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Abstract
Directional ocean wave spectra as ureasured by the ERS-1 SAR (Synthetic Aperture Radar)
and SHIRA are intercornpared. SHIRA is a surface-based X-band (real aperture) imaging
radar developed at TNO FEL, used to rueasure ocean wave spectra with resolution in di-
rectional wave nunrber as well as in frequency. The comparison is based on rueasutenrents
taken on six days during the ERS-l geophysical calibration/validation carupaign in Novern-
ber 1991 over the Norwegian Sea. Duriug the experiurent, conditions of strong wind, high
seastates and long wavesprevailed. For the conrparison, the ERS-I spectra are corrected for
stationary instruurental response and speckle noise; no corrections for the radar modulation
transfer futction are applied.

The ERS-1 SAR spectra compare to the SHIRA spectra in accordance with current SAR
wave imaging (velocity bunching) models. The SAR imaging is always in the non-linear
dourain, and the ERS-1 spectra are dominated by an aziuruth cutoff. SHIRA produces
rnuch less distorted spectra, and performs much better particularly in detecting the shorter
(,\<75 m) rvaves.
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ERS-I and SEIRA ocean wave spectra

1 Introduction
This report concerlls the renrote nreasurentent of directional ocean wave spectra by two
sensors: the ERS-1 SAR (Synthetic Aperture Radar) and SHIRA. In the fall of 1991, the
large experiurental campaign "RENE 91," was held in the Norwegian Sea. Its purpose was

the geophysical calibration and validation of oceanographic measurements of the ERS-1

(European Remote Sensing) satellite. The caurpaign was organized by ESA (European
Space Agency), the operator of the ERS-I. TNO FEL has participated in RENE 91 with
two instrurnents: SHIRA and PHARS. SHIRA is a shipborne radar, developed by TNO
FEL for the measurenrent of ocean wave directional spectra. (It has also been used for
other maritime measurements such as oil slick rnonitoring.) PHARS is an airborne SAR,
also developed by TNO FEL, in collaboration with the Netherlands'Aerospace Laboratory
and the Delft University of Technology. Both instruments were used to llreasure the ocean

waves, in order to courpare the results with those froru the ERS-I SAR (image mode). In
addition, buoy spectra aud ureteorological iu-situ data were available.

Purpose of the present report is the iutercomparison of SHIRA and ERS-1 derived ocean

wave spectra, thereby assessing the geophysical consistency of both sensors. In a number of
previous publications partial results of the involvement of TNO FEL with RENE 91 have

been presented. In [1] and [2] parts of the wave data sets of ERS-I, PIIARS, SHIRA and

buoys have been intercompared. Iu a previous report [3] all the PHARS measureurents

have been discussed. The present, fiual report addresses the renraining issue of a complete
SHIRA/ERS-1 intercomparison and completes the BCRS sponsored contribution of TNO
FEL to RENE 91.

In the previous publications, SHIRA and ERS-1 data have been intercornpared to soute

extent already. Not all of the discussion will be repeated here. In particular, sorne consid-
eration was given in [3] to the SAR iuraging of ocean waves, in order to be able to better
interpret the PHARS and ERS-I data; that discussion pertains to the present analysis as

well.
Ifowever, there are sonre differences between the present report and the previous work in

the data type aud applied aualysis. In [t], [2] and [3], ERS-I Fast Delivery (FD) data were

used, while for the present report the Precision product (PRI) was used. The estirnation
process of the oceall wave spectra used here is nrore elaborate. (It wiU be described in
section 3.2.) The SHIRA data are presented in a urore detailed way in the present report.

The remainder of the report will consist of a description of the experiurent and the
sensors (section 2) and the data aualysis procedures (section 3). The nleasurelnents will be

presented in section 4 and compared in sections 4.3 and 5. Finally, possibilities for further
work will be suggested.

2 Experiment and sensors

2.L Experiment
The RENE 91 geophysical calibration/validation campaign was held from mid Septernber
to mid Deceurber 1991. Purpose was to compare ERS-I tueasuretnents and derived results
with other, sinrultaneous, renrotely sensed data and in-situ nreasurements. Location of the
canrpaign was the Ilaltenbanken area, on the Norwegain Sea, West of T\ondheim, Norway.

