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Abstract. A new wave retrieval method for the ERS synthetic aperture radar(SAR) 
wave mode is presented. The new algorithm, named semiparametric retrieval 
algorithm (SPRA), uses the full nonlinear mapping relations as proposed by 
Hasselmann and Hasselmann [1991]. It differs from previous retrieval algorithms 
in that it does not require a priori information on the sea state. Instead, it 
combines the observed SAR spectrum with the collocated wind vector from the 
ERS scatterometer to make an estimate of the wind sea spectrum. The residual 
signal in the SAR spectrum is interpreted as swell. The method has been validated 
by collocating over 5 years of SAR wave mode observations with spectral buoy 
measurements at 11 locations on the open ocean. For wave components longer than 
225 m, the standard deviation between the retrieved spectra and buoy observations 
is 0.41 m, which corresponds to a relative RMS error of 29%. About 10% of 
the observed SAR spectra were rejected, in particular in light wind conditions 
when nonwave features such as those caused by slicks dominated the imagette. 
The bias and scatter in the results obtained under light wind conditions could be 
reduced by introducing a wind-dependent tilt modulation. This wind-dependent 
tilt formulation is derived from the empirical CMOD4 relation between the wind 
vector, the incidence angle, and the radar backscatter for the ERS scatterometer. 

1. Background 

In this paper we present a method that extracts 
spectral wave data from ERS synthetic aperture radar 
(SAR) observations. The ERS-1 and ERS-2 satellites 
(launched in 1991 and 1995, respectively) have gath- 
ered a few million SAR spectra over the open ocean. 
The retrieval algorithm described here was developed 
to exploit this unique data set, and use it to augment 
the description of the wave climate in remote areas. 

The way in which an ocean wave spectrum is mapped 
onto a SAR spectrum is reasonably well understood. 
Hasselmann and Hasselmann [1991], hereafter referred 
to as HH91, presented a closed set of equations, in which 
the SAR image spectrum is given as an expansion se- 
ries in the ocean wave spectrum. The reason for the 
nonlinearity in this mapping is the fact that the orbital 
velocities of the waves interfere with the way in which 
the SAR constructs its resolution in the azimuth direc- 

tion. The retrieval of an ocean wave spectrum from an 
observed SAR spectrum requires this nonlinear relation 
to be inverted. 

HH91 presented an inversion method that changes 
a first guess wave spectrum iteratively until its associ- 
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ated SAR spectrum matches the observed SAR spec- 
trum. The initial first guess wave spectrum is usually 
obtained from a numerical wave model. Modifications 
of this retrieval scheme have been applied in subsequent 
studies [Briining et al., 1994; Hasselmann et al., 1996; 
Heirabach et al., 1998]. Krogstad et al. [1994] developed 
a simplified approach that ignores the nonlinearities in 
the SAR mapping. This method was used by Breivik et 
al. [1998] to improve sea state forecasts. 

The above mentioned retrieval algorithms are not op- 
timally suited for the derivation of spectral wave climate 
data. First, both methods reject a sizable fraction of 
the observed SAR spectra: Heirabach et al. [1998] re- 
ported a rejection rate of 30%, Breivik et al. [1998] 
rejected half of the available SAR observations. It is 
clear that the rejection of such large portions of data 
has a detrimental effect on the wave climate statistics 
to be derived from the observations. Another limitation 
of both methods for our purpose is their dependence on 
the presence of a first guess wave spectrum from a wave 
model. To generate all wave spectra that are needed 
to compile a global wave atlas would require running 
a global wave model for the whole 8 year period since 
1991. 

The method described in this paper does not require 
a priori knowledge of the sea state to retrieve an ocean 
wave spectrum from a SAR observation. Instead, the 
fact that on the ERS satellites the scatterometer is op- 
erated simultaneously with the SAR wave mode is ex- 
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ploited. As the SAR measurement is located inside the 
scatterometer swath, each SAR wave mode spectrum 
can be associated with a wind vector from the scat- 

terometer. Using a standard parameterization, a first 
guess wave spectrum is constructed. The stage of de- 
velopment and the exact propagation direction of the 
wind sea are found by minimizing the difference be- 
tween the SAR spectrum calculated from the wind sea 
and the observed SAR spectrum. The residual signal 
in the observed SAR spectrum is interpreted as swell, 
and is translated from the SAR spectral domain into 
the wave spectral domain using a local linearization of 
the mapping relations. 

To validate the retrieval method, 70 months of ERS- 
1/2 SAR wave mode observations have been collocated 
with spectral buoy measurements made at 11 locations 
(August 1992 to May 1998). An interesting conclu- 
sion of this study is that it is often possible to esti- 
mate the stage of development of the wind sea, even 
in cases where the longest wave component of the wind 
sea spectrum is located beyond the azimuth cutoff, so 
in the SAR spectrum no peak is visible at this loca- 
tion. Kerbaol et al. [1998] and others have estimated 
the cutoff wavelength from the correlation length in the 
azimuth direction. Given a wind speed, the stage of 
development of the wind sea can be estimated. In our 
method the wave age is determined by fitting the non- 
linear mapping of a wind sea peak to the observed low 
azimuth wave number signal in the observed SAR spec- 
trum. This fact, which has not been fully appreciated in 
the literature, is a consequence of the nonlinearity of the 
SAR mapping relations. Among other things, the non- 
linearity causes a transfer of energy, from high to low 
azimuth wave numbers. Simulations have shown that 

wind sea spectra give rise to two symmetrical ridges on 
either side of the range axis in the SAR image spec- 
trum [Garello and Le Caillec, 1997]. These structures 
are consistent with the conclusion of Le Caillec et al. 

[1996] that the interaction in the SAR spectrum is most 
effective between wave numbers that have the same pro- 
jection on the azimuthal axis. Given the scatterometer 
wind speed, the stage of development of the wind waves 
can often estimated by matching the intensity of these 
structures in the SAR spectrum. 

The most effective modulation mechanism in the case 

of spaceborne SARs is the orbital velocity bunching, 
in particular for waves propagating in the azimuth (or 
flight) direction. Waves propagating in the range direc- 
tion are visible to the SAR only due to real aperture 
radar (RAR) modulation mechanisms. The most effec- 
tive of these is the tilt modulation. In the standard 

formulation used by HH91 and many others, the tilt 
modulation is assumed to be wind independent. There 
are two reasons to believe that this is not the case in 

practice. The standard tilt formulation is based on the 
assumption that the slope in the wave spectrum at the 
Bragg wave number is independent of the wind. Obser- 
vations do not support this assumption [Apel, 1994]. 

At low wind speeds these observations show an in- 
crease in the slope at the wave numbers that scatter 
C band waves, which would make the tilt modulation 
more effective under these conditions. This is consistent 

with the observations from the ERS-1/2 scatterometer. 
From observations with this instrument, that is also a C 
band radar, an empirical relation could be derived that 
expresses the radar backscatter as a function of the local 
wind vector [Stoffelen and Anderson, 1997]. Analysis of 
this relation, known as CMOD4, shows that it is con- 
sistent with a wave spectrum slope that increases with 
a decreasing wind. 

In this study, CMOD4 has been used to reformulate 
the tilt modulation. This has resulted in a relation that 

is dependent both on the wind speed and on the angle 
between the wind direction and the radar look direc- 

tion. Compared to validation results using the stan- 
dard tilt relation, the wind-dependent tilt reduces the 
scatter for wave heights retrieved under low-wind con- 
ditions by more than 30%. For wind speeds over 10 m/s 
the improvement is much smaller (6%). 

Finally, a preliminary comparison with results from 
the retrieval algorithm described in HH91 and subse- 
quent papers is presented. It is found that occasion- 
ally SAR spectra are interpreted quite differently by 
both algorithms. A more comprehensive intercompari- 
son, which involves collocating results from both mod- 
els with in situ wave measurements, is recommended to 
analyze these differences. 

2. Retrieval Method 

The ocean wave spectrum is retrieved from the SAR 
spectrum in two distinct steps. In the first step the wind 
sea spectrum is estimated, combining wind information 
from the scatterometer with the SAR spectrum. In the 
second step the swell is determined from the residual 
SAR spectrum. In the following sections both steps in 
the retrieval process are discussed in detail. 

2.1. Scaling of SAR Spectra 

To produce calibrated radar images requires a consid- 
erable effort, as it involves the analysis of imagery over 
calibration sites to determine characteristics such as an- 

tenna patterns and power loss during acquisition. For 
the ERS SAR in image mode this has resulted in im- 
agery with an absolute calibration within 0.4 dB [Laur 
et al., 1996]. Though attempts have been made to cal- 
ibrate the SAR wave mode results in a similar way 

[Kerbaol et al., 1998], until now the SAR spectra that 
are reported have not been normalized with the mean 
cross section. Hence the SAR wave mode spectra have 
to be normalized in a different way. Following Alpers 
and Hasselmann [1982] we use the fact that the radar 
backscatter is related to the clutter noise level. This 

clutter noise level is derived from the SAR spectrum 
itself. The spectral distribution of the clutter noise is 
essentially white, so in practice it can be determined as 
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the minimum value of the SAR power spectrum. •br 
later use the procedure is presented more explicitly be- 
low. 

