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Accuracy of Bathymetric Assessment by
Locally Analyzing Radar Ocean Wave
Imagery (February 2008)

Stylianos Flampouris, Friedwart Ziemer, and Joerg Seemann

Abstreci—In (his paper, the error source In sssessing (e
bathymetry by  recently presended methad, the dispersive saeface
clusgficator, Is dlscussed. This method & based an the analysls of
Xe-bamnd radnr Image soquences of sea-sarfuce waves to determine
spadial maps of hydrographic parameters. To implement this oh-
Jeetive, the radur-deshaced hathymetry Is validating by muoltibesm
echogomder didn, The accuracy of the method i high b homo-
geneous arens mml redoced at the areas of bathymedrie grudient
end lower bul comporable with multibesm echosounder dati,
under the assumpiion ol the spofinl resalution. The ldentiftcation
of systematle correbution of the absolate valne of the ervor with
the slope is significant and [nsignificant with dhe sctual depth
itzelf, The spatlal corvelatlon of the error ffustrodes that the
direction of the wave feld nflwences the nelghbaring grid coll In
e same divection. The application of the neethod during ereclal
wealher conditions i the mnkn advantage and permits (he sccurate
operational neprshore nondtoring for several applications.

Tndex Tarms—Ares meassrement, error anslysts, geoplysical
Inverse problems, peopliysical measurements, geophysical sigal
processing, marine radar,

L INTRODUCTION

N ESSENTIAL requirement for a series of coastal nnd

mirine activities (coastal research snd protection, safe
nuvigntion, etc.) is the knowledge of the near shore bathym-
eiry and the cwrrent field. The tast decades, remote sensing
techniques have been broadly wsed For the imoging of the sea
surfoce to extract (hose two imporant physical perameters,
as summarized in 1], as state of the art of 2-I} observation
medhods of sca surface,

There are several investigations in the same subject in which
digital viden images were hwerted (o define the bathymetry
[2]-{4] and to bnfrared imagery of near shore shoaling waves
[5]. [6]; the expansion of the methods is applicable to the
constline problems managemant [71,

These investignting efforts are based among few pioncer
publications, such as [8] and [9] who bad measured the surfice
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currend field by using time sequential imagery to determine
the change in the frequency-wavenumber dispersion relation by
using X-banel rudars,

The assumptions in this investigation for the modeting of the
sea surfioe geavitational waves are that the Auid is incampress-
ible and the motien is irrotational, in mathematical tenms thoss
assumptions are expressed by the partial differential equation
known as Laplace, The solution of the Laplace equation under
the hoursdary conditions of the specification of the hottom, the
kinemutic surface and the fres surface, is linear and perjodic In
apace and time propagating over a horizenial surface. Tlfz linear
dispersion relation in shaltow water is expreased as function of
the: depth o and the surface current vector 4,

@) = /g Fitanh (JFid) + (£ - )

where & is the radial frequency, § the wavenamber, o the depth,
i, the current velocity, and 7 the gravitational acceleration.

During the lnst twoe decades, several scientific rescarch re-
sults havve been published aboul the retrieval of the bathymetry
by mverse modeling the lincar wave dispersion [10]-[13].
The method vsed in those publications, here called e “global
method,” ia based on the snalysis of radar infensity varance
spectra calealsicd by the squared modilus of o 3-D fast Fourier
transformation perfosmed on the full size imags sequences, the
3-D FFT In terms of image processing is a global operntor.
Since 2000, a serics of investigations in the localization of
the wave enesgy and the inverse in local seale for the de-
termingtion of the local depth and current vector, have been
published [14]-{16]; in 2007, an altemative method which
combings the advamages of the previous investigntions was
presented [17],

The method analyzes image sequences of dynamic dispersive
boundarics, wilized to determine physical parameters on a
local spotial scale. The local analysis method, which allows
the analysis of inhomogensous image sequences of a dynamic
and dispersive surface, has been labeled dispessive surface
clagsificator (DISC), The main advantage of the method s
the extraction of the bathymetry and the cament field, which
i# deduced by the 3-D spectrem component of the observed
ared, in long inlegration time (op o 10 min} and high spatial
resclistion (40 m x40 m), The statistical significance of the
result is high in comparison to the rest of the methods s o
sel of full waves spectram Is analyzed and nol only one wave
componcnt,

2]
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Fig. I. 'Wind plot for 50 h before and during the acquisition of the radar data,
the data have been acquired, every 6 s, by the logical station d
on the radar mast and has been averaged up to 10 min,

This investigation mainty concerns the impact of the current
and wave regime on the sea bottom morphology in 'shallow
water regions with nonconsolidated sediment during crucial
weather conditions and the extend discussion of the error in
DiSC-deduced bathymetry by comparing it with multibeam
echo sounding data.

