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Abstract— This paper describes and validates an empirical
method for inversion of marine radar-image sequences to time
series of ocean surface wave fields without calibration. External
sensors are not required. The radar system can measure as a
stand-alone device. The method has been developed within the
framework of the European project "MaxWave” and is based
on a local description of the RCS in space and time, whereby
the ocean surface is subdivided into local facets. A local transfer
function between local RCS and ocean surface is determined
for each facet. The inversion scheme is applied to radar-image
sequences acquired by a marine X-band radar, operating at
grazing incidence and horizontal polarization in transmit and
receive. The system is mounted aboard an offshore platform in
the North Sea. The ocean-surface image sequences are validated
by comparison of the calculated significant wave heights with
values from co-located wave records of three in-situ sensors. It is
shown that the accuracy of the radar-retrieved significant wave
height is within the accuracy of the in-situ sensors.

I. INTRODUCTION

Ocean surface elevation fields are determined spatially and
temporaly from marine radar-image sequences. Thereby a
novel, recently introduced, empirical method is applied and
validated [1]. In-situ measurements are not required and an
external calibration is not necessary. The method is very robust
and assumes the main modulation of the RCS comes from the
local surface slope in antenna look direction (tilt modulation).
Hydrodynamic modulation is neglected, and the geometrical
effect of shadowing is assumed to have a minor contribution
to the RCS. The method performs well even if the relation
between tilt and RCS is nonlinear.

Radar-image sequences of the sea surface are also used
to measure high-resolution ocean wind fields [2], [3], wave
groups [4], current fields and bathymetry in inhomogeneous
areas like coastal zones or areas with current gradients [5]. Fur-
ther radar images are operationally measuring two-dimensional
wave-spectra and significant wave heights [6], and the mean
near surface current [7].

The long ocean waves are imaged by a marine radar,
because they modulate the radar backscatter from the wind-
driven rough sea surface. The method is based on the determi-
nation of the surface tilt angle in antennalook direction at each
pixel of the radar images. The mean radar cross section (RCS)
depends on the mean local depression angle. This dependency
is parameterized as a look-up table. The deviation of the RCS
from the mean RCS represents a local and tempora change
of the depression angle, which is assumed to be equa to the
local ocean surface tilt. The trandation of the RCS to the local
surface tilt is a local, spatial and temporal description of the

modulation process. Up to now, the modulation processes were
described in the Fourier domain.

The investigations presented in this study were performed
with radar-image sequences collected by a radar system in-
stalled aboard a platform in the Norwegian oil field Ekofisk
in the central North sea using the Wave Monitoring System
(WaMoS), which has been developed at GKSS Research
Center. The sensor is a conventional marine radar, operating at
X-band (9.5 GHZz) with horizonal (HH) polarization in transmit
and receive. The radar technique allows the spatial-temporal
measurement of the backscatter from the ocean surface under
most weather conditions, independent of light conditions [8].

For validation the method has been applied to more than
1500 data sets from Ekofisk. Co-located measurements from
three in-situ sensors, one wave rider buoy and two laser
sensors, were taken. Thereby a comparison of the significant
wave height from the inverted radar-image sequences and the
co-located in-situ data was performed. The results show the
robustness of the inversion method.

Il. INVESTIGATED DATA

All investigated data have been recorded in the Cono-
coPhillips operated Ekofisk oil field in the North Sea from the
platform "2/4k” (56.5°N, 3.2°E, cf. Fig. 1). The water depth
in this area is about 70 m. All radar-data sets were taken by
WaMosS |1, that enables the continuous digitization of radar-
image sequences. The sensor, a marine radar, installed 74 m
above mean sea level, operates at 9.5 GHz (X-band) with HH
polarization near grazing incidence. It covers an area within a
radius of ~ 2000 m with aresolution of =~ 12 m in range. The
radar antenna rotates with period 2 s. A standard radar-data set
consists of 32 images representing ~ 82 s. The investigated
radar-image sequences and co-located in-situ data, provided
by one wave-rider buoy and two laser sensors (see Fig. 1),
cover 8 months, from February until September 2001. They
represent more than 1500 acquisition times with significant
wave heights up to Hg ~ 6 m. The wind speed was up to
~ 17 ms~!. The data provided by the in-situ sensors are
continuous measurements of the sea surface elevation, whereas
the sea state parameters are determined for time intervals of
20 minutes. The sampling frequency is 2 Hz.

I1l. OCEAN SURFACE DETERMINATION
A. Imaging Mechanisms

Ocean waves are visible by a real aperture radar, like a
marine radar, due to modulation of the RCS by the long



IN PROCEEDINGS OF THE INTERNATIONAL GEOSCIENCE AND REMOTE SENSING SYMPOSIUM, SEPTEMBER 20-24, 2004, ANCHORAGE, ALASKA. 2

Laser Sensors

Waverider

Fig. 1. WaMosS system installed on Platform "2/4k” of the Ekofisk oil field
in the North Sea. A wave rider buoy is placed near the ail field, and the two
laser sensors are mounted on the main complex.

surface gravity waves. This modulation of the RCS is a
sum of four contributing processes: the geometrical effects
of shadowing and tilt, hydrodynamic modulation, and wind
modulation. For the determination of the ocean surface by the
developed empirical method, it is assumed, that the RCS is
mainly modulated by the wind and the ocean surface tilt:

M = Mae’r'o + Mt’ilt- (1)

Hydrodynamic modulation is neglected here. Shadowing ap-
pears only in the very far range at Ekofisk, because of the
given antenna height (74 m), and is therefore assumed to have
a minor contribution to the RCS.

