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Abstract. Significant wave heights retrieved globally during 1994 from low bit rate
imagette spectra of the synthetic aperture radar (SAR) operating in the intermittent
wave mode (SWM) onboard the first European Remote Sensing (ERS-1) satellite
(HS¥™) are validated using independent, buoy-validated satellite altimeter data

from TOPEX/Poseidon (H:°?) and ERS-1 (HS™). HS"™ ig retrieved using the
extended inversion algorithm of the fully nonlinear wave-to-SAR spectral integral
transform [Hasselmann et al., 1996]. The statistical comparison shows that globally

retrieved H;"™ agree remarkably well with collocated data of both altimeters.
Histograms of global HS"™ are well approximated by the universal lognormal
distribution function. A small but systematic underestimation of H;V™ with
respect to both altimeters by 0.1 m is noticed. This bias is small compared to
the uncorrelated root-mean-square (rms) deviation of 0.5 m. The underestimation
originates from underestimations of the high sea states dominated by wind sea. The

entire range of swell waves of HJ%™, however, corresponds very closely to Hj

top

Thus the high accuracy of SWM-retrieved swell wave heights substantiates their
suitability for model validation and for operational wave data assimilation. To
achieve also reliable estimates of the high sea states, the combined analysis of wave
and wind data from both modeling and observation is the most promising approach.

1. Introduction

Since the launch of the first European Remote Sens-
ing (ERS-1) satellite in July 1991, wave height vari-
ance spectra of the ocean surface are routinely retrieved
from the synthetic aperture radar (SAR) wave mode
imagette spectra. For the first time, two-dimensional
wave spectra from all over the world oceans have now
been measured for several years. These spectral wave
measurements were awaited for a long time for various
applications. A major application consists of validat-
ing global spectral wave models to ensure that both
the physics and the numerics of the models are appro-
priately represented. An accurate description of the
dynamics of surface waves is closely related to under-
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standing the exchange processes at the air-sea interface,
such as the flux of momentum, latent and sensible heat,
gas, and sea-salt aerosols.

Further applications comprise the assimilation of re-
motely sensed wave spectra into operational wave pre-
diction models. The update of real-time wave predic-
tions through operational assimilation of wave data is
required for the same reasons as is the assimilation of
weather data, namely, to update the first-guess fields
with observations for improving the forecast calcula-
tions. While the assimilation of altimeter wave heights
has already been demonstrated to increase the wave
forecast skill [ Lionello et al., 1995; Janssen et al., 1996],
the assimilation of wave spectra is expected to further
increase the forecast skill. An improvement of wave
forecasts is beneficial for ship routing and for nearshore
and offshore activities, particularly for extreme weather
conditions [e.g., Furopean Space Agency (ESA), 1996].
Furthermore, wave data assimilation schemes help to
find potential errors in the modeled wind fields by uti-
lizing the dynamic relationship between wind and waves
[Bauer et al., 1996; Janssen et al., 1996; Bauer et al.,
1997; Hasselmann et al., 1997]. As a consequence, wind

13,345



13,346

fields corrected by means of wave data assimilation are
expected to improve the estimates of the exchange rates
at the air-sea interface.

Moreover, long-term wave measurements indicate wave
climate changes [Bacon and Carter, 1991; von Storch et
al., 1998; Kushnir et al., 1997; Gulev et al., 1998; Bauer
et al., 1999]. It is currently being investigated whether
the observed changes are attributed to natural fluctua-
tions or whether they may contain a signal of anthro-
pogenic climate change. In this context, global homo-
geneous spectral wave data, although yet available over
a limited period only, represent valuable information
supplementing wave data from local measuring devices
(e.g., buoys, ships) and simple wave height data from
altimeters to study the wave climate and the causes for
wave climate changes.

An essential prerequisite for wave data assimilation
and wave climate research is, however, a thorough val-
idation of the measured wave data. A first evaluation
of a limited set of ocean wave spectra retrieved from
ERS-1 SAR wave mode (SWM) data was performed
by Brining et al. [1994]. An extensive statistical in-
tercomparison using a 3-year global set of the ERS-1
SWM spectral retrievals and the third-generation wave
model (WAM) spectra was presented by Heimbach et
ol., [1998]. The quality of the SWM data and the fi-
delity of the algorithm to retrieve wave spectra from
SAR spectra were assessed.

Complementary to the above quality assessment of
the SWM-retrieved wave data, a more general valida-
tion against independent and reliable wave measure-
ments remains an essential exercise. Measurements of
spaceborne altimeters are highly suitable to serve as
independent reference data of high absolute accuracy.
Altimeters provide measurements of significant wave
height, H, = 4+4/Ftot, where Eiqt is the integral over
the wave height variance spectrum.

In this study, we validate SWM-retrieved wave heights
(HS"™) using H, data from the TOPEX (H:°P) and
the ERS-1 (HE™S) altimeters. We collocate H3V™ avail-

able for the year 1994 to HE™ and HEP and compare
them statistically. Dependencies on region and season
and on the collocation criteria are examined. Further-
more, an attempt is made to study dependencies on
wave conditions by comparing H, with respect to pure
wind sea and swell wave heights. This comparison is
stimulated by findings that the wave model WAM tends
to overestimate wind sea and to underestimate swell
wave height relative to HSW™ [Heimbach et al., 1998].