Itis evident that the applicabitity of the DiSC depends on the
wave conditions, as the method requires waves, long enough,
to be influenced by the sea bottom. In [3] and [13], it is proved
that in moderate wave heights the correct depth is retrieved,
However, the increase of the rms wave height from 1 to 3.5 m
produced much poorer depth estimation, which indicates that
neglecting the amplitude dispersion effect would result an
overestimation of water depth. In practice, in the area of re-
search that this investigation focuses, the maximum observed
wave heights did not exceed 2 m [18), [19]. The minimum
in meteorological conditions during the observation should be
5-in Beaufort scale so that the backscatter energy is significant
and the wavefield is long enough to carry the bathymetric infor-
mation. In this paper, the DiSC method is applied to a data set
collected over 12-h time period, between 26th of August 2003,
23.00 and 27th of August 2003, 10.00. The wind conditions for
more than 36 h before the data acquisition were constantly from
the northwest (Fig, 1) stronger than 8 m/s and were increasing
up to 18 m/s during the sampling (Fig. 2). At the same period,
the significant wave height was varying between 1.2 and 1.7 m,
and the tide had a normal period of 12.3 h and approximately
2-m range (Fig. 3).

For the complete approach of the subject, the present pub-
lication is divided into four main paragraphs. The first one is
the description of the region of investigation. In the second
paragraph, the acquired data are summarized and the next para-
graph describes the core of the DiSC and the other algorithms
that were used for the data analysis. In the third paragraph,
the results of the investigation are presented and in the last
paragraph, the error of the method is discussed,
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Fig. 2. Time series of the wind magnitude for 50 h before and during the
radar observations, the period of radar observation is indicated by the two
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Fig. 3, (Top) Significant wave height observation by wave rider in the area of
radar range, during the radar data acquisition. {Bottom) Tide signal from the
pite of Homiem, 18 nm southern, lag transferred model has been applied,

II. AREA OF INVESTIGATION

The area of research is the West List, northwest side of the
8ylt Island, laying in the German Bight. The Island of Sylt is
located on the West coast of Schleswig-Holstein at the North
Sea coast of Germany, and it is the most northem sandy barrier
island of the Frisian chain of the North Sea coast, Fig. 4. It
has a length of 35 km and a width up to 13 km, its surface is
99 km?, {20]. There are several scientific, economical, and
social criteria for the choice of this specific area.

Since the half of the 20th century, several different methods
have been used for the encounter of the high and rapid erosion
of the west coasts of the island, the beach nourishment has been
proved the most effective [20]. The island started getting the
current shape about the 17th century and in general the northem
and southern spit, is under continuous change. The tide, in area

~of Sylt is semidiurnal and the tidal ranges reach approximately
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the top left map, the: dot on the map of Europe localize the Sylt Istand in North
Sea, at the borders of Germany with Denmark, The main figure represents the
depth isolines of the monitored area, the radar is indicated by the black dot,
the radar range is indicated by the dashed line, the orthogonal indicates the
area of results (see Fig. 6) {sea-map source: Bundesamt fuer Seeschiffahrt und
Hydrographie). The blue dot indicates the wave rider position, The photography
shows the radar mast on which a Furuno radar and the meteorological station
are mounted.

2 m, which causes cross shore transport through the channels
between barrier isiands. The long shore transport along the
coast is mainly wave-induced and, therefore, also alternates in
direction, this is obvious at Sylt.

Tidal currents are dominant seaward of the Iongshore bar,
with resulting sediment transport to the north. It is proved by
measurements of sediment transport that the coast is eroding
along the entire western coast and that the net long shore
transport is directed northward at the northern part of Sylt [21].
More precisely, in the southern area covered by the radar range,
there is regular beach nourishment, approximately every second
year; the human-deposited sediment migrates to the northern
eastern part of the island or to the neighboring Rgmo Isle. The
island loses the majority of this sand through storm surges,

"it is observed that an eight-day storm is responsible for the
transportation of 50.000 m® in an area of 12 km? [22]. In
general, the synergy of the waves and tides continuousiy erode
and move away material from the sandy shore and foreshore
area, causing structural erosion,

1. DATA ACQUISITION

The X-band radar was mounted close to the List West Light
house at Sylt Isle. The area covered by the radar images shows
the List West, the Lister Landtief, and parts of the Lister Tief,
The used instrument for the acquisition of the sea surface is
a software-hardwarc combination, presented by {23] as part
of the wave monitoring system (WaMoS), consisting of a
Furuno FR 1201 [24] nautical radar, a WaMoS IT analog—digital
converter, and a WaMoS 11 software package for the acquisition
of the radar images. The used instrument for the observation
is a ground-based nautical X-band radar with horizontal polar-
ization, mounted 25 m above the NN. The radar was mounted
for about six years; the period of the present investigation, the
image sequences were recorded hourly from 23:00 UTC on
26.08.2003 to 10:00 UTC on 27.08.2003, during the radar data
acquisition.

IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 46, NO. 19, OCTOBER 2008

The bed relief of the surveyed area was mapped by cou-
pling multibeam survey technique with high accuracy position-
ing. Bed survey was carried out by means of the multibeam
echosounder EM 3000 from Simrad—Kongsberg. This system
is designed to work in water depths from 3 to 200 m, it operates
at a frequency of 300 kHz with a ping repetition rate of 15 Hz.
The nominal apex angle is 1.5° along-track and 120° across-
track during transmission, and 30° along-track and 1.5° across-
track during receiving. This result in an array of 127 individual
beams with an effective 1.5° x 1.5° apex angle per single beam
arranged with some overlap over an arc of 120° [25]. The
3-D sonar head positions and orientations were finally fixed by
combining antenna position (Trimble 4000 ssi), gyrocompass
(Anschiitz 20, 4) and motion sensor (DMS-05, TSS UK LTD)
data. The ship position accuracy is on the order of centimeters,
and the relative positions of all components onboard the ship
were measured with accuracy of millimeters. The data for the
present investigation were acquired in August 25, 2003.

