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Abstract.  This paper addresses the imaging of swell waves by Synthetic Aper-
ture Radar (SAR). We give the principles for the determination of swell
parameters [rom image data. Wave height determination is based on a simple
method derived from the quasi-linear version of the wave imagimg model of
Hasselmaon and Hasselmann., The influence of wind waves on wave height
determination is discussed. Results on coastal swell events observed by ERS-1 off
the Banc d'Arguin (Mauritania) are presented. These results are compared,
generally Favourably, with estimates from the wave prediction model of Météo-
france and [rom a model of swell propagation in finite depth water. However, in
intermediale to shallow water, SAR wave length estimates were found to be
areater than the theoretical values obtained without currents. The resulls are
discussed in terms of swell-current interaction phenomena. A general conclusion
of (he study is that satellite SAR can be considered as a quasi-operational
instrument for swell monitoring at low to moderate wind speeds. Also, we point
aut that SAR imagery can henceforth be envisaged for physical studies on swell
propagation in the coastal zone,

1. Introduction

Satellite Synthetic Aperture Radar (SAR) is now recognized to be, at least
potentially, a powerful tool for monitoring ocean waves, with possible applications
in wave forecasting, wave statistics and wave modelling in the coastal ocean. Much
attention and elfort have been paid these last 15 years Lo the understanding and
modelling of the different mechanisms involved in the SAR wave imaging process
(Alpers et al. 1981, Hasselmann et af. 1985, Kasilingam and Shemdin 1990). Data
from Seasat (Macklin and Cordey 19913, SIR-B (Monaldo et af. 1993) and ERS-1
(Tilley and Beal 1994) satellite missions, and airborne experiments (Rulenach ef al.
1991) have been exlensively used to assess the SAR technique for remote sensing
ocean waves with the goal, which is important for operational perspectives, of
measuring the two-dimensional wave spectrum (it should be noted that this
information is not accessible quantitatively from visible imagery). It is only recently,
owing to a significant improvement in the ocean wave spectrum SAR imaging theory
(Hasselmann and Hasselmann 1991), that reliable inversion techniques have been
envisaged for extracting the directional wave spectrum [rom SAR data. Uncertain-
ties, however, still remain concerning terms of the SAR wave modulation transfer
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function, particularly the hydrodyaamic term which is a current subject of research.
On the other hand, the non-linearilies of the imaging process results in an azimuthal
fali-off of SAR wave spectra (e.g. Beal er af. 1991), which restricts the detection to
the short azimuthal wave components of the wave spectrum which. therefore, can be
only partially reconstructed.

We start [rom the present stale of the art of SAR remote sensing ol occean waves
to envisage swell monitoring by SAR. Swell designates narrow-bands, long-crested
components of a low wave number of the sea state. which oceur frequently in the
ocean, like the Atlantic in the case of the present study. Swell ohservations and
predictions are demanded in & number of human aclivities such as off-shore oil
operations, coastal managemenl, navigation (see, for example, Mettlach er af. 1994),
Also, short and long term series of swell measurements are needed al prescribed
sensible coastal regions for which swell constitutes the main dyl‘ldl]'li(,dl process
(beach erosion, littoral currents and subsequent sediment transport, see, e.g, Carter

[988).

We will present the principles of swell measurements by SAR in §2. swell
observations from ERS-1 SAR images of a coastal zone off Maurilaniz in §3, and
comparisons of the results with wave modeliing in §4. This work aims to demon-
strate that swell monitoring by SAR is already feasible and that spaceborne SAR
systems, like on ERS-1 satellite, allow the obqervatiom and measurements to be
made at suitable spatial scales (the image size bunﬂ of, typically, 100 = 100km?) for
studying the spalial variations experienced by swell in the coastal zone, due to its
interactions with bathymetry and currents.

2. Principles of swell measurements by SAR

"The purpose of the study is (o obtain maps of the main swell characteristics from
SAR imagery. The mapping process consists in deriving, from the i images, the spatial
distributions of the swell wave number K and significant height H, and to represent
them on a documented (coast lines, depths) regional chart, Other products than K
could alse be envisaged, like wave orthogonals or wave rays. The swell parameters
are computed from the spectral analysis of small imagettes segmentating the original
images, of more than 8000 x 8000 pixels for the case of ERS-1 Precision Product
Images -PRI- (nominal spacing A= 12-5m). The size of the imagettes must be chosen
in order to sample the swell systems at spatial scales typical of their variabiiity. For
the images studied in §3 and §4, a constant size of 6-4 x 6-4km? {512 =512 pixels at
nominal spacing) dppcau,d suitable in most cases. The assumption is made that the
wave field pattern is homogensous over an imagetle of this size, which is not always
satished: indeed, wave patlterns can change significantly over short distances at some
places of, for instance, rapidly changing bathymetry, as in figure 1. Similar
observations of dramatic changes of the wave field by bottom topography have
already been reported on high-resolution visible images (Cug 1992), It should be
noted that an irregular grid, adapted to the properties of homogeneity of the signal,
could be designed [or image segmentation.