The variance of the radar backscatter or0 in a single- 
look image is cr'0•. In an n-look, intensity-averaged im- 
age the variance Ne decreases by a factor n. Ampli- 
tude averaging, which has been used for the ERS SAR 
wave mode data until June 1998, introduces an extra 
correction factor [Briining et al., 1994]. For a three- 
look, amplitude-averaged image this correction factor 
is Na/Ne = 0.78. As the radar returns from within 
a single resolution cell are correlated, and the spectral 
shape of the clutter noise is assumed to be white, we 
have 

• ka Pcldkgdka - Za, (1) 

where Pct is the clutter noise level, and ka N - w/Pa 
and k• - W/pg are the Nyquist wave numbers in the 
azimuth and range direction, respectively. They depend 
on the multilook azimuth resolution Pa and on the range 
resolution Pa. Integrating the above relation we get 

Pct - 1 Na PaPa (2) 
(2)2 n 

As the multilook azimuth resolution is n times the 

single-look resolution pst, the clutter noise level Pct is 
independent of the number of looks that is chosen in the 
SAR processing. If we are now presented with a spec- 
trum Q(k) of a three-look, amplitude-averaged SAR im- 
age with a clutter noise level equal to Q cl, it can be 
calibrated using the following equation: 

0.78 p•pg Q(k) (3) Pøbs(k)- (2•r)2 3 Ocl ' 
The calibrated SAR spectrum Pobs (k) has now a clutter 
noise level equal to Pcl in (2). 

The ERS SAR wave mode product is provided by 
the European Space Agency (ESA) on a 12 by 12 polar 
grid, with an angular discretization of 15 ø, and with 
the wavelength increasing logarithmically from 100 m 
to 1000 m. Following Hasselmann et al. [1996] the 
clutter noise level Q cl is calculated as the mean spectral 
level of the five lowest directional bins at the shortest 

wavelength. 
Hasselmann et al. [1996] assumed the size of the spa- 

tial resolution cell pg, Pa to be 30 by 30 m, which co- 
incides to a certain extent with the nominal resolution 

specified by ESA of 25 by 22 m. In this study the res- 
olution cell was assumed to be 33 by 33 m. 

2.2. Nonlinear Relation Between Wave Spectra 
and SAR image spectra 

A SAR uses the Doppler shift in the returned radar 
signal to determine the position of the scatterer in the 
azimuthal direction. When a target is moving toward 

the radar, the additional Doppler shift causes it to be 
displaced in the positive azimuthal direction in the SAR 
image plane. Owing to their orbital velocities, ocean 
waves represent a collection of moving targets. This 
has a profound effect on the mapping of an ocean wave 
spectrum onto a SAR image spectrum. For waves with a 
component in the azimuth direction, the Doppler shifts 
caused by their orbital velocities act as an additional 
modulation mechanism: the so-called velocity bunch- 
ing effect. However, the RMS of the azimuthal dis- 
placements induced by the orbital velocities of all wave 
components taken together causes a degradation of the 
azimuthal resolution. Wave components beyond a cer- 
tain azimuthal cutoff wave number are not mapped onto 
the SAR image directly. The nonlinearities in the map- 
ping mechanism cause their energy to be transfered to 
low azimuthal wave numbers [e.g., Hasselmann et al., 
1985]. 

To gain insight into the role of, in particular, the non- 
linearity of the mapping relations we will analyze the 
example presented in Figure 1. The upper left panel 
shows the ocean wave spectrum. It consists of a fully 
developed wind sea associated with 12 m/s wind blow- 
ing in the positive azimuth direction, and of a 300 m 
long swell traveling in the range direction (the wind sea 
is simulated with a J ONSWAP-type parameterization 
proposed by Donelan et al. [1985], the swell is Gauss- 
shaped with a spectral width of 4.2 x 10 -a rad/m). The 
upper right panel shows the SAR image spectrum using 
the so-called quasi-linear approximation to the mapping 
relations (HH91). In this approximation the azimuth 
cutoff is included, which explains why the wind sea peak 
has disappeared. However, in the quasi-linear approach 
the transfer of energy is neglected. This becomes ap- 
parent when we look at the SAR image spectrum cal- 
culated with the full nonlinear transform (bottom left 
panel in Figure 1). Compared to the SAR spectrum 
calculated with the quasi-linear model it shows two dis- 
tinct ridges parallel to the range axis. The bottom left 
panel shows the effect of the nonlinearity of the map- 
ping relations. The distinct spectral shape of the non- 
linear ridges has also been found by Garello and Le 
Caillec [1997], where they were identified as the result of 
quadratic interactions. In the semiparametric retrieval 
algorithm (SPRA) presented below, these ridges in the 
SAR spectrum are combined with wind vector infor- 
mation from the scatterometer to estimate the stage of 
development of the wind sea. 

In the retrieval algorithms published to date, the non- 
linearity of the mapping relations has been simplified. 
Krogstad et al. [1994] used an optimized quasi-linear 
transformation, in which the nonlinear effects are be- 
lieved only to counteract the azimuthal smearing. In the 
retrieval algorithm described in HH91 and subsequent 
papers, differences between the calculated and the ob- 
served SAR spectra are mapped back to the wave spec- 
trum using the quasi-linear model. Hence mismatches 
in the low azimuth wave number part of the SAR spec- 



3500 MASTENBROEK AND DE VALK: RETRIEVAL OF OCEAN WAVE SPECTRA FROM SAR 

500 ß ' 

400 - ':' ' 

300 ß ' 

200 - ' 

100 ß '-' ' 

o 

0.05 

Wave spectrum, U 10 
ß .. 

ß . 

ß . 
ß 

..; 
ß 

-0.05 -0.05 

= 12 m/s 

o 

0.05 

Quasilinear mapping 

0 • 0 
-0.05 -0.05 

ky k x 

Nonlinear mapping 

2.5 ß .' i . 1.5 
... 

z z 

1.5 ..:" " O. 

1 ß -".'.;; ' ß 
O. 0.05 

05 

0 • 0 
-0.05 -0.05 

k k 
Y x 

Snl- Sql 

O5 

0 

-0.05 -0.05 
k y kx 

Figure 1. Quasi-linear and nonlinear synthetic aperture radar (SAR) image spectrum of an 
ocean wave spectrum consisting of a wind sea and a swell peak. 

trum due to an inadequate wind sea spectrum tend to 
be attributed to swell peaks. 

2.3. Modulation Transfer Functions 

In this study we use the closed nonlinear transforma- 
tion that relates the wave spectrum F(k) to the SAR 
image spectrum P(k) - (I)(F(k)) as originally proposed 
by HH91. An alternative derivation of these relations 
is presented by Krogstad [1992]. Compared to the re- 
lations as formulated by HH91, several modifications 
have been made. First the range-bunching mechanism 
is included [c.f., Engen and Johnsen, 1995]. For high 
sea states the range bunching has a noticeable effect on 
the simulated SAR spectra, but overall its significance 
is limited. 

More important are the changes in the tilt modula- 
tion. HH91 used a standard formulation for the tilt 

modulation, that can be derived as follows. Assuming 
Bragg scattering is dominant, the radar backscatter ao 
is proportional to a polarization-dependent, geometric 
scattering function Gvv and the spectral level S(ks) 
at the Bragg wave number ks: 

ao - 16k•4Gvv (S(kB)+ S(-kB)), (4) 

where the Bragg wave number is related to the wave 
number of the radar: ks - 2kr sin 0. The dimensionless 

modulation transfer function caused by a tilting surface 
is defined by 

10ao kiook 
= . (s) 

ao 00 k 

The geometric scattering function Gvv can be approx- 
imated by (1 + sin 2 0) 2. Assuming the wave number 
spectrum S(k) is proportional to k -4 in the vicinity of 
the Bragg wave number ks, this leads to the expression 
of the tilt modulation used by HH91: 

Tt = tan O 1 + sin 2 O •-' (6) 
As mentioned above, there are two indications that the 
tilt modulation may actually be wind dependent. Mea- 
surements on short waves indicate that their spectral 
energy may decay faster than k -4 for lower wind speeds 
[cf. Apel, 1994]. This is consistent with the wind speed 
dependence of the radar backscatter observed with the 
ERS-1/2 scatterometer. Like the ERS-1/2 SAR, the 
scatterometer is a C band, VV-polarized radar. Stoffe- 
len and Anderson [1997] have parameterized the radar 
backscatter measured by the scatterometer in terms of 
the incidence angle, the wind speed U•o and the an- 
gle ½ between the radar look direction and the wind: 
ao = ao(O, U•o, ½). When we insert this parameteri- 
zation, known as CMOD4, in equation (5) we obtain 
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Figure 2. Amplitude of the tilt modulation as a func- 
tion of wind speed and the angle between the radar 
look direction and the wind direction. Compared to the 
standard formulation, the wind-dependent tilt modula- 
tion derived from the CMOD4 relation becomes more 
effective for low wind speeds. 

a wind-dependent relation for the tilt modulation. In 
principle, the differentiation in (5) could be performed 
analytically. However, due to the complicated func- 
tional form of CMOD4, it has proven to be more prac- 
tical to determine the derivative numerically. 