The paper is organized as follows: Section 2 briefly
reviews the processing of the three H, data sets and
describes the data collocation. Results of the statistical
intercomparison of the collocated H, data sets are pre-
sented in section 3. In section 4 we attempt to isolate
sets of pure wind sea and swell wave heights to deter-
mine their statistical correspondence. Conclusions are
drawn in section 5.
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2. Description of H,; Data Sets

2.1. H, From ERS-1 SAR Wave Mode
Imagette Spectra

The ERS-1 SAR wave mode imagette spectra are dis-
seminated in quasi-real time to users as fast delivery
product (FDP). This product is obtained from the SAR.
operating in the intermittent sampling mode (so-called
“wave mode”) in which 5 x 10 km snapshot imagettes
of the local ocean surface are taken every 200 km along
the satellite track. Because of sufficiently reduced power
and data storage requirements, the imagette data can
be stored on board and are transmitted once per orbit to
the ERS ground-receiving stations where they are pro-
cessed to power spectra on a reduced polar wavenumber
grid [ESA, 1993; Heimbach et al., 1998; Hasselmann et
al., 1998].

The SAR is a side-looking active microwave instru-
ment which emits short radar pulses and processes a
two-dimensional image from the received radar backscat-
ter. Each image pixel represents the backscatter inten-
sity of 5.3 GHz (C-band) radar pulses in VV polariza-
tion emitted at 19.9° incidence angle (during the pe-
riod of interest). The received intensity is proportional
to the energy of the short ripple waves which fulfill the
Bragg resonance condition. The SAR image is achieved
by measuring the travel time (range) and the Doppler
history with respect to the platform velocity (azimuth)
of the backscattered radar pulses.

The long ocean waves modulate the short ripple waves
which leads to a modulation of the received intensity.
The modulation is induced by the long wave’s slope and
by the hydrodynamic interactions between the short
and the long waves which are described by the linear
tilt and the hydrodynamic modulation transfer func-
tions. This description applies for the imaging process
of frozen surfaces by a real aperture radar (RAR). The
SAR imaging of waves is, furthermore, strongly affected
by the so-called velocity bunching mechanism, induced
by the orbital velocities of the waves. These surface
movements cause Doppler frequency shifts in the phase
history of the radar backscatter which lead to an effec-
tive nonlinear redistribution of the backscattering facets
in the SAR image plane (see Alpers and Hasselmann
[1978], Alpers et al. [1981], and the MARSEN review
[Hasselmann et al., 1985]).

The nonlinear velocity bunching is strong for space-
borne SARs of high distance-to-platform velocity ratio
(R/V) and increases with increasing wavenumber and
root-mean-square (rms) orbital velocity. This leads,
among other effects, to image smearing and to a loss
of information beyond the azimuthal cutoff wavenum-
ber, corresponding to length scales shorter than typ-
ically 100 to 200 m in the satellite flight direction.
In addition, SAR imagette spectra suffer from a 180°
frozen-image ambiguity. Despite these difficulties, the
SAR imaging mechanism of waves is meanwhile well
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understood and was verified in a number of field exper-
iments (see the space shuttle imaging radar missions
B and C (SIR-B/C) [Alpers et al., 1986; Monaldo and
Lyzenga, 1986; Briining et al., 1988], the Labrador Ex-
treme Waves Experiment (LEWEX) [Beal, 1991], the
Synthetic Aperture Radar and X-Band Ocean Nonlin-
earities - Forschungsplattform Nordsee (SAXON-FPN)
campaign [Plant and Alpers, 1994], and the Grand
Banks ERS-1 SAR Wave Spectra Validation Experi-
ment [Grand Banks, 1994]).

An efficient iterative inversion algorithm of the closed
nonlinear integral, describing the mapping of ocean
wave spectra into SAR image spectra [Hasselmann and
Hasselmann, 1991], was developed to reliably retrieve
ocean wave spectra from SAR imagette spectra within
the computational constraints of real-time operational
applications [Hasselmann et al., 1996, 1998].

To compensate for the loss of information beyond the
azimuthal cutoff and to remove the ambiguity, a first-
guess spectrum is used as input for the retrieval. In
our case, the collocated first-guess spectra were pro-
vided by the operational WAM model [Hasselmann et
al., 1988; Ginther et al, 1992] from the European
Centre for Medium-Range Forecasts (ECMWF). The
first-guess spectra are available from a 3° x 3° lati-
tude/longitude model grid until July 1994 and for the
rest of the year from a 1.5° x 1.5° grid. The wind forc-
ing is provided by the 6-hour u;p wind analysis at 10
m height of the ECMWF atmospheric model. The op-
erational wave prediction comprises the assimilation of
H; from the ERS-1 altimeter by optimal interpolation
every six hours. The wave model data are obtained
from the model output after each 6-hour model run be-
fore the assimilation is performed [Janssen et al., 1996].
The modeling of the waves is performed only for ice-
free areas which are inferred from daily maps of the
sea surface temperature analyses provided routinely by
NCEP (National Centers for Environmental Prediction)
to ECMWF since August 1993. Through the colloca-
tion procedure, described later, all data may be consid-
ered to be from ice-free areas.

The SAR-to-wave retrieval algorithm incorporates an
internal calibration which is independent of the SAR
instrument calibration and of measurements of the ab-
solute backscattering cross section. The absolute cal-
ibration of the ERS-1 SWM spectra is deduced from
evaluating the clutter background noise spectrum which
is assumed to be white [Alpers and Hasselmann, 1982;
Briining et al., 1994; Hasselmann et al., 1998].