Between November l7 and November 29, 1991, SHIRA measurements of directional wave

spectra have been urade fronr the Geruran research vessel .Gauss". During this period, ERS-
L iruaged the area arouud the Gauss on 6 occasions, listed in Table 1. Only those SIIIRA
lneasurernents that were taken concurrently with ERS-I are explicitly presentedl they are

added into Table 1. However, all SHIRA llleasurements urade during the whole period were
processed and analyzed, in order to check consistency of the data. Location of the Gauss

for the six observations concurrent with ERS-I was near the position designated T10, at
7o 41.79'East and 64o 30.08'North. At that locationa Datawellwavebuoy was nroored.
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During the experiment period, the Gauss has not always been near T10,

made sorne observations on other locations in the Haltenbanken alea.

The locations of the ERS-1 scenes ald SI{IRA position T10 are plotted
figures are in the back of the report.)

and SHIRA has

in Figure 1. (An

a: November 1991.

b: Flight (azimuth) direction clockwise from North; Ascending or Descending orbit.

Table 1: Dates and tiures of ERS-1 and SHIRA ttteasurentents.

Frorn Table 1 it can be seen that a SHIRA measurernent is available within urinutes

froru each ERS-1 uleasurement, except on date 19 when there was an hour diflerence. This
is because at the tiure of that ERS-I overpass the Gauss was sailing at 10 knots, and

although SHIRA spectra are available at 21:13 and 21:16 that day, the motion efects make

the intercornparison less straightforward.
In-situ data that were available comprised rneteorological measurernents on board the

Gauss, and ocean wave llreasurenrents by the Datawell wave bouy at T10.
On three days during the campaign, the airborne SAR PHARS has measured ocean

wave spectra: Noveurber 1.9, 20 and 22, L991,. These nreasuretttents were the subject of the
previous report [3] and ate not discussed here anymore.

2.2 SHIRA
SHIRA is a shipborne radar systeur for oceauographic lueasureluents, in particular direc-
tional ocean wave spectra. SHIRA is derived from a notnral ship navigation radar. It difers
from that by being able to transmit a better defined pulse and using a rotationally stabilized
antenna, so that range resolution and aziuruth sampling are of better quality. Furthermore,
the received signal is logarithrnically amplified to obtain a very high sensitivity and dynarnic
ranger and it is digitized and stored on a PC. Due to data rate lirnitations, only a liurited
area of the sea surface can be digitized and stored; this area is defined by an interval in
range and aziuruth, and is typically I km sized, at a distance of 500 to 4000 m from the

ship. The radar image of this area shows ocean waves, if they are present, because the waves

rnodulate the radar backscatter. When a full wave spectrunr is present, all wave components

are superiurposed, also in the radar inrage; hence, a Fourier analysis of the radar iruage will
give an estirnate of the wave components that are present, i.e. an estimate of the directional
urave spectrum. The selected area of the sea is imaged not once but repeatedly, viz. every

tirue the beaur of the rotating antenna sweeps over it. This leads to a series of successive

iruages separated by the antenua revolution period, which is approximately one second. This
series of images nrakes up oue SHIRA lrleasurelnent. By performing a Fourier analysis not
ouly with respect to the spatial coordinates but also in time, a frequency spectrunt can be

obtained in addition to the wavenuruber directional spectrum. In the salne Process the 180 0

arubiguity that characterizes wave spectra taken from still images is reuroved.
One measureurent takes somewhat over two nrinutes. Subsequent processing can be done

using a PC with an array processor card that is part of the system on board the ship, so

that a directional spectrum is available directly after the nteasuretnent.

Datea ERS.l
Time (UT) Orbit Frame Headingb

SHIRA
Tirne (UT) ID

1.9

20
,,,
23
25

28

21:10 1803 1305 -16.3 o (A)
10:48 1811 2295 -163.8 " (D)
21:10 1846 1305 -16.3 o (A)
10:48 1854 2295 -163.8 " (D)
21:10 1889 1305 -16.3 o (A)
21:10 1932 1305 -16.3 o (A)

20:.12 9191191e
10:47 g201191e

2l:14 g22ll91.j
l0:50 923119le
2't 13 g251191f
21:00 9281191i
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The ruain paraureters of SHIRA are listed in Table 21 the corresponding ERS-l paraur-
eters (next section) are also in this table. SHIRA is described in more detail in [a] and

[5].

