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ABSTRACT

Synthetic Aperture Radar (SAR) onboard satellites is the only source of directiona wave spectra with con-
tinuous and global coverage. Millions of SAR Wave Mode (SWM) imagettes have been acquired since the
launch in the early 1990's of the first European Remote Sensing Satellite ERS-1 and its successors ERS-2
and ENVISAT, which has opened up many possibilities specially for wave data assimilation purposes. The
main aim of data assimilation is to improve the forecasting introducing avail able observations into the mod-
eling proceduresin order to minimize the differences between model estimates and measurements. However
there are limitations in the retrieval of the directional spectrum from SAR images due to nonlinearities in
the mapping mechanism. The Max-Planck Institut (MPl) scheme, the first proposed and most widely used
algorithm to retrieve directional wave spectra from SAR images, is employed to compare significant wave
heights retrieved from ERS-1 SAR against buoy measurements and against the WAM wave model. It is
shown that for periods shorter than 12 secondsthe WAM model performs better than the MPI, despite the fact
that the model isused asfirst guessto the MPI method, that istheretrieval is deteriorating thefirst guess. For
periods longer than 12 seconds, the part of the spectrum that is directly measured by SAR, the performance
of the MPI schemeis at least as good as the WAM model.

Key words: wind waves, Synthetic Aperture Radar (ERS-SAR), Max-Planck Institut (MPI) Algorithm,

Campos Basin, WAM wave model, heave-pitch-roll buoy measurements.

1 INTRODUCTION

With the advent of Synthetic Aperture Radar (SAR)
measurements and with the better understanding of
the imaging processes, retrieval algorithms have
been proposed and the full directional spectra ex-
tracted from SAR images are now available in
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quasi-real timewith global coverage. Several mete-
orological centers areinvestigating methods on how
to use the new information retrieved from space-
borne SAR measurements in order to improve the
wave forecasting. It is recognized that the assim-
ilation of wave observations can improve both the
present sea state and, in the case of swell, the fore-
cast of the models (see for example Lionello et al.
1995, Voorrips et a. 1997, Breivik et a. 1998,
Dunlap et al. 1998). Data assimilation methods
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have been used for over four decades in meteoro-
logical models with the objective of improving the
forecasts by making use of the widely available net-
work of meteo-stations all over the world. Wave
modelers, in contrast, have put off such an approach
mainly due to the sparseness of wave observations.
However after the advent of satellite oceanography
thispicture haschanged and, in the particul ar case of
wind waves, since the 1990's measurements of sig-
nificant wave heights from atimeters became avail-
able and have been assimilated by several weather
centers.

There are two main limitations in the images
observed by SAR which demands great care in the
process to derive the wave spectrum. In the first
place there is a 180° directional ambiguity inher-
ent in frozen images. In addition the SAR imaging
mechanism is strongly nonlinear due to distortions
induced by the orbital wave motions (the velocity
bunching mechanism) causing degradation of the
azimuthal (parallel to the satellite flight) resolution.
The result is that there is aloss of information be-
yond a cut-off wavenumber and waves with wave-
lengths shorter than 150-200 m propagating in the
azimuthal direction are not mapped onto the SAR
image directly.

The extraction of the wave spectrum from a
SAR image spectrum requires additional informa-
tion to solvethedirectional ambiguity andto recover
the spectral information at the higher wavenumber
band corresponding in genera to the wind sea part
of the spectrum. This problem has been tackled by
three different methods for which thebasic differ-
ence in their strategies lies in how they address the
problem of reconstructing the directional spectrum
beyond the high wavenumber azimuthal cut-off.