Figure 2 shows the tilt modulation caused by a range- 
traveling long wave (the last condition ensures that 
ky/k = 1) as a function of wind speed and wind direc- 
tion. The incidence angle is assumed to be 19.9ø; the 
wind direction is defined relative to the look direction 

of the radar. According to the standard tilt relation 
(6), the amplitude of the tilt modulation has a constant 
value of 9.9 for this incidence angle. From Figure 2 we 
see that this value corresponds roughly to the values 
derived from CMOD4 for wind speeds over 10 m/s. For 
lower wind speeds the tilt modulation derived from the 
CMOD4 parameterization is more effective. Assuming 
Bragg scattering, this corresponds to a larger slope in 
the wave number spectrum for these waves, which is in 
qualitative agreement with the results reported by Apel 
[1994]. For a 2 m/s wind speed the tilt modulation 
derived from CMOD4 is 60% larger than the standard 
value given by (6). 

A second feature that is apparent from Figure 2 is the 
dependence of the tilt modulation on the wind direction, 
in particular for wind speeds over 10 m/s. The Figure 
indicates that for these wind speeds the tilt modulation 
is 20 to 30% more effective when the look direction and 

the wind make an angle of 90 ø , compared to the case 
when these two are aligned. This indicates that the 
spectral slope in the vicinity of the Bragg waves is not 
isotropic. 

The validation presented below will show that the 
incorporation of the tilt modulation derived from the 

CMOD4 relation results in a significant reduction of the 
scatter in the retrieved wave height, in particular un- 
der light wind conditions. Further progress along these 
lines may very well be possible. Measurements indicate 
that both the phase and the amplitude of the hydro- 
dynamical modulation may be wind speed dependent 
[Keller and Wright, 1975]. Inclusion of this effect may 
result in a further improvement in the understanding of 
SAR imaging of ocean waves. 

2.4. General Description of the SPRA 
Retrieval Method 

The retrieval of a wave spectrum with the SPRA al- 
gorithm takes place in two steps. In the first step, the 
wind vector from the scatterometer is used to construct 

a wind sea spectrum. For this purpose the parameter- 
ization of Donelan et al. [1985] is used. Unlike the 
case with the JONSWAP spectrum [Hasselmann et al., 
1973], the level of the spectral tail in the spectrum of 
Donelan et al. is wind speed dependent. This gives 
better agreement with spectra observed by buoys. The 
stage of development of the wind sea and its mean prop- 
agation direction will be found from minimizing the dif- 
ference between the simulated and the observed SAR 

spectrum. As a first guess, we assume that the wind 
sea is fully developed and that the waves are propagat- 
ing in the wind direction. 

Subsequently the SAR spectrum associated with this 
estimated wind sea spectrum is calculated using the 
nonlinear mapping relations from HH91: Pws(k) 
ß (Fws)(k). This simulated SAR spectrum is then com- 
pared with the observed SAR spectrum Pobs. The dif- 
ference between the observed and simulated SAR spec- 
trum is expressed in terms of a cost function, where 
the functional form of this cost function is derived from 

the statistics obeyed by an observed SAR spectrum (see 
Appendix A). This cost function is then minimized with 
respect to the two free parameters in the wind sea pa- 
rameterization' the stage of development and the mean 
propagation direction. 

After the optimal set of wind sea parameters has been 
found, the residual signal in the observed SAR spec- 
trum is interpreted as resulting from waves that are not 
part of the parametric wind sea spectrum, that is, swell. 
Given the wind sea spectrum, wave components longer 
than the wind sea peak are generally mapped linearly by 
the SAR (see discussion below). So when we write the 
SAR mapping as a Taylor expansion around F - 
we can neglect quadratic and higher-order terms: 

P(k)'""•(Fws)(k)+ 
OF(k') 

where Fswel I is the spectrum of the swell waves. As the 
linear SAR mapping is local in the wave number space, 
we can define a gain function c•(k) that maps the swell 
spectrum to the SAR spectrum- 
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Oz (k) 5kk, ---- 
o•(r) (k) 

Or(k') 
(8) 

Note that oz(k)Skk, is an approximation of the tangent 
linear model of (I, at the wind sea spectrum Fws, valid 
in the wave number range where the SAR mapping is 
approximately linear. 

Given an observed SAR spectrum Pobs(k) with clut- 
ter noise level Pc•, and the estimate of the contribution 
of the wind sea to the SAR image spectrum, equation 
(7) can be solved for the swell spectrum Fswell(k) using 
c•(k) from equation (8): 

Fswe,l(k) - Pobs(k) - Pc• - Pws(k) (9) 
' 

The gain function for the swell c•(k) is calculated nu- 
merically by perturbing the estimated wind sea spec- 
trum Fws and comparing its nonlinear SAR mapping 
with that of the unperturbed wind sea spectrum. The 
above procedure will only retrieve the swell spectrum 
in the part of the wave number domain that is acces- 
sible to the SAR. In the present case that means that 
the swell has to be longer than about 100 m, and that 
its azimuthal wave number has to be smaller than the 
cutoff wave number. 

It is important to distinguish between the tangent 
linear approximation for the swell presented above, and 
the quasi-linear approximation described in HH91. The 
tangent linear model is superior to the quasi-linear 
model, as the latter ignores all nonlinear contributions 
except those that cause the azimuthal smearing. Figure 
I illustrates this difference. In the procedure outlined 
above, the observed low azimuth wave number ridges 
caused by the energy transfer from higher wave num- 
bers is attributed to the wind sea. Using the tangent 
linear model, only the signal in excess of these ridges 
in the observed SAR spectrum is assumed to be the re- 
sult of (linearly mapped) swell. If a quasi-linear model 
would is to retrieve the swell, the low azimuth wave 
number ridges caused by the nonlinear transfer of en- 
ergy would also be attributed to swell, as this model 
does not include the high-to-low azimuth wave number 
energy transfer. Neglecting the nonlinear interactions, 
the quasi-linear model also underestimates the azimuth 
cutoff wave number. As the tangent linear model is an 
expansion around the part of the spectrum that is re- 
sponsible for the bulk of the nonlinearity, it includes 
most of the modification of the cutoff due to the non- 

linearity. 
We will now address the question why the wave com- 

ponents longer than the wind sea peak are generally 
mapped linearly by the SAR. The nonlinearity of the 
SAR mapping is caused by the fact that the ocean sur- 
face is moving, that is, by the orbital velocity of the 
waves. Swell waves longer than 100 m contribute only 
marginally to the total orbital velocity variance. It fol- 
lows that the mapping of the wind sea is not signif- 
icantly affected by the presence of these longer waves. 

This is the reason that we can estimate the wind sea pa- 
rameters without any information concerning the pres- 
ence of swell. Once these wind sea parameters and 
the associated orbital velocity variance are found, the 
so-called azimuthal cutoff wave number can be calcu- 

lated. From the integral relation in HH91 it follows 
that wave components with an azimuthal wave number 
much smaller than this cutoff are mapped linearly by 
the SAR. In nature the orbital velocity variance and 
the peak wave number of a pure wind sea spectrum are 
related, much in the same way that the energy and the 
peak are related. In Appendix B this empirical notion 
is used to derive a tentative relation between the cutoff 

wave number and the location of the wind sea peak. 
It follows that in the spectral domain of the present 
ERS SAR wave mode product, which ranges from 100 
to 1000 m, wave components longer than the peak are 
mapped linearly. 

Note that by using the above scheme, the swell spec- 
trum F,w•ll(k) will have a 180 ø ambiguity in its propa- 
gation direction. The present ERS-1/2 SAR user wave 
(UWA) product only provides a power spectrum of the 
SAR image. Hence all the directional information it 
contains is the alignment of the wave crest, not the di- 
rection in which these crests are moving. In the future, 
using the advanced synthetic aperture radar (ASAR) 
carried by ENVISAT, the 180 ø ambiguity may be re- 
solved, as the ASAR wave mode product will be based 
on cross spectra of two looks separated in time. For the 
present we have decided to accept the 180 ø ambiguity 
of the ERS data and develop our scheme for this prod- 
uct, as it gives access to over 7 years of spectral wave 
measurements with a global coverage. 

2.5. Implementation of the Retrieval Method 

The SPRA retrieval method has been applied to 
archived ERS-1/2 SAR wave mode observations. In the 
previous section an overview of the algorithm was pre- 
sented, and the main assumptions were discussed. Here 
we will give a more detailed account of the different 
stages in the processing of the satellite data. 

1. The ERS-1/2 SAR wave mode product is pro- 
vided on a 12 by 12 wavelength/direction grid. The 
wavelengths range from 100 to 1000 m, the direction 
spans 180 ø in 15 ø increments. To facilitate their inter- 
pretation these spectra are collocated with scatterom- 
eter wind vectors. In the collocation a maximum dis- 

tance of 50 km is allowed between the two measure- 

ments, which corresponds to the spatial resolution of 
the scatterømeter. 