SHIRA ERS-I SAR
Frequency (GHz)
Polarization
Incidence angle ( o)

Resolution RxA (m)
Sampling distance (m)
Field of view (krn)
Spatial saurpling grid
Imaged quantity
Digitization
Pulse width (ns)
Conrpression factor
Peak power (kW)
PRF (Hz)
Antenna length (ur)
Distance R (kru)
Radar velocity Ir (m/s)
Rlv (s)
Antenna revolution tinre (s)

e.a (X-band)
HH
89
7.5 x 15a

10 x 15"
l.2xl.2
polar
Log amplitude
8 bir
50

25
570
2.7
1.4"
0-3

1.1

5.3 (C-band)
vv
234
30 x 30b

12.5 x 12.5b
100 x 100

rectangular
Arnplitudeb
t 6 bitb
64 (after compression)
580
4.8
1640-1720
10

8474
7500

113

Varies over the image; the relevant mean value has been listed,
ERS-1 PRI product.

Table 2: System paraureters of SIIIRA and the ERS-1 SAR.

2.3 ERS-1 SAR
The ERS- f satellite was launched in July 1991. One of its instruments is a SAR (Synthetic
Aperture Radar). Froru orbit, the SAR images the surface of the earth, including ocean
surfaces. It has been quite successful in the irnaging and ureasurernent of various oceanic
processes and features, such as ocean waves, ocean fronts, sutface slicks, ships and ship
wakes, shallow-sea bottorn topography and tidal areas. Many oceanographic results of ERS-
L have appeared in the literature in the last few years.

The main characteristics of the ERS-I SAR are tabulated in Table 2. A more detailed
description of the satellite and its products can be found in e.C. [6] and [7]. The ERS-I.
images were obtained in the framework of a Pl-ship (AO Nt-6).

3 Data Processing

3.1 SHIRA
One SHIRA neasurement produces a data cube of 128x1.28x128 samples, where two coor-
dinates represent polar spatial coordinates on the sea surface (range and azirnuth) and the
third coordinate is the tiure. Resolution, sarnpling and field of view as set during the six
nreasurements of Table I are listed in Table 2. Usually, the sampling distance is set at 5 m,
in view of the 7.5 ur range resolution. However, in order to better ruatch the very long waves

that occurred during this experiment, image size and saurpling distance were doubled.

b:
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This setup has as a disadvantage that it causes potential aliasing probleurs with the shorter

waves.
The polar saurpling is converted to a rectangular grid by nearest neighbor interpolation.

Solre of the curved and triangular fringes are discarded in the Process. The cartesian-

sanrpled 3-dirnensional dataset I{r,g,r) that results can be interpreted as the logarithm

of an uncalibrated radar cross section (a0) measure of the sea surface as a function of

space (o,y) aud time l. This data cube is Fourier transformed over all 3 dimensions, and

the modulus is taken. This produces an estirnate F(,tr, (,, f) of the wave spectlum' with

Flrrrrriiy, the ocean wave height spectrum is defined as the Fourier transforur of the

autocorrelation function of the sea surface height [8], which is equivalent to the expectation

value of the squared urodulus of the Fourier transforut of the surface height' The iurage

spectrunl of an imaging radar is related to the wave height spectrum by a so-called modula-

tion transfer function (MTF), which relates the strength of each Fourier courponent in the

sea surface height to the strength of the sanre Fourier component in the irnage nrodulation

[g, l0]. For SHIRA, however, no MTF is explicitly known. Nevertheless, past experirnents

i1 which SHIRA spectra were compared to other sensors (in particular wave buoys) have

shown that the MTF is not strongly dependeut on wavenuulber (magnitude or direction),

i.e. SHIRA spectra agree well with wave spectra from other sensors as far as the relative

distributiol of wave energy is concerned. However, in the absolute sense SHIRA spectra

are ulcalibrated: the wave spectra are only ureasured except for a proportionality constant.

Thus, no significant wave height can (yet) be derived from a SHIRA measurelrlent. In the

liglrt of these considerations, for the purpose of the present analysis F(k,,ks,/) will be

interpreted as the SHIRA ocean wave sPectrum.
Several types of spectra may be derived from F(,tr, hr,.f) by integration over its coordi-

nates. For the present purpose, the directional spectrunr F(kr,ks) is nrost suitable, which

is tlre iutegral of F(,t,,fuy,"f) over /. Within the data cube F(,t,, ky, f), the wave energy

of the gravity waves is distributed on a 2-dimensional surface: the gravity wave dispersion

relation,
2,rf - Jgt, + i.A. (1)

Here, g is the gravitational acceleration and d is the advection velocity of the water. (Mea-

suring from a ship that is not drifting but sailiug will result in a non-zero r7.)