Three years of ERS-1 SWM data between January
1993 and December 1995, comprising 1.2 million spec-
tra, have been analyzed [Heimbach et al., 1998]. About
three quarters of the incoming spectra could success-
fully be retrieved and provided quantitative estimates of

“the spectral wave energy. A retrieval is considered suc-
cessful if the cost function measuring the distance be-
tween the SAR imagette spectrum and the image spec-
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trum calculated from the retrieved ocean wave spectrum
is less than a typical error bound. This eliminates, in
particular, retrievals of SWM with low signal-to-noise
ratios. Here the integral values, i.e., H, of the retrieved
wave spectra, of the year 1994 are used for the inter-
comparison.

2.2. H,; of TOPEX and ERS-1 Altimeter Data

The significant wave heights obtained from the Ku
band TOPEX altimeter of the TOPEX/Poseidon satel-

lite are provided as an off-line product by AVISO (Toulouse,

France). The ERS-1 altimeter data used are the fast
delivery (FD) product provided by ECMWF (Reading,
England).

Satellite altimeters are nadir-looking radars which
measure the microwave pulses from specular reflection
at the sea surface. A rough, wavy sea surface causes a
broadening of the reflected signal; thus from the shape
of the averaged returned signal H, can directly be de-
duced. The available H, data from the ERS-1 and the
TOPEX altimeter represent averages over 1 s intervals.
One 1 s estimate represents an average over a surface
area which is determined by the diameter of the foot-
print of a pulse and by the distance overflown by the
satellite within 1 s. The diameter of the footprint is a
few kilometers. It increases with increasing wave height
to about 10 km for H; =10 m; the flight velocity of the
TOPEX and the ERS-1 satellites is about 6 and 7 km/s,
respectively.

In the process of quality control a small fraction of
the 1s H, estimates of both satellites were rejected be-
cause they were flagged as being either over land or
were accompanied with exceptional large rms values of
the 1-s average. The FD H; of ERS-1 required an ad-
ditional quality control and a correction. Comparisons
of FD ERS-1 H, data against buoy measurements and
against TOPEX H, data revealed a significant underes-
timation of FD ERS-1 H, (after the change of the ERS-
1 altimeter sensor algorithm in January 1994) [Cotton
and Carter, 1994; Queffeulou, 1996; Bauer and Staabs,
1998]. Linear correction formulas for the FD ERS-1 H,
were determined by P.D. Cotton (personal communica-
tion, 1997) and Queffeulou [1996]. A nonlinear correc-
tion was proposed by H. Tolman (personal communica-
tion, 1997) to account better for some shortcomings in
FD ERS-1 H; below 1.5 m. The effect of the three dif-
ferent correction formulas appeared nondiscernible for
the present analysis. We corrected the FD ERS-1 H,
according to

He™S = 1 11HFD ERS1 4 ¢ g9 1)

which was derived using the TOPEX measurements
ranging between 1 and 10 m [Queffeulou, 1996].

The additional quality control applied to H, of the
ERS-1 altimeter eliminated spurious data occurring in
coastal regions and for very low sea states. Low sea
states cause difficulties to determine a smooth average
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pulse form and may lead to large errors in H,. The spu-
rious data are identified by large fluctuations of neigh-
boring estimates. If the rms fluctuation of three consec-
utive values lies outside the 99% confidence interval of
the three-point mean then the data are rejected. This
empirically determined threshold eliminates less then
1% of the data but improved the statistical intercom-
parison results drastically.

TOPEX-derived H, were found to be highly reliable,
their absolute accuracy being larger than the specified
performance goal of 0.5 m or 10%, whichever is larger
[Callahan et al., 1994; Cotton and Carter 1994; Gower,

1996]. Collocated H§°p and buoy H, within the range
0.1 to 8 m (including one case above 12 m), with a
temporal separation of less than 37 min and a spatial
separation of often less than 40 km show a close cor-

respondence. The HEP are slightly (about 5%) lower
than buoy H,, with an rms scatter about the mean of
0.3 m [Gower, 1996]. For the following intercompari-
son we used three-point averages of the altimeter H,.
The averaging over three consecutive 1-s H, estimates
slightly reduces the random variability inherent in the

altimeter data.

2.3. Collocation

The H, data retrieved either from SWM or from al-
timeter represent an instantaneous measurement aver-
aged over an area of about the same size. The area of
the H"™ data is invariably 5 x 10 km large; the 3 s
average of altimeter H, represents an area average of
about 18 x 3 km to 21 x 10 km, varying mainly with
satellite flight velocity and wave height. The colloca-
tion criteria are defined by the spatial and the tempo-
ral distances between the measurements. The distances
should be smaller than the typical decorrelation time
and length scales to ensure that both measurements are
taken from the same geophysical environment. At the
same time, the space and time separations should be
large enough to obtain a sufficiently large number of
collocation events for the statistical analysis. For open
ocean waves, reasonable collocation windows are of the
order of 1 hour in time and 100 km in space [Monaldo,
1988; Tournadre and Ezraty, 1990].

In practice, the spatial and temporal separation dis-
tances and the achievable number of collocation events
are restricted by the specific satellite and instrument
parameters.

1. The spatial distance between collocated HSV™
and HE™ data always amounts to 260 km, being fixed
by the geometry of the slant-looking SAR with 19.9°
incidence angle and by the nadir-looking altimeter. For
every HSW™ sample there exists a simultaneously mea-
sured HE™S, yielding at best about 30,000 H, colloca-
tions per month.