2. Before being interpolated to a square wave num- 
ber grid, the SAR spectra are normalized using their 
clutter noise level and filtered. The normalization is 

discussed above in section 2.1. The filtering is essential 
to eliminate contributions caused by nonwave features 
such as slicks. It was found that nonwave contributions 

can be effectively removed by evaluating the SAR spec- 
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Table 1. Overview of the ERS SAR Wave Mode Data 

Available for the Present Study 

From Until Satellite Incidence Angle 

Sept. 1991 April 1995 ERS-1 19.9 ø 
May 1995 April 1996 ERS-1 23.0 ø 
May 1996 May 1998 ERS-2 23.0 ø 

trum averaged over the propagation angle. The filtering 
exploits the fact that the spatial scales of slicks are usu- 
ally larger than the length of the longest swell waves. 
In a typical slick-dominated SAR spectrum the spec- 
tral level is monotonically increasing with wavelength. 
Hence the filtering routine rejects all wavelength bins in- 
volved in such behavior. Below in section 3.6 the merits 

of this filtering technique are evaluated using buoy data. 
The computations were performed on a 64 by 64 wave 
number grid, using a grid spacing of Ak - 3.3 x 10 -3 
rad/m. 

3. A first guess wind sea spectrum is constructed us- 
ing the scatterometer wind measurement and the spec- 
tral shape proposed by Donelan et al. [1985]. For wind 
speeds below 10 m/s the wind sea is assumed to be 
fully •eveloped (Uxo/Cp - 0.9, where Ux0 is the wind 
speed at 10 m height and Cp the phase velocity of the 
spectral peak) and aligned with the wind direction. For 
wind speeds above 10 m/s the wave age Uxo/Cp is in- 
creased in steps of 0.1 until the cost function no longer 
decreases. Subsequently, the cost function is minimized 
with respect to the propagation direction. 

4. From the residual SAR image spectrum, that is, 
the observed SAR spectrum minus the clutter noise mi- 
nus the estimated wind sea contribution, the ocean swell 
spectrum is estimated (see section 2.4). Unlike the esti- 
mate of the wind sea spectrum, the estimate of the swell 
spectrum is completely nonparametric. The estimate of 
the swell spectrum is only retained if its inclusion de- 
creases the cost. 

5. Given the swell estimate, the wind sea spectrum 
parameters are estimated once again. Occasi6nally, the 
contribution of the swell to the cutoff results in a re- 

duction of the most likely wave age of the wind sea. 
6. Finally, the swell spectrum is computed again, 

now using the updated estimate of the wind sea peak. 
The orbital velocity variance of the swell peak from the 
first iteration is taken into account in the derivation of 

the tangent linear model that is used to interpret the 
residual SAR spectrum. 

3. Validation of the Retrieved Wave 

Spectra Using NOAA Buoys 

3.1. Observations From the ERS-1/2 

Barring the few minutes per orbit that it is switched 
in image mode, the SAR on board the ERS satellites ac- 
quires two wave mode spectra per minute, which puts 
these spectra 200 km apart. As of the middle of 1998, 
this has resulted in a data set of more than 4 million 

SAR spectra acquired over open sea. This amounts to 
roughly 1000 observations in each cell of 3 ø longitude by 
3 ø latitude. The incidence angle at which these spec- 
tra are acquired is kept mostly constant in time (see 
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Figure 3. Location of the 11 spectral NOAA buoys used for the validation of the SAR wave 
mode retrieval algorithm. 
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Table 1). In the first 4 years of the operation of the 
ERS-1 (September 1991 until April 1995) it was set at 
19.9 ø , which is the steepest angle allowed by the in- 
strument. Starting from May 1995 the incidence angle 
was set at 23.0 ø, a value that was maintained after the 
ERS-2 took over in May 1996. 

Interleaved with the SAR wave mode, the Active Mi- 
crowave Instrument (AMI) of the ERS satellites oper- 
ates the scatterometer. As the swath of the SAR is en- 

tirely covered by that of the scatterometer, each SAR 
wave mode spectrum can be collocated with a wind vec- 
tor derived from the scatterometer. For this study the 
scatterometer winds were obtained from the wind field 

(WNF) product that is distributed by the Centre ERS 
d'Archivage et de Traitement (CERSAT). Comparison 
of the WNF wind speed with buoy measurements has 
shown that the standard deviation is below 2 m/s, with 
a negligible bias [Quilfen and Bentamy, 1995]. 

3.2. Selected Buoys 

To validate the ocean wave spectra retrieved from 
SAR observations, they have been compared with spec- 
tral buoy measurements. The most important data set 
to do this is provided by the National Oceanic and 
Atmospheric Administration (NOAA) buoy network. 
N OAA operates 50+ buoys, located mainly in American 
coastal waters, that report the one-dimensional energy 
density wave spectrum every hour. For the comparison 
with the satellite-retrieved data, 11 buoys were selected 
that were operational since 1992 and that are located 
at least 100 km offshore (see Figure 3). The latter con- 
dition was imposed to avoid problems with the repre- 
sentativeness of the buoy observation for its immediate 
surroundings. There is ample literature on the accu- 
racy of the energy density spectra recorded by buoys 
[cf. Long, 1980]. In general it can be said that the 
accuracy in the significant wave height is of the order 
of 5-10•, depending on the peak period and spectral 
width of the waves. 

The spectral buoy data itself were obtained from two 
different sources. The first three years of data (Septem- 
ber 1992 to December 1995) were taken from the F291 
CD-ROMS provided by the National Oceanographic 
Data Center (NODC). The spectral buoy data recorded 
after 1995 were obtained from the web site of the Na- 

tional Buoy Data Center (NBDC). Before being used 
in the intercomparison, the consistency of the data was 
checked. This involved eliminating observations that 
were reported more than once, and comparing signifi- 
cant wave height values reported with those computed 
from the energy density spectrum. The wind speed 
was converted from measurement height (usually 5 m) 
to a reference height of 10 m assuming a logarithmic 
wind profile and a standard drag relation. Finally, the 
data records were given a new time tag. In the orig- 
inal data set the acquisition time is reported in whole 
hours, where it is understood that the actual wave mea- 
surement took place between 30 and 10 min before this 
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(spectrum 424, 19.9 ø) 

Ulo = 18.6 m/s 
(U•o = 17.8 m/s) 

Wave spectrum, H s = 5.3 m 
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Figure 4. Spectra observed near buoy 46003 at De- 
cember 27, 1994, 0826 UT: (top left) SAR spectrum 
observed by the ERS-1; (top right) simulated SAR spec- 
trum; (bottom right) wave spectrum retrieved with the 
semiparametric retrieval algorithm (SPRA). A contour 
line in the spectrum corresponds to a change in the 
spectral level of 2 dB, which is equivalent to a factor 
of 1.6. (bottom left) The arrow with the solid tip indi- 
cates the scatterometer wind vector, and the open tip 
arrow corresponds to the buoy wind. The wind speed 
in parentheses refers to the buoy measurement. 

time. The new time tag, which is used in the colloca- 
tion with the satellite data, puts the acquisition time in 
the middle of this 20 min integration time. 

Ocean wave spectra retrieved from ERS SAR wave 
mode observations were collocated with buoy records 
for the period of September 1992 until May 1998. The 
maximum distance allowed between the SAR observa- 

tion and the buoy location was set at 60 km, the maxi- 
mum temporal interval at 30 min. In this way a total of 
595 SAR wave mode spectra could be collocated with 
a valid buoy measurement. Of these 595 cases, 58 (i.e., 
10570) could not be interpreted by the retrieval algorithm 
as the SAR spectrum was considered to be too contam- 
inated by nonwave features by the filtering routine. 

3.3. Examples of Retrieved Spectra 

In section 2.2 it was shown that the nonlinearity in 
the SAR mapping relations can cause a transfer of en- 
ergy from large to small azimuthal wave numbers, thus 
providing information on waves that are otherwise in- 
visible to the SAR. A case in point is shown in Fig- 
ures 4 to 6. The SAR spectrum acquired by the ERS-1 
near buoy 46003 on December 27, 1994 (Figure 4, up- 
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Figure 5. Energy density spectra for the case shown in 
the previous figure' solid line, buoy observation; dashed 
line, wave spectrum derived from S AR; dotted line, 
wave spectrum assuming a fully developed wind sea. 

per left panel) shows very little structure, except that 
the energy tends to be aligned with the range axis. The 
signal-to-noise ratio of the peak in the SAR spectrum 
is 8.7. Both the scatterometer and the buoy indicate 
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Figure 6. Observed and simulated SAR spectra aver- 
aged over the range wave number axis. When a fully 
developed wind sea is assumed (dotted line), the low 
azimuth wave number ridges caused by the nonlinear 
transfer from higher azimuth wave numbers are signifi- 
cantly larger than the signal observed by the SAR (solid 
line). When these low azimuth wave number ridges are 
used to determine the stage of development, a much 
better fit can be obtained (dashed line). The arrows 
indicate the locations of the peak of the fully developed 
wind sea (open tip), and of that of the wave spectrum 
derived from the SAR (solid tip). 

that a strong wind of 18 m/s is blowing in the positive 
azimuth direction. The buoy measurement (Figure 5, 
solid line) shows a single-peaked spectrum with its spec- 
tral peak at 0.1 Hz, which corresponds to a wavelength 
of 150 m in deep water. With a wave age U•o/cp = 1.15, 
this makes it an underdeveloped wind sea. As in the 
example shown in Figure 1, the azimuth-traveling wind 
sea is beyond the azimuthal cutoff. 