The Directional Waverider Mark II is a spherical, 0.9-m
diameter, buoy which measures wave height and wave direc-
tion. The direction measurement is based on the transiational
principle which means that horizontal motions instead, df wave
slopes are measured. As a consequence the measuremient is in-
dependent on buoy roll motions and, therefore, a relative smatl
spherical buoy can be used. A single point vertical mooring
ensures sufficient symmetrical horizontal buoy response also
for small motions at fow frequencies. The buoy is moored on
55°03,26 N 08° 23,42 E.

The tide data were acquired at the hydrographic pile in
Hoernum of Sylt Isle, which is in operation since 2002, and
acquires hydrographic and meteorological measurements
within the Wadden Sea.

The weather parameters were measured by the Meteorolog-
ical Weather Station manufactured by Siggelkow Geraetbau
GmbH [26] mounted on the radar mast, approximately 23 m
above NN. The monitored parameters are the minimum, maxi-
mum, and 10-min mean of wind magnitude and direction.

IV, ANALYSIS METHOD
A. DiSC

The local changes of the wave field, containing information
on the lacal bathymetry information and the shearing currents
are inverted. To increase the accuracy of the result, waves with
high distribution in frequency and direction are required.

The DiSC has been presented in [17]; the method Tequires
stationarity and inhomogeneity of the wavefield, in contrast
with any global method that requires homogeneity. The steps of
the method are shown in Fig. 5, the following brief description,
which analyzes image sequences of oscillations at dynamic
dispersive boundaries and used to determine physical parame-
ters on a spatial grid.

The DiSC is a muitistep method; the radar data system
acquisition yields image sequences in polar coordinates preser-
vation of the complex-vatued 3-D FFT image spectrum, for
the minimization of the computational time the discrete raw-
image sequences are transformed to image sequences given in
Cartesian coordinates. The first step of the algorithm is the
transformation of the image sequence to the spectral domain
by 3-D FFT. By using filtering techniques, the complex-valued
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sequence is described by an image transfer fanction. The image sequence acquisition system ylelds image

the poral sea-surface elevation and nautical radar image

in polar di but the discrete raw-

image sequences are transformed to image sequerces given in Cartesian coordinates. To retrieve global hydrographic parameters the global analysis is p;rformed
on the discrete 3-D gray-level variance spectra of the image sequence. For spatial hydrographic parameter maps, the local method DIiSC is performed, of discrete
complex-valued 3-D spectra where by the phase information the spatial structure of the images sequences is preserved.

image spectrum is decomposed and the wave signal is sepa-
rated from the noise and simultaneously the direction and the
dispersion of the complex-valued spectrum is separated into
spectral bins at 2-D wavenumber planes of constant frequen-
cies. The next step is the 2-D inverse fast Fourier transformation
(2-D FFT™!) of the spectral bins, yielding complex-valued, to
one-component spatial maps in the spatiofrequency domain,
which are used for the calculation of spatial maps of local
wavenumbers from the one-component images of constant
frequency. The resulting one-component focal wavenumber are
composed to maps of constant frequency to local 3-D spectra
and finally by using the spatial maps of local wavenumber
vectors and power for the calculation of spatial hydrographic-
parameter maps. The number of the local wavenumbers from
the one-component images is counted and is used as criterion
for the results significancy [18].

The method was applied in a 12-h data set of radar images.
For increasing the degrees of freedom, all DiSC maps of the
tidal cycle were averaged, as they could be assumed to be
statistical independent measurements. The spatial resolution of
the DiSC result is approximately 40 m x 40 m (corresponding
to 6 pixel x 6 pixel), Table 1. For the determination of common
reference level, the sea level measurements in Hoemum are ex-
trapolated by a model into experimental site (see Section IV-C),

B. Multibeam Echosounder Data

The multibeam echosounder measurements were further
processed in a digital terrain modei (DTM). The DTM em-
ployed used the “Seabed” aigorithm [27]. In this method,
for each grid node a surface paraboloid is computed from a
weighted fit through all data points within a user-definable
search radius, The altitude of each DTM cell is defined by the
value of the parabolic surface at the grid node point. The grid
size of the terrain model is 2 m x 2 m. All results shown in
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TABLE 1
SPECIFICATION OF THE CARTESIAN GRID OF
THE NAUTICAL RADAR IMAGE SEQUENCES

Number of pixel in x—direction(west-east) Nx 576
Cartesian-grid pixel resolution in x~ditection (west-easf) Ax 682 m
Spatial length in x—direction (west—east) X 3928 m
Number of pixel in y—direction (south-north) Ny 576
Cartesian-grid pixel resolution in y—direction(south-north)Ay 682 m
Spatial length in x—direction (south—north)Y 3928 m
Number of images per image sequence Nt 256
Temporal resofution (antenna-rotation time) At 1,77s
Temporal length of an image sequence T 453 s

the following are based on this DTM and each grid cell contain
25 to 50 data points.