2.1 Derivation of the wave modulation spectrum
In general, SAR images and spectra ure c_ontdnnn&u,d by speckle and micro-
correlation effects. Speckie originates in essence rom interference of the signals
backscattered by the radar cell elements. Image speckling is well described by the
multiplicative white noise model, which has been extensively used in statistical
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studies of SAR image noise (see, recently. April and Harvey 1991, for Seasat
imagery, and Olivier and Vidal Madjar 1994, for ERS-{ imagery). Correlations
between neighbouring pixels are produced during the formation of the radar image
and by operations of resampling. In salellite images, they are generally small for
space lags greater than the resolution (Lee (981, Forget 1994). As a check, table |
gives the mean correlation coeflicients obtained for ERS-1 PRI images. The values
were oblained from featureless homogeneous imagettes of the data set uvsed in the
present study. In continuous notation, the correlation coeflicient funclion, ¢(r), is
defined by:

_ <{z(x)—Z}={x4T1)—7) >
ol

e(r) (1
where z{x) desiznates the pixel intensity at position x of the imagette, of mean £ and
variance ¢, over the imagetle, and <.> is the operator of statistical mean. Values
ol e(r) are found negligible for a fag r greater than 3A, small for r=2A and become
important for r <A (a small asymmetry azimuth/range can be noticed). These results
reflect essentially the fact that the SAR resolution, 8, of 30m, is more than twice the
pixel sampling step A. For the sume (3-looks) imagettes, the contrast parameter of
speckle intensities. m=0.(£)" "', was estimated lo 0-60 (standard deviation: SD
={0-072), which value is practically the same as that obtained by Olivier and Vidal
Madjar (1994) for a Lotally different set of data {0-59}. By comparison, m was of 0-28
for the 4-looks Seasat images (Lee [981).

The imageties being sampled at steps high enough to overcome micro-
correlations between pixels, typically A ==2A, the image intensity can be modelled
by:

=r i

Figure 1. An imagette of 1024 x 1024 pixels (pixel spacing: [275m) showing sharp contrasts
of the swell field pattern due lo balhymetry. Internal waves can be seen in Lhe
lower pact of the imagetfe. Extracted {rom an ERS-1 image of the Banc d’Arguin
(25 November 1992, at 23h38 UT). Coordinales of the center of the imagette are
(45 km, 85 k) in the reference rame of ligure 3 below.
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Table I Mean values of the correlation coeflicients for ERS-1 imagelies of noise only, as
determined [rom an image of the Bane d"Arguin vegion (7 January 1993). Means have
been computed {rom 12 featureless imagettes of 128 % 128 pixels, east ol Cap Blane.
One pixel lag corresponds to the nominal pixel spacing (12-5m).

In ragge

Pisel lag -2 — I 0 +1 +2
In azimuth
—2 {-025 0-046 0-061 0-043 0:024
—1 Q- 102 332 (+495 -329 0:100
0 0-185 0-662 1000 0-662 0185
+1 0100 0-329 0493 (-332 0102
-2 (-024 0-043 0-061 0046 0-025
z(x) = s(x)w(x) {2)

where s(x) represents a white noise process modelling the speckle and w(x)
designates the image modulation by waves (equal to unity for images of pure
speckle}. The wave modulation spectrum is defined by:

S0 =02n)" EJJ <w(X)w(x+r)> exp(—jkr)d*x (3)

and we find, after calculations identical to those of Goldfinger 1982 (made on 1-D
signals, however)., the following expression of §,, in function of the image intensity
spectrum S..

1 mt _
Sl =z (S:(k) T4 ) )
for k#0. Disregarding the multiplicative term, this equaticn states that the spectral
signature of the speckle consists of a deterministic constant term added to the
spectrum of the geophysical (wave) modulations. Swell parameters will be derived
from imagette spectra calculated by (5). Figure 2 is a typical wave modulation
specirum of a swell event. The spectrum has been set to zero in the vicinity of the
zero frequency and smoothed.