2. Collocations of HSW™ and H,EOP are achieved
whenever the ERS-1 and the TOPEX satellite paths
cross within the given space and time windows. This
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limits the number of collocations with H:‘Op to ~ 1/10
the number of collocations with HETS,

3. The differing orbit inclinations imply variable
spatial distributions of the collocations. The ERS-1 is
a Sun-synchronous polar orbiting satellite with 98.5° in-
clination angle; the TOPEX satellite has an altimetric-
oceanographic orbit with 66° inclination angle. The
ERS-1 satellite records data between latitudes of 81.5°
N/S and the TOPEX between 66° N/S. This results in
ERS-1 measurements being more homogeneously dis-
tributed with latitude, in contrast to the TOPEX mea-
surements being most densely distributed close to the
turning latitudes at 66° N/S. Consequently, the TOPEX
altimeter measures relatively more frequently high waves
from the midlatitude strong westerly wind regions than
low waves from the lower wind regions in low latitudes.
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Figure 1. Time series for 1994 of monthly number of
(a) samples N and (b) mean H; from global collocation
of H, from SAR wave mode spectra to H,; from TOPEX

altimeter (H:Op) with separation distances up to 260

km and 90 min. The means of H:°P (solid line), of
HSWIM (50lid line with asterisk), and of H, from the
first-guess of the WAM model (solid line with circle)
are shown with error bars indicating the 95% confidence

interval.
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Thus the global mean values of H,?OP are expected to
be larger than HES.

To summarize, the spatial and temporal separation
of the HSW™ and HE™ collocations are fixed at 260 km
and 0 min. According to this, the distances between the
HSV™ and the H, E P collocations are bounded to 260 km
and 90 min. We shall see that the correlation between
HSVIM and H:Op collocations increases only little when
the collocation windows are narrowed. To minimize the
differences arising from the different orbit patterns, we
limit the ERS-1 data to lie between 66°S and 66°N.

3. Statistical Comparison of H, Data
3.1. Time Series of Monthly Means

Time series of the global monthly mean significant
wave heights reveal HSW™ {0 be lower than the mean of
HP (Figure 1) and of HE™ (Figure 2). The differences
between HSW™ and HEP are insignificant on the 95%
confidence level for half of the monthly means, whereas

the differences between HSV™ and HE™ are significant
all the time.

x 10°*
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o))
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Hs [m]
n
i

1 6 12
month of 1994

Figure 2. Time series as in Figure 1 but for H5W™
collocated to HE™ of ERS-1 altimeter with geometry-
fixed separation distances of 260 km and 0 min.
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For reference, we also display the monthly mean wave
heights of the WAM model (H2™) in Figures 1 and
2. The monthly means of H{"™ are seen to be al-
ways larger, on the 95% confidence level, than the cor-
responding means of HY2™ with one exception in July
1994 in Figure 1. This leads to two remarks on the first-
guess WAM model data: First, the underestimation of
(HYam) may in part manifest the impact of assimi-
lating HE™ into the WAM model [Bauer and Staabs,
1998]. The WAM model data incorporate the FD ERS-
1 data without correcting the underestimation inherent
in these data (see section 2.2). Second, the significantly
larger values of HSW™ compared to HYY2™ give further
evidence that the iterative retrieval algorithm success-
fully decouples the retrieved spectrum from the first-
guess wave spectrum as demonstrated by a synthetic
perturbation of the first-guess spectra [Heimbach et al.,
1998].

The rather large month-to-month variability which
is apparent in the SWM versus TOPEX collocations is
largely due to the variable sample sizes and the het-
erogeneous spatial distributions. The low sample sizes
in June and November are caused by data gaps in the
HP data set (Figure 1). Large data gaps also occur
between April and July in the HE™ data set (Figure 2).

The statistics of the global and monthly H, data
sets are consistent with the statistics of the regional
and seasonal data sets. This is found from statisti-
cal comparisons (not shown) of regional subsets (north-
ern and southern extratropical and tropical regions of
each ocean basin) and of seasonal subsets. More de-
tails on the systematic differences between the HSW™
and the collocated altimeter H, are derived in the
following by means of principal component analysis
(PCA) [Preisendorfer, 1988; Bauer and Staabs, 1998],
the statistics of differences, and the probability density
distributions.

3.2. Statistics of Bivariate Data Distributions

The scatter diagrams of the bivariate data distribu-
tions of HSW™ against H, of both altimeters are very
similar and show negligible small differences when nar-
rowing the separation distances of collocation. This
is inferred from comparing the scatter diagram of the
HSV versus HE™S from fixed separation distances of
260 km and 0 min (Figure 3) with the two scatter di-

agrams of HS"™ versus H{°P from the wide separa-
tion window of 260 km and 90 min (Figure 4) and the
narrow window of 60 km and 60 min (Figure 5). The
narrow window is in accordance with the requirements
proposed by Monaldo [1988] and Tournadre and Ezraty
[1990].

The statistical parameters (see Appendix) derived
from the three collocation sets are presented in Table 1.
Although the collocation criteria and the sample sizes
among the two HS"™ and HLP collocation sets differ
substantially, the statistical parameters differ hardly.
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Figure 3. Scatter diagram of HSW™ collocated to
HE™S of 1994 with fixed separation distances (260 km, 0
min) yielding N=238,000 samples. The ellipse and its
axes are constructed from principal component analysis
(compare Appendix). Contour lines enclose 1, 10, 50
and 80% of the number of samples of the modus of the
distribution.