The multibeam echosounder data were acquired on
25.08.2003 and the spatial grid cell resolution of the data is
2 m x 2 m; for the comparison with the DiSC results, the
echosoundings have been averaged spatially in the radar grid
with resolution 40 m x 40 m, at the same coordinates.

C. Tidal Model

For the determination of a common reference level, a com-
bination of tidal prediction model and sea level measurements
was used. The used model is a simplified version of the XTide
Copyright 1998 [28], which is provided under the terms of
the GNU General Public License. The model summarizes the
cosine functions, for which the tidal harmonics distributed
by the NOAA National Ocean Service have to be imported. For
the minimization of the deviation of the surface wind friction,
the synchronous measurements of the tide level are taken into
account, under the assumption that the wind influence on the
sea level along the west coast of Sylt Isle is homogeneous.
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Fig. 6. Results of DISC on August 27, 2003 at 63,00 UTC, isolines of the
instantaneous bathymetry and the current field during the flooding.
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Fig. 7. Multibeam echosounder bathymetry versus DiSC-deduced bathym-
etry. The regression line is a straight line fit across the data, and it i estimated
by least squares fit, The dashed line is the y = x line.

V. RESULTS

Hourly bathymetric maps, with grid cell resolution 40 m x
40 m, have been produced for the period of a tidal cycle, 12 h,
The current field observation as necessary coproduct of the
analysis is overlapped and shown in Fig. 6 for the flooding at
27,08.2003 at 03:00 UTC. To increase the significance of the
result, the 12 maps were averaged. To define a common refer-
ence level between the average DiSC bathymetry and the echo-
sounder one, tide gauge correction was applied.

The averaged bathymetric values of the DiSC show insignifi-
cant correlation with the echosounder bathymetry, even thought
that the main part of them present one-to-one linear trend
(Fig. 7). The uncorrclated data consist two clusters; the first one
is a systematic overestimation of the depth by DiSC across the
whole data set, the second cluster is the underestimation of the
bathiymetry in the deep than 12-m areas. About the main part
of the data, the data are markedly offset toward shallower radar
retrieval in shallow area for depths fess than 6 m.

54

IEEE TRANSACFIONS ON GEQSCIENCE AND REMOTE SENSING, VOL. 46, NO. 10, OCTOBER 2008

0, ae kL
JBI00 MOI00 A0 MGG B61000  HME2000
East (m)

[y
d -y
e0600

Fig. 8. Overlay of the multibeam echosounder bathymetry (isolinesy with
the relative error of the DiSC-deduced bathymetry; the orange color is
used for the negative (overestimation) values, and the black for the positive
(underestimation).

The spatial plot of the error illustrates its spatial clustering.
For this reason, the relative efror is plotted over the actual
bathymetry surveyed by the multibeam echosounder, Fig. 8.
The crosses illustrate error under the accuracy of the method
as it is presented in [17].

The circles indicate the error of £25%. The gray.»éolor in-
dicates negative error (overestimation of the depth) in opposite
the black color indicates positive error (underestimation of the
depth), in both cases the triangles indicate error between 25%
and 70% and the squares indicate error between 70% and 100%,
The general comment about the error spatial distribution is that
the error depends on the distance from the radar.

More specific, in the northeast side, deep (d > 12 m) area
the ersor is positive and up to 70%. In the deeper parts,
the wavelength is smaller than the depth, therefore the error
increases as function of depth, but it is not possible to identify
the mathematical relation, because of the high variability of
the error. The highest values of the error occur over the grid
cells with high bathymetric gradient. By using the absolute
relative error, the data were separated into groups with step
width of 0.05. The plot of the mean value of the relative
error of each group versus the mean value of the sea bottom,
as deducted by DiSC, proves correlation between those two
parameters (Fig. 9). As the main error source identified the
influence of the bottom slope on the waveficld, the question
is about the error propagation in between the grid cells. The
spatial correlation of the error (Rig, 10) shows that the error of
the depth in each grid cell has significant correlation only with
one neighboring grid cell. The disclosure of the correlation is
the nonsignificant spatial correlated error has the same direction
as the propagating wavefield.

The previously mentioned observations forced for the devel-
opment of a method for the determination of the significance of
the DiSC results and the filtering out of nonsignificant results.
By using the number of the fiiting wave components, which
influences the significance of the results, and compiling the
knowledge that the error is not propagating within the grid,
each grid cell bathymetry has been filtered; the minimum of
regression points is defined: 30. In addition, a second filter .
has been applied; the second filter is arranged according to
the bathymetric gradient, the grid cells having DiSC-deduced
slope above 2°, have been filtered out. The remaining averaged
bathymetric values of the DiSC have been plotted against the
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Fig. 10. Spatial correlation of the relative error.

echosounder data (Fig. 11); the main characteristics are similar
with the scatter plot in Fig. 7, except the minimization of the
scatter. The frequency distribution of the relative error (Fig. 12)
and the mean value proves a systematic underestimation of
depth by DiSC approximately 5%.

VI. DISCUSSION

The validation of the DiSC over the optimal meteorologicat
and wave conditions confirms the validity of using the finite
dispersion relation for depth deduction in nearshore areas.