2.2 Determination of swell characteristics

According to the theory of Hasselmann and Hasselmann (1991), the mapping of
the ocean wave spectrum F(k) into the SAR image spectrum S(k) (suffix *w’™ has been
left out) can be written as:

o
Sk)= 3, Tk " (6)

=0
where f# is the radial distance-to-platform velocity ratio, k. is the azimuthal
component (along the Bight axis direction) of the wave number k and T(k) are the
Fourier transforms of functions of r, themselves calculated by inverse Fourier
transform operations involving, in particular, the directional wave spectrum F{k). §
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is symmetric with regpect to the origin. If we asswme that the sea state consists in a
single, uniform, wave component ol wave number k=K, F(k} can be modelled by a
deita function and it can be shown easily from (6) that S(k) reduces to delia lines at
wave auwmbers pK where p=0, +1, +2 ... A similar result s obtained by
considering, instcad of & purely monochromatic wave, a narrow-band wave train.
Figure 3 shows an example of the SAR spectrum of a swell system with a spectrum
represented by:

2

k—K

Fy=F,expl| —

mMix

The SAR spectrum was computed from an image of 128 x 128 pixels with a spacing
ol 25m, and ERS-1 conditions were envisaged. The spectral width of the wave
spectrum, o, is of 0:00137 rdm ™! (corresponding to a —10dB width of 3 spectral
intervals) and the significant wave height, H, and wave length, A, are of [-5m and
1530m, respectively. The image spectral energy is concentrated arcund + K, +2K
and £3K, most of it being contained in the first two (symmetric) peaks, which has
been verified on a variety of realistic swells. These peaks, at £ ¥, will be regarded as
the ‘swell peaks’ of image spectra.

These results show that a narrow-band wave system at wave number K is imaged
into a modulation of the same wave number, whereas, for a broad-band wave
spectrum (as a wind wave spectrum), the position of the wave spectral peak can be
misplaced on the SAR spectrum by the imaging process {e.g. Alpers 1983, Ocampo-
Torres and Robinson 1989, Rufenach et al. 1991). We will assume in the following
that the actual sea state consists of a swell narrow-band enough to overcome any
wave number distortion of the wave spectral peak on radar image specira. The
narrow-band assumption is satisfied in many real situations since wave systems

Figure 2. A typical wave modulation spectrum ofl’ the Banc d’Arguin. k. is the azimuthal
axis. The two peaks correspond to a swell of wave length 280m and propagating
southeastward. Computed from an imagette of 128 » 128 pixels, with a pixel spacing ol
25m, extracted from the same image as in figure 1. Coordinates of the center of the
imagette are (— 20 km, 205 km) in the reference frame of figure 5 below. Wave number
coordinates are in the range [—(30m)~', +{50m)~']. The spectrum has been
smoothed.
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Figure 3. The theoretical SAR spectrum of a narrow-band swell propagating al 457 from the
azimuthal direction. Imagette size in 128 x 128 pixels aud pixel spacing is 25 m. Swell
wave length is 150 m, significant wave height is 1-3m and spectral width (equation (7))
is 000127 rdm™ . Wave number coordinates are in the range [0m ™', (S0m)~'].

emanating {rom a storm undergo, due to dispersion, a natural filtering with distance
and far from the storm, they can present locally, a quasi-monochromatic aspect
(Goda 1985). The presence of wind waves can disturb, more or less profoundly, the
swell part of the wave spectrum, depending on the energy and period of the swell
with respect to the wind sea spectrum characteristics (Goda 1985). The present
theory envisages the cases where wind waves and swell are decoupled in the wave
number spectral domain (no interactions between the twa wave systems),

So, the swell wave number K can be theoretically identified with the estimate k,,,
ol the position of one of the two (symmetric) peaks detected on the SAR wave
modulation spectrum, of energy E. In practice, k,, and E are estimatled [rom the
first- and second-order spectral moments computed within a window around the
SAR spectral peak. In §3 and §4, analysis will be performed with a window width of
four spectral intervals with an image size of 256 x 250 pixels {(pixel sampling
A, =25m).

The swell wave spectrum can be computed by inversion of the complete model
expressed by (6) (Hasselmann and Hasselmann 1991, Krogstadt er al. 1994),
However, since a single ERS-1 image consists of up te 245 imagettes of the size
chosen here, this selution appears computationally costly, By treating SAR swell
peaks as delta functions, as done previously, the swell energy M is solution of (6),
properly integrated around -+ K. Rather than (ollowing this way, we investigated the
method consisting of deriving M {rom the so-called ‘guasi-linear” ((QL) version of the
complete model, which gives simply, after integration:

2 M e
E=| (012 2 exp (— K2 T (K M) (8)

1% represents the linear SAR modulation transfer function and T* is a geometrical
term. Both terms being of constant use in the literature of SAR imaging of ocean
waves, they will not be given here (see, e.g. Hasselmann and Hasselmann 1991).
In order to assess the pertinence of the QL model in conditions of swell, this
model and the complete model have been compared on imagettes of 128 x 128 pixels
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Figure 4. The ratio between the peak amplitude of the swell SAR spectrum as caleulated by
the complete spectral imaging model and by its guasi-linear approximation, versus
significant wave height (o}, and parameter ¢ given by equation (10) (b), for two swell
wave lengths (150 ———, 250 m: ---) and three directions of swell propagation (0° is
for an azimuth travelling swell).

