georeferenced to Dutch Rijksdriehoekscodrdinaten with image size corresponding to radar
range. Depths superimposed from combined bathymetric surveys (February and September 2017) and indicated by colorbar on the right.
Positions of radar (green diamond), ADCP frames (red circle and square) and radar calculation points at different spacings (black circles
for small spacing and squares for large spacing) indicated by markers.

2.1 Radar Measurements

The radar used for data acquisition operates from the lighthouse at Ameland inlet. It has a range of 7.675
km but is cut off at 7.5 km in order to minimize the effect of inaccuracies at the boundary. The resolution
of a single pixel is 7.5 m with one radar image containing 2048 such pixels. The framerate of the radar
images is 2.85 s.

XMFit is based on the Doppler shifted linear dispersion relationship. Radar images of backscatter
intensity are divided into computational cubes and stacked in time. Via application of a 3D-FFT (Fast
Fourier Transform) the energy spectrum E(kxky,®) is obtained (Young et al., 1985a). The image
intensity dispersion shell in three-dimensional wavenumber-frequency space is then fitted to dispersion
relationships. Depth and current information of the best-fitting theoretical dispersion shell are output.
For more elaborate information on the theoretical basis of the algorithm, refer to the work of Gawehn
etal. (2019 in prep.).
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Radar results for velocity correspond to a weighted depth-average (Stewart and Joy, 1974). In this
study, a spatial domain of roughly 0.92 km? is used to obtain a single depth-averaged velocity which is
then compared to the ADCP velocity measured at the frame (Figure 3). Like the ADCP velocities, radar
velocities are time averaged over intervals of 12 minutes — the intervals will be referred to as epochs. In
each epoch, calculations are made at the ADCP frame location and surrounding points (Figure 3)
because comparing multiple outputs provides a more resilient result. Many different spacings of
calculation points were tested and the relation of two is shown schematically (Figure 3). Medians and
means, of the velocities obtained in all calculation points, are used to select a single output velocity,
representing the epoch. The spatial coherence of an epoch describes how similar output velocities in the
calculation points (Figure 3) are. Even though XMFit can be run without depth input, the algorithm is
first run in depth-assimilated mode to constrain the solution. A combined bathymetry from single beam
surveys in February and September 2017 is used as ground truth depth.
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Figure 3 Schematization of calculation points (black circles and squares) for calculation of radar velocities (magnified from Figure
2 showing both grids for ADCP frame 1). Points surround the frame (red circle) in steps of 100 (200) m (small spacing) and 500 (1000)
m (large spacing). Hypothetical region of unfavorable conditions shown (blue rectangle). The averaging area of two respective points in
small and in large spacing is shown exemplarily (orange and magenta squares centered at orange and magenta markers).

XMFit does not output velocities if the fitting procedure violates error metric settings (e.g. R? < 0.6).
Due to challenging environmental conditions, no XMFit output was produced in multiple days of the
field campaign. Furthermore, the radar was damaged during storm Sebastian so that it was not operative
between September 14™ and 24", Additionally, medians and means are only cal ulated and output if
velocities were output in five or more calculation points. This limits the times of conjunct data
availability, from ADCPs and radar, to 31.8.17 09:32 — 8.9.17 19:31, from now on referred to as time
interval 1, and 26.9.17 02:29 — 30.8.17 19:29, from now on referred to as time interval 2. Note that in
time interval 1 one radar output per hour but in time interval 2 two radar outputs per hour are used.

The medians of the most important error metrics of all calculation points per epoch are calculated and
saved. This includes the Coefficient of Determination (R?) and Root Mean Square Error (RMSE),
representing the correlation between image intensity and theoretical dispersion shells, as well as
directional confidence intervals, representing the uniqueness with which XMFit’s Levenberg Marquardt
algorithm selects the output directional current component.
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2.2 ADCP Measurements

To enable a comparison with radar, ADCP measurements are depth averaged. Upward-looking
Teledyne RDI Workhorse Monitor ADCPs gathered velocity data while downward-looking Nortek
Aquadopp Current Meters measured pressures. The sensors were mounted onto stainless-steel frames
and the frames were placed on the seabed. Under the assumption of hydrostatic pressure, the measured
pressures are used to calculate the water surface elevation. With the obtained information, the ADCPS’
submerged bins are delimited and velocity is assumed constant between uppermost bin and water
surface. If at least three data points are available in the vertical profile, a Piecewise Cubic Hermite
Interpolating Polynomial is fitted to the data points between lowest bin and a pre-defined point 0.48-0.7
m below the calculated water surface. The depth-integrated profile is divided by the distance between
the lowest bin and the pre-defined point to obtain the depth-averaged velocity components (Figure 4,

left panel).
8 8 !
7r 7F
— 6 [ — 6 [
E E ,
35 g5
m m !
Eal € |
S 4 s
Y Y |
53 -5
(@) ()
I 20 I 21
* ADCP Datapoints
—Fitted ADCP Profile - --Accepted ADCP Profile
17 ---Accepted ADCP Profile || 1 —Potential Radar Profile
- - -Estimated Water Surface - - -Estimated Water Surface
0 ‘ 0 ‘ ‘ ‘ ‘
0 0.5 1 Averaging Options

Time-Averaged Velocity [m/s]

Figure 4 Left panel: Depth-averaging in ADCP measurements, showing the accepted section for averaging (red dashed line) of a
profile (blue line) fitted to measured data points (red asterisks) in relation to the estimated water surface (blue dashed line). Right panel:
Profile depth visible for ADCP (red dashed line) compared to potential profile depths visible for radar (red lines).

The pre-defined point is set because the assumption of hydrostatic pressure does not allow accurate
calculation of the water surface (because of dynamic pressure from waves and currents amongst others).
Furthermore, the profiles are frequently observed to bulge in the region of the estimated water surface
(Figure 4, left panel). This may be linked to velocity contamination from waves or difficulties resulting
from only partial submersion of the bin. Via the pre-defined point, the troublesome region of the profile
is ignored and the upper parts of mainly logarithmic profiles are used (neglecting the bottom region and
boundary layer). Note, however, that ADCP and radar are potentially averaging over different parts of
the profile (Figure 4, right panel).

2.3 Environmental Measurements

Water level data are obtained from the tide gauge at Terschelling and from the pressure sensors on the
ADCP frames. Wave parameters are obtained from Deltares’s MATROOS visualization tool for
Ameland Station 1-1. Wind data are obtained from station L91. For all environmental measurements,
the stations, which represent conditions at the ADCP frames most accurately, are chosen. Data are
retrieved in 1 h intervals corresponding to the end date of velocity-averaging epochs.
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2.4 Comparison Procedure

ADCP and radar velocities are averaged over the same temporal domains. Spatially, the radar averages
over a large horizontal area whereas the ADCP measurements represent a single location. The
agreement in averaging depth is uncertain (Section 1 and Figure 4). Comparison of output velocities per
epoch vyields the difference between ADCP and radar and allows clustering of epochs according to
difference characteristics. The comparison is conducted via the velocities’ directional components in
east-west and north-south.

The radar output velocity per epoch is selected as the mean or median over all calculation points per
epoch. Error metrics, gauging the correlation of ADCP and radar velocities, are used to compare mean
and median. The first metric is bias, representing the average difference between ADCP and radar output
over the whole experiment. The second metric is the unbiased Root Mean Square Error (URMSE),
representing the random error (Entekhabi et al., 2014).