The hourly results of the bathymetry and the current field
(Fig. 6) give a first assessment of the instantancous depth and
current. In previous investigations [29], it was proved that the
bias in the hourly results is approximately 0.4 m, For the
increase of the depth results significance the bathymetry is
calculated over a tidal cycle in this approach.

The general impression is that the DiSC overestimates the
bathymetry about 10%. The precision of 80% of the DiSC
results is lower but comparable with high-resolution multibeam
echo sounding coupled with high-accuracy positioning, [30],
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Fig, 12. Relative error distribution, the error of more than 80% of the grid cells
is less than 20%. The dashed line indicates the mean error of all the grid cells.

considering the spatial resolution of the two methods and the
coverage density of the two systems. The main error source is
the changing in the bathymetric gradient, but the error is not
propagating along the grid.

The frequency distribution of the bias of the depth estimation
is shown in Fig. 12, the mean error is less than 10%; the DiSC
overestimates the depth. The most probable physical reason for
the error that appears on the highest point of the slope is the
impact of the slope itself on the waves, by approaching shallow
areas, the impact of the seafloor and the bathymetric gradient
transform the geometry of the waves, shoaling. The wave
crests become steeper, the wave height increases, shifting the
maximum of the radar return toward the crest, which influences
the imaging of the wavefield and causes the overestimation of
the depth. :



In addition, to the physical phenomenon, the transfer fune-
tion shoukd hcmdnmd &% an ervor source, The spatial distrib-
whion of the error proved & strong relation between the error and
the distance from the radar. For the whole monitored area, the
samss tranafer function is vaed for transformation of e received
entrgy o sea wave eneegy, his assumption 18 strong enough and
beoadly wsed in many different radar systems (WahdoS [31],
Miras [32]), but due to the high resolution of the monitened
geological slructures and mainly (heir odentation toward the
radar heams and the influence to the wavefield, it kas probably
an iaportant impacl.

More precisely, Figa. 7 and 11 show that in shallow areas,
nominally less than 4 m, the DiSC does not produce results,
during the specific conditions, the wavefield is strongly nonlin-
ear, @5 the waves are breaking due 10 the shoaling: thesefore,
the applied Hnear playsical model fails to model the actual wave
conditions and its inversion is impossible, As the method is
haged on the linear wive (heory, by assuming the depth (d)
compagable small to wavelength (A} and the i, = 0, the dis-
persion relation (1) 13 transformed into G{EJ = +/|dld.. which
is the lower limit of the methaod. In the practice, the lower limit
of the methed depends on the radar resolution, in this case
T m, therefore the shariest observed waves have approximately
28 m length, In the scatter plots, it is obvicus that the DISC un-
desestimates the depih belween, approgimately, 4 and 6 m; this
is due o the first, weak, impact of the shoaling, which by ilself
is a nonlinear phenomenon, of the waves approaching the shore.

The majority of DiSC-deduced bathymetry between & and
I m, presents significant correspondence with the echo
svunder dala, the accuracy ks higher than 90%, the resuli is simi-
lar with the el observations of [3]. The main source of error is
the systematic undesestimation of the depth, which exceeds in
few cage 0% and it is obvicus 8 a cloud of regression poinis
paralie] o the @it lisz, The geocodation of the results and the
overlapping with the maltibeam bathymetry, Fig, § show that
the underestimation is cavsed mainly sl the deep areas where
the waves ane oo shidt o be influenced by the bathymetry,
DiSC underestimates, approximately, the 906 of areas desper
than 11 m. The few available depth grid celts do not permit
to make general stalements about (he error source, under the
specifie wave conditions during the data scquisition and the
eeomorphalogy of the aren, the decrease of the accurmcy seems
reasonable, The upper limit of the metlod range depends on
the wive conditions. For the determination of theoretical limit,
ussuming thot d 3= A, so tanh{lk]d) = 1 holds, substinted in

the dispersion relation (1) H(k) = 1,;"5 « E, independent 1o the
depth; therefore, the result of the Iversion s amblgnoos. In
this cae, the upper limit of the method is approximately 15-m
depith, but the distance from the radar snd the low backscattered
energy is the practical Hmitation,

‘The scatter ot (Fig. 9 of the absolute relative error vessus
the bathymetric gradient, as it is calcolated from the 18O
resulis, indicates & significant correlation between those fwo
quantities. The eror preseats two maln elustars and one outlier
as furction of the slope, the first cluster lies between 0° and 2°
and the second cluster lizs betwean 2° and 67 in addition, 1he
difference between the two clusiers is a constant offset of 0.0,
The peocodation of the crror (Fig, 93 shows that the high ermor
is coming from the areas with high seafloor gradient, mainly
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al the shallow borders of the trffic channel. The ermoncous
resulls are presented at the areas with bigh gradient and one
neighbaring grid cell. The strongest indicating exanyple that the
error depends on the bottom slope, lies approximately amang
[(6103200, 34612001, (6103500, 3461350)], where the error is
doubbed in comparison with the neighboring grid cells.