(spacing 25m), with ERS-1 parameters and lor a variety of swell characteristics:
A=150m and 250 m; @ (swell direction with respect to the azimuthal axis) varying
from 07 to 360° H{=4,/M), varying from 0-5m to 7m. The swell spectrum was
modelled by (7) with ¢=0:00274 rdm ™" (corresponding to a — [0dB width of six
spectral intervals for actual imagettes) and F,,,, =1320H % Figure 4 (a) gives the
ratio between the peak amplitude of the SAR spectrum, S,,,., as given by the
complete model, and the peak amplitude deduced from the QL model, $%% | which
can be written as:
QL 17y 2 'F““’JX 2 2 L 29

S =1 T (K) =32 exp (— 2K 2 T (K)[*M) 9)
As can be seen on the figure, QL estimates agree with the complete mode] estimates
for swells travelling in range direction (@ =90" or 270°). Discrepancies are observed
with decreasing A and as the swell direction deviates from the range direction. In any
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case, the QL approximation of the complete model supports swells of steepness
lower than 0-013. In figure 4(b), the theoretical results of figure 4 (a) are plotted
versus the non-dimensional parameter ¢ given by:

H . e e
cm--é—i-ﬁ(f(g)”—K_T(COS‘(J,-—&—SHV()Esm“(D_)”" (10)

where 8, is the incidence angle (237 here). ¢ was introduced by Alpers et al. (1981) to
define the degree of non-linearity of the velocity bunching mechanism. The diagram
shows that, empirically, the QL and complele models are in agreement for, typically,
e< (6. It can be noted that this value is twice the value for which the imaging by
velocity bunching turns from linear to non-linear (Alpers et al. 1981, Alpers 1983).
Also, it shouid be noted that our measurements of S,,./S25 are nicely organized,
along a single curve, in figure 4 (¢). We found no theoretical argument for this.

To resume at this point, (8) offers a simple and suitable model for evaluating
swell wave energy or height for 2 variety of conditions, with no restriction for range
or near range propagating swells, restricted to swells of moderate steepness for
azimulhal or near azimuthal propagating swells.

Finally, we have to discuss how the presence of wind waves can alflect the methoxl
proposed for estimating the swell wave height. The major influence of wind waves
for the present purpose is to coatribute (o the smearing of the SAR image in the
azimuthal direction, resulting, in the spectral demain, in a fall-ofl of spectral
amplitudes in azimuth. The shape of the fall-off function depends on the parameters
of the wind sea state, which are not a priori known. This fall-off phenomenon has
been studied, both theoretically and experimentally, at many times during the last
decade (e.g. Beal et al. 1983, Lyzenga 1986, Rufenach et of. 1991, Johnsen et ol
1991). For a Pierson-Moskowitz (PM) Fully-developed wave specirum (Pierson and
Moskowitz 1964), the fall-off wave length in azimuth, i.e. the wave length at which
the spectral response falls to 0-61 of its maximum value, is given by (Monaldo and
Lyzenga 1986):

Lo=3938/H, (1D
or alternatively:
L= O-5THW (12)

where H, is the significant wave height of wind waves and Wis the wind velocity.
With f of the order of 1105, as for Seasat or ERS-1, 1, is dramatically high, even at
low winds. For example: 2 =314m for W=5ms"~'. In fact, investigations o SIR-B
and Seasat images have shown that 1, was significantly lower than predicted by (1)
or (12) (Monaldo and Lyzenga 1986), which could be explained partly by the [act
that net all the waves contribute to the azimuthal smearing of SAR spectra, but only
the waves with wave length less than twice the SAR resolution (Tucker 1985). To
proceed, we expect from (12) a small influence of wind waves on SAR swell peaks
amplitude il the azimuthal component of the sweli wave number, K, = (2rn/A)cos®, is
lower than 2x/4,, implying:

W< A
cos@

with o=(0-578)" =0-0165"" for B=110s. For exampie W,=56 ms™* for A
=250m, &=45°. (13) constitutes a rather restrictive condition for swell height

W | (13)
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Figure 5. The region of the Banc d’Arguin (Mauritania). Coordinates of the centre of the
map are (N 20915, W 17°00°). The transect of figure 7 below is made along the
segment indicated on the map.

estimates by the present method. However, it must be kept in mind that a
fully-developed sea is not commen in the ocean and thal, accordingly, (13} gives a
lower limiting value [or the wind velocity W For example, we computed the
parameter o in {etch-limited conditions, o, by using the JONSWAP [ormulac of the
variations with wind and fetch of the wave spectrum parameters (Hasselmann et af.
1976). We found:

o, =729 02 (14)

where X is the non-dimensional fetch (= X g/W?. where X is the fetch in metres). (14}
implies that the maximum wind velocity supported by our method of inversion can
be substantially greater than W, as given by (13), for instance, 6:3ms~ ' for
X =35000, and 89ms ™' for X = 1000, instead of 56m s~ as determined previously.