The first retrieval agorithm was developed at
the Max-Planck Institut (MPI) by Hasselmann and
Hasselmann (1991) and an improved version was
published later by Hasselmann et al. (1996). They
derived a closed expression for the mapping of a
wave spectrum onto a SAR image spectrum, the
forward mapping relation, together with a compu-

tationally efficient technique to invert the mapping
relation. The main idea behind the MPI scheme
is to use a first guess wave spectrum, in genera
from a wave model, and iteratively change its in-
verted SAR image spectrum to match the observed
SAR image spectrum. More details about the MPI
scheme and a revision of the main features of the
SAR ocean wave imaging mechanismsiis presented
in Violante-Carvalho and Robinson (2004) and in
Violante-Carvalho et al. (2005). The second re-
trieval scheme to be proposed is a smplified ver-
sion of the MPI scheme. Krogstad et a. (1994) ap-
plied a very similar approach but they use a quasi-
linear approximation of Hasselmann and Hassel-
mann’sfull nonlinear forward mapping relation. 1g-
noring the nonlinearities applying aquasi-linear ap-
proximation might cause spurious swell peakswhen
the SAR image spectrum is mapped back into the
wave spectrum (see Hasselmann et a. 1985). The
Semi-Parametric Retrieval Algorithm (SPRA), the
third retrieval scheme, was proposed by Masten-
broek and de Valk (2000) who employ addition-
aly the wind information from the scatterometer
that is operating simultaneously with the SAR. In
this approach there is no need for afirst guess wave
spectrum since they apply aparameterized wind sea
spectrum and estimate its direction of propagation
from the wind measurements. The drawback of this
methodology is that the direction of propagation of
swell is not determined and in genera there is a
spectral gap in the vicinity of the azimuthal cut-off,
the delimitation between the part of the spectrum
observed and not observed by SAR.

The quality of the retrieval schemes compared
against independent directional data has not yet
been demonstrated. Bauer and Heimbach (1999)
compared the significant wave height extracted
from ERS-1 SAR using the MPI scheme against
Topex atimeter data founding good correlation be-
tween both measurements. The spectral perfor-
mance of the MPI scheme was compared against
three years of WAM wave model spectra (Heim-
bach et al. 1998) which were used themselvesasfirst
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guessfor theinversion. Although the overall agree-
ment was quite promising it was clear that an assess-
ment against independent data, for example spec-
tra from a directional buoy, would be more likely
to point to any deficiencies of the method. More
recently Voorrips et al. (2001) compared the MPI
and the SPRA schemes against several non direc-
tional buoys deployed mostly off the North Amer-
ican coast. In that work it became clear that both
schemes have room for improvement, and that their
main deficienciesliein how to augment the spectral
information beyond the azimuthal cut-off.

The MPI scheme runs operationaly at the Eu-
ropean Centre for Medium-Range Weather Fore-
casts (ECMWF) and is the most broadly used al-
gorithm to date implemented in severa institutions
around the world. However very little is known
about its performance assessed against independent
measurements. The main goal of the present work
isto supply a detailed investigation of the possibili-
ties/limitations of retrieving significant wave height
(SWH) with aspaceborne SAR instrument using the
MPI retrieval algorithm. We are comparing SWH
extracted from SWM imagettes using the improved
MPI scheme (Hasselmann et al. 1996) against direc-
tional buoy spectra measured in the open ocean in
the South Atlantic and against WAM spectra used
asfirst guessto the inversion.

2 DATA SET

2.1 BuUoYy MEASUREMENTS

Campos Basin, off Rio de Janeiro (Figure 1), isthe
most important oil and gas basin in Brazil. More
than 70% of the petroleum prospected in the coun-
try comes from the tens of platformslocated in this
area. Every day severa offshore operations take
placeintheregion, which operatively depend on the
sea state, in particular on the surface waves. This
is one of the most important regions in Brazil with
huge urban concentrations and strong commercial,
industrial and touristic activities.

The South Atlantic Deep Water Program
(PROCAP) was an extensive experiment carried

out by the Brazilian Oil Company PETROBRAS
in Campos Basin to study the main oceanographic
features of the region. In terms of wind and wave
measurements a heave-pitch-roll buoy was moored
in a depth over 1000 meters at position 22°31'S
and 39°58'W from March 1991 to March 1993 and
from January 1994 to July 1995. For the analysis
presented in this work, one year of buoy measure-
mentsis employed comprising the period from May,
1994 to April, 1995. The wind speed and direc-
tion were measured hourly from the buoy by two
Young propeller-vane anemometers at a height of
3.78 mand 4.43 m and later converted for the stan-
dard height of 10 m. Each measurement isthe aver-
age of aten minute record, obtained one per hour.