The spatial sulocomrelation of the ermor (Fig, 100 proved that
the ermor does not propagated into the grid, therefore each
bothymetric result for inchividual grid cefl is considered as
independent mensurement. The benefit is the use of slatistics
for the exclusion of the insignificant DiSC bathymedric results,

VIL COMCLASION

The last decades, several efforts wbout the detormination
of the hathymetry by inverse modeling the wave propagation,
approached by linear or nonlinear models have been published.
However, in few of then, there is an extensive validation and
discassion about the emmor. The DiSC should be considered a
stateol-the-art method for thedbathymelric monitering of 1he
coastal areas; as it is proved the significant accuracy and it has
high teapornl and spatial resolution.

In the homogeneous areas where there is not high vagiation in
the batkymetry (slope less than 27), the ervor is apprdimately
T%. In comparisan with the multibenm echosoundings data,
the radar<deduced bathymetry has similar accurscy under the
assumption of a common grid cell, At the arens with high
bathymetric variability, the ermor is about 40%. The two main
sources of error are the high bathymetrie gradient (shope steeper
fhan 2%), which influence the geometry of the waves, and the
linear wave dispersion, which is no longer applicable when
the wavelengih is too small to be Influenced by the seafloorn
The ermor is strongly cosrelated with the slope, which has the
main noplinear impact on the waves. The ermor each grid czll
is sdgnilicantly correlated with a neighbocing grid cell in the
direction of the wavefisld,

Inn geseral, the DISC method iz an aliernative remode-sensing
method for coastal water monitoring, which has satisfactary
and comgarable sccuracy with in site mensurements, like
echosoumdings, and it ks applicable in areps of high interest
wibere it is essential to constantly monitor with high resolwtion
in time. The disadvantages of the in sitr techaiques an: the high
expenses due 1o long shipping fimes necessary 1o retrieve the
required information. As a consequense, the temporal evolution
of morphodynamicatly highly aclive areas is not possible during
sirong heeere or heavier weather conditions, To overcoms this
problem, (he DISC technique, based on the snalysis of nautical
H-band radar image sequences of the sca-surface waves, could
I wsedd,

The cusrent, level of method permits the eperational applica-
fion in areas for importang activities, such as, ship navigation,
tracking sediment movement and for madel validation and far
data assimilation in real-time forecasting, as the inversion of
the above concluesions and the knowledge of the error sources
permit the production of the confidence maps of the DHSC
bathymedey,
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ABSTRACT

The offshore observation of the wavefield with coherent radar
systems consist a common practice for the study of the
electromagnctic waves probing the sea surface waves and for the
extraction of information of the sea waves. In this investigation, a
Dopplerized, horizomaHly polarized. nautical radar is utilized for
the monitoring of the waveticld evolution in the littoral zone, The
radar datasets are globally unique and cover difterent geophysical
conditions; therefore the impact of the bathymetry on the Doppler
spectra is discussed, the horizontal velocity towards the shore is
caleulated and the properties of the radar deduced quantities are
compared with in sitn measurements.

Trdex Terms— Coheremt X-band Radar, Nearshore wavefield
observation

1L INTRODUCTION

The dissipation of the wave encrgy and the transtormation of the
wave field propagating over uneven bottom towards the shore has
been subject of study for decades, Many experiments, at wave
tanks and at the field, have beer implemented since the 60°s. At
the experiment with the denser wave sensors array, [1] at DUCK,
there were less than twenty sensors measuring wave height, By
this it turned out that the monitoring of a shoaling wave field is
still undersampled by using i situ measurements.  Relatively
recently this problem is countered by using ground based remote
sensing techniques, e.g. from cameras, a review at {2] or from
(coherent) radar systems {3] and [4].

Nevertheless, the application of coherent radar systems for the
monitering of the wave- and current- fiekt at the nearshore has not
extensively applied. The reason for the limited application is the
impact of the complexity of the hydrodynamic phenomena on the
backscattered  electromagnetic waves.  The acquired Doppler
spectra (and out of them, the caleulated Doppler velocities) reflect
the locably dominant scattering mechanism, which is impacted by
the instantaneous and local hydrodynamic conditions.

This paper presents for the ficst time, the monitoring of the
wave field propagating the last nautical mile towards the coast by
using a pround based Dopplerized X-band radar with horizonta
polarization. The objective is the extraction ol occanographic
information trom the coherent signal by, firstly, interpreting the
microwave scatterers in the littoral zone,

2. LITTERATURE REVIEW

The investigation of the interactions between the clectromagnetic
waves amd the sca waves consist a major rescarch subject, since the
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WW-1I, for different and at the begimning non-civil applications.
Crombie [5], by using a HF radar, published the first
oceanographie results and he correlated the measured Doppler
frequency  with  the phase  velocity of the water waves.
Concurrently and after him, with the development of variant radar
systems (including most of the electromagnetic frequencies for
different targets or for different carricr platforms) the secattering
mechanism for radar returns to be investigated.

For the wind-wave surfaces which fall into the ‘slightly rough®
category moderate or high grazing angle the primary mechanism is
the Bragg scattering, e.g. {6].  From direct measurements of
Boppler spectra of any given wind-wave field, the mean speed of
the Bragg-resonant water wave has been obtained {7}, [8]. At the
low grazing angles (LGA) the Bragg backscatter mechanism is not
the dominant, but other mechanisms can be taking place
simultancously 9], [10]  The underlying hydrodynamic and
atmospheric phenomena have significant impact on the measured
Doppler velocity, which is the powerwcighted mcan of the phase
velocity of both the advancing and receding scattcrers (Bragg)
resonant waves in a resolution cell plus any advection of the facet
due to gravity wave orbital velocities, surface currents, and wind
drift e.g, {33 {9L [T 12).