All energy that is present in the 3-D spectrum but does not fall on the dispersion relation

does not represent gravity waves. This kind of spectral component can be e.g. harrnonics or

sub-harnonics, coupled waves, or wind driven features. Although the directional spectrum

},(h-) is the lnost compact way to present the ureasurentents, it does not show anymore

whether the spectral energy satisfies the dispersiou relation. Therefore, the SHIRA data are

presented here as directional spectra within a frequency band:

FG, f)d'f . (2)

A bandwidth (2Af) of 21 mHz was chosen. (In the previous report [f] the SHIRA data were

presented in the fouu F' (i).)
In this way, the true gravity wave cornponent can be readily distinguished. Considering

the spatial and temporal resolution and sampling (Table 2), and taking into account the

wave dispersion relation, no gravity wave spectral energy in (k, ts,.f)-sPace is expected in
the region />460 mHz ()<7.5 m), while for 290<f<460 urHz (7.5<.\<18.5 ur) the spectra
pray actually be subject to wave uumber aliasing. For /<26 mHz ()>2350 m), all gravity

wave spectral energy is expected to fall in the central wave nuruber bin. It is in the region

26<f <2gO mHz (18.5<)<2350 m) where the gravity waves are optiurally resolved with the

present settings.

- 1l;+ A7

r(h;f ) = /
J l;- at
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3.2 ERS-1 SAR
The ERS-1 SAR images have been processed at the UK PAF. The Precision Image product
(ERS-1.SAR.PRI) has been used, in contrast to the data used previously [1,2,3] which were
Fast Delivery Image Copy (ERS-l.SAR.FDC). The main diferences between the two are in
sarupling and calibration. The FD data have a sample spacing of 20 x 15.8 rn (range x
azimuth) as opposed to the PRI data sarnpling distance of 12.5 x 12.5 m. The FD data
have no calibration, whereas the PRI data are corrected for range spreading loss and antenna
elevation pattern.

Several authors have proposed ways to estiruate true wave height or rrave slope spectra
frorn SAR imagery, based on models of the SAR wave imaging rnechanisrn, e.g. [f f], [fZ],
[13], [14] and [15]. Here, the following procedure was used, which is along the lines of [11].

The ERS-1 PRI scenes were divided into 7x7 adjacent sub-irnages of 1024x1024 pixels,
leaving a symmetric border of some 450 pixels on all sides of the total PRI image unused.
The pixel values in each sub-image were squared to go from arnplitude to power (o< oo). This
restores the sum of three nou-overlapping power-detected looks, because the PRI product is
the square root of that [7]. Each sub-image was Fourier transfornred, and urodulus-squared.
The results from all sub-iurages were added together. Apart fronr a proportionality con-
stant and the value at the origin, the result represents the speckled SAR inage modulation
spectrum.

In many spectra disproportionally Iarge values occurred around the origin, due to DC
and baseline efects or large scale features in the images. To suppress these large values, the
central 7x7 spectral pixels were set to zero.

As the next step, the spectra were suroothed with a hanning function of 4 points FWHM,
in order to further reduce the uoise in the spectra. Each point in the spectrum of a single
sub-image, before averaging or suroothingr can be treated as a randour variable with a X!
distribution, i.e. a 12 distribution with 2 degrees of freedom. This means that such points
have a S/N (signal-to-noise) ratio of 1 [12]. Averaging and smoothing multiplies the nuurber
of degrees of freedom by the nunrber of independent measurements, so that the averaging
over the 49 subimage-spectra results in a X!6 distribution for the spectral points (S/N=7),
and the subsequent smoothing (equivalent width 18 pixels) gives the spectral points sorne
1700 degrees of freedom aud a S/N of 30. In practice, the S/N uray be lower than this
theoretical estiurate [12].

The resulting spectrunr was corrected for the stationary instrunrent response function.
This was done by selecting a featureless image and fitting a 2-diurensional Gaussian to its
smoothed SAR image urodulation spectrum. The fit thus obtained was taken to be the
stationary instruurent respouse functionl it is shown in Figure 2" The correction for it
consists of division by this function.

The effects ofspeckle noise can be approximately corrected for by subtracting a constant
oflset frour the spectrum of the speckled image [fO,fZ]; this has efrectively been done by
adjustiug the levels in the contour plots.