However, even though the peak itself is not visible in 
the SAR spectrum, the nonlinearity in the SAR map- 
ping induces an energy transfer from high to low az- 
imuth wave numbers. The spectral shape of this low 
azimuth wave number signal, two ridges parallel to the 
range axis, can be clearly observed in the SAR spectrum 
in Figure 4. The level of these low azimuth wave number 
ridges is related to the level of the wind sea spectrum. It 
follows that by matching the low azimuth wave number 
signal produced by the nonlinear mapping of the wind 
sea peak, the retrieval algorithm is able to estimate the 
stage of development of the wind sea. This is illustrated 
in Figure 6. Here the simulated and observed SAR spec- 
tra are shown averaged over the range axis. The dotted 
line corresponds to the SAR signal produced by a fully 
developed wind sea. The Figure clearly shows that in 
that case the level of the low azimuth wave number 

signal would be much higher than the observed signal 
(full line). When the scheme is allowed to fit the ob- 
served level of the low azimuth wave number signal, a 
wave age of U•o/cp = 1.2 is found (dashed lines in the 
Figures 5 and 6). Obviously the shape of the buoy spec- 
trum does not exactly match that of the Donelan et al. 
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Figure 7'. Observed (solid line) and retrieved (dashed 
line) spectra near buoy 41010 on November 29, 1993, 
0336 UT. 
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Figure 8. Comparison of the energy density spectra 
near buoy 41010 corresponding to the case in the fig- 
ure 7. Solid line denotes buoy observation; dashed line 
denotes wave spectrum derived from SAR.. 

[1985] parameterization, which explains the difference 
in significant wave height of 0.5 m. 

Note that in the above case an estimate of the stage 
of development of a wind sea could be made, despite 
the fact that the azimuth resolution of the SAR was 

degraded so much that the wind waves could not be 
observed in the SAR spectrum. However, the transfer of 
energy from high to low azimuth wave numbers induced 
by the nonlinearities in the SAR mapping results in 
noise-like ridges in the SAR spectrum. By matching 
the height of these ridges, the stage of development can 
be estimated. 

In the example discussed above, the whole signal 
could be explained as emanating from a single wind 
sea peak. In the example shown in Figures 7 and 8 the 

opposite is the case. Here the observed SAR spectrum 
shows a peak at a wavelength just short of 225 m al- 
most in the range direction. Given the wind of 8 m/s 
in the negative azimuth direction, this signal must cor- 
respond to a swell system. Indeed, the buoy observed 
a peak at 0.09 Hz, which corresponds to a wavelength 
of just under 225 m. The retrieval algorithm is able to 
reproduce the peak frequency of the swell system quite 
accurately; the energy in the swell system is underesti- 
mated slightly. Note that in the two-dimensional ocean 
wave spectrum shown in Figure 7, lower right, the en- 
ergy of the swell system is divided over two symmetrical 
peaks. This reflects the 180 ø ambiguity in the retrieved 
swell propagation direction. 

3.4. Validation of the Retrieved Wave Height 
and Period 

Given its resolution of about 30 m, the ERS-1/2 SAR 
can only resolve waves longer than 100 m, which cor- 
responds to waves with periods longer than 8 s in deep 
water. In high seas the resolution in the azimuth di- 
rection may be even lower due to smearing. Informa- 
tion on shorter wave components is derived indirectly 
by combining the scatterometer wind with the level of 
low azimuth wave number ridges in the SAR spectrum. 
Though the level of these shorter wave components in- 
fluences the mapping of the longer wave components, 
and is therefore important in the retrieval process, the 
true strength of the SAR lies in its ability to detect the 
height and direction of the longer wave components. To 
enable a statistical analysis of the performance of the 
SAR, we use the following measure of the wave height 
in the frequency interval Ill, f2]: 

/j•f f2 / 1/2 H - 4 F(f)df , (10) 
1 

with F(f) the elevation spectrum in terms of frequency. 
To validate the SPRA algorithm, we first concentrate 

on the wave components resolved by the SAR. In Fig- 
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Table 2. Validation of the Height of Wave Components With a Period Longer 
Than 12 s, Using Four Different Maximum Distances in the Collocation of Buoy 
Data and SAR Wave Mode Observations. 

< 50 km < 60 km < 100 km < 200 km < 300 km 

N 363 537 1414 5486 12265 

Mean, m 0.84 0.87 0.91 0.94 0.95 
Bias, m 0.02 0.03 0.03 0.02 0.01 
s.d., m 0.40 0.41 0.47 0.50 0.55 
RRMSE 0.29 0.29 0.33 0.35 0.38 

Here, s.d. denotes standard deviation. The relative RMS error (RRMSE) is defined 
as the RMS error normalized with the RMS buoy wave height. The maximum temporal 
interval was 30 min in all cases. 

ure 9 the retrieved height of the wave components longer 
than 12 s is plotted against buoy observations. This 
height is calculated from the one-dimensional energy 
density spectra with equation (10), inserting fl -- 0 
and f2 = 1/12 Hz. In the main part of the valida- 
tion we concentrate on the wave components with peri- 
ods longer than 12 s, which correspond to wavelengths 
longer than 225 m in deep water, because these waves 
fall well into the spectral range resolved by the SAR, 
and are generally not subject to suppression due to az- 
imuthal smearing. In Figure 9, results are presented for 
the three acquisition periods of ERS-1/2 (see also Ta- 
ble 1). The change in incidence angle during the ERS-1 
mission apparently had an adverse effect on the stan- 
dard deviation, which increased from 0.39 m to 0.47 m. 
However, this can be attributed largely to the increase 
in the average wave height from 0.86 m to 1.15 m: The 
relative RMS error (RRMSE), defined as the RMS error 
normalized with the RMS wave height observed by the 
buoy, remained constant at 28%. 

In the collocation of buoy and SAR wave mode obser- 
vations the maximum distance between the two was set 

at 60 km. The maximum time difference was fixed at 30 

min, but as the NOAA buoys report observations every 
hour, no significant amount of data was rejected by this 
criterion. The influence of the maximum distance that 

is allowed can be assessed with the data presented in Ta- 
ble 2. In that table, validation results are presented for 
five different maximum collocation distances. We find 

that the scatter increases significantly when the spatial 
collocation criterion is relaxed: The relative RMS error 

increases from 29% when the distance between buoy 
and SAR is 50 km or less, to 55% when this distance is 
allowed to be 300 km. 

Despite the fact that for ERS-2 a data set of 25 
months was available (ERS-1 operated only 11 months 
with an incidence of 23 ø, for instance), only a limited 
number of collocations could be made for ERS-2. This 

is caused by the fact that the acquisition pattern of SAR 
wave mode data of ERS-2 is different from that used for 

ERS-1. For technical reasons, no SAR wave mode ob- 

servations are made in several regions adjacent to the 
coast. Unfortunately, one of these is an area several 
hundred kilometers wide along the west coast of North 
America, an area that includes most of the NOAA buoys 
in the Pacific used in this study. This explains also the 
low average height of waves longer than 12 s observed 
by ERS-2. The NOAA buoys in the northeast Pacific 
are exposed to more swell than the buoys in the north- 
west Atlantic. This change in acquisition pattern makes 
it very difficult to assess the performance of the ERS-2 
SAR wave mode, and to compare it with that of ERS-1. 

In Figure 10 the performance of the SPRA retrievals 
is assessed per frequency interval. As before, the height 
of the waves in each frequency interval is calculated 
from the one-dimensional spectrum with (10), using dif- 
ferent integration boundaries for each frequency inter- 
val. The energy in the shortest wave components, with 
wave periods between 8 and 12 s, is underestimated. 
This may be caused by the azimuth cutoff, which ob- 
viously has its largest effect on the shortest wave com- 
ponents. The performance of the system is optimal for 
waves with periods between 12 and 15 s. The relative 
RMS error in the retrieval of the height of these waves 
is 31%; the standard deviation is 0.38 m. For waves 
with periods longer than 15 s the standard deviation is 
even smaller, 0.28 m, but given the limited amount of 
energy in this frequency band, the relative performance 
is worse (35%). 

The SPRA algorithm combines the measurements of 
the SAR and the wind scatterometer to retrieve the 

ocean wave spectrum. Obviously, the wind speed and 
sea state are related. Hence we may wonder how much 
information on the sea state comes from the scatterom- 

eter data, and how much is gained by including the SAR 
image spectrum in the analysis. Without information 
on the presence of swell or on the stage of development 
of the wind sea, the rule-of-thumb estimate of the sig- 
nificant wave height at open sea is 

H, - 0.24 Ux2ø (11) 
g 
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Figure 10. Retrieval of the height of the wave components in three different frequency intervals' 
(a) wave period between 8 and 12 s (length between 100 and 225 m), (b) wave period between 
12 and 15 s (length between 225 and 350 m), and (c) waves with periods longer than 15 s (> 350 
m in deep water). 

where g is the gravitational acceleration. In Figure 11 
this estimate, using only the wind speed from the scat- 
terometer, is compared to the output of the SPRA in- 
version scheme, which uses both the SAR and the scat- 
terometer data. It is clear that the Hs estimate benefits 
significantly from the SAR data: The standard devia- 
tion and the relative RMS error go down by 40%. The 
most important improvement comes from the SAR's 
ability to capture the swell. However, in a number of 
cases the wave height was reduced, which means that 
the SAR data indicated that the wind sea was not fully 
developed. 