In addition to previously mentioned phenomena. in the littoral
zone the waves release their energy by breaking. The breakers,
and the LGA, intensify the non-Bragg backscattering mechanisms.
It has been observed that the backscatter of the wave breakers or
phenomena generated by the breakers have large radar cross
section values (sea spikes) and Doppler velacities on the arder ofa
few m/s, among several studies: {9 [13]- [14]. The importance of
the wave steepness and surface roughness at low grazing angles
has been discussed by several [151-[17]. Analysis of field data
collected in the ocean covering wind speeds from 7 to 15 m/s,
grazing angles from 14" to 5.5 and with different levels of
background swell influence resulted that the breaking effects arc
increasing significantly the Doppler velocity of both polarizations
{abowt 50% faster) and enhancing the horizontally polarized
backseattering cross-section drastically (with 1015 dB increase)
[17].

This short literature review of the backscatter mechanism in
relation of the hydredynamics demonstrates the  complex
velationship that oxists between nicrowave backscatter and
ncarshore  processes. This relationship is explored here by
characterizing microwave scattering in the nearshore and relating
the measurements to nearshore waves and water surface velocities.

3. EXPERIMENT

The area of research is located at the north-west side of the Sylt
Island, laying in the German Bight. The coast is an exposed



littoral sandy dune and characterized as mixed energy-tide dare;
the tide is semi-diurnal and the tidal range reaches approximately 2
m. which eauses cross shore transport through the channels
between the barrier islands. The long shore transport along the
coast is mainly wave induced. The maximum depth of the area
covercd hy radar. is 8 w and there is a sand bar parallel 1o the
coast, between the isolines of 3Imand 4 m

The instrumental setup of the experiment includes a
dopplerized marine radar  system  horizontally  polarized. a
meteerologicat station, 2 wave riders and 2 tide gauges. The radar
was developed on the base of nautical X-band (A =3em)

o
radar [18). The main modification is the ceherentisation of the
transmitter - receiver module 1o detect the Doppler frequency
shifts in 254 range cells, with spatial vesolution of 7.5 m. The
resulting range is 1920 m, along a radial beam and the temporal
length of the observation is 0 min, the sampling frequency is
1024 pulses per second.

During the experiment. all the measurements were synchronous
anit the data were transiitted to the ficld operational center in real
time. The wind conditions vary between 4-9Bft and by knowing
the actual wave conditions from the wave riders, the radar was
steered against the direction of the wave propagation. Thus, the
wavefield was monitored perpendicular and the effect of the
current fteld on the wavefield was niinimized.

4, DATA PROCESSING

The complex valued data are separated inte chunks of 512
suceessive radar pulses, corresponding approximately to 0.5s; each
of them is considered as one sample and fast Fourier
transtormation is applied on it. The frequency resolution of the
resulting spectra isAT=1.95Hz and the Nyquist frequency
isj;m\ =512 Hz. The radial veloeity is calculated for cach bin
by the v, =054, f

"J”W,‘_{/cos(@k,); Qgis the grazing angle

= > e vV ) ’ o
and v, = v, Ty, e, where V) Yoy » €parc

vt T Veor Sorb e
the wind drift the orbital motion, the current velocity and ¢ the
velocity of the scatterer, respectively. The Nyquist frequency
corresponds to the velocity of 7.5 m/s with a bin size of 2.9 cov/s.
In this case, as the radar is shove-based and the waves are
propagating towards the coast, the velocity of the wave crests
imaged by the radar is only positive and the negative values
correspond to aliased frequencies, therefore the Doppler spectra
are unwrapped by simply moving the negative part to the upper
end of the spectrum.

At the first step of data analysis the data are smoothed with
moving average with span of 5 bins, which does net affect the
statistical propertics of the spectra. Next step, the signal to noise
ratio is calcufated for each frequency, in case that the ratio is lower
than 1, the speetral density was set equal to 0, Fig. 1. Based on the
peak position of the spectrum, the Doppler velocities were
calenlated; the result is geocoded.

Due to the instruments properties, the backscattering
mechanistn at the low grazing angle and the shadowing, in the time
series of the row data, there are gaps in the recorded signal, the
amplitude is equal to zero, therefore higher harmonies cxist in the
resulted spectra, which outflank the frequency of the backscattered
signal.  To filter out the ambiguous velocities, two different
methods were followed. A the first one, the number of naught
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signal values into each time chunk was counted and the chunks
with more than 15% missing values were excluded,
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Figure. |, Normalized Doppler spectrum afler the smoothing and
the subtraction of the noisc.