The final spectral estimate thus produced still contains no correction for the MTf (RAR
nor SAR part). Hence, this procedure puts the ERS-I derived spectra at the same status as
the SHIRA spectra, which also lack absolute (wave height) calibration and MTF correction.

4 Results

4.1 In-situ hydro-meteorological data

On board the Gauss the environurental conditions were nronitored. A summary is listed in
Table 3. (All directions are ureasured clockwise from North.) Air and water temperature,
wind speed and direction, and significant wave height are listed for the tiure of the ERS-I
aud SHIRA measurements and approxinrately one hour earlier, in order to be able to assess

variability. On date 25 the only wind measurement available was two hours before the ERS-1
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overpass.
It is appareut that wind speeds during ruost of the experiment were high, and the waves

got quite high toward the end. Date 25 shows a combination of high waves with telatively
low wild speeds. On dates 19 and 20 the water was watmer than the air, leading to an

unstable situation; on the other dates conditions were (nearly) neutrally stable. Conditions
did not vary nruch during the hour before most ttteasuretnents, except on date 22 when the

wind turned 50 o.

Wave spectra from the Datawell wave buoy at T10 have been presented before [1,2,3]
and are not included arlyDlote.

Date Time

(UT)

Water Wave Air Wind
Temp Height Teurp Vel Dir
("C) (,,r) ('C) (m/s) (")

19:00
20:L2
21:13
09:29
l0:47
20:15
21.:t4
09:34
l0:50
19:05
20fi2
21:13
20:19
2 L:00
21:10

19

20

,,

23

25

28

7.7 1.60 3.0 11 250

7 .6 1.85 2.8 11 255
7.6 1.85 2.8 11 255
7 .7 1.90 3.8 6 280

7.6 1.70 4.7 7 260
7.7 2.80 8.0 11 180

7.7 2.90 8.0 12 230

7.7 3.30 7.6 13 250

7.7 3.10 7.2 13 250
8.2 4.60 7.7 3.5 140

8.2 4.50 7.7
8.2 4.65 7.7
7.9 5.30 7.0 16 210

7.9 5.50 6.7 17 21,0

7.9 5.50 6.7 17 2L0

Table 3: Met/ocean in-situ rueasurements from the Gauss. Column 4 is significant wave

height.

4.2 SHIRA
The wave spectra as measured by SHIRA are plotted in Figure 3a-f. Each SHIRA ttteasure-

ruent is presented as a tabloid of 12 plots. Each of the plots represents a directional wave

number spectrum iutegrated over a liurited wave frequency band as explained in section 3.1.

The band width is 21 mHz and the bands are adjacent. As discussed in section 3.1, the

frequency range 26 to 290 nrHz is most reliable. Inspection shows that also the extreure

frequencies in this range do not contain uruch inforrnation. Therefore, the first frequency
band plotted is centered around 40 mHz and the last one around 270 urHz. So, the fitst
image is the directional spectrum of the waves that have periods in the range 30-50 mHz;
the second image is the directional spectrunr of the waves that have periods in the range

51-71 mIIz; etc. The baud center is indicated on top, following the measurement ID.
Only the central 64x64 spectral pixels are plotted (h,,frr=-0.172 to +0.172 rad/m)

because the inner (long wave) parts are the nrost interesting. In sorne cases, however, short
wind waves are detected but fall outside of the plot. This effect ruay occur for frequencies of
205 mHz and up. Cottour scaling is relative to maximum in each plot, so spectra with little
energy show mostly noise contours. Tlle axes are labeled with ,t, and ,t, values in units
of 10-2 rad/ru. Circles of constant wavelength (Zrlk) are drawn for ease of reference. All
spectra are rotated to North up.
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Although only one SHIRA spectrum for each ERS-I overpass is presented, all other
spectra that were recorded have been processed and inspected. For nrost dates there are

several spectra available taken arouud the time of ERS-I overpass, separated by up to tens
of minutes. These spectra, although not exactly identical, are quite sirnilar. The spectra
shown here are representative of all relevant SHIRA measuretnents, except where otherwise
noted.

The six llleasurenlents will be briefly discussed.

Date 19

At the lowest frequencies there is almost no gravity wave energy. The longest gravity waves

are about 200 m (in the 82 mHz plot). Around 100 to 120 rnlIz long waves of around I00
rn are very clear, going over to wind waves of down to less than 50 m, all in approxirnately
the sanre directiou (SSE). The shortest uraves are visible in the spectrum around 207 untlz,

The donrinant wavelength, most easily read from the integral spectrum tr'(f) (not shown),
is L20 m, heading 160o.