We are therefore confident, that the spatially more dis-
tant collocations, particularly of the HSV™ and H{™
collocations still provide meaningful statistical param-

eters.
The only marked differences between the collocated

sets of HSW™ versus HYP and of HS"™ versus HE™ are

10

Hs SAR [m]

10

2 4 6 8
Hs TOPEX [m]

Scatter diagram as in Figure 3 but of

HSV™ collocated to HLP of 1994 with wide separation
distances up to 260 km and 90 min yielding N=15,100
samples. Contour lines enclose 2, 20, 50 and 80% of the
number of samples of the modus of the distribution.

Figure 4.
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Hs SAR [m]
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Hs TOPEX [m]
Scatter diagram as in Figure 4 but with

narrow separation distances up to 60 km and 60 min
from N=2498 samples. Contour lines as in Figure 4.

Figure 5.

the mean values and the variabilities along the major

principal axes. The mean of H,EOP exceeds the mean of
HE™ by 0.25 m; the major principal rms deviation oy

of HSW™ versus HEP is 0.2 m larger than for HSWVm
versus HE™S. These differences are to be ascribed to the
different spatial sampling properties of the ERS-1 and
TOPEX altimeter described earlier.

As already revealed from the monthly means, the an-
nual mean of HSW™ ig too low. This underestimation
amounts to 0.10 m or 5% with respect to HE™S, as in-
ferred from the slope bgpca Of the major axis passing
through the origin, and to 0.13 m or 6% with respect
to Hst°p. However, the major principal axis indicates
that only the high waves of HSW™ are underestimated,
whereas the low waves are overestimated. Compared
to the uncorrelated scatter of op3 =0.5 m, the mean
underestimation may be regarded small. The uncorre-
lated error determined between HSW™ and H, of the
altimeters is the same as between H5W™ and HY2m
and is about 0.1 m larger than found by Bauer and
Staabs [1998]. This suggests that the extra scatter here
is due to the reduced smoothing effect implied by the
three-point average of the altimeter data compared to
the 30-point average by Bauer and Staabs [1998).

3.3. Statistics of Differences

The differences of H3"™ with respect to H, of the
altimeter are seen to depend on wave height. This fol-
lows from the partial bias as function of wave height,
i.e., the bias between SWM-retrieved and altimeter H,
computed for wave height intervals and also from the
partial relative bias, i.e., the partial bias weighted with
the corresponding mean of the altimeter H,. The par-
tial bias is positive for H; less than 2 m and becomes
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Table 1. Statistical Comparison of SWM-H,; Globally
Collocated to ERS-1 Altimeter-H, With Fixed Separa-
tion Distance (260 km, 0 min) and of SWM-H, Globally
Collocated to TOPEX Altimeter-H, With Wide (260
km, 90 min) and Narrow Separation Distances (60 km,
60 min) for 1994

HSV® /TS HSVR/HP HVT /P
Separation Fixed Wide Narrow
N 238,315 15,131 2498
(HSVI) 2.7140.01 2.9240.02 2.9240.05
bias -0.10 -0.14 -0.14
rms dev 0.74 0.79 0.75
T 0.83 0.85 0.86
bpca 0.86 0.83 0.84
apca, 0.29 0.38 0.34
bOpca, 0.95 0.93 0.94
Op1 1.69 1.87 1.87
Op2 0.51 0.52 0.50

The statistical parameters are: (HSV™) = mean of

SWM-H, with 95% interval, bias of HSV™ — H, of altimeter,
rms dev = square root of the deviation of the differences,
correlation coefficient r, slope bpca and intercept apca of
the major principal axis, slope bOpca, of the major princi-
pal axis tied to the origin, and principal rms deviations g1
and op2 along the major and minor axis, respectively (see
Appendix). Units are m.

gradually negative beyond 2 m (Figure 6a). The par-
tial relative bias decreases from more than 30% for low
waves to about -20 % for high waves (Figure 6b). The
standard deviation of the differences associated with the
partial bias, which is shown by error bars in Figure 6a,
is quite large and grows with wave height. From this the
partial bias may be regarded not significantly different
from zero for low-to-moderate waves, but the underes-
timation of the high HS"™ needs a closer inspection.

We define extreme deviations as being larger than
4 m. From the HSW™ collocations about 0.1-0.2% de-
viate extremely from H; of the altimeters of which 70%
of HSWI are biased low and 30% are biased high. Ex-
treme underestimations of HS"™ are found predomi-
nantly during winter in the midlatitude high wind re-
gions (between ~ 40° and 66° latitude), whereas over-
estimations appear randomly distributed in time and
latitude (Figure 7). Different reasons for the large de-
viations are conceivable.

1. In the most southern region, erroneous measure-
ments may be obtained due to the occurrence of sea
ice. Such cases might not have been adequately fil-
tered out because of inaccuracies in determining the
ice distributions for the WAM model grid. The errors
in the measurements would result from the selective
damping of waves and the disturbances from solid ice
edges which influence both the SAR and the altimeter
measurements. Consequently, both the SWM and the
altimeter data sets might contain erroneous measure-
ments. In addition to relying on the sea ice maps, as
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Figure 6. (a) Wave height depending bias = HSV™ —

§°p with error bars for 95% confidence interval and

(b) relative bias = (HSWV® — H°P) /HP a5 function of

fOP with collocation distances up to 260 km and 90

min.
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Figure 7. Time-latitude distribution of the HSW™

versus HE™ collocations of which HS"™ deviates ex-
tremely (> 4 m) from HE™S, which applies to about
0.1% of the data. 70% of these represent underestima-
tions of HSW™ marked with circles, and 30% represent
overestimations, marked with crosses.
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inferred from daily NCEP sea surface temperature anal-
yses, we could have used the weekly polar sea ice maps
directly inferred from ERS-1 scatterometer data which
have recently become available from the French ERS
processing and archiving facility CERSAT/IFREMER
[e.g., Gohin, 1995; Ezraty et al., 1996]. However, since
most of the problematic data are found well away from
the expected sea ice boundary, only very little improve-
ment is to be expected using also the weekly ice maps.