3. Swell observations by ERS-1 SAR

A set of tl ERS-1 images off the Mauritanian coast (region of the Banc
d"Arguin, figure 5}, all presenting a phenomenon of swell, have been processed on
the basis of the principles described above. The Bane d*Arguin region has ofien been
investigated by the scientific community (see recently, Wollf et al. 1993) in the
context of ecological studies and also of physical studies addressing the hydrological
(upwellings, tropical front) and climatological peculiarities present. This region is
located at the interface between northern and southern climatic and oceanic
influences, and its ecotone functioning has a major importance, in particular, for the
renewal of Mauritanian marine resources. The Banc d’Arguin itself forms a
remarkable structure. It is a vast semi-circular accumulation of sediments with an
average depth of 5 m, which quasi-separates the littoral domain from the ocean. It is
recognized that swell is an important phenomenon contribuling to the dynamics of
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the Bane d’Arguin geomorphology, but only sparse observations are available, in
particular due to the logistical difficulties for instrumenting the sea area concerned.
ERS-1 imagery was (houghl to be a vatluable tool for swell observations in this
region. Swell is known, by fishermen and sealarers, to occur very frequently, and this
has been empirically attested by the fact thal swell was present on all the radar
images ordered for this study independently of environmental conditions.

The dates of the scenes are listed in table 2 along with local wind measurements
{meteorological station ol Neouadhibou) and tidal conditions (near Cap Blanc),
Examples of swell maps are presented on figure 6. H measurements are given in iso-
lines and grey levels, and swell wave lengths and directions by the arrows. These
maps liustrate attractively the geophysical products that can be brought by ERS-1
SAR in image mode. Each [uil ERS-1 image necessitates § hour of computing time
on a HPYO0O workstation.

Refraction 1s clearty observed as the swell propagates over intermediate/shallow
waler, e.p. at depths lower than 50 m or so, depending on the incident swetl, of wave
length Ag. For example, refraction is experienced from deeper water depths by the
very long swell of fgure 6{b) (Ag==308m) than in figure 6(g) (A;=289m).
Refraction is particularly pronounced in the region of high bathymetric gradients
exlending southeastward at the southern limit of the Banc d'Arguin.

Swell is not present, or it is barely detectable, in very shallow water. The eastern
limit of detection corresponds roughly to the so-depth {0m. In fact, a detailed
inspection of the images revealed that swell rarely disappears suddenly, nor is its
wave number so close to the Nyquist wave number imparted by image resolution
(2n/60rdm ) that the signal-lo-noise ratio drastically decreases. Rather, swell
modulation amplitudes decrease graduaily, as it could result in dissipation {breaking
events) or bottom interaction (like bottom friction) processes (Shemdin ef al. 1980).
Figure 7 is an example of the varations ol the radar modulation amplitude with
water depth from 80m to less than 5m for a transect along which refraction was
low.

We did not observe wind wave systems, but this does not mean that wind waves
were not present. The wind blowing generally from the northeast sector, fetch-
limited conditions are expected for the corresponding wave systems, whose peak

Table 2. Dates of ERS-1 images and environmental conditions. Nb is the number of
conseculive images al our disposal for the date.

Wind

Date Time Nb Sea level Tidal phase  Sector Velocity

(U (m) (ms™1)
25.11.1992 23h38 2 1-44 HT -4 NE 7
3.12.1992 i1h4l 1 0-72 LT+ 10 NE 8
30.12.1992 23h37 3 0-82 ET+3h N 9
7.1.1993 ilh4l 3 117 HT -+ 1h30 E 11
23.1.1993 11h38 1 1-26 HT 55 ENE 11
26.1.1993 11h43 1 1-09 HT - th50 E 7

HT=high tide; LT =low tide.
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Figure 6. Examptle of swell maps in the region of the Banc d’Arguin. From ERS-1 images of
(a) 25 November 1992, at 23h38, (b} 3 December 1992, at 11h41, () and 7 January
1993, at [1h4l. Left side: maps of wave lengths and directions. Right side: maps of the
significant wave height in grey scale {bright: 0-1m, dark: 1-2m) and iso-lines (0-4 m and

0-6m)
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Figure 7. A transect across an ERS-1 image along which refraction is low (30 December
1992, at 23137). This transect is geo-localized in Ggure 5. The signal (8000 pixels) has
been band-pass Gltered at 250 m 4+ 80 m. Water depths are given by the lower curve. To
the right of the arrow, the swell signal has a poor signal-to-noise ratio, so that swell is
not or hardly detected.

period T, might not exceed, from JONSWAP formulae with W=10ms™' and
X =100 km, the value of 6-1 s, corresponding to a wave length of 57 m’*. This value
being less than twice the SAR resolution, waves of this wave length cannotl be
imaged. We may notice that, even if they were longer, the present geometrical
condilions (in terms ol the angle belween the wave direction of propagation and the
azimuthal direction) weuld not generally be favourable for their detection.

