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ABSTRACT

Potential effects of environmental parameters such as sea state or atmospheric boundary layer stability on the
normalized radar cross section (NRCS) measured by spaceborne sensors have been investigated for along time.
Using neural networks and large high quality collocated datasets, the relation between the European Remote
Sensing Satellite (ERS) C-band scatterometer NRCS measurement and integrated sea state parameters (i.e., the
mean wave period and significant wave height) measured by buoys is studied. As anticipated, NRCS measure-
ments correlate well with an empirically derived parameter H*/T#, revealing the mean bulk relationship between
a mean 10-m wind speed and the corresponding sea state development. The correlation and exponents exhibit
dependency on the scatterometer incidence angles. A neural model that relates the scatterometer NRCS mea-
surements to these wave spectral integrated parameters and wind speed is also developed. As obtained, the
retrieval skill is significantly improved, by comparison with operational empirical models such as CMOD-1FR2
or CMOD4, when including wave effects. Asillustrated, systematic biases occur under particular environmental
conditions when using the operational scatterometer backscatter model functions.

1. Introduction

Model functions relating measured altimeter and scat-
terometer normalized radar cross sections (NRCSs) to
near-surface wind have been thoroughly tested over the
past years. Requirements are met, but studies based on
collocated satellite, model, and/or in situ estimates still
reveal relatively large scatter (Graber et al. 1996). Mea-
surements and numerical predictions, as well asthe em-
pirical model functions, do contain errors. For altimeter
and scatterometer instruments, cases of erroneous wind
inversions have been documented and shown to be re-
lated to the presence of surface currents, surfactant, tem-
perature fronts, atmospheric stratification, and precipi-
tation (e.g., Keller et al. 1989; Vandemark et al. 1997;
Weissman and Graber 1999). Thereis also evidence that
the sea state maturity can affect the radar measurements.
Indeed, experimental results show that the ocean’s drag
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coefficient depends on sea state (e.g., Donelan et al.
1993) to influence the wind stress and to impact small-
scale roughness development, and thus the measured
backscatter intensity. An increasing influence of the sur-
face drift on short-wave dissipation (e.g., Banner and
Phillips 1974; Quilfen et al. 1999) can also be invoked
to suggest that local sea state conditions (current, sea
state maturity, wind/swell direction alignment) will im-
pact radar wind inversion. This sea state influence on
altimeter measurements is already well documented
(Chen et al. 2000; Queffeulou et al. 1999; Gourrion et
al. 2002a,b). Theoretical backscattering models ac-
counting for sea state effects, crucial to physical un-
derstanding, have also been devel oped but show limited
skills for operational purposes. To our knowledge, an
empirical development taking into account a sea state
parameter has only been successfully derived for Ku-
band altimeters and is currently operational for the al-
timeter wind inversion (Gourrion et al. 2002a,b).

In this note, we focus on C-band scatterometer data.
A neural model is developed to relate the radar cross
section to both surface wind and sea state information.
Astested, this provides significant improvement on scat-
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terometer-retrieved wind estimates. In section 2, the da-
tasets and methods used in the study are presented. In
section 3, an analysis of the relationship between Eu-
ropean Remote Sensing Satellite (ERS) C-band mea-
surements and the integrated wind and sea state param-
eters is given. In section 4, illustrations are shown to
reveal strong local effects and obtained improvements.
Discussion follows in section 5.

2. Data and methods

The analyses are based upon sets of ERS-1 and -2
scatterometer measurements collocated with the Na-
tional Data Buoy Center (NDBC) buoys. Scatterometer
data are processed offline at the French Research In-
stitute for Exploitation of the Sea (IFREMER) using the
CMOD-IFR2 backscattering model to compute the 10-
m neutral wind (Quilfen et al. 1998). The NDBC data
have been collected over the period September 1992—
January 2001 by 48 buoys. These buoy measurements
are converted to 10-m neutral winds using a log-profile
relation accounting for the atmospheric stability. In this
study, the closest buoy 1-h average estimates to the time
of ERS-1 or -2 overpassis collocated with scatterometer
data. The separation distance between measurementsis
less than 25 km. Asfound, 36 218 collocated data pairs
have been compiled. We take the convention that *‘ wind
speed”’ stands for the neutral stability wind measured
at 10-m height.

Taking advantage of buoy wave measurements, we
use amethodology based upon neural networksto define
the geophysical model function (GMF) relating the scat-
terometer NRCSs to the buoy wind and wave parame-
ters. The procedures used are those of the MATLAB
neural toolbox (The MathWorks, Inc.).