2. The simulation of the first-guess spectrum might
be incorrect due to incorrect wind forcing. Comparing
mean wind speeds of the ECMWF model and of the
ERS-1 scatterometer of 1994, the former are seen to be
overestimated in the northern extratropical regions and
to be considerably underestimated south of 55°S [Ben-
tamy, 1996, 1997]. This could imply underestimations
of the modeled wave heights in the north and overes-
timations in the far south. However, the locations of
extreme deviations of both signs are quite evenly dis-
tributed on both hemispheres (Figure 7). Obviously,
the extreme deviations are not related to erroneous first-
guess estimates, confirming the results of Heimbach et
al. [1998].

3. The retrieval algorithm might be suspected to
have shortcomings, for instance, due to the azimuthal
cutoff in the measured backscatter. However, the fre-
quency distribution of the azimuth angle (i.e., angle
between the wave propagation and the satellite flight
direction) of the underestimated HS"™ shows hardly
any occurrence of azimuthally traveling waves (Fig-
ure 8) although azimuthally waves occur relatively of-
ten. The extreme HSW™ underestimations are most
frequent for waves traveling 30° off the range direc-

270

180

Figure 8. Relative frequency distribution of az-
imuth angle determined from those cases only, for which
HSVD js underestimated by more than 4 m with respect
to collocated HE™S,
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tion. In general, range traveling waves occur most of-
ten. Only a small fraction of these contribute to cases
of extreme HSW™ underestimations. This suggests that
range traveling waves are relatively more often correctly
estimated. However, cases of extreme H5V™ overesti-
mations, which are rare, refer relatively more often to
range traveling waves (not shown). Thus detailed case
studies are necessary for a proper interpretation.

In summary, each of the potential causes considered
for the large deviations can only explain a fraction of the
deviations. Neither a single reason nor a systematic er-
ror source can be identified to be responsible for the de-
viations. The deviations appear to contain a consider-
able fraction of random uncertainties. This is suggested
from the relatively large uncorrelated scatter (op2 = 0.5
m) which is the same for all possible collocations among

HSWm  HEIS, HEP and HYam  Finding the causes for
the systematic underestimation is hampered by the fact
that H, is very often composed of wind sea and swell
contributions which may contain different errors. This
led us to validate HSW™ in more simple cases in which
HSWI consists of either wind sea or swell only (see sec-
tion 3.5).

3.4. Comparison of Probability Distributions

A relative measure of the quality of H; data sets is
the consistency of the H; data distribution with the
lognormal (GNO) and the generalized extreme value
(GEV) distribution [Bauer and Staabs, 1998]. These
two parametric distributions have been found empiri-
cally among the basic distribution functions, as for in-
stance presented by Hosking [1990], to suitably approx-
imate the mean, the modus, and the tails of measured
and modeled H,; data sets. Cases for which H, dis-
tributions deviate significantly from these parametric
distributions are generally associated with deficiencies
in the data. Therefore the parametric distributions are
valuable means to assess the quality of the H, distribu-
tions.

The histograms of H5V™ and of HEP from the nar-
row collocation (60 km, 60 min) in Figures 9 and 10,
respectively, depict the fitted GNO (dashed curve) and
GEV (solid curve) probability density function. The en-
sembles are not sufficiently large (N=2498) for obtain-
ing smooth frequency distributions. Nevertheless, the
distributions of the collocated HSWV™ and H:fc’p agree
remarkably well.

The histograms of the collocated HSV™ and HE™S are
shown in Figures 11 and 12, respectively. These his-
tograms differ slightly, with the mean of HSW™ being
0.1 m lower and the modus being 0.2 m higher than from
HE™. Note that the histogram of HEV™ represents a
smooth unimodal distribution, whereas the histogram
of HE™ shows an unusual indentation between 2 and 3
m with respect to the parametric distributions. This is
in line with previous results of Bauer and Staabs [1998]
and indicates that FD H,; of ERS-1 may need preferably
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Figure 9. Histogram of HS"™ with fitted GEV (solid)
and GNO (dashed) distribution function from colloca-

tion to H§°p within separation distances up to 60 km
and 60 min (N=2498).

a nonlinear correction rather than a linear correction as
applied here.

We observe that the SWM-retrieved H, match the
parametric distribution curves very well; in fact, the dis-
tances between the HSW™ histograms and the distribu-
tion curves are smaller than the corresponding distances
derived from the histograms of the altimeter data. In
view of the different mapping regimes of the nonlinear
spectral wave-to-SAR transform for low and high sea
states this was not obvious and therefore represents a
further confirmation of the reliability of the retrieval al-
gorithm. The slight overshoot at the peak of the H5WV™
histograms compared to the peak of the parametric dis-
tributions is apparent also from the histograms of H top
and HE™S. This points to a relative oversampling of
H, data close to the mean value of 2 m which was not

frequency density

Hs TOPEX [m]

Figure 10. Histogram of H§°p corresponding to Fig-
ure 9.
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Figure 11. Histogram of HSV™ with fitted GEV

(solid) and GNO (dashed) distribution function from
collocation to HE'™ based on N= 238,315.

observed when H, were sampled globally without ap-
plying any sampling criteria as in the work of Bauer
and Staabs [1998].