The above example shows that the SAR provides in- 
formation on the sea state, additional to that which 
can be derived from the wind speed alone. Another 
question is, how much is the wave spectrum retrieval 
hampered by inaccuracies in the scatterometer wind es- 
timate? To answer this question, the SPRA scheme 
has been applied with the wind observed by the buoy 

rather than by the scatterometer. The results of this 
run are summarized in Table 3. The validation results 

for the wave components with a period longer than 12 s 
show that errors in the scatterometer wind estimate do 
not contribute to the overall error made with the SPRA 
scheme. 

In Figure 10 it is shown that the height of wave com- 
ponents longer than 12 s is retrieved with a negligible 
bias. This is consistent with the discussion in Appendix 
B, where it is shown that swell components longer than 
140 m are not subject to the azimuthal blurring. Figure 
11 indicates that the results obtained with the SPRA 

scheme have a negative bias of 0.30 m in the significant 
wave height. This is due to the fact that depending on 
the wind speed, there may be a spectral gap between 
the wind sea and the shortest wave resolved by the SAR. 
As no wave information is available in this region the 
energy density is set to zero. This causes the overall 
significant wave height to be underestimated. 
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Figure 11. Retrieval of the significant wave height (a) from scatterometer only and (b) from 
combination of SAR and scatterometer. 
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Table 3. Comparison of the Statistics of Three Dif- 
ferent Runs With the Semiparametric Retrieval Algo- 
rithm (SPRA): With the Standard Method, Using Buoy 
Rather Than Scatterometer Wind Measurements, and 
Without Wind-Dependent Tilt Modulation. 

Standard Buoy Wind Old Tilt 

N 537 537 537 
Bias, m 0.03 0.00 0.13 
s.d., m 0.41 0.45 0.47 
RRMSE 0.29 0.32 0.35 

The Data Refers to the height of the wave components 
longer than 12 s. 

Another integral parameter that can be calculated 
from the retrieved ocean wave spectrum is the mean 
wave period. For the present purpose a mean wave pe- 
riod Tin, defined as 

Tm-- f f-•Fdf f Fdf ' (12) 
is used. Compared to the zero upcrossing period, which 
is mainly determined by the level of the short wind 
waves, Tm is more sensitive to the presence of long swell 
waves. In Figure 12 the wave period calculated from the 
retrieved wave spectra is plotted against the buoy wave 
period. We find that the periods of wave systems dom- 
inated by short waves are underestimated, and those 
dominated by long waves are overestimated. The rea- 
sons for this behavior and for the underestimation of the 

significant wave height are the same: the lack of data 
in the spectral gap between the wind sea and the short- 
est wave component resolved by the SAR in light to 
moderate wind conditions. Because on average spectral 
wave energy is missing in the middle of the s. pectrum, 
the SPRA method has a slight tendency to exaggerate 
the mean wave period. 

3.5. Effect of a Wind-Dependent Tilt 
Modulation 

The SPRA scheme uses a wind-dependent tilt modu- 
lation that is derived from the CMOD4 relation between 

the surface wind and the radar backscatter (see section 
2.3). An alternative to this approach is to use a wind 
independent tilt modulation such as the one described 
by HH91. Figure 2 illustrates the difference between the 
two: For low wind speeds the amplitude of the tilt mod- 
ulation is enhanced, for high wind speeds it becomes 
direction dependent. In this section we will assess the 
effect that the wind-dependent tilt modulation has on 
the retrieved wave heights. 

In Table 3 the validation results of a run with and 

without the CMOD4-derived tilt are listed. Compared 
to the calculations with the tilt formulation from HH91, 
the scatter is reduced by more than 10%. This can be 
attributed in particular to a better performance in cases 
with a wind speed less than 10 m/s. Figure 13 shows 

a comparison of the retrieval of the height of the wave 
components longer than 12 s for three different wind 
speed ranges. Note that the performance of the retrieval 
in relative terms is reasonably constant at around 30% 
over the whole wind speed range. 

In Table 4 the statistics for the runs with and with- 
out the CMOD4 tilt modulation are listed for the same 

three wind speed ranges. This table reveals that the 
largest reduction in scatter due to the wind dependence 
is achieved for wind speeds lower than 10 m/s. For 
wind speeds lower than 6 m/s the relative RMS is re- 
duced from 37% to 27%, for wind speeds between 6 and 
10 m/s it is reduced from 41% to 32%. The effect of the 
directional sensitivity of the tilt modulation, which was 
particularly pronounced for wind speeds over 10 m/s, is 
much smaller, but still positive (RRMSE from 31% to 
29%). 

3.6. Filtering Out Nonwave Features 

In section 2.5 the algorithm is described that is used 
to clean the SAR image spectra from nonwave features. 
Here we evaluate the merits of this method by switching 
it off. In Figure 14 the retrieved height of waves longer 
than 225 m is compared with buoy data, both without 
filtering (Figure 14a) and with filtering (Figure 14b). 
It is clear that the performance of the retrieval algo- 
rithm benefits greatly from the elimination of nonwave 
features: the standard deviation decreases from 0.65 m 

to 0.42 m, and the bias is reduced from 0.18 m to less 
than a centimeter. 

Note that of the 595 available SAR spectra, about 
10% were rejected completely because of contamination 
by nonwave features. Other retrieval algorithms reject 
a far larger fraction of the available measurements: He- 
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Figure 12. Comparison of the retrieved mean wave 
period with buoy measurements. 



3510 MASTENBROEK AND DE VALK: RETRIEVAL OF OCEAN WAVE SPECTRA FROM SAR 

Ulo <6m/s 
ß . . 

N = 178 
mean = 0.61 m 
bias = -0.05 m 
StDev = 0.23 m 
Rrmse = 0.27 

Corr = 0.93• 

'"•: (a) 

8 
6<Ulo < 10m/s 

ß 
StDev = 0.37 m 
Rrmse = 0.32 

Corr = 0,.92 
x •1• Xx x 

0 2 4 6 8 2 4 6 8 

Buoy wave height [m] Buoy wave height [m] 

8 

U > 10m/s 
lO 

mean = 1.36 m 
bias =-0.01 m • . 
StDev = 0.59 m /'_ ' 
Rrmse = 0 29 

Corr = 0.9:•- ,,• x x x 

x •1• x x 

x• •/•x xX 
-½,, ,x , (c) 

2 4 6 8 

Buoy wave height [m] 

Figure 13. Retrieval of the height of the wave components longer than 12 s for different wind 
speed ranges: (a) U10 < 6 m/s, (b) 6 < U10 < 10 m/s, and (c) U10 > 10 m/s. 

imbach et al. [1998] reported a rejection percentage of 
30%, Breivik et al. [1998] rejected half of the SAR ob- 
servations. As we intend to use the data to assess the 

spectral wave climate, it is important that as large a 
fraction of the data as possible gets interpreted. Our 
filtering method accomplishes this by rejecting only the 
contaminated part of SAR spectra, rather than reject- 
ing all contaminated observations. 

4. Comparison With Directional Wave 
Buoy Measurements in the North Sea 

The validation of the SAR wave mode retrieval algo- 
rithm in the previous section has been limited to the 
spectral distribution of the energy density. Three quar- 
ters of the wave buoys employed by NOAA only report 
a one-dimensional wave spectrum. With the exception 
of a single buoy near Hawaii, all the directional NOAA 
buoys are located close to the shore, in areas where 
the wave field can not be expected to be spatially ho- 
mogeneous. Alternatives to the NOAA data set are 
scarce. The U.K. Meteorological Office operates a net- 
work of 10 buoys in the northeastern Atlantic that pro- 
vides only two integral wave parameters: the significant 
wave height and the zero-crossing wave period. For the 
validation of the spectral capabilities of the SAR this is 
clearly insufficient. 

A limited collocation could be made with direction 

wave data of two buoys deployed in the southern part 
of the North Sea. These buoys, located near the offshore 
platforms k13 and auk (Figure 15), report both the en- 
ergy density and the propagation direction as a function 
of frequency at 3 hour intervals. Though several years 
of buoy data were available, the collocation rendered 
only a dozen cases. The reason for this low yield is that 
the ERS SAR is often switched in image mode in this 
region. Most of the cases which could be matched were 
not very interesting due to a lack of long waves. In Fig- 
ures 16 to 19 two cases are analyzed: the first near auk 
(56ø24'N, 2ø4'E), and the second near k13 (53ø13'N, 
3ø13'E). The directional information from the buoy is 
indicated as a thick, solid line in the two-dimensional 
plots of the retrieved wave spectrum (bottom right pan- 
els in Figures 16 and 18). 