With ADCP frames 1 and 4 (Figure 2), the comparison is conducted at two locations on the ETD.
Furthermore, the storm damage divides the time series of radar results into two time intervals. Thus, the
available data are categorized as four different experiments. Experiment 1, representing frame 1 in time
interval 1, is used to explain the analysis and show model examples of the results. Experiment 2,
representing frame 1 in time interval 2, experiment 3, representing frame 4 in time interval 1, and
experiment 4, representing frame 4 in time interval 4, are compared to experiment 1 and used to assess
the general applicability of experiment 1’s results.

The radar calculations are conducted with different depth-assimilation and calculation point settings
(Figure 5). The obtained difference patterns with ADCP depth-averages are then correlated with
environmental conditions, error metrics of the fitting procedure and spatial coherence in calculation
points.

Environmental

Conditions

No Depth-Assimilation and 100 (200) m
Spacing Error Metrics of the

Spatial Coherence Fitting Procedure
Depth-Assimilation and 100 (200) m = ’

Spacing

Difference Characteristics between
ADCP and Radar

Figure 5 Flow chart of conducted calculations and comparisons.

3 Results

Radar velocities for comparison with ADCP measurements are calculated in multiple ways, always
using ensemble-averaging over calculation points (spaced in steps of 100 (200) m in Sub-sections 3.1
and 3.2 (Figure 17, black circles) and spaced in various steps in Sub-section 3.3).

3.1 Base Case with Depth-Assimilation

ADCP current measurements conform to expected southeastern and northwestern flow directions (Elias,
2017) in the study area (Figure 9). The highest current magnitudes are observed in eastern direction. In
addition to the radar-derived median, the radar-derived mean per epoch is shown in comparison to
ADCP output (Figure 9). The mean has larger differences to the ADCP result than the median, which
is confirmed in other experiments — also visible in the bias and uRMSE resulting from median and
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mean. This is attributed to faulty outliers that affect the result more strongly in the mean. Therefore, the
median is used for further analyses. It captures the changing directions throughout the tidal cycle except
for some outliers. Epochs are clustered according to the relation of ADCP and radar outputs (Table 1).

According to differences between ADCP and radar, good (< 0.1 m/s) and bad epochs (> 0.5 m/s) are
defined. In opposite direction epochs, ADCP and radar indicate opposite directions. Overshoot epochs
are defined to feature radar estimating the maximum positive or negative velocity component
magnitudes of the tidal cycle higher than observed by the ADCP. Type 1 (Type 2) outlier epochs are
defined to feature surrounding epochs comparing well (not well) with the ADCP but single outlying
epochs being subject to much larger (smaller) differences between ADCP and radar (e.g. Figure 9;
epochs 18 (Type 1), 29 (Type 1), 36 (Type 2) and 89 (Type 1) in the east-west component and epochs
15 (Type 2), 29 (Type 2), 59 (Type 1), 69 and 70 (Type 2) in the north-south component).

Two striking error sources become visible. First, there are time periods where the radar is more
susceptible to sudden fluctuations (random error) in output (e.g. Figure 9; epochs 14-47 in the east-west
component). Such periods are also found in the other experiments and they are linked to high uURMSE.
Note that the east-west component is always more susceptible than the north-south component (Table
1). This is attributed to the lower velocities in north-south components and allocation of spectral energy
according to the dominant wave direction (on the northern side), constraining potential fits more
effectively in north-south. Second, northwestern bias in the radar estimate leads to large differences
between ADCP and radar (e.g. Figure 9; epochs 40-43 in the east-west component and epochs 71-80 in
the north-south component). In the east-west component, bias significantly increases the number of bad
epochs. Even though the calculated bias is generally smaller in the north-south component (Table 1), its
impact is crucial as velocity magnitudes are low so that it leads to many opposite direction epochs,
especially at times of southward velocity. This becomes clearly visible in all experiments apart from
experiment 4, where less epochs of southward velocity were output (Table 1). Therefore, good
correlation in the north-south component is mostly confined to northward directed currents.

Table 1 Bias and uRMSE between ADCP and radar for depth-assimilated calculations at spacing 100 (200) m. Clustered epochs
shown component-wise and in percent of the total epochs with output in the experiment (which are shown in parentheses). Summation per
experiment does not equal 100 % because certain clusters may overlap and not every epoch fulfills at least one of the clustering conditions.

Experiment Bias | URMSE Good Bad Opposite | Overshoot Outlier
[m/s] [] [%0] [%0] [%0] [%] [%0] (1/2)

Exp. 1 EW | -0.166 | 0.304 30.00 03.33 17.78 17.78 08.89/04.44
(90 epochs) | NS | 0.266 | 0.239 15.56 06.67 41.11 15.56 01.11/06.67
Exp. 2 EW | -0.443 | 0.473 06.45 27.42 20.97 30.65 04.84/20.97
(62 epochs) | NS | 0.151 | 0.174 33.87 00.00 41.94 16.13 01.61/09.68
Exp. 3 EW | 0.041 | 0.608 19.30 15.79 22.81 22.81 21.05/17.54
(57 epochs) | NS | 0.186 | 0.417 19.30 17.54 36.84 15.79 15.79/21.05
Exp. 4 EW | -0.823 | 0.548 00.00 56.00 24.00 52.00 12.00/36.00
(25 epochs) | NS | 0.089 | 0.226 32.00 04.00 28.00 28.00 20.00/ 28.00

The experiments were conducted in different time intervals at different frames. In time interval 2
(experiments 2 and 4), bias in the east-west component is much larger than in time interval 1 (Table 1).
This leads to few good epochs, many bad and overshoot epochs as well as a dominance of type 2 outliers
(which indicates that good epochs are not consecutive). In the north-south component, bias and uURMSE
decrease in time interval 2. This does not affect the clustered epochs as significantly as observed for the
east-west component and is attributed to the lower velocity magnitudes in time interval 2. Generally,
time interval 2 is characterized by more outliers than time interval 1. At frame 4 (experiments 3 and 4),
a substantial increase in uRMSE, coinciding with decreases in good epochs and increases in bad epochs
and outliers, becomes visible in both components (Table 1). Furthermore, less epochs with output are
available at frame 4. These specific issues at frame 4 are attributed to larger bathymetric gradients and
closer proximity to the border of the radar domain, complicating image analysis and acquisition.
Potentially, they may also result from the position of the frames relative to the ebb chutes (Figure 1)
and local flow processes.
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3.2 Without Depth-Assimilation

The bathymetric file, input in calculations in Sub-section 3.1, is additional information that XMFit does
not require to produce output. In this sub-section XMFit simultaneously estimates depths and currents
within pre-defined intervals of 0.2 to 30 m and 0 to 2.5 m/s. This does not increase computational cost
significantly. The previously observed northwestern bias is stronger and “correct” estimation of
southward ADCP velocities by radar is similarly unsuccessful, apart from the experiment’s beginning
(Figure 6; epochs 1-6). The radar is now susceptible to random error over the whole duration of the
experiment, which is attributed to the larger uncertainty in estimating two parameters instead of one.
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Figure 6 ADCP results (blue) in comparison with radar-derived median (red) and mean (green) estimates for the east-west (top) and
north-south (bottom) velocity component at spacing 100 (200) m and with non-depth-assimilated solver for experiment 1. Axes and
definitions according to Figure 9.