3. Relation of NRCS with the integrated wind and
wave parameters

We first establish the link between the NRCSs and
the sea state parameters. This helps to derive a neural
model and interpret the relationship between the NRCSs
and both the wind and wave parameters.

a. The NRCS to integrated wave parameters relation
We develop and train the following neural model:

o, + oy = a(%) + b, Q
where H and T are the buoy-integrated significant wave
height and mean wave period, respectively; « and B are
constant exponents; o, and o stand for the aft and fore
beam NRCSs, respectively; and a and b are incidence
angle dependent coefficients. The sum of the aft and
fore beam NRCSs filters out most of the wind direction
effects.
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Asunderstood, awind blowing over the ocean surface
will rapidly roughen the surface. With time or fetch, the
sea develops and similarity laws apply (e.g., Kitaigo-
rodskii 1973). Thus, on average, backscatter measure-
ments are expected to correlate with integrated sea state
parameters. The choice of the parameter H«/T? also
comes from previous results, showing that C-band mod-
el residuals (observed minus predicted NRCS) are cor-
related with such a parameter (Quilfen et al. 2001).

The neural model outputs are the two exponents «
and B, and the simulated NRCS. Evaluations are per-
formed from data subsets at the different incidence an-
gles corresponding to the 19 scatterometer nodes cov-
ering the swath across the satellite track. In Fig. 1a, we
observe nearly constant valuesfor the exponents, except
at the lowest incidence angles, where values are slightly
lower. Mean values are close to 1.5 and 2.5 for « and
B, respectively. As obtained, the NRCS dependency is
not strictly related to a significant slope parameter
(~H/T?). According to the exponent values, it is rather
a combination (product) of the significant slope and the
square root of the significant velocity (~H/T) parameter.
Finally, since the CMOD-I1FR2 model roughly predicts
the NRCS to depend on the square root of the wind
speed, these exponent values are very consistent with
the known high correlation of nondimensional wind sea
energy to inverse wave age (Hanson and Phillips 1999;
Donelan et al. 1992). Specifically, these studies have
led to the relationship

Eo U4, (2

where vy is a constant. With (o, + o) ~ U°% and the
two exponents values found in this study, we find y ~
3.3. This y value matches exactly the Lake St. Clair
(Michigan/Ontario, Canada) observations of Donelan et
al. (1992). It aso confirms the approximate NRCS
square root wind dependency. Recovering such arela-
tionship using scatterometer data thus confirms the rel-
atively marginal impact of swell-dominated open ocean
conditions on scatterometer measurements for moderate
to high wind conditions. These results imply that, sta-
tistically, sea state contributions not directly associated
with the local forcing are certainly of second order.
However, it must be noticed that at the lowest incidence
angles, the « and B exponent values are different and
tend to B = 2a. As mentioned above, this corresponds
to proportionality with an integrated significant slope
parameter. Accordingly, for these incidences, deviations
from mean swell steepness conditions shall certainly
more significantly impact C-band scatterometer signals.
The incidence-angle dependency is further illustrated in
Fig. 1b. Residuals of the neural process (least squares
errors) and the correlation coefficient between the neural
model and the measurements are presented. Recall that
the integrated wave parameters H and T are computed
from the 0.03-0.4 Hz frequency range and are therefore
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FiG. 1. (a) Neural model exponents, « (solid line) and B (dashed line), as afunction of incidence.
(b) Associated model residuals (solid line, the residual of the leasts square minimization process
fitting modeled and measured NRCS) and correlation coefficient (dashed line) between modeled

and measured NRCS.

0.96 T

T T
+— Neuronal model NNV

x— Neuronal model NNHTV
x- CMODIFR2

-0- CMOD4

0.94

o
©
N

o
©

Correlation coefficient

0.88

0.86 L I I L L
25 40 45 50

Incidence angle

55

Fic. 2. Correlation coefficient between modeled and measured
NRCS as a function of incidence angle: NNV (solid line stars),
NNHTV (solid line plus signs), CMOD-IFR2 (dashed line/crosses),
CMOD4 (dashed line/circles).

related to gravity waves longer than 10 m. While cor-
relation is still remarkably high, it is apparent that scat-
terometer measurements at higher incidence angles are
less correlated to these integrated larger-scale spectral
moments.

b. Evaluation of different neural models

We further define and train neural models with the
wind and wave parameters as inputs. In addition to the
one discussed in section 3a, two models have been de-
fined. Thefirst, denoted as NNV, solely accounts for the
NRCS dependency on the 10-m wind speed. The second,
denoted as NNHTYV, accounts for the wind speed, the
wave height, and average period. As shown in Fig. 2,
the NNV model compares favorably with the opera-
tiona models, CMOD-IFR2 and CMOD4, giving a
dlightly better correlation with the measured NRCS. It
demonstrates the robustness of the neural approach in
our analysis. The NNV model does show a slight trend
as afunction of the incidence angle. Correlations slight-
ly increase with the incidence angle. It again reflects
the fact that large-scale induced tilting effects add a
more significant contribution at low incidence angles,
which decreases the relative contribution of the pure
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Fic. 3. Scatterplots comparing the measured (y axis) and modeled (x axis) NRCS using (top)
NNV and (bottom) NNHTYV for an incidence angle of 27°. Each circle represents one measurement,
color coded as a function of the significant wave height.