Mathematically the modulation process is described by
a modulation transfer function (MTF), which is commonly
defined as expansion of the RCS for the spectral amplitudes
of the wave field 7(k) [9]. For alocal facet at location 7 and
time t the local RCS is given by [1]:

Jo(F,t) = Eo(F,t)-l-(SO'o(’l_",t)

L+ MEI7,L) - 7. AR | @

n(7t)

= EO(Fa t) :

describing the deviation of the RCS do at location +* and time

t as a product of the local modulation function M (k|7 t) and
the local wave field n(7,t) as indicated in (2). Thereby the
local wave field is a product of a carrier wave with wave
number k and a slowly varying amplitude function A(7,t).
This trandlation of the RCS to the local surface tilt is a local,
spatial and temporal description of the modulation process.
The MTF is therefore a spatial and temporal function, which
has to be determined for each location. This is different from
the description of the MTF in the spectral domain.
Theinversion method is based on thislocal, spatial and tem-
poral description of the modulation process by determination
of the surface tilt angle in antenna look direction at each pixel
of the radar-image sequences. The mean RCS is dependent on

the local depression angle at X-band and HH polarization [10].
This (linear or non-linear) dependency is parameterized as a
look-up table. The deviation of the RCS from the mean RCS
represents a local temporal change of the depression angle,
which is assumed to be equal to the local ocean surface tilt.

B. Method

The inversion scheme in Fig. 2 gives an overview of the
method for determination of time series of ocean surface
elevation maps. The input for the method are the raw polar
radar-image sequences o (7, t) as shown in Fig. 1.

Real aperture antennas are directional antennas, which ra-
diate radio-frequency energy in patterns of lobes that extend
outward from the radar antenna in antenna look direction.
The radiation pattern also contains minor lobes. Because
of the radiation pattern, each radar antenna has a typical
recelving pattern. An important step to analyze the radar
images is to know this receiving pattern and to correct the
data. Therefore, in a first step, each radar image is corrected
with the characteristic antenna receiving pattern. For details
regarding the measuring of the antenna receiving pattern refer
to [1].

In the next step the dependency between the local variation
of the RCS o, from the mean RCS &, and the local tilt ¢ has
to be determined. The mean RCS is dependent on the local
depression angle ¥ at X-band and HH polarization [10]. The
deviation of the RCS doy from the mean RCS & represents
alocal and temporal change of the depression angle, which is
assumed to be equal to the local ocean surface tilt. The mean
RCS is parameterized for each antenna-look direction ¢;:

Go,i(r, i) = f(r, ¢i)s (3

where f(r, ¢;) gives the parametrization function and &, the
resulting 2-D parametrization. The range-dependent depres-
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Fig. 2. Inversion scheme for determination of ocean surface elevation.
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sion angle U is given by:
U(r) = arctan(han /1), “)

with r giving the distance from the antenna and the given
installation height of the radar antenna hy,,; = 74 m.

The ocean surface waves cause a loca change of the
depression angle §¥, the tilt modulation of the RCS, and
thereby alocal deviation of the RCS 6o from the mean value
7. With the given parameterizations (3), (4) and the known
deviation of the RCS do( from its mean value, the local change
of the depression angle 6V is determined, which is assumed
to be equal to the local ocean surface tilt ¢ (see Fig. 2). The
local tilt angles are determined for each location in space and
time. The result is a sequence of tilt images ®(7, t). For details
refer to [1].

The ocean surface elevation n(7,t) is determined from
the tilt angles ®(7,t) directly by integration. Thereby tilt-
image sequence ®(7,t) is transformed into the wave-number
frequency domain by performing a3-D Fast-Fourier Transform
(FFT). The resulting complex 3-D tilt spectrum é(E, w) is
integrated by multiplying with an integration transfer function
D, that is complex and shifts the phase of all wave number
components in the Fourier space by /2.

ik, w) = ®(k,w) - D. (5)

The result is a complex 3-D wave spectrum 7 of the ocean
surface elevation field.