4. Comparison of H, of Pure Wind Sea
and Swell

Previous results showed that the correspondence of
ERS-1 SWM spectral retrievals with WAM model spec-
tra depends on the contributions of wind sea and swell
[Heimbach et al., 1998]. On average, the SWM wind
sea wave height was found to be lower than the mod-
eled wind sea wave height. In contrast, the SWM swell
wave height tended to become gradually larger relative
to the modeled swell wave height in the progress of wave
decay and wave propagation. In other words, the swell
wave height modeled by the WAM model was seen to .

frequency density

0 2 4 6 8 10
Hs ERS-1 Altimeter [m]

Figure 12. Histogram of HE™ corresponding to Fig-
ure 11.
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be increasingly underestimated with increasing spectral
wave age. (The spectral wave age denotes the time in-
terval which has passed since the waves experienced the
last active forcing.)

To estimate any possible distinct behavior of wind sea
and swell from total H, alone we have isolated two sets
of spectra, one representing spectra that only contain a
wind sea system and the other representing spectra that
contain only (one or several) swell systems. Wind sea
and swell systems are identified by means of the spectral
partitioning algorithm [Hasselmann et al., 1996] in con-
junction with the local wind vector, which in our case
is obtained from the ECMWF analysis. The wind sea
wave height is determined from the integral over that
coherent fraction of the spectral wave energy density
which .s influenced by the local wind. The local wind
is said to have influence, if the wind is aligned with the
direction of the energy density fraction, and if the peak
phase speed is less than 1.3 times the wind speed com-
ponent, in the wave propagation direction. Most of the
remaining spectral energy is considered as swell energy,
with a tiny residual attributed to mixed wind sea/swell.

The H, values of these two subsets of the SWM re-
trievals and their collocated altimeter data provide es-
timates of pure wind sea and pure swell wave heights.
The collocated sets of wind sea and swell for 1994 are
presented by scatter diagrams. The spatial and the
temporal separation distance for TOPEX versus SWM
swell cases is set to 60 km and 60 min and for the
TOPEX versus SWM wind sea cases to 30 km and 30
min. The smaller separation distances for the wind sea
cases accounts for the fetch and duration effects and
thus slightly reduce the scatter.

The swell wave heights of HSV™ agree very well with
the collocated wave heights of HE™S (Figure 13) and of

10

Swell Hs SAR [m]
L, o @

N

10

2 4 6 8
Swell Hs ERS-1 Altimeter [m]

Figure 13. Scatter diagram as in Figure 3 but for pure
swell HSWM collocated to HE™ based on N=81,600.
Contour lines as in Figure 3.
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10

Swell Hs SAR [m]

10
Swell Hs TOPEX [m]

Figure 14. Scatter diagram as in Figure 5 but for pure

of swell HSW™ collocated to HE°P based on N=869.
Contour lines as in Figure 4.

HEoP (Figure 14). The swell wave heights range up to 7
m, and the slopes of the major axes are very close to 1.
Associating high (low) waves with young (old) waves as
a first rough estimate, the agreement may be considered
invariant with respect to wave age.

The number of cases of pure wind sea systems is much
smaller compared to the number of swell cases. The
pure wind sea H, range from 0.5 to almost 10 m. The
pure wind sea wave heights of HS"™ are considerably

lower than of HE™ (Figure 15) and of H, top (Figure 16).
The slopes of the major axes through the origin indicate

10

Wind Sea Hs SAR [m]
IN o o

N

2 4 6 8
Wind Sea Hs ERS-1 Altimeter [m]

10

Figure 15. Scatter diagram as Figure 3 but for pure
wind sea HSV™ collocated to HE™ based on N=15,900.
Contour lines as in Figure 4.
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Figure 16. Scatter diagram as figure 5 but for pure

wind sea HSW™ collocated to HEOP based on N=46
samples and small separation distances of up to 30 km
and 30 min.

an underestimation by 9% with respect to wind sea of

HES and by even 16% with respect to H:°P, The un-
correlated error is larger for the wind sea collocations
with HE™ (0.74 m) than for those with H°P (0.58 m)
mainly because the scatter of the wind sea collocations
decreases with decreasing spatial and temporal separa-
tion distances.

Table 2 summarizes the statistical comparison of HSWm

versus HfoP collocations and the extracted collocations
consisting of pure wind sea and pure swell. The under-
estimation of H3"™ is visible only in the wind sea but
not in the swell cases. As depicted in Figure 7 for total
HJ¥™, the underestimation of the wind sea HSW™ ac-
cumulates in the high wind regions and vanishes in the
northern latitudes during summer.

Further investigations on both the altimeter and the
SWM data sets are needed, for which the stratification
of the data with respect to wind sea and swell or other
spectral properties are very helpful, to identify causes
for the deviations and to explain the remaining incon-
sistencies.

5. Conclusions

A comprehensive validation of global H, retrieved
from ERS-1 SAR wave mode spectra (HSW™) during
1994 is performed using independent, buoy-validated
measurements of the altimeters onboard the TOPEX/
Poseidon (H:°P) and ERS-1 (H®™) satellites. This pro-
vides an absolute assessment of the validity of HSW™
which complements the extensive assessment of the
SWM raw data quality, the retrieval algorithm perfor-
mance, and the relative SWM to WAM spectral inter-
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comparison of a 3-year global SWM and WAM spectral
data set [Heimbach et al., 1998]. The present valida-
tion refers to universal statistical properties of H, data
inferred from different spaceborne altimeters, from in
situ data, and from wave modeling [Bauer and Staabs,
1998].