The relatively high values of the wind speed (see table 2) sugpest that the actual
wave height measurements may be affected by the presence of wind waves, following
the discussion at the end of §2.2. We computed the values of W, defined in (13),
representing (he maximum value of the wind velocily [or which the method for
estimating swell wave heights is, theoretically, valid. In figure 8, W, is plotted against
the meteorological wind velocity W, For the sake of representation, since W, can be
very high for small values of lcos®}, only the cases corresponding (o swells
propagating close to the azimuthal axis (jcos @] > 1/\/2) have been considered in the
figure. Generally, W, is lower than W, meaning that wind conditions are not
favourable for precise wave height measurements. But it should be recalled that W, is
a very coarse parameter for qualifying our method of wave height inversion and that
it represents, in fact, an underestimate of the true value under consideration. In
conclusion, our SAR measurements of the significant wave height of the swell are at
the limit of validity of the method proposed or, at worst, not too far from this limit.

! We mention at this point that, in general, the directional wave spectrum in k peaks at a wave
number of modulus k, which is not simply the transform dr?fy T2 of the peak lrequency 1/T,
of the directional frequency spectrum. For cxample, the PM wave spectrum leads to:
k,=./5/8 4n*/gT%. But this is roughly truc for the JONSWAP spectrum (with a peak
enhancement factor of 3-3), which explains that T, can be directly converted iato wave length
A, by the dispersion relationship: /11,=Q'T2p,"27[.
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4.  Comparisons with predictions

Table 3 presents the mean swell chracteristics Ty, (peried), W, (angle of swell
propagation referred to the west-cast axis), Ay and Hy measured in deep water for
all the radar scenes studied. Ondy imagettes for which Kd was greater than 10 {d is
water depth) have been selected for the estimales, Period T, was derived from Ay
owing o the linear dispersion relationship ol surface gravity waves. These character-
istics were compared (o the values T4, Food A and H ¢ computed from the
wave spectra of the operational wave prediction model of Météofrance
(VAGATLA). We employed the same protocol as for SAR spectra for calculating
the swell characteristics Wge® and AP (centrold method within a window around
ihe spectral peak). HP*® was deduced from the peak energy estimates ET® by:
Hyd =4 JER The agreement belween the two dala is generally good for wave
length, period (rms of differences: 12 8) and direction {10%4) estimates. SAR-derived
wave heights are slightly smaller than model estimates, To explain this, we examined,
first, the influence of wind waves on radar estimates, as was done above for
individual swell data, Values of W, (13) and Ware given in the table. It can be seen
that W, is of the order of W, except for one case (30 December 1992) whers W, is
appreciably lower than W, implying that sea state conditions are reasonably well
within the conditions of validity of the method for calculating H. Ancther reason
that might be responsible for the discrepancies between SAR measurements and the
values given by the wave model could lie in the expression retained for the linear
SAR modulation transfer function, which is regularly put into question by special-
ists (see, very recently, Brimng ¢f af. 1994). Finally, we should keep in mind that
wave [orecasts do not represent the sea truth, and that the SAR-derived wave
heights could be, really, lower than the values given by the wave model.

Swell patterns in finite-depth water have been compared with the results obtained
by a kinematical wave refraction model based on the classical linear ray theory. The
model adopts the formulation of ray curvatures of Mathiesen (1987), and follows the
numerical scheme of Griswold (1963). Due to a Iack of in-situ documentation, no
current was considered. The SAR-derived mean swell characteristics of table 3 were
used as inputs to the model. An overall agreement was found between SAR

W T T 1T 1T 17 7 T 7171

16. — X ~

>
>

Woms™!
Figure 8, Wind speed parameter W, of equation (13) versus the meteorological wind speed W
measured on the shore for swells propagating close to the azimuthal axis (Jcos ®|>0-5).
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Table 3. Values of the mean swell characleristics measured al greal depths on SAR images
(SARY and estimated by the Météolrance wave prediction model (MODEL), afong
with values of wind velocities W, measured on the shore, and W, as given by equation
(13} and which represents the maximum value of the wind velocity lor which the
present method for estimating swell wave height is, theoretically, valid. Swell directions
are referred to the west-east axis.