The first case (Figures 16 and 17) was acquired March 
17, 1993. The scatterometer indicates that a wind of 
12 m/s was blowing toward the satellite. The longest 
components of the wind waves are just visible on the 
SAR spectrum. More pronounced on the SAR spec- 
trum is the swell system traveling in the azimuthal di- 
rection. The peak wavelength of this swell system is 
almost 500 m, which corresponds to a wave period of 
about 17 s in deep water. The water depth near auk 
is 80 m, which has a limited effect on the energy and 

Table 4. Validation of the Retrieval of the Height of Wave Components Longer Than 12 s With and Without 
a Wind-Dependent Tilt Formulation For Three Different Wind Speed Ranges 

Uxo < 6 m/s 6 < Uxo < 10 m/s Uxo > 10 m/s 
Standard Old Tilt Standard Old Tilt Standard Old Tilt 

N 178 178 215 215 144 144 

Mean, m 0.61 0.61 0.77 0.77 1.36 1.36 
Bias, m -0.05 0.06 0.11 0.23 -0.01 0.08 
s.d., m 0.23 0.31 0.37 0.44 0.59 0.63 
RRMSE 0.27 0.37 0.32 0.41 0.29 0.31 
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Figure 14. Retrieved height of wave components longer than 225 m (a) without and (b) with 
applying the routine that filters out nonwave features from the observed SAR spectrum. 

period of the retrieved wave spectrum. The energy den- 
sity spectra (Figure 17) show that this swell system has 
a very limited amplitude: Its height is less than 0.2 
m. Nevertheless, both the energy distribution and the 
propagation direction are well picked up by the SAR. 
The thick line in the bottom right spectrum of Figure 
16, which represents the wave direction measured by 
the buoy, shows that the swell system is propagating 
SSE. This is in perfect agreement with the wave spec- 
trum derived from the SAR data, when keeping in mind 
that this spectrum has an 180 ø ambiguity in the swell 
propagation direction. As indicated by the solid line 
in the wave spectrum in Figure 16, the propagation di- 
rection of waves shorter than 150 m observed by the 

) 5 7'N 
ouk 

, ß 

i 'i :: 51'N 

Figure 115. Locations of the directional wave buoys 
auk and k13 in the southern part of the North Sea. 

buoy coincides with the wind direction observed by the 
scatterometer (indicated by the arrow). 

The second example was recorded on November 10, 
1995 near platform k13. The depth in this part of the 
North Sea is only 25 m, shallow enough to affect the 
180 m long swell visible on the SAR image in Figure 18. 
Again the swell has a limited amplitude, less than 0.2 
m according to the buoy measurement. Nevertheless, 
both the energy distribution and the propagation di- 
rection derived from the SAR measurement are in good 
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Figure 16. Example of a wave spectrum near auk with 
500 m swell waves propagating to the south (March 17, 
1993, 2148 UT). The thick, solid line in the bottom right 
spectrum indicates the propagation direction observed 
by the buoy. 
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Figure 17. Observed and retrieved energy density 
spectra for the case in Figure 16. Solid line denotes 
buoy observation; dashed line denotes wave spectrum 
derived from SAR. 
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Figure 19. E•ect of the limited depth (30 m) near 
k13' when an unlimited depth is assumed (dotted line), 
the frequency of the swell is overestimated compared to 
the buoy observations (solid line). 

agreement with the in situ data. There is even an in- 
dication that the effect of the limited depth shows up 
when the spectra from the satellite and the buoy are 
compared. To convert the wave number spectrum that 
can be derived from the spatial SAR observation to the 
frequency spectrum from the temporal buoy measure- 
ment, we need the dispersion relation. When we use 

ERS-1 SAR 

S/N = 3.4 

azimuth wave number 

Retrieved 

Best fit SAR spectrum 
ß . . 

ß . 

ß 

.... 
ß ß .. 

ß 

ß 

ß 

. 

.. 

azimuth wave number 

Buoy k13, 10-11-1995 

(spectrum 14, 23 ø) 

Ulo = 7 m/s 

Wave spectrum, H s = 1.1 m 
ß 

ß 
ß 

ß 

ß . 
ß 

ß 

ß ß 

. 

ß 

azimuth wave number 

Figure 18. The 200-m swell propagating to the south 
near kl3 (November 10, 1995, 2147 UT). The propaga- 
tion direction observed by the buoy is indicated in the 
bottom right spectrum with a thick, solid line. 

the dispersion relation for deep water for this purpose 
(dotted line in Figure 19), we find that the peak fre- 
quency of the swell is higher than the one observed by 
the buoy. When the limited depth is taken into account 
(dashed line), the peak frequencies match perfectly. 

Though the number of directional cases that could 
be analyzed was limited, the above examples clearly 
illustrate the directional capability of the SAR data. 
In these examples the propagation direction could be 
found within 15 ø . To establish the directional accuracy 
with greater certainty, more validation will be necessary. 

5. Comparison With the MPI Retrieval 
Algorithm 

The retrieval algorithm described by HH91, which 
has been used and modified in several subsequent pa- 
pers [Briining et al., 1994; Hasselmann et al., 1996; He- 
imbach et al., 1998], differs in several respect from the 
semiparametric algorithm described here. Both meth- 
ods use the same nonlinear mapping relation, but they 
differ in the way this relation is inverted. To overcome 
the 180 ø ambiguity problem, the scheme developed at 
the Max Planck Institute (MPI) uses a first guess wave 
spectrum, usually obtained from a numerical model. 

The present version of the MPI scheme, described 
by Helmbach et al. [1998], performs two nested iter- 
ation cycles. In the inner loop, the SAR spectrum is 
inverted on a discrete wave number grid by minimizing 
a cost function measuring the mismatch between the 
SAR spectrum and the first guess. It uses the HH91 
model to predict the SAR spectrum, and the inverse of 
the quasi-linear approximation to map the prediction 
error back to an update of the ocean wave spectrum. 
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Figure 20. Comparison with the Max Planck Institute (MPI) scheme using an observation 
acquired south of Newfoundland (39øN, 57øW) on January 30, 1993 at 1434 UT. This case 
corresponds to figure 7 of Hasselmann et al. [1996]. Columns: first guess from the wave model 
WAM, spectra retrieved with MPI scheme, observed SAR spectrum and wind vector, and spectra 
retrieved with the SPRA scheme. The open tipped arrow corresponds to the European Centre 
for Medium Range Weather Forecast (ECMWF) model wind, and the solid tip arrow to the 
scatterometer wind. 

Also the ocean wave spectrum is scaled to match an 
azimuthal cutoff value determined empirically from the 
observed SAR spectrum. In the outer loop the solution 
is matched by shifting and scaling of spectral partitions 
to generate a new first guess for the next inner iteration. 

Both SAR retrieval algorithms have been compared 
for 142 spectra acquired by ERS-1 on January 30, 1993. 
No independent in situ data are available for these cases. 
Of the 142 measurements, 73% passed the quality con- 
trol of the MPI inversion algorithm. This is consistent 
with the rejection percentage of 30% reported by He- 
lmbach et al. [1998] for a 3 year global data set. 

Though the wave heights retrieved by both schemes 
coincide to a certain degree, this is hardly the case for 
the underlying two-dimensional spectra. This is illus- 
trated by the example shown in Figure 20, an example 
also used by Hasselmann et al. [1996] (their Figure 7). 
The wave spectrum retrieved with the MPI scheme as 
shown here differs in details from that in the work by 
Hasselmann et al. [1996] as for the results presented 
here, the latest available version of the MPI algorithm 
was used. 

The observed SAR spectrum shows a clear peak, with 
a wavelength of 225 m. The SPRA scheme matches 
this peak with a slightly underdeveloped (U10/Cp=1.2) 
wind sea, propagating in the wind direction as detected 

by the scatterometer. Given the consistency between 
the SAR spectrum and the observed wind, this solution 
seems very probable. The scatterometer wind direction 
(solid arrow in Figure 20) differs about 40 ø from the one 
in the meteorological model that was used to produce 
the wave model first guess (arrow with open tip). Note 
that the scatterometer wind direction coincides with the 
propagation direction of the wave system observed by 
the SAR. This fact is exploited by the SPRA algorithm, 
which is able to reproduce the observed SAR spectrum 
with a single wind sea spectrum, propagating at a small 
angle to the wind. 

Starting from the first guess wave spectrum, the MPI 
scheme reduces the energy of the wave system propa- 
gating in the model wind direction. A second peak, 
propagating exactly against the wind observed by the 
scatterometer, is increased. This example illustrates 
two points. First, the dependence of the MPI retrieval 
on the wave model first guess goes beyond merely the 
elimination of the 180 ø ambiguity in the propagation 
direction of the waves. The fact that the first guess is 
the starting point of their iterative procedure is clearly 
reflected in the end result. Second, both schemes do 
not necessarily interpret a given SAR observation in 
the same way. In this particular example the angular 
distributions of the wave energy obtained from both in- 
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version schemes are very different. This leads to the 
conclusion that a more comprehensive intercomparison, 
involving in situ measurements of the wave spectrum, 
is necessary to determine the merits of both schemes. 