Regarding the clustering of epochs, decreases in good epochs and increases in bad epochs become
visible in all experiments (Table 1 and Table 2). Again, the east-west component is better than the
north-south component in time interval 1. Contrary to the depth-assimilated calculations, the
north-south component is not better than the east-west component in time interval 2, being much more
susceptible to bias. In agreement with the depth-assimilated calculations, the north-south component is
characterized by a large tendency towards opposite direction epochs in all experiments (once again
resulting from failure to indicate southward velocities; not visible in experiment 3 because of very few
epochs at times of southward velocity). The share of overshoots is increased and, because of the large
bias, they commonly occur in the east-west (north-south) component at times of westward (northward)
velocities. Fewer outliers than in the depth-assimilated calculations are visible. This is because the bias
is so large that differences between the graphs are rarely small enough for outliers to form. In
depth-assimilated calculations, experiment 4 stands out with its low number of epochs with output
(Table 1) but without depth-assimilation no output is produced at all. Compared to calculations with
depth-assimilation (Table 1), there are less epochs with output (73.33 %, 61.29 %, 89.47 % and 00.00
%; Table 2), indicating that fitting was less successful.
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Table 2 Bias, URMSE and clustered epochs (defined according to Table 1) for non-depth-assimilated calculations at spacing 100
(200) m.

Experiment Bias | URMSE Good Bad Opposite | Overshoot Outlier
[m/s] [] [%0] [%0] [%0] [%0] [%0] (1/2)
Exp. 1 EW | -0.393 | 0.531 15.15 22.73 28.79 19.70 10.61/10.61
(66 epochs) | NS | 0.816 | 0.497 04.55 36.36 48.48 31.82 00.00/03.03
Exp. 2 EW | -0.629 | 0.395 05.26 31.58 26.32 42.11 13.16/10.53
(38 epochs) | NS | 0.826 | 0.265 02.63 47.37 44.74 42.11 00.00/ 05.26
Exp. 3 EW | -0.564 | 0.662 09.80 29.41 33.33 19.61 03.92/05.88
(51 epochs) | NS | 1.053 | 0.571 05.88 58.82 29.41 54.90 00.00/05.88
Exp. 4 EW | - - - - - - -/-
(00 epochs) | NS | - - - - - - -/-

In agreement with depth-assimilated calculations, north-south components are characterized by smaller
URMSE than east-west components (Table 1 and Table 2), stressing the benefits from lower velocity
magnitudes and allocation of spectral energy. Surprisingly, all experiments’ north-south biases are
larger than east-west biases (Table 2). In depth-assimilated calculations, this only applies to the
experiments in time interval 1 (Table 1). When assimilating depths, the experiments’ biases in east-west
and north-south are reduced to respectively 42.24 % / 32.60 %, 70.43 % / 18.28 % and 7.27 % / 17.66
% and the experiments’ uRMSEs are changed to respectively 57.25 % / 48.09 %, 119.75 % / 65.66 %
and 91.84 % / 73.03 %. Bias is observed to be more affected by depth-assimilation than uRMSE. This
Is surprising, as the solution is not constrained anymore (without depth-assimilation), allowing
substantial fluctuations of depth and current estimates in order to find the best-fitting dispersion shell.
However, application of the median over multiple calculation points effectively caters for outlying
estimates so that the larger uncertainty from estimating two parameters shows more significantly in the
general trend (bias).

There is an improvement in northward bias when comparing experiment 2 to experiment 1 in
depth-assimilated calculations but not in calculations without depth-assimilation. When observing the
ratio of northward to southward velocities it becomes visible that southward epochs dominate in
experiment 1 and northward epochs in experiment 2. In the calculations without depth-assimilation, the
southward dominance (in experiment 1) is slightly stronger and the northward dominance (in
experiment 2) slightly weaker. Therefore, experiments 1 and 2 feature relatively more southward
epochs, which tend to have larger bias than northward epochs (Figure 6 and Figure 9), increasing
north-south component bias in the calculations without depth-assimilation. Note, therefore, that bias
tends to be larger in the calculations without depth-assimilation partly due to output generation in
specific phases of the tidal cycle. Nevertheless, this only causes the substantial bias increase partially.

Epochs in the beginning of experiment 1 are observed to be less susceptible to bias and opposing
directions in the north-south component than the rest of the experiment (Figure 6; epochs 1-6). This is
surprising, as they entail southward velocities. Observing the corresponding spatial coherence, error
metrics and environmental conditions, shows that the conditions are generally favorable for radar
imagery. Yet, there is nothing unique to the mentioned epochs that would explain the uniqueness of
their bias and southward velocity estimation.

3.3 Ensemble-Averaging at Different Spacings

In the previous analyses, calculation points were spaced in steps of 100 m so that the furthest east-west
and north-south distances from the ADCP frames were 200 m (black circles in Figure 2 and Figure 3).
The choice of spacing is a balance between incorporating additional areas (every calculation point
considers the 0.92 km? surrounding it, Figure 3) and deviating the focus of radar calculations from the
ADCP location. Ensemble-averaging via spacing of calculation points requires the underlying
assumption that the true in-situ velocity applies in all areas considered. The calculation points differ,
however, in regard to water depths (either input or solved by XMFit) and spectral information from
radar images. Note that larger spacings have the same computational cost as small spacings. To assess
the spacing’s influence, additional depth-assimilated radar calculations with various spacings (refer to
Figure 3 for the relation of two spacings) are conducted.
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Table 3 Agreement between ADCP and radar in depth-assimilated calculations for experiment 1 at selected spacings (only the distance
between the frame and the first row of calculation points is given in the table). The average number of output points is averaged over all
epochs. It decreases at larger spacings because some calculation points are located outside the radar domain (e.g. spacing 500 (1000) m
in Figure 2).

Metrics NoSp. | 50m 100m | 200m | 500m | 600 m | 800m | 1250 m | 1500 m
Bias Median EW -0.197 | -0.132 | -0.166 | -0.122 | -0.117 |-0.081 | -0.101 |-0.124 | -0.121
Bias Median NS 0.275 0.293 0.266 0.222 0.156 0.161 0.191 0.123 0.150
URMSE Median EW 0.595 0.376 0.304 0.194 0.175 0.120 0.234 0.208 0.231
URMSE Median NS 0.418 0.256 0.239 0.234 0.211 0.199 0.227 0.120 0.225
Epochs with Output 72 82 90 97 105 104 101 100 91

Av. No. of Output Points 23.3 19.16 16.41 16.42 14.70 13.65 10.88 10.28 9.22
Good Epochs EW/NS [%] 15/15 | 27/17 | 27/16 |35/16 |34/26 |37/26 |37/24 |35/26 |21/33
Bad Epochs EW/NS [%] 1474 9/4 3/7 3/3 1/2 0/1 2/3 3/0 1/2
Opposite Ep. EW/NS [%] 26/50 | 18/50 |18/41 |13/41 |11/37 |17/35 |12/34 |14/29 | 13/25

Larger spacings are observed to benefit bias and uRMSE considerably when coming from small
spacings to middle-sized spacings of 500 (1000) m or 600 (1200) m (Table 3). At further spacing
increase, correlation gets worse again. A similar development is visible for the number of epochs with
output, the good and the bad epochs, which are at their best in the middle-sized spacings. Note that in
the east-west component, the opposite direction epochs reach a minimum at 500 (1000) m. In the
north-south component, however, they keep improving. For further analyses, the spacing 500 (1000) m
is chosen.

In comparison to calculations at smaller spacing (Figure 9), bias and random error are substantially
reduced (Figure 7). Nevertheless, the first half of experiment 1 is once again observed to be more
susceptible to random error than the second half. Even though smaller differences in northward
velocities become visible, southward velocities are still not estimated “correctly”.
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Figure 7 ADCP results (blue) in comparison with radar-derived median (red) and mean (green) estimates for the east-west (top) and
north-south (bottom) velocity component at spacing 500 (1000) m and with depth-assimilated solver for experiment 1. Axes and definitions
according to Figure 9.