The wave buoy acquired three time series, the
vertical displacement (1) and two slopes (17, and )
in the east and north directions, respectively. These
timeseriesarethe starting point for the spectral anal-
ysisperformed. The displacementswere sampled at
arate of 1 Hz during 20 minutes eight times a day
every three hours. The spectral estimators were ob-
tained using the Welch Method. Records consisting
of 1024 data points (with asamplelength of approx-
imately 17 minutes) were segmented in 16 partitions
of 64 pointsyielding 32 degrees of freedom and fre-
quency resolution of 0.015625 Hz. A fast Fourier
transform (FFT) was applied to all three time se-
ries employing aHanning window and 50% overlap
between adjacent segments. See Violante-Carvalho
et a. (2004) for more details about the buoy data
processing.

2.2 WAVE MODEL DATA

The directional ocean wave spectra are computed
using the workstation version of the model WAM
cycle4. The spectraare computed every 6 hours on
alatitude-longitude grid with a spatial resolution of
1° covering thewhole South Atlantic basin from the
Equator lineto 72°Sand from 74°W to 30°E, which
totals 7488 grid points. Both the source and the
advectiontermshaveatimestep of 20 minutesfor all
the 600 spectral components (25 frequenciesand 24
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Fig. 1—The position of the buoy in Campos Basin, Brazil. Theoil fields are represented by the shaded areas.

directions). More detailed information of the main
characteristics of the third generation WAM model
is described in WAMDI Group (1988), Ginther et
al. (1992), Komen et a. (1994).

2.3 WIND INPUT

The wind input is from the Atmospheric General
Circulation Model (AGCM) which is run op-
erationally by the European Centre for Medium-
Range Westher Forecasts. Two different data sets
were obtained from the British Atmospheric Data
Centre (BADC): the ECMWF Re-Anaysis (ERA)
from 1991 to February 1994 and the ECMWF Op-
erational Analysis (from March 1994 to December
1995). Both data sets have variable dtitude resolu-
tion divided in 31 levels with maximum altitude of
30 km, alatitude-longitude resolution of 1.125° and
thewind field is computed every 6 hours. Thewind
field at 10 meters height (u10) is used to drive the
wave model.

2.4 COLLOCATED DATA

The extraction of the two dimensional wave spectral
information from SAR images is not atrivia task.
The nonlinearity of the imaging mechanism due to
Doppler shiftsinduced by thelong-wave orbital mo-
tions (velocity bunching mechanism) resultsinim-
age smearing and loss of information beyond the
so-called azimuthal cut-off wave number. In addi-
tion, satellite SAR imagessuffer froma180° frozen-
image ambiguity. So any agorithm to retrieve the
wave spectral information from SAR spectra must
overcome such limitations. The MPI scheme de-
veloped by Hasselmann and Hasselmann (1991) re-
moves the 180° ambiguity and augments the wave
spectral information beyond the azimuthal cut-off
wave number using a first-guess wave spectrum
from amodel.

A data set was constructed which matches the
SAR spectra with the corresponding data from the
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wave buoy. The collocation criteriaapplied are that
all SAR image spectrawere collocated in space and
time with WAM spectra at a maximum distance of
50 km and maximum time separation of 30 minutes.
For the comparison between retrieved wave spectra
and buoy measurements we have chosen a maxi-
mum time difference of 1.5 hour and a maximum
distance of 150 km, yielding atotal of 105 matched
spectra. We have chosen these collocation criteria
due to the relative temporal invariance and spatial
homogeneity expected to be encountered in deep
ocean areas. In relation to the satellite track both
paths were equally selected, with 49% of the cases
consisting of descending orbit and 51% ascending.

3 MATERIALS AND METHODS

Two different methods are employed for the val-
idation of the SWH retrieved from ERS-SAR us-
ing the MPI scheme. In the first approach different
wave systems of different spectraare cross assigned
(SAR x Buoy and WAM x Buoy). The partition-
ing scheme presented in Hasselmann et al. (1996)
is used for the extraction of the wave systems of
the directional spectrum, each one of them repre-
sented by mean parameters, such as SWH, direction
of propagation and mean wave length. The parti-
tioning yields up to four classes of wave systems
based on the wave age, that is wind sea, swell, old
wind sea and mixed wind sea and swell.