6. Summary and Conclusions 

The SAR wave mode observations collected by the 
ERS-1/2 satellites since 1991 constitute the only set 
of spectral wave observations with a global coverage. 
In this paper a retrieval algorithm is presented that 
aims to extract spectral wave information from these 
SAR spectra in order to derive improved wave climate 
information. The method inverts the nonlinear map- 
ping relations first described by Hasselmann and Has- 
selmann [1991] without using a priori information on 
the sea state. The wave spectrum is retrieved in two 
steps. Combining the scatterometer wind estimate with 
the observed SAR spectrum, the most likely wind sea 
parameters are estimated. The wind sea peak is param- 
eterized using the spectral shape proposed by Donelan 
et al. [1985]. Given this wind sea spectrum, the swell 
peaks are determined from the residual signal in the ob- 
served SAR spectrum. The inversion algorithm, named 
the semiparametric retrieval algorithm (SPRA), has 
been validated by collocating 5 years of satellite data 
with 11 spectral NOAA buoys. Also, limited compar- 
isons have been made with two directional buoys in the 
North Sea, and with output from the retrieval algorithm 
of Hasselmann and Hasselmann [1991]. This has led to 
the following conclusions: 

1. In the interpretation of spaceborne SAR data, the 
nonlinear character of the relations that map an ocean 
wave spectrum onto a SAR image spectrum should be 
faithfully represented. The relatively steep wind waves 
associated with moderate to strong winds cause low az- 
imuth wave number ridges in the SAR image spectrum. 
A retrieval algorithm can benefit from these features as 
they contain information on wave systems that may be 
otherwise invisible to the SAR. The low azimuth wave 

number ridges caused by wind waves can be misleading 
when they are interpreted as long swell waves, which 
happens when the quasi-linear model is used in the in- 
version. 

2. A wind-dependent formulation for the tilt mod- 
ulation has been derived from the empirical CMOD4 
relation, as an alternative to the wind-independent tilt 
modulation used in HH91. The new tilt reduces the 

scatter in retrieved wave heights significantly, in partic- 
ular for cases when the wind speed is below 10 m/s. 

3. Overall, the SPRA method is capable of retrieving 
the height of wave components longer than 225 m with 
an accuracy of 0.40 m, which corresponds to a relative 
error of 30%. The retrieval of integrated spectral pa- 
rameters such as the significant wave height or the mean 
period is somewhat biased by the absence of informa- 
tion on waves longer than the wind sea, but shorter 
than those explicitly resolved by the SAR. 

4. An essential part of the SPRA algorithm is the 
screening of observed SAR spectra for nonwave features, 
and the removal of these features. The present filter- 
ing routine exploits the fact that spectra contaminated 
by slicks seem to have a spectral signature that is dis- 
tinctly different from that caused by ocean waves. Only 
about 10% of the spectra are completely rejected; in the 
majority of cases only the longest few wavelengths are 
filtered out. 

5. A comparison with a limited set of directional 
buoy measurements indicates that the angular results 
obtained with the SAR are quite accurate, and may be 
of the same order as the grid spacing of the SAR wave 
mode product itself (15ø). 

6. Finally, a preliminary comparison with results 
from the retrieval algorithm from HH91 reveals quite 
substantial differences. These differences, which are 
most apparent in the two-dimensional distribution of 
wave energy, can be well explained given the different 
strategies employed by both schemes. A more compre- 
hensive intercomparison, which includes independent 
in situ data, will be necessary to evaluate the relative 
strengths of both methods. 

The SPRA scheme has been applied to all S AR wave 
mode observations acquired since 1991. The resulting 
ocean wave spectra are being used to provide spectral 
wave climate data to the offshore industry. 

Appendix A: Derivation of the Cost 
Function 

In the retrieval algorithm the difference between an 
observed and a simulated SAR spectrum is expressed 
in terms of a cost function. The functional form of 

this cost function is derived from the statistics obeyed 
by the coefficients making up a SAR spectrum. The 
complex Fourier coefficient aobs of a SAR image in a 
particular wave number is approximately Gaussian with 
independent real and imaginary parts [Brillinfer, 1975], 
so its probability density is 

f(aobs) = (•rs) -• exp(-lao,s12/s), (A1) 

where s = (lao,•l 2) is the variance of the complex 
Fourier amplitude. Here s is by definition directly pro- 
portional to the SAR spectral density. Let ao,• be 
scaled such that s is the SAR spectral density. As- 
suming that Fourier coefficients at different wave num- 
bers are independent (an approximation which strictly 
holds only if the image is Gaussian), the joint density of 
m Fourier coefficients at the same wave number (or at 
neighboring wave numbers, assuming a locally homoge- 
neous spectral density) is a product of (A1): 

aoos, ..., ao•s) - (7rs) exp(-rasoo•/s), (A2) 

with 
I • 

• i 2 So,s - -- •aoo•l (A3) 
i=1 
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the mean square value of the Fourier coefficients, which 
is also the estimate of the SAR spectrum. Our model, 
that is, the forward mapping of HH91 combined with a 
parameterized wind sea spectrum, supposedly describes 
the SAR spectral density s. We therefore choose the 
free parameters in that model, the wave age and mean 
propagation direction, such that the observed Fourier 
coefficients are most likely, or in other words, such that 
their probability density (A2) given the SAR spectrum 
s is maximal. From (A2), we see that this is equivalent 
to minimizing 

j _ logf(aXobs, m reSohs - ..., aobs - m log s + + m log •r. 
8 

(A4) 
Equation (A4) gives the contribution to the cost associ- 
ated with a single spectral bin. Assuming independence 
of Fourier coefficients in different bins, the overall cost 
is obtained by summing terms (A4) over all wave num- 
ber bins. As we carry out the summation over a square 
Cartesian wave number grid, the "degrees of freedom" 
m are the same in all bins so they are irrelevant to 
the solution. Usually a cost function is used that is 
quadratic in the difference between the modeled value 
s and the observed value Sobs [e.g., Hasselmann et al., 
1996]. This form can be obtained from (A4) by making 
an expansion around the minimum s - Sobs. Com- 
pared to the quadratic form, the present cost function 
penalizes values smaller than the observation, and fa- 
vors larger values. 

Appendix B: Nonlinearity SAR 
Mapping Relations 

The nonlinearity of the SAR mapping relations de- 
pends on the dimensionless azimuth wave number n - 
kxi•(v2) 1/2, where/• is the slant range divided by the 
SAR platform velocity and (v 2) is the variance of the 
orbital velocity component in the slant range direction. 
Short azimuth wave components, with n )) 1, are not 
visible to the SAR, as nonlinear effects degrade the az- 
imuth resolution. For long azimuth wave components, 
with n gg 1, the mapping relations are linear. By using 
some simple scaling arguments, it is possible to esti- 
mate which part of a wave spectrum can be expected 
to be obscured by nonlinear effects, and which part of 
the spectrum is mapped linearly. 

As the orbital velocity variance depends on a higher 
moment of the wave spectrum, the main contribution 
to the orbital velocity variance comes from the shorter 
wind waves rather than from the longer swell waves. Us- 
ing standard, empirical relations for the spectral shape 
of the wind sea spectrum, the orbital velocity variance 
can be expressed in terms of the peak wave number of 
the wind sea. In first approximation the orbital velocity 
variance is inversely proportional to the wind sea peak 
wave number 

kp ' (B1) 

where a is the (dimensionless) Phillips constant, and g 
is the gravitational acceleration. Using this empirical 
relation, the dimensionless azimuth wave number can 
now be written as: 

• - (B2) 
(kpkSAR)X/2 ' 

where kSAR is a fixed wave number that is determined 
by a property of the measuring device, and by physical 
constants governing wind sea spectra: 

1 

kSAR- /•((•])1/2 ' (B3) 

With a Phillips constant a _• 4 x 10 -3 , and • _• 110 
s for the ERS-1/2 SAR, it follows that kSAR = 0.045 
rad/m, which corresponds to a wavelength of 140 m. 

The above scaling argument shows that in first ap- 
proximation, the cutoff wave number does not depend 
only on the level of the wind sea waves. A combina- 
tion of physical constants governing the spectral level 
and shape of wind spectra (c• and g) and a physical 
property of the measuring device (/•) introduce a sec- 
ond length scale. For the ERS-1/2 SAR this length scale 
happens to be 140 m, which is inside the spectral range 
of ocean waves that we hope to detect with the SAR. 
This means that the SAR will never resolve azimuth- 

traveling wind sea waves which have a peak wavelength 
shorter than 140 m, independent of the spatial resolu- 
tion of the SAR. On the other hand, the longest wave 
components of an azimuth-traveling wind sea spectrum 
with a peak longer than 140 m will be visible. It also 
follows that swell waves, which may be assumed to be 
longer than the wind sea waves, are mapped linearly in 
the relevant spectral domain between 100 and 1000 m. 
Note that this argument rests on the fact that the intrin- 
sic length scale of 140 m is close to the lower boundary of 
our present spectral range. If the spectral range of the 
SAR wave mode product were to start at 20 m, such 
as foreseen for the ENVISAT mission, some azimuth- 
traveling swell components falling in this spectral range 
will actually get blurred. In other words, the shortest 
spectral bins in the azimuth direction will not contain 
wave information, no matter how light the wind condi- 
tions are. 
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