Regarding the clustering of epochs, substantial increases in good epochs and decreases in bad epochs
become visible in most components (Table 1 and Table 4). In accordance with calculations at smaller
spacing, the east-west component is only better than the north-south component in time interval 1. Once
again, the north-south component’s larger tendency towards opposite direction epochs becomes visible.
With the bias reduction, the number of overshoots is decreased. This time, the outliers are decreased
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because the differences between the graphs and the susceptibility to random error are very small.
Compared to depth-assimilated calculations at smaller spacing (Table 1), there are more epochs with
output (116.67 %, 124.19 %, 180.70 % and 152.00 %, Table 4).

Table 4 Bias, uRMSE and clustered epochs (defined acc. to Table 1) for depth-assimilated calculations at spacing 500 (1000) m.

Experiment Bias | uURMSE Good Bad Opposite | Overshoot Outlier

[mi/s] [-] [%0] [%0] [%0] [%0] [%] (1/2)
Exp. 1 EW |-0.117 | 0.175 34.29 00.95 11.43 05.71 05.71/01.90
(105 epochs) | NS 0.156 | 0.211 25.71 01.90 37.14 06.67 00.95/05.71
Exp. 2 EW |-0.215 | 0.236 25.97 02.60 12.99 14.29 09.09 / 09.09
(77 epochs) | NS | 0.109 | 0.165 31.17 00.00 46.75 02.60 01.30/00.00
Exp. 3 EW |-0.065 | 0.293 35.92 02.91 08.73 14.56 07.77/02.91
(103 epochs) | NS 0.093 | 0.164 48.54 01.94 26.21 06.80 04.85/00.97
Exp. 4 EW |-0.176 | 0.374 28.95 13.16 13.16 10.53 13.16/13.16
(38epochs) | NS | 0.027 |0.115 50.00 00.00 28.95 07.89 02.63/00.00

In accordance with calculations at smaller spacing (whether depth-assimilated or not), east-west
components are characterized by larger URMSE than north-south components (apart from experiment
1). This stresses, once more, the importance of current magnitudes and allocation of spectral energy for
accurate fitting. In agreement with depth-assimilated calculations at smaller spacing, north-south biases
are only larger than east-west biases in time interval 1. In accordance with calculations without
depth-assimilation (Table 2) and contrary to calculations with depth-assimilation at small spacing
(Table 1), experiment 3’s bias in the east-west component is westward (Table 4). When increasing the
small spacing in depth-assimilated calculations of experiment 3 from 100 (200) m to 150 (300) m, 50
additional epochs with a mainly westward bias become available, causing the bias’s change of direction
(Table 1 and Table 4). In depth-assimilated calculations at larger spacing, the experiments’ biases in
east-west and north-south are changed to respectively 70.48 % / 58.65 %, 48.53 % / 72.19 %, -158.54
% / 50.00 % and 21.39 % / 30.34 % and the experiments’ uRMSEs are changed to respectively 57.57
% / 88.28 %, 49.89 % / 94.83 %, 48.19 % / 39.33 % and 68.25 % / 50.88 %. Bias and uURMSE are
similarly affected by the larger spacing.

Note, furthermore, that the benefit from larger spacing is independent of depth-assimilation. When
comparing calculations without depth-assimilation at larger spacing to small spacing, the experiments’
biases in east-west and north-south are changed to respectively 83.97 % / 72.30 %, 42.77 % / 49.15 %
and 63.12 % / 55.27 % and the experiments’ uRMSEs are changed to respectively 48.40 % / 82.49 %,
45.82 % / 69.06 % and 42.15 % / 70.40 %. Furthermore, output for experiment 4 becomes available in
22 epochs. In the other experiments, calculations without depth-assimilation at larger spacing lead to
respectively 130.38 %, 152.63 % and 176.47 % of the epochs with output at smaller spacing.

3.4 Environmental Conditions, Error Metrics and Spatial Coherence

No correlation between R? or RMSE of the fitting procedure and differences between ADCP and radar
is identified in any of the experiments (Figure 8). However, XMFit already uses R? and RMSE to filter
unreliable outputs. The filtering is observed to cater for the worst outliers. Yet, the predictive capacity
of R? and RMSE culminates in filtering and does not show potential for further improvements of
correlation between ADCP and radar.

Tide gauge measured and ADCP pressure calculated water levels conform to the expected mean water
level of 6.5 m with fluctuations of 1-2 m (Figure 11). Velocity leads water level by 2-3 h (Figure 9 and
Figure 11), a phase shift the radar captures well. In the north-south component, however, it often fails
to capture the change of direction towards the south and mimics it via a decrease in northward velocity
magnitude instead (e.g. Figure 9 and Figure 11; epochs 8-11 and 71-76). Here, correlation between
ADCP and radar is better during falling tide whereas in the east-west component it is better during rising
tide.
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Figure 8 Relations between difference characteristics (dark red), the environmental conditions and calculation settings that influence
them (dark blue), the epoch clusters that are influenced by them (light red) and conditions with only secondary influence on difference
characteristics (light blue).

In all experiments, no correlation between wave periods Tmio and differences between ADCP and radar
is found. Note, however, that periods only fluctuate in a limited range (Table 5). As aliasing effects are
to be expected in the present frequency range, XMFit’s performance under the observed periods is a
proof of its anti-aliasing algorithms. Most of experiment 1’s first half (Figure 9; epochs 14-47),
previously observed to show worse correlation due to increased random error and bias, is characterized
by lower wave height than the second half (Figure 10). XMFit requires wave crests to be distinguishable
from troughs and at higher waves, shadowing from wave crests benefits the quality of radar images
(Nieto Borge et al., 2004). Experience suggests that a significant wave height larger than 0.55 m is
needed. The production of output at wave heights well below 0.55 m, however, is a proof of XMFit’s
robustness. Generally, larger waves are observed to benefit the correlation between radar and ADCP
velocities by decreasing differences and outlier frequency (confirmed in experiment 3). Yet, the benefit
from higher waves only becomes visible above a certain margin as the wave height fluctuations in
experiments 2 and 4 are not large enough for a clear correlation with differences between ADCP and
radar.

As expected from the natural relation of wind magnitudes and wave heights, random error- and
bias-susceptible epochs in experiment 1 are also characterized by low wind magnitudes (Figure 13).
Again, the relation between environmental condition and differences between ADCP and radar is
confirmed in experiment 3 whereas wind magnitude fluctuations are not large enough for a clear
correlation in experiments 2 and 4 (Table 5). XMFit requires wind for generation of the surface ripples
that make backscattering of radar signals possible. Note that larger waves and higher wind velocities do
not guarantee small differences between ADCP and radar — they rather have the tendency to coincide
with smaller differences and a smaller frequency of outliers. Even though the benefits in north-south
correlation from increases in wind magnitude are not clearly visible in experiment 1, they are visible in
the corresponding experiment at frame 4 (experiment 3). Furthermore, there are slight indications (most
notably in experiment 2) that alignment of wind and current directions benefits the agreement between
ADCP and radar.
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Table 5 Triangular parameter distributions given as minimum, average per experiment (in parentheses) and maximum. Spatial
coherence extracted as difference of 25th and 75th percentiles. Wind given in absolute values. Note that experiments 1 and 3 as well as 2
and 4 were conducted in the same time intervals but radar output has occurred in different epochs during those time intervals, causing
alternating values for wave height, period and wind.