The integration process causes an amplification of small
wave numbers. Therefore a posterior filtering process is nec-
essary to retrieve only the signal of the ocean surface wave
field. The dispersion relation of linear surface-gravity wavesis
used, that connects wave numbers £ with their corresponding
frequency coordinates w [8]:

w = +/gktanhkd + k - @ (6)

where w indicates the absolute frequency, ¢ the gravitational
acceleration, d the water depth, and « the velocity of en-
counter. The filtering is done by fitting the theoretical disper-
sion relation to the signal coordinates in the complex wave-
number frequency spectrum [7]. Thereby the dispersion shell
is strongly broadened in & and w to get also components of
the wave spectrum that do not lie exactly on this function. To
suppress those Fourier coefficients with small wave numbers
and those with noise from non-relevant spectral components
additionally a bandpass filter is applied (cf. [1]). The wavefield
n(7,t) is determined by transforming the retrieved complex 3-
D wave spectrum 7y, (k,w) into the spatial-temporal domain
by an inverse 3-D FFT.

Fig. 3 shows a resulting ocean-surface elevation image
sequence, recorded on March 28th, 2001 at Ekofisk 2/4k.
An azimuthal dependency of the ocean surface elevation is
clearly visible. This dependency is explained as a geometrical
projection factor as follows: only the tilt component of the
water surface in the antenna viewing direction affects the
modulation of the RCS. Therefore the RCS is not modulated if
the radar is looking parallel to the wave crests. The significant
wave height in the area around the given wave travel direction
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Fig. 3. Ocean surface elevation sequence of a radar-image sequence recorded
on March 28th, 2001 at Ekofisk 2/4k (see Fig. 1). The determined Hg is
4.47m compared to 4.47 m retrieved from a co-located time series of the
wave rider buoy.

for the whole image sequences is Hg = 4.47 m, which is
in excellent agreement with Hs = 4.47 m, retrieved from a
co-located buoy-time series.

IV. VALIDATION

This section is focused on the statistical comparison of the
ocean-surface elevation image sequences with the co-located
2 Hz elevation time series (20 minutes each) of three in-situ
sensors, one wave rider buoy and two laser sensors ("Flare
North” (FN) and "Flare South” (FS)). All in-situ sensors are
situated within the radar measuring range.

The comparison is focused on the significant wave height
Hyg as integral statistical parameter, the most important quan-
tity used describing a sea state. Hg isdirectly determined from
the standard deviation of the spatial-temporal wave elevation:

HS:4'<(77(T7¢at)_ﬁ)2>%7 (7)

where 77 gives the population mean, and (-) denotes the
expectation value of 7. Hg is determined only for the area
within £22.5° of the wave travel direction ¢y £180°, due
to the radar is mainly imaging waves which travel towards
and away from the radar. For the in-situ time series Hg is
also directly determined from the standard deviation of the
elevation-time series.

1535 radar data sets with Hg up to 6 m are processed,
together with their co-located time series from the in-situ
sensors. Only data sets, recorded under a minimum wind speed
conditions of ~ 4 ms~! are considered. This wind speed is
necessary for a measurable modulation of the RCS.

Fig. 4a gives exemplary a comparison of Hg between wave-
rider buoy and marine radar, and Fig. 4b between buoy and
laser FN. In both cases a correlation of 0.93 and a standard
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Fig. 4. Comparison of Hg derived from 1535 wave-rider records with radar-
Hg values (a), and with Hg derived from wave records of laser FN.

deviation of 0.35 m could be achieved. With a bias of 15cm
the radar is dlightly underestimating the measurements of the
buoy. Table I shows a full inter-comparison between al 4
sensors. Thereby the upper three rows give the comparison
between the radar measurements and those from the in-situ
sensors. The lower three rows of Table | give an inter-
comparison between all three in-situ sensors. Correlation, bias
and standard deviation between the in-situ sensors are within
the same range as between the in-situ sensors and the radar.
Different from the buoy, the bias between radar and laser FS
is neglectible. It is obviously that the accuracy of the in-situ

sensor 1 sensor 2 | corr hias  ogy
radar waverider | 094 015 035
radar laser FN 090 017 044
radar laser FS 090 003 043
wave rider laser FN 093 001 036
wave rider laser FS 096 -012 027
laser FN laser FS 090 -014 043
TABLE |

MAIN STATISTICAL PARAMETERS RESULTING FROM COMPARISON OF
1535 Hs VALUES BETWEEN TWO DIFFERENT SENSORS.

sensors is decreasing with increasing wave height. For the
radar measurements it is nearly constant (cf. Fig. 4).

V. CONCLUSIONS

An recently introduced empirical inversion scheme has been
applied and validated [1]. This has been done by compar-
ison to in-situ wave measurements considering a data set
of more than 1500 radar-image sequences with co-located
in-situ measurements with significant wave heights Hg up
to 6 m. The method is based on the determination of the
tilt angle of the ocean surface at each pixel of the radar
images. The modulation of the RCS by the ocean surface tilt
is described locally, spatialy and temporally. A calibration
procedure is not necessary. The radar system can measure
as a stand-alone device. Hg has been determined from the
radar-derived time series of ocean surface elevation maps and
compared to significant wave heights from co-located in-situ
wave records. Comparison resulted in a correlation of 0.93 and
a standard deviation of 0.35 m. An inter-comparison between
all four sensors was performed. Correlation, bias and standard
deviation are within the same range for all sensors.
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