For the sccond approach, the moments of the Doppler spectra
were calculated; based on (hem, the width of the spectra was
evaluated. Among the width indicators of the Doppler spectra
wtilived  for  cvaluating  the  signal  quality,  the
qj,ng/‘z‘sl)/(zsn)z was the most robust, where S,is the
Doppler spectram, the threshold is set 0.3. At fig. 2, the relation of’
the two guantities with the Doppler velocities is illustrated.
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Figure. 2. The scatterplots of the number of missing values in the

data (eritical value £20) and of criterion gp for the spectral width
(critical value 0.35) as function of" the Doppler velocity,

The performance of the two different methods is similar
and the influence of shadowing is increased with the
distance from the radar; therefore the number of available
data is reduced Fig. 3.
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Figuee, 3. Three 2-min interval of consccutive 0.52-s radial
seatterer veloeity estimates compitted by tracking the peak of the
cach Doppler spectrum (the green Hine), the red stars and the blue
line are the velocities filtered in by the spectral width (ved stars)
and the existence of values (blue linc).

S, RESULTS AND DISCUSSION

The product of the analysis is a set of 200 simubtaneous time
serics of the horizontal velocity of the scatterers on water surface
in the coastal zone, with spatial resolution of 7.5 m, Fig. 4; thus
time series of 10 min with gaps duc to the fillering were created.
The number of the available measnrements is reduced with the
range, dark blue at Fig. 4, The paralle! fines of the velocitics,

demonstrate that the scatterers travel towards the shore on top of

the long waves.
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Figure 4. Top: Range ~ time image of filtered horizontal velocity
extracted from the radar. Bottonr The cross-section of the
bathymetry under the radar beam.

Tn addition the impact of the bathymeiry is obvious, at the
isobath of 2 m, where lying the first sand reef, the waves break and
the velocity of the scattevers is almost the double, after the reef
towards shore, the veltocity is reduced and again is inereased on the
second sand bar; the same features are observed also to the average
over time. In both cases the factor of the velocity beost is
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approximately 1.5 — 2 in comparison with the non-breaking zonc,
Fig. 5.

The average in time of the without filtering Doppler velocities,
which include the low amplitude values, is extremely high, the
order of which has a factor of 2 in comparison with the filtered
velocities. In all the three cascs the effect of shadowing i range is
obvious, The shadows arc introduced in high frequencies, which
has a threshold behavior for their detection,

By considering that the seattering-object velocity in the water
frame of reference obtained from the Doppler frequency. is the
sum of the wind drift of the current velocity including the orbital
motion and the speed of the scattering object, in the following
paragraphs, the measured radial velocities are evaluated. For the
cvaluation, the range bins between 900 m and 1000m from the
radar, are used, because the area has constant depth and there are
fewer gaps in the time scries of the Doppler velocity in comparison
with the time series farther from the radar,

During the data acquisition, the mean measured wind velocity
at 10 m height on the coast was 17.3 m/s. The approximation of
the caleulation of the wind drift is 2.5 -5.1% of the wind speed,
[19]. Under the assumption that the wind field is homogeneous
and due to the high wind velocity, the wind drift is calculated as
the 4.3% of the wind speed [20). Therefore, the input of the wind
in the Doppler velocitics is in the range of v, =0.73m/s.

T addition, the signiticant wave height at the nearest wave
sider, at depth of 6m was measured 1.5 nt with wave perfod 10 s,
By applying the finear wave theory, the horizontal component of
the orbital velocity is caleulated v = 1.1 nv/s,
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Figure 5. Average Doppler spectral velocities, before the tiltering
(blue) and after (spectrat width and amplitude, red and green
respectively) in time for the whole range of the radar beamn,

The measurement was acquired one hour before high water; a
typical value of the current velocity for this area doring low wind
=0.2-0.4m/s. Te avoid the measurcment of

the Doppler shift duc to the currents, the radar was steered in the
propagation dircetion of the wavefield, but probably this data
acquisition  strategy has limited effectivencss during  stormy
conditions in the coastal arca, where rip and longshore currents are
generated.

By summing up, the velocitics of the individual hydrodynamic
phenomena and subtracting the sum from the Doppler radial

conditions is v
e



velocity, the veloeity of the scatterer c, was calewdated for the

subarea of interest in the order of 0.3 m/s.
6. CONCLUSIONS

‘This first investigation in the coastal zone, based on a
horizontally Dopplerized radar system proved that the Doppler
velocity of the sea surface coudd quantity the ongoing processes
under specific assumptions, during stormy conditions.

Due to the low grazing angle and the interference of the
electromagnetic waves with the sea surface, the recorded
backseatter signal has missing values. To encounter this problem,
two different approaches liave been applied; the first one in the
time domain and the second in the frequency domain, Both of
them perform the same and increase significantly the applicability
of the data for geophysical obscrvations,

From the geophysical point of view, the mean velocity of the
seatterers related to the sea swrface is measured for the last 2 km
approaching the shore. For the homogeneous arca, in a distance of
1000 m from the radar, where the remakning vabues are eneugh, the
measured velocity is validated and it seemns to be reasonable in
comparison with the hydrodynamic environmental conditions. The
radial velocity is influenced by the bathymetrical variations; more
specific at the breaking zone the radial speed is twice higher than
in the homogenous arcas.

Further and current investigations focus on the application of
non-uniforat fast Fouricr transformation due to the gaps, the
determination of the Doppler frequency with more robust methods,
e.g. the oments, and the establishment of a transfer function for
the extraction of the spectral wavefield propertics from the spectra
of the radial velocities.
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