. Spatial Confidence . .
Eé}%i:" Coherence [m/s] R? / RMSE Intervals Walvlle’el_rii%grg][m] (EV\\//v ;nl\(ljS[TﬁL )
(EW / NS) (EW/NS) ¢

0.06 (4.74) 11.09 /
0.06 (2.87) 8.10/
0.39 (5.86) 12.07

Exp.1 | 0.12(0.78)2.51/ | 0.575(0.820)0.985/ | 0.27 (2.39) 8.21/ | 0.56 (1.07) 1.76 /
(90ep) | 0.10(0.45)1.83 | 0.019 (0.027)0.046 | 0.20 (1.15)2.88 | 3.40 (4.23) 4.95

0.83 (4.83) 7.58/
0.12 (1.65) 3.95 /
0.84 (5.23) 7.59

Exp.2 | 0.21(1.04)2.52/ | 0.615(0.851)0.964/ | 1.15(2.70)5.35/ | 0.39 (0.63)0.78/
(62ep.) | 0.03(0.12)0.38 | 0.022(0.026)0.034 | 0.16(0.31) 0.66 | 2.89 (3.28) 3.68

0.44 (6.30) 11.55 /
0.09 (3.26) 8.76 /
0.46 (7.30) 12.45

Exp.3 | 0.05(0.69) 2.82/ | 0.463 (0.774)0.986/ | 0.27 (1.34)5.45/ | 0.56 (1.18) 1.80 /
(57ep.) |0.02(0.62)2.12 | 0.022(0.034) 0.089 | 0.20 (1.25)4.24 | 3.40 (4.14) 4.90

0.83 (3.78) 7.58 /
0.12 (1.26) 3.87 /
0.84 (4.09) 7.59

Exp.4 | 0.45(1.18)2.84/ | 0.553(0.814)0.940/ | 1.22(2.80)6.72/ | 0.39 (0.53)0.73/
(25ep.) | 0.07(0.52)1.50 | 0.025(0.031)0.044 | 0.33(0.94)359 | 2.91(3.07) 3.56

The random error- and bias-susceptible epochs also coincide with larger east-west confidence intervals
of the fitting procedure (Figure 12; epochs 14-47). With the increase in wave heights and wind
magnitudes in the second half of experiment 1 (Figure 12; epochs 48-90), east-west confidence intervals
decrease considerably. This indicates that favorable environmental conditions allow more unique
fitting, resulting in less outliers and smaller differences between ADCP and radar (not in every single
epoch but generally). In both components of experiment 3, smaller wave heights and lower wind
magnitudes similarly coincide with the largest confidence intervals, which mark random error- and
bias-susceptible epochs. In experiments 2 and 4, where fluctuations in wave heights and wind
magnitudes are only small, no coherent relation is detected.

There is a tendency towards better spatial coherence (narrower distribution of velocities in calculation
points) at times of high waves and wind magnitudes (Figure 14). Furthermore, spatial coherence is
worse in the east-west component (Table 5), which is also more susceptible to bias and random error
(Table 1). Therefore, spatial coherence complements previous indications on bias- and random
error-susceptibility. Again, the identified relations are only confirmed in experiment 3, as fluctuations
in wave heights and wind magnitudes in experiments 2 and 4 are only small. Note that spatial coherence
and error metrics are inherent to the radar method. Thus, they are always available and could serve as
proxies for environmental conditions in absence of environmental measurements.

One of the striking error sources, the periods of large susceptibility to random error (Figure 9; epochs
14-47), is clearly related to wave heights and wind magnitudes as well as phases in the tidal cycle
(falling and rising tide). Correlations with the differences between ADCP and radar are observed even
though identification of one-to-one relations (e.g. an epoch of large wave height automatically
guarantees small differences between ADCP and radar) proves difficult. The other striking error source,
northwestern bias leading to bad correlation between ADCP and radar (especially in the north-south
component), remains unclarified and will be investigated in the discussion.
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Figure 9 ADCP results (blue) in comparison with radar-derived median (red) and mean (green) estimates for the east-west (top)
and north-south (bottom) velocity component at spacing 100 (200) m and with depth-assimilated solver for experiment 1. Flow to the
east and north is defined positive and to the west and south is defined negative. On the lower x-axis, epochs are shown in consecutive
order up to data gaps (whose number is marked in the upper part of the plot), resulting from quality control measures in radar and
in-situ data processing as explained in Section 2. The upper x-axis features the duration of the experiment in hours, normalized to the
first epoch 31-Aug-2017 09:32:38 and capturing the size of the data gaps. Here the first normalized hour after the data gaps is marked.
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4 Discussion

The obtained results are reflected and judged in regard to scientific literature, their theoretical
background and general applicability. Potential origins of the correlation benefits coinciding with larger
spacing of calculation points and potential causes for the unresolved northwestern bias are discussed.
Furthermore, applicability of radar to satisfy general monitoring needs and further improvements via
filtering based on confidence intervals are tested.

4.1 Spacing of Calculation Points for Ensemble-Averaging

It became visible (Sub-section 3.3) that ensemble-averaging with larger spacing of calculation points
has the potential to benefit correlation between ADCP and radar (especially smoothing out random
errors) and to increase the frequency of output. Even at very large spacing, correlation is still better than
at very small spacing (Table 3). This is surprising, as calculation points at large spacing are located very
far from the ADCP position (up to 3 km) and it is unlikely that velocities in a hydrodynamically complex
region like Ameland inlet are constant over such a long distance. Furthermore, it is unclear how larger
spacing improves correlation — in previous applications XMFit calculation points were usually spaced
in steps of 100 m. Therefore, the theoretical background of ensemble-averaging via spacing is discussed
in context with the observed relations at spacing variation.

Larger spacing leads to better spatial coherence (e.g. Figure 14 compared to Figure E - 1) and
decrease of the average number of calculation points (Table 3). This might result from the influence of
local unfavorable conditions on radar current estimation (Figure 3; blue rectangle). Regarding the better
spatial coherence, local unfavorable conditions would influence the distribution of velocities more
strongly at small spacing (Figure 3; at small spacing, eight calculation points located in unfavorable
area but only one calculation point at large spacing). At larger spacing, outliers resulting from local
unfavorable conditions are thought to be identified as outliers more easily, not affecting the median over
all calculation points (which is the final radar output) as strongly. Regarding the decreasing average
number of calculation points, again the relation of radar estimation conditions to the distance between
calculation points is thought to be decisive (Figure 3; blue rectangle). At small spacings, when radar
estimation conditions are favorable for output in a certain epoch at a certain calculation point, the other
calculation points, being located in the calculation point’s close vicinity, are likely to have favorable
conditions as well. At large spacings, it is not as likely that all calculation points have favorable
conditions at the same time, because they are located further from each other. The relation also explains
larger spacings’ tendency to generate more epochs with output. As the calculation points are located
much further from one another, it is more likely that environmental conditions are favorable in at least
a few of them. Note that a decrease of the average number of calculation points with outputs at spacings
above 300 (600) m (Table 3) occurs because single calculation points are located outside the radar
domain (Figure 2).

Furthermore, larger spacing leads to a weighted consideration of additional areas (Figure 3;
overlapping orange and magenta squares and Figure 15). Every calculation point utilizes the 0.92 km?
square around it to calculate a velocity representative of the considered area. By using 25 calculation
points, 25 representative velocities are calculated. Via the median, one representative velocity is
selected. Indirectly, the areas from all calculation points were used in conjunction (representing 1.85
km? at spacing 100 (200) m) to select one velocity (representing 0.92 km?). Selection via the median
ensures that a velocity far from the extremes is chosen. Every additional area adds information to the
analysis, which is then assessed in context with previous information. The areas closest to the frames,
however, are weighted more heavily than the areas at the borders because they are incorporated in more
of the 25 calculation points and to a larger share (Figure 15), as long as averaging areas are close enough
to overlap.