Each partitioning is considered to be an inde-
pendent wave system generated by a different me-
teorological event, therefore some criteria are em-
ployed for the correct cross assignment of wave sys-
tems of different spectra. The first criterion is that
the coordinatesin k space of two wave systems must
be less than some arbitrary value, reading

(kg — kD2 + (k —kD?
Y o
(k42 +kb2) + (kg2 4+ kb2) —

where (k, k) is the wave number of a wave sys-
tem of spectrum A and (k2, k%) is its counterpart
in spectrum B. Another criterion isemployed based
on the wave age. Different wave systems are cross

assigned if they are of the same type, that is both
are for example wind sea or both are swell. In this
work old wind sea and mixed wind sea and swell
are not taken into account. Thethird criterion isan
energy threshold limit to eliminate spurious peaks.
The partitions must be above a minimum level

20-10°8
fy+3-10-3

€min =

where £, isthe pesk frequency. Thelast and fourth
criterion is that in case of more than one partition
fulfills the above conditions the closest one in k
space is chosen.

The total energy of a wave system (E;) can
be determined integrating over the spectral interval
that it belongs to and therefore the SWH of awave
systemis

1/2
4./E, =4 {/S(f, e)dfde} : D

The main difficulty in the procedure for the
cross assignment is the right selection of a wave
system and its counterpart in another spectrum, for
instanceto intercompare the wind seafrom the buoy
against the wind sea from SAR or the model. Al-
though the criteria listed above seem to be rigorous
enough to assure the correct cross assignment, the
procedure may select nonassociated wave systems.
For that reason a second method for the validation
of the SWH retrieved from the MPI schemeis aso
employed. Rather than the two dimensional direc-
tional spectrum, S(f, #), the one dimensional fre-
quency spectrum, S(f), is used for the evaluation
of the performance of the retrieval scheme. In this
approach thedirectional spectraretrieved from SAR
and estimated by the WAM are integrated yielding
thefrequency spectrawhereasthefirst Fourier com-
ponents, and therefore S(f), are directly measured
by the buoy. The comparisons are performed over
frequency bands, where the SWH over a frequency
band is

1/2

Jmex
avm=al[ s} @



750 NELSON VIOLANTE-CARVALHO

where e, isthetotal energy over the frequency band
interval and fimax and fmin are the limits of the in-
terval.

Although the intercomparison of spectra over
specific frequency bands seems to be the most rig-
orous option, both approaches discussed earlier will
be presented in thiswork. The use of wave systems
extracted with the partitioning scheme is the most
feasible solution for assimilation purposes (Hassel-
mann et al. 1997, Dunlap et al. 1998, Heimbach
et al. 1998), despite the fact that there is a degree
of uncertainty in the cross assignment of different
wave systems. However the partitioning scheme
has a very desirable feature that suits very well for
wave data milation purposes, that is, each wave
system is defined by a number of mean parameters
therefore reducing the number of degrees of free-
dom of the spectrum. Using both approaches for
the comparison is a good opportunity to investigate
the assignment criteria that needs to be applied in
wave assimilation procedures. Being too rigorous
in the cross assignment will imply in unnecessarily
reducing the number of matches, therefore the best
criteriafor the cross assignment needs to be investi-
gated with this compromise in mind.

4 RESULTS

The scatter plotsof SAR x Buoy and WAM x Buoy
areshown in Figure 2 where SWH iscal cul ated over
the whole frequency domain, reading

172
Hs, = 4{ / S(f)df} . @

It is clear that the performance of the WAM wave
model is superior than the MPI scheme retrievals,
even though the MPI scheme uses the WAM spec-
trum as first guess. The mean value of SWH
from the MPI scheme is 9.6% higher than the one
estimated by the WAM, whereas the scatter in the
WAM is approximately 25% lower than the scatter
in the SAR retrievals. Therefore the MPI retrieval
scheme deterioratesthefirst guess used to the inver-
sion when one considers the whole frequency do-
main.