Considering the entirely different complexity of the
data processing schemes to retrieve H, from the SWM
imagette spectrum and from the shape of the altimeter
pulse, the overall agreement between the instantaneous
H; collocations is remarkably good. In particular, the
low-to-moderate H, data of the SWM retrievals cor-
respond closely to altimeter H,. The close correspon-
dence between H5W™ and altimeter-derived H, for the
dominant range of wave heights is overshadowed by the
relatively large uncorrelated rms error of 0.5 m. This
scatter hardly diminishes by narrowing the spatial and
temporal distances between the collocated data. Appar-
ently, individual shortcomings of the different data pro-
cessing schemes add together. In this study, the most
obvious lines of agreements and shortcomings are de-
scribed leading to the following conclusions:

1. The separate validation of SWM-retrieved wind
sea and swell wave data is valuable to assess their appli-
cability for evaluating the corresponding spectral prop-
erties obtained with the WAM model. The collocated
data of HSW™ and HEOP representing pure swell waves
agree very closely, which is manifested by a slope of 0.99
of the major axis of the data distribution. Thus SWM-
retrieved swell wave heights may be considered to be
of good absolute quality and are suitable for improving
the modeling of swell waves which often appear to be
too low.

2. In contrast to the high absolute quality of the
moderate wave heights the high sea states retrieved
from the SWM spectra associated to wind sea are signif-

Table 2. Statistical Comparison of SWM-H, Globally
Collocated to TOPEX Altimeter-H, for 1994 With Sep-
aration Distance up to 60 km, 60 min, and for Subset of
Pure Swell Waves (Separation Distance up to 60 km, 60
min), and Pure Wind Sea Waves (Separation Distances
up to 30 km, 30 min), As Inferred From SWM Spectral
Retrievals

H, Swell H, Wind Sea H,
Separation 60km,60min 60km,60min 30 km, 30 min
N 2498 869 46
(HSVI ) 2.92+0.05 2.67+0.07 4.41%0.43
(HEOP) 3.06:0.05 2.67£0.08 5.260.51
r 0.86 0.83 0.87
bpca 0.84 0.92 0.82
apca 0.34 0.21 -0.07
bopca 0.94 0.99 0.84
op1 1.87 1.52 2.25
Op2 0.50 0.47 0.58

For further explanations see Table 1.
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icantly too low. The underestimation of SWM wind sea
wave heights with respect to TOPEX altimeter H, is up
to 16% with an uncorrelated error of 0.6 m. As has been
shown, this relatively large scatter cannot simply be at-
tributed to uncertainties in the SWM retrievals. The
same scatter arises from the collocations between the
altimeter data H;FOP and the HS™S. This suggests that
a significant contribution to the scatter originates also
from the uncertainty of the altimeter measurements.
The systematic underestimation of the high sea states
by H5W™ with respect to H, 0P can neither solely be at-
tributed to errors induced by the occurrence of sea ice
nor to the loss of information caused by the azimuthal
cutoff in the SAR measurements or to erroneous first-
guess spectra applied in the retrieval algorithm.

3. It is demonstrated that the SWM data are useful
also to analyze shortcomings of the altimeter data. The
histograms of collocated H5V™ and H 9P show a closer
correspondence than the histograms of HSV™ and H'™.
This confirms the results that partly the HE™ causing
the misfit [e.g., Bauer and Staabs, 1998] which might
be sorted out with the help of spectral wave data from
SWM.

In summary, the low-to-moderate waves dominated
by swell retrieved from SWM spectra are shown to be of
high absolute quality, whereas high sea states are occa-
sionally significantly underestimated. The best way to
find the causes for the deviations is the joint analysis of
the measured and modeled wave spectra through a dy-
namically consistent wave data assimilation system to-
gether with the analysis of modeled and measured wind
data. It is a major challenge to sort out the remaining
inconsistencies in order to obtain a high-quality spec-
tral wave data set for wave research and applications.
The wave observations from ERS-1 and ERS-2 and from
the forthcoming ENVISAT, scheduled for the year 1999,
will provide more valuable information and contribute
to improve spectral wave data for global wave prediction
and wave climate research.

Appendix

The principal components are defined by the first and
second eigenvalue of the data covariance matrix [e.g.,
Preisendorfer, 1988]. The eigenvalues 031,;;2 are equiv-
alent to the variances along the major and the minor
principal axes, respectively. The principal variances are

2
o 1 1
Bor=5 {(sm + syy) £ [(sm - Syy)2 + 4331;] 2}
Op2 2

(2)
where o2, (02,) is computed with plus (minus) sign,
and s;; and sy, denote the variances of the z and
the y variable, respectively, and s;, denotes the covari-
ance. The variance agl represents the effective vari-

ance and 032 the uncorrelated variance of the two data
sets, where each data set has random uncertainties. The
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ratio op1/0p2 may be interpreted as a measure of the
signal-to-noise ratio. The agreement between two col-
located data sets may be called perfect if the major
principal axis is aligned with the diagonal of the scat-
ter diagram and if the minor variance vanishes. The
slope and the intercept of the major principal axis are
denoted bpca and apca, respectively. The major axis
passing through the origin with slope bppcs is inferred
by using the uncentered variances without subtracting
the means.
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