Benefits from larger spacing are observed to decrease from 500 (1000) m / 600 (1200) m onwards
(Table 3), which is thought to result from two factors. On the one hand, the distance between the
calculation points gets so large that the overlapping areas, and thus the relative weighting given to the
ADCP location, decrease (Figure 3). This is because the size of the averaging area stays constant while
spacing between the calculation points (at which the averaging areas are centered) increases. On the
other hand, calculation points are, at large spacing, located far from the ADCP location (Figure 2) with
different bathymetry and, potentially, different flow conditions. Nevertheless, the decrease in benefits
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at very large spacings is not as substantial as would have been expected and correlation is still better at
very large spacings than at very small ones, which is surprising (Table 3). Note that even at very large

spacings, most of the calculation points are located on the ETD. This is because calculation points are
spread equally in all directions and the radar’s range cuts off the points that would have been located
outside the ETD region. Apart from deeper sections of the ebb chutes, flow velocities at different phases
of the tidal cycle are likely to be similar across the ETD (Elias, 2017 and comparison of depth-averaged
velocities from ADCP frames 1 and 4). Furthermore, the ADCP frames are placed in locations that are
thought to represent the general flow conditions on the ETD well. This could explain why the correlation
between ADCP and radar is good even at very large spacings. However, southward depth-averaged
velocities are suspected to occur all across the ETD at times (Elias, 2017) and the radar fails to indicate
southward velocities (Figure 6, Figure 7 and Figure 9) very often. At larger spacings, the estimation of
southward velocities via radar is more successful but still very much biased towards northward
velocities. This indicates that the problem of estimating southward velocities has a partly general and a
partly local character.

613286 - . 168243
612736 . - 167143 167693
612186 L ; 166593
RD y-coordinates [m] 611636 166043 RD x-coordinates [m]

Figure 15 Weighting of averaging areas at spacing 200 (400) m. The respective averaging areas of all calculation points (visible
exemplarily for four points as orange and magenta squares in Figure 3) were weighted with 1, then summarized and normalized to the
area with largest weighting - at the ADCP location (which is the center of the calculation point grid, marked in red).

Regarding the general character, the median over all calculation points is an important factor in the
suppression of southward velocity output. Certain distributions of velocities (Figure 14) contain
southward velocities at times of southward ADCP velocities. However, they are often dominated by
northward and close-to-zero velocities so that the median is not southward. When observing the location
of the southward and northward velocities in the grid of calculation points (Figure 2, black circles), a
clear spatial pattern becomes visible. In the northwestern corner and on the western edge of the grid,
the indication of southward velocities is “successful”. The other calculation points, however, are
dominated by northward velocities. In the correctly-indicated southward velocities in calculations
without depth-assimilation (Figure 6; epochs 1-6) there is no dominance of northward velocities in the
calculation points. Furthermore, calculations without ensemble-averaging and median show that the
radar readily estimates southward currents in different parts of the inlet (Figure 17). Of course, it is
possible that the “incorrect” northward velocities result from faulty data processing in radar, potentially
from the alignment of currents and waves. But as the spatial pattern is coherent, there may be a local
physical process that causes the opposing directions (discussed in more detail in Sub-section 4.2).
Larger spacing of calculation points is suspected to benefit the correlation between ADCP and radar
because of the weighted incorporation of additional analysis areas (additional spectral information) and
less susceptibility to local unfavorable radar estimation conditions. Nevertheless, larger spacings can
only be beneficial if there are no strong horizontal velocity gradients. Applying them for the comparison
of ADCP and radar velocities in deep sections of the ebb chutes or the inlet gorge (where ADCP frame
3 from the Kustgenese 2.0 campaign is located) would probably result in much worse correlation.
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Furthermore, the large benefits observed from larger spacings in this study might be partly mere
coincidence, as only two point locations and two time intervals of roughly 12 days in total were assessed.

In any way, some potential for improving the correlation between ADCP and radar via spacing of
calculation points was identified and further research into its general applicability is required. Especially
the prospect of multi-stage procedures is promising. When monitoring the whole region (and not only
the ADCP frame locations), velocities everywhere in the radar’s range (resolution depending on
discretization of the output grid) are available. Therefore, a multi-stage procedure, involving multiple
spacings, could be applied without additional computational cost. The output at larger spacings could
be used to select the calculation points for smaller spacings. Furthermore, the calculation points do not
need to be spaced equally in all directions from the location of interest (which was the ADCP frame in
the present study). They could be adjusted to local bathymetry or other information on local conditions
(e.g. flow patterns).

4.2 Northwestern Bias and Depth-Averaging

In most experiments a combination of westward and northward bias is observed. In westward
(northward) bias, the radar indicates westward (northward) currents stronger and eastward (southward)
currents weaker than indicated by the ADCP — potentially directions are even opposing. The
northwestern bias is observed to decrease at larger spacings (Table 3), indicating a local reason for the
bias. Use of the median over a grid of calculation points, which is dominated by northward velocities
(at times where the ADCP indicates southward currents), was linked to the observed bias (Sub-section
3.2). It remains to assess why there could be a dominance of northward velocities in the calculation
points.

The “incorrect” northward velocities are hypothesized to result from the combination of a local flow
process and ADCPs’ and radar’s different consideration of the in-situ velocity profile (Figure 4). As
radar measures near-surface currents, it accounts for the top part of the profile the ADCP is missing.
Measured ADCP data features deviations from the logarithmic profile shape when approaching the
missing top part (e.g. Figure 4). But due to difficulties with ADCP measurements in this part of the
profile, the extent of the profile shape deviations is unclear. To explore this possibility, the unknown
shape of the profile at the top of the water column is assumed linear (for simplicity). Furthermore, a
worst case, where radar only captures the ADCP-ignored profile region and ADCP does not capture the
region at all, is assumed (Figure 16). The depth-averages from ADCP and radar are observed to differ
significantly and the difference is more striking at times when the unknown profile section increases
the overall depth-averaged velocity of the profile. Furthermore, a shallower radar averaging depth is
observed to lead to larger differences between the ADCP and radar depth-averages (Figure 16).

Four potential local flow processes, that could lead to the necessary reshaping of the profile, are
discussed. First, suspended fine sediments on Ameland’s ETD were recently found to originate from
within the Wadden Sea (Pearson et al., 2019). This indicates the existence of flows from deep within
the Wadden Sea through the inlet and onto the ETD during ebb tide (Pearson et al., 2019). As there is
freshwater supply to the Western Wadden Sea via discharge sluices in the Afsluitdijk (Duran-Matute et
al., 2014), the fine sediment carrying flows, observed in Ameland Inlet, could also carry freshwater with
them. In estuaries, freshwater is commonly known to slide on top of the denser saltwater, leading to
vertical gradients in horizontal velocity (Geyer and MacCready, 2014). Both ADCP frames are located
at the end of ebb chutes (Figure 2) and local bathymetry could serve as a lift-off point for freshwater
plumes (e.g. Kilcher and Nash, 2010), reshaping the velocity profile in near-surface regions.
Measurements of vertical salinity profiles in the frames’ vicinity are required to ascertain this
hypothesis. Note that ebb flows are directed to the northwest, as is bias.

Second, wind is known to influence especially near-surface currents. Teague et al. (2001) found a
moderate to high correlation between HF radar current direction and wind velocity and direction.
Campana et al. (2017) observed amplification of the near-surface current in the alongwind direction,
indicating that their X-band radar current estimates account for wind-induced currents. In this study,
however, no correlation between wind direction and bias was observed. Furthermore, bias was observed
to decrease at times of higher wind magnitudes (where wind would have a stronger influence on the
profile) — yet, it is possible that benefits from higher waves and larger wind velocities for radar analysis
outweigh the inaccuracies from wind-induced currents reshaping the profile. In any way, the
northwestern bias is observed to operate constantly in most of the epochs. It is unlikely that the
freshwater and wind-induced currents are operating constantly over long durations.
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Figure 16 Thought experiment on effects on depth-averaging from profile shape deviations in the ADCP-ignored part of the profile.
Deformed velocity profile (light blue) in relation to its logarithmic continuation (light blue dashed) up to the water surface (dark blue).
Profile sections considered for deep radar averaging (red dashed), shallow radar averaging (green dashed) and ADCP-averaging (yellow
dashed) shown on top of the deformed velocity profile. Resulting depth-averages shown as solid lines. Normalized weighting function
(Kirby and Chen, 1989; shown in magenta for T = 4.5 s) indicating the importance of profile depths for effective velocity.