Due to the Doppler effect of moving targets
there is an azimuthal displacement in the imaging
process caused by the orbital motions of the waves.
As a consequence waves shorter than about 200 m
are not mapped directly onto SAR images and
therefore there is a high wavenumber cut-off be-
yond which there is no information. To augment
the spectrum beyond this cut-off and to resolve the
directional ambiguity of frozen images afirst guess
from a wave model is employed in the MPI ago-
rithm. In order to investigate the performance of the
MPI scheme in the low wavenumber band directly
measured by SAR, the SWH of the wave compo-
nents longer than 225 m (or periods greater than 12
seconds) is calculated using

o 1/2
Hs,y = 4{ /f | S(f)df} @

for f1 = Oand f2 = 1/12 Hz. The scatter plots
are shown in Figure 3, where in contrast to the re-
sultsin Figure 2 the performance of the M Pl scheme
in the frequency band directly measured by SAR is
as good as the WAM model. The WAM results are
virtually bias free whereas the SAR retrieved val-
ues have a positive bias, however the MPI scheme
presents standard deviation and normalized RMS
error of the same order as WAM.

Figure 4 shows the scatter plots of SWH of the
cross assigned partitions using (1). The statistics
shown in Figure 4 are very similar to those in Fig-
ure 2 which is an indication that the criteria for the
cross assignment is selecting only related partitions.
The reason why the number of partitionsin Figure 4
differ among plots (and are different from the num-
ber of spectrain Figure 2 and 3) is that more than
one partition may be selected in the same spectrum.

The SWH computed over specific frequency
bandsusing (2) isshownin Figure5wherethe statis-
tics present in more spectral detail the comparison
of the energy retrieved with the MPI schemeand es-
timated by WAM against buoy measurements. The
WAM results are virtually bias free over the whole
spectral domain whereas the SAR retrievals show a
positive bias, which confirmsthat the MPI schemeis
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Fig. 2 — Scatter plots of Significant Wave Height (SWH) calculated using (3). On the left plot
SWH computed by the WAM model against buoy measurements and on the right plot SWH retrieved
from SAR against buoy measurements (the line of unity slopeisalso shown). The statistics represent,
respectively, bias, standard deviation (st dev), RM Serror normalized with the RM S buoy wave height

(nrmse) and correlation (corr).

adding its own error and hence increasing the bias.
However in the spectral band with periods greater
than 12 seconds, the bias of the SAR data decreases
gradually and for the frequency band with periods
longer than 16 secondsit has asmaller biasthan the
WAM estimates. The standard deviation and nor-
malized root mean square (RMS) error of SAR re-
trievalsand WAM estimates show the same trend to
increasewith period. For shorter waveswith periods
smaller than 12 seconds the MPI scheme presents
greater errors. For longer waves, on the other hand,
the error of the MPI scheme is of the same order as
the WAM estimates and, for some frequency bands,
even smaller.

5 DISCUSSION

One year of buoy measurements acquired in deep
waters is employed for the assessment of Signif-
icant Wave Height (SWH) retrieved using the Max-
Planck Institut algorithm and estimated by the
WAM wave model. Two different methods were
employed in the analysis. Firstly, wave systems,
each one a constituent of the directional spectrum,
are selected and cross assigned using a partitioning
scheme. The investigation of the cross assignment
of wave systemsis of interest for wave data assimi-
lation studies for reducing the amount of data being
interpolated. On the second approach the two di-
mensional directional spectra retrieved from SAR
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Fig. 3—Same asFigure 2 but for values of Hg,, (4).

and estimated by the WAM are integrated yielding
the one dimensional frequency spectrum. The as-
sessment is performed over frequency bands which
guarantees that only related information is being
compared. In both approachesthe statisticsarevery
similar whichisindicativethat the criteriaemployed
for the cross assignment are good enough.
Heimbach et al. (1998) comparing WAM es-
timates against SAR retrievals that used the wave
model results themself as first guess have found a
systematic underprediction of the energy of the
swell components and an overprediction of thewind
sea, whereas from measurements presented in this
work thistrend was not observed with the mode! be-
ing virtually biasfree over the whole spectral range.
Confirming thefindingsof Voorripset al. (2001), the
MPI schemein fact deteriorates the values of SWH
used as first guess for the inversion adding its own
error with the scatter in the WAM-Buoy compar-

isons being 25% lower than the SAR-Buoy scatter.
In accordance to the results presented by Dunlap
et a. (1998), the mean value of SWH retrieved us-
ing the MPI algorithm is about 10% higher than the
mean value of SWH computed by the WAM. How-
ever, indisagreement with Voorripset a. (2001), the
performance of the MPI scheme is shown to be as
good as (or in somefrequency bands even somewhat
better) than thewave model for values of SWH com-
puted considering only the low wavenumber part of
the spectrum directly measured by SAR — waves
longer than 225 m.