Swell characleristics

Wave length Wave height - Wind velocity

Direction Period(s) (m) (m) (ms™ ')
Date SAR MODIL  SAR  MODEL  SAR  MODEL  SAR MODEL W |2
25011992 —528 —74 136 1241 289 259 047 034 7 51
3021992 —694 —74 154 {74 368 491 039 09 8 69
30.12.1992 —524 na. 132 8. 273 na. 025 . 9 4-8
7.0.1993 =370 —44 140 (45 306 311 0-40 1-03 11 11-6
33.1.1993 —432 =44 125 12-1 243 298 015 051 11 73
26.1.1993 —485 —44 130 12-1 265 2340325 033 7 71

n.a.=not avalable,

observations and model results, as can be seen, for example, on figure 9, as
compared 1o the SAR observations of figure 6{a). In particular, the zones of
convergence-civergence ol swell rays are nearly the same, and the spatial variations
of M, deduced from imagery, are found consistent with these inhomogenetties:
decreases in regions of divergence and increases in regions ol convergence.

Km
210
180 :
170 -
180 -
130
110 F

20 |

-30 -10 10 30 50 70 90 110 130
Figure 9. Modelling ol swell wave lengths and directions by the ray wethod in the same
conditions as in figure 6{@). The inpul wave field has the deep water characteristics
given in table 2 (SAR). Spatial sampling is 6 km.
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Figure 10, Comparison between radar estimates K and model esiimutes K aof swell wave
number (a) K versus K, (B K/K versus the decimal logarithm of the nen-dimensional
number Kd (where d is the waler depth).

However, systematic differences were abserved on wave length measurements in
shallow water. Figure 10 shows the results of compuarison between SAR estimates K
of the swell wave number and the theorstical values K obtained from the equation,
stating, under stationary conditions (no time-derivative for K), the conservation of
the apparent frequency ol a wave train (Phillips 1977). Without currents, and by the
use of the linear surface wave dispersion relationship, we have:

Ky=FK tanh Kd (15)

in which, here, the known parameters are the depth d (water depth of charts plus the
sea level) and the mean wave number of the incident swell, K, (table 3). The results
are presented in (wo diagrams. Figure 10{a) is a plot of K versus K, and figare
10 (M), in normalized coordinates, is a plot of K/K estimates versus the decimal
logarithm of Kd. Clearly, SAR-derived estimates ol the swell wave number are
smaller than model predictions K, and this happens for Kd lower than unity. This
means thal SAR wave length estimates are over-estimated and/or that intense
currents contribute to the lengthening, in general, of the swell wave lengths.

Let us consider the first hypothesis. Wave number distortions are essentially due
to the influence of the fall-off funclion characterizing the smearing in azimuth of
SAR images. This influence consists in a shift towards the range wave number axis
of the position of the peak of the wave spectrum, in such a manner that waves
appear longer and more range-travelling than they actually are (Shuchman et al.
1983). For the model of swell spectrum described by (7) and for & fali-off function in
exp (—k2{2a2) with ¢,=2r/1, (Monaldo and Lyzenga 1986), it is casy to show that
the image spectrum of a swell of true wave number K, and direction @, peaks at
a wave number K =nkK, . where n, the wave number distortion rate, is given by:

true

2 i
. cos” Py 1P .
i = (sz D e+ = (10}

(1 +o%/0h)?

To have an estimate of n, we considered the following typical values: ¢=0-005
rdm™* (as measured on predicted wave spectra in deep water), ¢,=0012 rd m~*
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(equations (12)-(14), wind velocity of 9ms™" and fetch of 50km). For ¥, varying
from 30° to 70° {or 210° to 250°), as suggested by present ERS-§ images, n varies
from 0-89 to 0-98. Although evaluated coarsely, these values could explain part of
the observations of figure 10. However, our data do not seem to depend on swell
direction, and, in particular, the ratios K/K cannot be scaled according to (16). For
example, figure [1 is a plot of K/K estimates versus the logarithm of Kd for Kd <0-5
for the swell travelling close to the azimuth direction of figure 6 (¢} and for the swell
traveliing close to the range direction of figure 6 (¢). For these lwo well distinet
situations, with regard to swell direclions of propagation, the values of K/K in
shallow water and their variations with Kd are essentially the same. We conclude
that the contribulion of the SAR imaging mechanisms, if it exists, is not sulficient to
explain the wave number differences of figure 10,

In order to discuss on current effects (second hypothesis), we mapped the
component i of the current along the swell direction of propagation, which could
explain the observed discrepancies in wave length measurements. In presence of
currents, the conservation of the apparent frequency of a wave train gives (Phillips
1977y

JgK tanh Kd + Ku = gk, {17
N

from which we have:

1
Ltmk---(\/qK0~\/M1 Kd) (18)

These equations rely on the assumption that the current velocity is negligible
off-shore (great depths) and consider that, there, SAR estimates of the wave number,
Ky, represent the true values of this parameter. Figure 12 shows the values of u for
the case of figure 6(«). Significant velocities are met only over the bottom slope
between iso-depths 10m and 50m, which is related to the lact that the above

L2 T T

1.1

1.0

K/

0.9

0.8

07 (— t —

0

6
-0.50 0.00 G.S_D
log (Ke')

Figure 11, Same as in figure LO(h) for the swell observations of figure 6{a} (crosses) and
figure 6 {¢) (circles) in intermediate water depths and in regions of low relraction (north
ol the ordinate 130km on fgure 5).
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Figure 12. Map of the component of the current along swell direction which could explain
the discrepancies between radar and model estimates of K for the case of figure 6 ().

discrepancies observed on wave length estimates occurred {or Kd < 1. Velocities as
high as 8 knots are found. Rather similar results have been obtained for all the other
dates. The values of v have been compared with the velocity ol the tidal current in
front of Cap Blanc, uy, deduced from the data edited by the French ‘Service
Hydrographique et Océanographique de {a Marine’ (1965). The results are listed in
table 4. [t appears thal, despite the variety of tidal coelficients (in the range 51 to 91)

Table 4. Characteristics of the tidal current in [ront of Cap Blanc (approximate coordinates
{40k, 200 km) in the reference frame of figure 3), and comparison of its modulus, i,
to Lhe current velocity component along the wave propagation direction, , caiculated
by equation (18).

Tidal current

Tidal

Date Phase coefficient ty (knots} Direction u (knots)
25.11.1992 HT —40° 91 0-7 SE o
3.12.1992 ET - HY 57 0-5 SE 6
30.12.1992 LT+3h 51 0-7 SE 4
7.1.1993 HT+1h 30 70 03 E SE 4
23.1.1993 HT —5% 76 06 SE n.d.
26.1.1993 HT —1h 50 72 0-8 SE n.a.

n.4.=nol avalable
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and tidal phases (from low tide -+ 10 min to high tide 4 1h30) corresponding Lo our
set of images, uy values are of the same order, which is in agreement with the fact
that differences in u measurements [or the daies considered are small. [¢ should be
noted that this Iatter observalion is closely related to the relatively fow scatter of
data points about the tail that can be seen on fpure 10(H) (or Kd lower than unity:
the form ol the tail is practically independent of the date of acquisition. Bul one
tmpoertant resull is that u is much higher than u,.. We may conclude thal (he
discrepancies between SAR-derived and theoretical values ol swell wave number
would persist il a model tidal current field was available, at least by using (18) as it
has already been done by, e.g. Barnett et al. (1989) and Liu et al. {1994} in SAR
studies on wave-current interactions (no topographic elflect was considered). In fact,
it has been demonstrated recently that wave transformations, in particular wave
length variations, are fundamentally influenced by the propagation of the tidal wave,
whiclh leads to unsteady current and depth variations (Tolman 1990). Thus, a
complete modelling of the kinematical transformations of our swell systems propa-
gating over a varying field of current (itsell given by modeiling) and depth would be
necessary to analyse the present results. Also, other currents than tidal currents (in
particular, these currents controlled by the geostrophic northern Canary Current,
Sevrin-Reyssac 1993) might be taken inte account.

5. Conclusions

We presented a method Lo derive the main parameters of swell waves from SAR
data. This method is based, for wave height estimates, on simplifications of the
general theory of SAR wave imaging (‘quasi-linear approximation’)., This latter
method has been used (o assess the pertinence of these simplifications in the case of
swells. The influence of wind waves on SAR wave height determination has been
analysed, and it has been stressed that, for sateliite SARs like on ERS-1, conditions
of low to moderate wind conditions were required, for the method to hold, The
method has been applied to a set of ERS-1 images of the shell sea off Mauritanian
coasts and presenting swell events. Swell maps obtained by SAR gives a detailed
description of the phenomenon, and the reasonable agreement found between SAR-
and model-derived estimates of the wave parameters allows us to be confident with
SAR measurements. The analysis of swell wave length measurements in intermediate
and shallow water have revealed discrepancies with regard to the theoretical vaiues
obtained without currents. These discrepancies have been interpreted as the signa-
ture of currents in a complex way which would necessitate the disposal of both a
spatial and temporal description of the current field. The transformations of the
swell in the coastal zone observed in this study are of scientific inlerest, and we may
conclude that scientific applications, for which the spatial coverage of SAR images is
of fundamental interest, can be henceforth envisaged on the basis of SAR-derived
swell measurements.
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