Third, water level gradient-driven currents could be the reason. Both ADCP frames and surrounding
radar calculation points are located on the outward slope of the ETD (Figure 2). Calculations for the full
radar domain indicate coherent current patterns pointing away from regions of shallower water depth
(Figure 17). In contrast to freshwater and wind-induced currents, water level gradient-driven currents
could explain the continuous character of northwestern bias. Furthermore, at larger spacings, when less
calculation points are located on the outward slope in the direct vicinity of the frames, the problem with
southward current estimation is observed to decrease (Table 3). However, it is doubtful if water level
gradient-driven currents could reshape the profile in the required way. To ascertain this hypothesis,
hydrodynamic modelling under consideration of the bathymetric file used in this study is recommended.

Fourth, due to the present bathymetric gradients (Figure 2), wave-induced currents could occur at the
considered locations. Regarding the vertical structure of such currents, the undertow is known to be an
important seaward-directed current. However, it acts in the bottom of the water column where the radar
is probably not measuring. Nevertheless, due to the uneven distribution of radiation stress in the
watercolumn, “A fluid particle below mean trough level will ... experience a net force averaged over
the wave period which is directed seaward.” (Bosboom and Stive, 2015, p. 215). As the way the effective
velocity affects the wave spectrum is not known in much detail, it may be possible that radar’s
depth-averaging captures this net force as a current, yielding the observed northwestern bias.

Note that the hypothesis of local flows as the cause of northwestern bias involves many assumptions
that may not hold. In-situ radar depth-averaging could incorporate similar parts of the velocity profile
as the ADCP, for example. Furthermore, the hypothesized causes of local flows also involve many
assumptions that may not hold. The freshwater currents could easily be well-mixed by the time they
reach the frames, for example. Apart from a physical cause of the northwestern bias, problems in data
processing with radar could be the cause. In addition to freshwater plumes, Tenthof van Noorden (2015)
mentions precipitation, applicability of the linear dispersion relation and amplitude dispersion.
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Figure 17 Depth-assimilated, non-ensemble-averaged radar calculations over the whole domain in different phases of the tidal cycle
(a-d related as shown in f). Note that the shown epochs are not consecutive and selection was based on small differences between ADCP
and radar in depth-assimilated calculations with ensemble-averaging at spacing 500 (1000) m (e, definitions and settings according to
Figure 9). The epochs on the upper x-axes are normalized to 30.8.2017 12:32. Currents were only calculated for the inlet and ETD. The
colorbars on the right indicate water depths.
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4.3  Satisfying Monitoring Needs

At the locations of the frames, generally good agreement becomes visible (Figure 7 and Table 4). Bias
and uRMSE are reduced by depth-assimilation and ensemble-averaging so that the share of good epochs
is much higher than the share of bad epochs. However, a tendency towards northwestern bias remains
and the failure to indicate southward currents is a considerable problem. Keeping this in mind,
monitoring of currents at the frame locations would still be possible, as the radar indicates maximum
velocities and their directions in good agreement with the ADCP throughout the tidal cycle.

When considering the obtained results in regard to other locations in the tidal inlet system, gradients
of bathymetry and velocity play an important role. Large gradients in XMFit’s averaging areas (Figure
3) inherently lead to problems, as its 3D-FFT assumes the same wave and current field to apply
everywhere in the averaging area. In XMFit bathymetry calculations, a potential link between so-called
“Hanning Windows”, which reshape the input signal to guarantee a smoother FFT, and the accurate
calculation of large bathymetric gradients was identified. Whether this could also apply to currents is
uncertain but possible. Nevertheless, especially the channels should be challenging for radar
calculations. Furthermore, the present case study was focused on two specific locations. The problems
observed with estimation of southward velocities could be of local origin as well as the benefits from
ensemble-averaging at larger spacing of calculation points (because the ADCP depth-averages could
have coincidentally agreed with the results from averaging radar over the whole ETD).

Therefore, calculations without ensemble-averaging for the outer part of the inlet system are
conducted (Figure 17, a-d). The presented epochs were selected due to the small differences between
ADCPs and ensemble-averaged radar estimates (Figure 17, €). In the whole system, coherent current
patterns, in agreement with expectations, become visible in different phases of the tidal cycle (e.g.
Figure 17; a: outflow through the ebb chute leading to frame 4; b: stronger outflow through both ebb
chutes and lower current velocities outside the ETD region; c: inflow through the inlet gorge; d: flow
diverting from areas of shallower depth). Furthermore, the current velocities and directions generally
agree with expectations from a process-based (Delft3D) model (Elias, 2017).

Note, however, that without ensemble-averaging, data availability is reduced and comparison of
currents at the frame locations would not have been possible in some of the four shown epochs (Figure
17). Thus, limited data availability could inhibit the applicability of XMFit in coastal monitoring.
Nevertheless, even without ensemble-averaging it is possible to use the output of a neighboring
calculation point, if no output is produced at the point of interest. Furthermore, the input of a bathymetric
file (depth-assimilation) was observed to be very important for bias reduction. In monitoring practice,
bathymetric files may not be available or outdated due to the large efforts and costs for obtaining them.
This could further limit the applicability of XMFit in coastal monitoring.

Nevertheless, complex current fields cannot be monitored at an appropriate scale with point
measurements only (Hessner et al., 2015). Radar provides the opportunity to monitor the whole inlet
system and observe the spatial coherence of currents. This can be done at high temporal resolution and
low cost. If key issues (data availability, susceptibility to bias and uURMSE and physical understanding
of the radar current) can be addressed by future research, there is large potential for radar in coastal
monitoring.

4.4 Confidence Interval Filtering

Large confidence intervals of the fitting procedure were observed to coincide with large differences
between ADCP and radar (Sub-section 3.4). Thus, there might be potential for output filtering based on
confidence intervals. However, two conditions should be fulfilled. First, a large span of confidence
intervals, as commonly seen in the east-west component (most notably in experiment 1, Table 5), is
required. Only then, confidence intervals can non-arbitrarily be divided into large and small. Second,
good environmental conditions are required. Then, confidence intervals are observed to be smaller and
the largest ones arise from problematic fitting (which confidence intervals assess).
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When filtering, it is crucial to select the right cut-off margins. Many combinations of confidence
interval cut-off margins ranging from 2-8.2115 (max) in the east-west component and 1-2.8806 (max)
in the north-south are applied. The lowest absolute sum of bias and URMSE is achieved with margins
of 2.0498 in the east-west component and 1.0635 in the north-south component. They change bias in
the east-west and north-south components to respectively 80.29 % / 101.09 % and uRMSE to
respectively 76.49 % / 82.36 % (when compared to non-filtered calculations, Figure 9). The cut-off
margins are very close to the lowest permissible ones. This indicates that epochs with low confidence
intervals tend to show better agreement with ADCP results. However, filtering must balance the needs
of accuracy and frequency of output. When applying the optimized cut-off margins, only 54.44 % and
45.56 % of the epochs in east-west and north-south remain. Therefore, alternative cut-off margins of
4.5 in the east-west component and 2 in the north-south component are chosen by expert judgement.
This leads to smaller benefits in agreement between ADCP and radar (biases changed to respectively
85.28 % / 102.82 % and uRMSEs changed to respectively 85.24 % / 98.87 %) but balances the need for
high output frequency more effectively (Figure 18).
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Figure 18 ADCP results (blue) in comparison with confidence interval-filtered radar-derived median (red) and mean (green) estimates

for the east-west (top) and north-south (bottom) velocity component at spacing 100 (200) m and with depth-assimilated solver. Axes and
definitions according to Figure 9.