The spectrum shown here was taken one hour before the ERS-1 overpass. Inspection of
two spectra taken an hour later at 21:13 and 21:16 reveals that a new, long wave urode at
270 m, 65 o has sptung up. These spectra are heavily afrected by the motion of the platforrn
(5 m/s) at that time; the very long waves, however, suffer the least from this efect, and the
detectiou of this wave mode is regarded as reliable.

Date 20

Sonre very long waves appear to be present with a very large angular dispersion around
82 mHz, 270 ur, heading NE. Between 120 and 230 mHz, 100 to 30 m wavelength, wind
waves are detected heading SE, also with a notable directional dispersion. The dominant
wavelength is 100 m, headiug 135 o.

Date 22

This spectrum is strongly bi-modal, with two sets of waves traveling in alnrost opposite
directions. One coruponent has a dominant wavelength of 190 nr, heading 45o, the other
a dominant wavelength of 130 m, heading 190 o. The first component develops into wind
waves, turning more northerly to 0o arouud 230 ruHz.

Date 23

Very long waves ofover 300 nr length are seen around 60 mHz, changing over to progressively
shorter waves at the higher frequencies, up to 230 mHz. The dominant wavelengthis around
220 m, heading 75 o, although the spectral peak is quite broad and uright be better described
by invoking an additional courponeut at 110 m, 300. The wind waves (190 mHz and up)
are mainly around 90 o.

Date 25

This is an apparently simple situation with the propagation direction for all wavelengths
around 35 o. However, during this measurement the Gauss was sailing at a speed of 3 knots.
The effect is noticed through an apparently higher ftequency for the gravity waves, which
is equivalent to a longer wavelength given the frequency. As a result, however, the spectra
at the higher frequencies are not easily interpreted anyurore; they may be dourinated by
aliasing. The domiuant waveleugth is 210 m.

l1
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Date 28

Here the wave field is uni-rnodal with a direction of 50 o. Longest waves detected are over

300 m, dominant wavelength is 230 m. Short waves around and below 50 ru may be seen in
the spectra around 186 and 207 mHz, turning over to a sonrewhat more easterly direction.

4.3 ERS-I SAR
The six directional wave spectra from the ERS-I SAR obtained as described in section 3.2

are presented in Figure 4a-f. These spectra show a 180 0 ambiguity as the wave propagation

direction is not resolved. The aziruuth direction (Table 1) is indicated in the plots.
The spectra represent the ocean wave spectrunr averaged over 90 krn squared, ahnost the

entire ERS-I scene. The individual spectra of.10242 pixels (12.8 hrn squared) that make up
the average have been separately inspected. There were diferences between the individual
spectra, also in a systernatic way as a function of position, but these differences were always

small, indicatiug a fair degree of homogeneity over the 90 km anea.

All spectra show sorne excess energy at the high wave nurnbers in range direction, indi-
cating that the stationary instrumeutal spectral response function was somewhat underesti-
mated there. Our estimate of the respouse function is probably not very good; it was based

on the spectrum of the date 19 iurage with the spectral peaks reuroved. This image was the
nrost honrogeneous one available to us.

The ERS-1 spectra show the characteristics typical of SAR spectra. The SAR ocean wave

imaging mechanism is dorninated by the velocity bunching effect [10,18,19], which causes a

distortion in the spectra. The distortion is particularly severe when the iuraging becornes

strongly non-linear. This occurs for values )-1 of the non-linearity parameter [20,21]

c = (R/v)st/z if.lz 61cos S,l(H, / 4) = 1200.\a 
3l2lcos $ol[,, (3)

where B4 and )a are k-nuruber and wavelength of the dominant wave, /, its direction of
propagation w.r.t. aziuruth, G a geometrical factor which is close to I for ERS-I, and If,
the significant wave height. The numerical values for the ERS-1 have been substituted using

Table 2.
Taking the dourinant wavelength and direction from the SHIRA data and the significant

wave height from Table 3, values for C between 0.6 and 2.t arc found; this means that in all
cases the imaging is non-linear [tO]. One consequence is that the spectra cannot be inve:ted
in a simple way anymore, but only through iterative techniques [2L,22), which is beyond the
scope ofthe present report. However, the urost significant inrproveurent to linear nrodelingis
the quasiJinear form, in which the linear transformation is ruodified by a Gaussian azimuth
cutof factor exp(-(1/2)(k,/k,)2), with fto the wave number in azirnuth direction [11,13,14].
The cutof occurs at

\o=2r/ko=K(RlV)fr,, (4)

with proposed values for K of e.g. 3.93 [f t] or 1.1 [f3,14]. This azimuth cutoff is clearly
present in all spectra; no correctiou has been urade for it.