Therefore, as demonstrated in this work, the
assimilation of the directional spectra retrieved
from SAR images using the MPI scheme must be
performed with great care. Although in fact the re-
trieval agorithm performs at least as good as the
WAM wave model for the extraction of the SWH
in the low wavenumber part of the spectrum (the
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Fig. 4 —Scatter plotsof SWH for every partition calculated using (1). On theleft plot SWH computed by
the WAM model against buoy measurements and on theright plot SWH retrieved from SAR against buoy
measurements (the crosses are the partitions whose mean wavelength are greater than 225 m — periods
greater than 12 s). Statistics asin Figure 2 with the line of unity slope drawn passing through the origin.

part directly observed by SAR), the rest of the spec-
trum, that is, the information yielded from the
first guess, is deteriorated. Therefore either a more
consistent procedure to augment the spectral infor-
mation beyond the cut-off should beimplemented or
only the part of the spectrum directly mapped onto
SAR images should be considered for assimilation
purposes, that is the swell components longer than
about 225 m obtained from the partitioning of the
directional spectra. The latter option will reduce
enormously the amount of partitions available for
assimilation since, from the present data, only about
20% of the wave systems are longer than 225 m.
Nevertheless swell corrections can have a lasting
impact on the forecast specially considering the di-
rectional and spectral information yielded from
SAR retrievals.
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RESUMO

A Unica maneira, até o presente momento, de se medir
espectros direcionais de onda com cobertura global e de
forma continua é através da utilizagdo do Radar de Aber-
tura Sintética (SAR da siglaem inglés) transportados em
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Fig. 5—Statistics of SWH retrieved by the MPI scheme and estimated by the WAM model compared
with buoy measurements over frequency bands using (2).

satélites. Milhdes de imagetes SAR adquiridas com o
sensor chaveado em seu modo onda (SAR Wave Mode —
SWM) foram e ainda est@o sendo obtidas desde o langa-
mento no inicio dos anos 90 do Primeiro Satélite Europeu
de Sensoriamento (ERS-1) e de seus sucessores ERS-2
e ENVISAT, o que vem criando enormes possibilidades
especi a mente em termos de assimilag&o de dados em mo-
delos de previsio de ondas. O objetivo principal da as-
similagdo de dados é melhorar o prognéstico inserindo
as medic¢Oes disponiveis no processamento do modelo de
maneira que as diferencas entre as medicles e as esti-
mativas sejam reduzidas. Contudo existem limitagdes na
recuperacdo dos espectros obtidos de imagens SAR de-
vido a0 dto grau de n&o-linearidade no mecanismo de
mapeamento. No presente trabal ho, um ano de medicoes
utilizando uma béia fundeada em &guas profundas é em-
pregado com o objetivo de investigar a adequagdo do es-
guemado Instituto Max-Planck (MPI) em recuperar aal-
tura significativa de onda extraida das imagens SAR. O

desempenho do esquema MPI, quando consideradas so-
mente as componentes de onda com periodos inferiores
a 12 segundos, €é inferior ao modelo de ondas WAM uti-
lizado como estimativainicial parao proprio esquema, ou
seja, deteriorando a estimativainicial. Porém para perio-
dos maiores que 12 segundos, correspondendo a parte do
espectro diretamente medidapelo SAR, o desempenho do
esquemaM Pl étdo satisfatério quanto o do modelo WAM.

Palavras-chave: Ondas geradas pelo vento, Radar de
Abertura Sintética (ERS-SAR), Algoritmo do Max-
Planck Institut, Bacia de Campos, modelo de ondas
WAM, medi¢Bes obtidas por boia heave-pitch-roll.
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