5 Conclusions

Remote sensing velocity component estimates from X-band radar were compared to depth-averaged
in-situ measurements from Acoustic Doppler Current Profilers (ADCPs) during a field campaign in
September 2017 at Ameland inlet. In the east-west and north-south velocity components, good
agreement between ADCPs and radar was found with respective bias of -0.143 and 0.096 and respective
unbiased Root-Mean-Square-Error (URMSE) of 0.270 and 0.164 (averaged over the four experiments
with depth-assimilation and large calculation point spacing in Sub-section 3.3).

Assimilation of depths (via input of a bathymetric file) and ensemble-averaging (via multiple
calculation points in the ADCP frames’ vicinity) proved to be very effective in the reduction of bias and
URMSE (quantifying random error) and in the increase of radar output frequency. Nevertheless, this
case study highlights radar’s striking tendency towards northwestern bias and failure to indicate
southward currents. Despite ensemble-averaging’s benefits, it was linked to the observed bias and it
was shown that its use requires careful considerations (towards the placement of calculation points as
well as the interpretation of output). Local profile-reshaping currents and their interplay with the
depth-averaging procedures in ADCP and radar were identified as another potential reason for the
observed bias, stressing that observed problems may be specific to the comparison locations used. In
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the present mean water depth regimes (6.5 and 8.7 m), no correlation between averaging depth in radar
(Steward and Joy, 1974) and differences between ADCP and radar could be identified. The
environmental conditions wave height, wind magnitude and phase of the tidal cycle, in contrast,
correlated with bias and uRMSE. Larger confidence intervals of the radar fitting procedure coincided
with larger differences between ADCP and radar and potential for output filtering based on confidence
intervals was shown.

The study shows that, with the right calculation settings (depth-assimilation and optimized
calculation point spacing according to local conditions) and under favorable radar estimation conditions
(wave heights larger than =~ 1 m, wind velocities larger than ~ 5 m/s, confidence intervals of the radar
fitting method smaller than =~ 1-2, rising tide in the east-west component and falling tide in the
north-south component), radar currents conform to ADCP depth-averaged currents (from 0.48-0.7 m
below the water surface to 2.5-3.2 m above the seabed). In combination with its large spatial coverage
and the ability to assess spatial coherence of currents, this highlights radar’s potential for coastal
monitoring applications.

6 Recommendations

For a thorough investigation of depth-averaging in radar and the physical meaning of radar’s
depth-average, better data quality is required. At the beginning of the research for this study, it was
aimed to inversely solve for radar averaging depth, applying and testing equation (1) in-situ. This
required an ADCP validation profile ranging from the lower parts of the water column to the water
surface. Due to difficulties with near-surface measurements (the profile region that is assumed to be
most important for radar, refer to weighting function in Figure 16), this could not be taken into action.
In controlled laboratory conditions, velocity profiles are readily available (e.g. Schmeltzer et al., 2019
in prep), but accurate in-situ measurements of the velocity profile are not obtained easily. The use of
ADCPs with surface tracking has a better chance (than the presently used ADCPs) to yield the required
in-situ profile. Furthermore, the ADCPs should be placed closer to the bed to cover an even large portion
of the velocity profile. To research radar’s depth-averaging, it would be useful to observe a pattern in
differences when comparing to conventional depth-averaged currents from in-situ measurements (e.g.
there is better agreement during certain phases of the tidal cycle due to surface elevation or velocity
profile shapes). To do so, a location with deeper water depth, larger tidal amplitudes and larger velocity
profile gradients is recommended. Note, however, that separation of the many error sources, which radar
calculations of velocity usually entail, is an ever-complicating factor. Large datasets may help with error
source separation.

Regarding future studies for comparing radar and ADCP currents at Ameland inlet, three ideas are
discussed. The comparison’s focus should shift from individual points to areal considerations, to allow
better conclusions on the general applicability of radar in coastal monitoring and the severity of the
problems with northwestern bias and indication of southward velocities. Potentially, it is possible to use
a numerical model for comparison in many different points (even though numerical models are subject
to large inaccuracies themselves and mostly operate in a depth-averaged mode). Furthermore, the
present study was limited to less than two weeks whereas the continuous operation of the Ameland radar
allows the generation of large datasets. In addition to the environmental conditions observed in this
study, other environmental conditions may also show correlations with ADCP and radar (e.g a more
holistic description of the present wave spectrum and its wavenumbers).

Regarding further steps that should be conducted with the presently available data, five ideas for
improvements are discussed. It was shown that the median over calculation points provides better
correlation with ADCP measurements than the mean. Another statistical measure, providing even better
correlation than the median and treating southward velocities in the north-south component separately,
could be developed. Furthermore, the potential of the previously mentioned multi-stage procedure
(Sub-section 4.1) and of reshaping the spatial distribution of calculation points must be assessed. In this
context, scale-selective methods could be useful (e.g. Bosboom and Reniers, 2014). Additionally, the
sensitivity to many other XMFit calculation settings should be assessed (e.g. the size of the averaging
area per output velocity in relation to the spacing of calculation points). Also, ADCP data from another
frame, placed in the inlet gorge, is available. As the bathymetry is very different and the mean water
depth much larger, this frame may allow to clarify whether the northwestern bias observed in this study
resulted from local conditions. Furthermore, it would provide important indications on the generally
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applicability of radar in coastal monitoring. In respect to general applicability, it would be important to
assess the correlation between single radar estimates and ADCP measurements (as this study focuses
on ensemble-averages).
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Appendix A — Differences between ADCP and Radar with depth-assimilation at Spacing 100 (200) m
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Figure B - 2 Differences between ADCP and radar in experiment 3 with 100 (200) m spacing and without depth-assimilation
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Appendix C — Differences between ADCP and Radar with depth-assimilation at Spacing 500 (1000) m
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Figure C - 1 Differences between ADCP and radar in experiment 2 with 500 (1000) m spacing and with depth-assimilation
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Figure C - 2 Differences between ADCP and radar in experiment 3 with 500 (1000) m spacing and with depth-assimilation
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Figure C - 3 Differences between ADCP and radar in experiment 4 with 500 (1000) m spacing and with depth-assimilation
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Comparison of Currents derived from X-band Radar and collected In-situ Data in Ameland Inlet

Appendix D — Differences between ADCP and Radar without depth-assimilation at Spacing 500 (1000) m
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Figure D - 2 Differences between ADCP and radar in experiment 2 with 500 (1000) m spacing and without depth-assimilation
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Figure D - 3 Differences between ADCP and radar in experiment 3 with 500 (1000) m spacing and without depth-assimilation
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Figure D - 4 Differences between ADCP and radar in experiment 4 with 500 (1000) m spacing and without depth-assimilation.
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Appendix E — Spatial Coherence with depth-assimilation at Spacing 500 (1000) m
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Figure E - 1 Boxplot of east-west (top) and north-south (bottom) velocity components per epoch. Red horizontal line indicating median per epoch and boxes the 25th and 75th
percentiles. Outliers represented by '+' symbol and defined as more than three scaled median absolute deviations. Whiskers representing the most extreme outputs not considered
outliers. X-axes corresponding to Figure 9. Good spatial coherence indicated by small boxes and small whiskers. Definitions and settings corresponding to Figure 9 but spacing of 500

(1000) m.
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