In the following the six ERS-I measurements will be briefly discussed and cornpared to
the SHIRA results.

Date 19

The main feature in this spectrum is a peak at 300 rl, heading 60 o. This corresponds to the
long wave mode found in the SHIRA spectra of 21:13 and 21:16 which were not yet present at
the tinre the SHIRA llleasureluent of Figure 3a was nrade. The SHIRA waves of 150 nr and
less with a SSW heading are not found in the ERS-I spectrurnl they seeur to be suppressed
by the azimuth cutof, which also creates the tilted band across the spectrum. The value
of the non-linearity parameter C is 1.7 , based on the SI{IRA data and the significant wave

height, so the iruaging is strongly uon-linear.
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Date 20

Here, both sets of waves seen itr the SHIRA spectra are present: the long waves heading NE,
and the shorter waves heading SW. In both cases, the heading is biased towards the range
axis, which may be expected [20,21]. The non-linearity parameter is 1.0.

Date 22

This is a uni-nrodal spectruur with a peak at 200 nr, 60 o. This reflects the wave component
with NE heading from the SIIIRA spectra; the wave component with southerly heading is
not found anymore. When the uou-liuearity parameter is calculated separately for the first
(NE) and the second (S) cornponent, values of 0.6 and 2.1 arc found.

Date 23

A broad peak is seeu, centered around 170 ur, 85o, in accordance with the SIIIRA result.
C is only 0.7 here.

Date 25

The peak around 250 m, 50 o reflects the SEIRA dominant wavelength of 210 m, 35 o. C is
1.2.

Date 28

The spectrum with a single peak at 280 ur, 65 o is a fair representation of the SIIIRA
spectrunr, where waves up to 300 rn propagate in the 50 o direction. The C value is not very
high at 0.8.

Summary

The SHIRA/ERS-1 cotuparison is summarized in Table 4. In that table the wavelength and
direction )p,d.p of the tuaxiura in the spectra are listed, whereas in the preceding discussion
the centers of gravity of the spectral peaks where quoted, as estimated by eye from the plots.
These numbers can be different, especially for the detailed SIIIRA spectra. Of course, the
spectra are not characterized at all well by these few nunrbers.

The table also contains fro, which is /o, the wave propagation direction w.r.t. the ERS-I
flight direction, reduced to the interval [0 

o 
,90 

o]; azimuth traveling waves have do=0 o 
, range

traveling waves have do=90o, /o was calculated using SEIRA's {o.

5 Discussion

5.1 Results of the intercomparisoll
In evaluatiug the intercotnparison between the SHIRA and ERS-I spectra rnade in the
previous section, the followiug points have to be kept in rnind.

First, as can be seen front Table 2, the iurages of the ERS-I SAR are on a much larger
scale than SHIRA's. Both the resolution of the ERS-I and the image size are larger than
those of SHIRA. Nevertheless, the homogeneous conditions expected (and found, ref. section
4.3) in the Norwegian Sea make the comparison ureaningful, although the scale and location
diferences cau be expected to cause sorue degree of disparity.

Secondly, the ERS-1 spectra were not corrected for any velocity bunching MTF, and nei-
ther type of spectruur was corrected for any RAR MTF (the real aperture radar modulation
transfer fuuction, which is applicable to both sensors); the RAR MTFs of the two sensors
will not be iderrtical, however, due to the diferences in incidence angle, polarization, and
frequency.

13
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Date SHIRA
6,,),,

ERS-1
.\, 6.