wind-induced surface wavesto thereturn signal. Adding
the spectral parameters with NNHTV improves the re-
sults for all incidence angles, with a marked effect at
lower incidence angles. The correlation coefficient is
now almost incidence-angleindependent and above 0.92
everywhere. Such high correlation levels come from a
combination of different factors: very effectiveanalysis
tools, that is, very precise buoy/scatterometer colloca-
tion and neural network adequacy, and very low radio-
metric resolution at C band. It clearly reflects the scat-
terometer potential to integrate the wind and wave
conditions in the NRCS measurements, to provide in-
formation on the wave field in addition to that on the
wind field. The resultsillustrated by the NNHTV model
also indicate that wind speed retrieval can be improved.
A neural network, NNVH not taking into account the
period parameter, was also tested (not shown). Corre-
lations also increase by comparison with NNV but are
lower than those obtained with NNHTV. This is in
agreement with the previous study by Quilfen et al.
(2001), which NRCS errors were found to be signifi-
cantly better correlated with wave parameters when the
period was accounted for. Indeed, the significant wave
height is only a relatively poor descriptor of the wind
wave field that affects the scatterometer measurements.
However, for operational purposes, and because mea-
surements of the significant wave height are readily
available from altimeters, it may be anticipated that
wind estimates can be also improved when including

the significant wave height alone, in addition to thewind
vector, in the backscatter model.

4. Evidence of local sea state effects on the C-band
scatterometer NRCSs

The analysis performed in the previous section is a
global one, averaging over the whole wind speed range
and fetch conditions. The potential impact of waves on
the scatterometer measurements are certainly much larg-
er in specific conditions such as falling or rising wind
conditions, and anomalous sea state degree of devel-
opment.

Figures 3 and 4 present scatterplots of the measured
NRCS and the NRCS modeled with NNV (top) and
NNHTV (bottom) for two incidence angles, 27° and 37°,
respectively. The measurements are color-coded as a
function of the significant wave height. When consid-
ering the NNV plots, a few outliers are found at both
low and high winds. At lower wind speeds, there are
cases where NRCS measurements (the sum of the aft
and fore beams) differ by as much as 5 dB from the
NNV model. These observations are associated with
high significant wave heights. NRCS underestimation
by the NNV model results in a large overestimation of
the retrieved wind speed. Oppositely, at high winds,
measurements corresponding to low values of the sig-
nificant wave height lie under the model predictions. In
such cases, under-estimation of the retrieved wind speed
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FiG. 4. Scatterplots comparing the measured (y axis) and modeled (x axis) NRCS using (top)
NNV and (bottom) NNHTYV for an incidence angle of 37°. Each circle represents one measurement,
color coded as a function of the significant wave height.

follows. These situations are associated with particular
conditions, that is, residual sea state and non—fully de-
veloped seas, respectively. Taking into account thewave
spectral parametersin NNHTV lowers these impacts to
correctly model the NRCS. The same features are ob-
served in Fig. 4 at incidence angle 37°. Thisfigure also
reveals anomalies that occur over the whole wind speed
range. The improvements obtained with the NNHTV
model apply for the whole wind speed range.

5. Summary

Sea state conditions certainly affect measurements
made by scatterometers. The importance of including
sea state parameters in model inversion is still open for
debate, but increased correlations have been obtained
when considering large-scale integrated wave parame-
ters. Compared to previous attempts, this study certainly
benefits from the large number of high quality collo-
cated datasets. While the impact of various sea state
parameters (wave age, wave height, etc.) has been thor-
oughly studied from field experiments, such a unique
dataset enables us to derive practical empirical models
to be tested further. These first results are encouraging
and of interest both in the pursuit of a better under-
standing of how short and long waves interact and for
the practical purpose of developing algorithms to infer
wind and wind stress from scatterometer measurements
and also from synthetic aperture radar data. In particular,
for the lowest incidence angles, the sea state steepness

shall be accounted for. As foreseen, information pro-
vided by awave forecast and/or altimeter measurements
may be included in such empirical wind retrieval al-
gorithms. As suggested, a simple extension shall be to
include information on one or possibly two integrated
parameters. Following this development, small but sys-
tematic well-defined seasonal and regional biases should
be better detected to assess accuracy of ocean surface
wind and wind stress forcing fields.
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