C ),4"

19

20

nn

23

,(
28

270 m 065 o

120 m 165 o

300 m 060o
090 m 1.20 o

190 ur 055 o

130 ur 190 o

220 m 080o
110 ur 035 o

210 ur 030 o

260 m 060 o

320 m 060 o

270 m 065 o

090 rn 115 o

190 m 060o

190 rn 085 o

Z+O ,r, 050 o

280 m 060o

80 o 0.1 210 m
00 o 1.7 210 m
45 o 0.3 190 m
75o 1.0 190 ur
70o 0.6 320 ur
25o 2.1 320 m
65 o 0.7 340 m
20o 3.1 340 m
45 o 1.2 520 ru
?5o 0.8 610 m

Table 4: Wavelength and direction of the peaks in the SHIRA and ERS-1 spectra, wave

direction w.r.t. ERS-1 azimuth fr,, the non-linearity parameter C, and the expected azirnuth

cutoff wavelength ), (using K=1.1).

Thirdly, the SHIRA spectra are believed to be a reasonably good representation of the
true wave height spectra, based ou comparisons with buoy lueasuremellts (e.g. [3,4]). How-

ever, the need to rneasure very long waves and the consequent undersanrpling in this exper-

irnent n'ray have created some aliasing contributions ftonr the shorter vraves.

Taking these poiuts into account, the ERS-1 spectra as courpared to the SHIRA spectra
are seer to possess the characteristics expected for SARs with relatively high -R/I/ ratios:
they are dorninated by an azimuth cutoff )o, range traveling and longer waves are better
iuraged, spectral peaks shift towards the range axis, and inraging is suppressed or severly
distorted for wave modes with larger values of the non-linearity paranreter C. The shorter
waves ()<75 ur) that are present in the SHIRA spectra are almost never detected by ERS-1.

In contrast, SHiRA is able to detect all wave cornponents that are seen by ERS-1.
It is obvious that the ERS-I is capable of imaging ocean waves, but the results have to

be iuterpreted carefully using kuowledge of the SAR imaging mechanism. The accuracy of
the final, geophysical product, a calibrated wave height spectrurn, will depend critically on

the assumptions made in the SAR iuraging urodel. SHIRA, on the other hand, gives a rnore

direct look at the wave spectrunl on account of its uruch simpler imaging urechanisur. In
part due to its higher resolution, it is able to image much shorter waves than ERS-1 can,

whereas only sonre very long waves lnay be more easily detected by ERS-1 because of its
rnuch larger field of view.

5.2 Future work
The present analysis can be iurproved and extended on the following points, which were not
within the scope of the present project.

The quality of the SHIRA spectra can be enhanced by using a gravity wave filter (only
passing energy ou the dispersion relation), and by averaging several consecutive spectra to
raise the S/N ratio.

Correction {or the RAR MTF should be applied to both sensors, but first the SIIIRA
MTF in particular should be established well enough.

The ERS-1 spectra can be inverted, correcting for a linear velocity bunching MTF, or
better using iterative techniques.

A more homogeneous ERS-1 inrage than the one used now should be used to derive the
stationary iustrumental response function, and the saure type of procedure should be used

on the SHIRA data.
Co-location of the llleasurelnents can be improved upon by usiug data from different



ERS-I ard SIIIRA ocean wave spectra

ERS-1 scenes (ref. Figure 1) and averaging over a snraller spatial exteut.
The data set available at TNO FEL and OSA obtained from the RENE 91 campaign is

quite unique, and valuable enough to warramt fututelwork along these lines. The results can
play a role in the assessnrent of the geophysical reliability of present and future ocean wave
reurote sensing applications.
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Figure 1. The locations of the ERS- I SAR scenes. The position ("T10" ) of SHIRA and
the Datawell buoy is indicated. The coastline of Norway is drawn. This plot is output fron
ESRIN's "DESC" progranl.
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-lt,t -l!.t -ta.a -!'l _a.e l'a la'a l5.a lt't

Figure 2. ERS-1 spectral stationary instrumental response function. Range direction
wave number is horizoutal, azimuth vertical. Axes ate labeled in units of l0-2 rad/rn;
contours are at 10, 20, ..., 90% of ruaxinruul.

Figure 3 a-f (on the following pagesr 22-33). SHIRA directional urave spectra subdivided
into adjacent frequency bands. The band centet is indicated in mHZ on top of each plot,
following the nreasurernent ID. Twelve plots constitute one tueasuternent. Contours are

spaced relative to the maximuur in each plot. For a full explanation and legend see section
4-2-

2t
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Figure4a-f (overleaf). ERS-1 directionalwavespectra. Theorbitnurnber(ref.Table1)
is indicated on top of each spectruur. Coutour spacing is relative to rnaximunr. The azinruth
direction is drawn in.
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